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FOREWORD 

This report is the eighteenth 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 of Energy (DOE). 
first eight reports in this series were numbered DOE/ET-0065/1 through 8. 
Other elements of the Fusion Materials Program are: 

The 

. 
Plasma-Materials Interaction (PMI) . Special Purpose Materials (SPM). 

A1 loy Development for Irradiation Performance (ADIP) 

The OAFS program element is a national effort composed of contributions from 
a number of National Laboratories and other government laboratories, univer- 
sities, and industrial laboratories. It was organized by the Materials and 
Radiation Effects Branch, DOE/Office of Fusion Energy, and a Task Group on 
Damaye Analysis and Fundamental Studies, which operates under the auspices 
of that branch. The purpose of this series of reports is to provide a work- 
ing technical record o f  that effort for the use of the program participants, 
the fusion energy program in general, and the DOE. 

This report i s  organized along topical lines in parallel to a Program Plan 
of the same title so that activities and accomplishments may be followed 
readily, relative to that Program Plan. Thus, the work of a given labora- 
tory may appear throughout the report. The Contents is annotated for the 
convenience of the reader. 

This report has been compiled and edited under the guidance of the Chairman 
of the Task Group on Ddmage A n a l y s i s  and Fundamental Studies, D. G. Doran, 
Hanford Engineering Development Laboratory (HEDL). 
the supporting staff of HEDL, and the many persons who made technical 
contributions are gratefully acknowledged. M. M. Cohen, Materials and 
Radiation Effects Branch, is the DOE counterpart to the Task Group Chairman 
and has responsibility for the DAFS program within DOE. 

His efforts, those of 

G. M. Haas, Acting Chief 
Materials and Radiation Effects Branch 

Office of Fusion Energy 
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CHAPTER 1 : IRRADIATION TEST FACILITIES 

1 .  RTNS-I1 I r r a d i a t i o n s  and Operat ions (LLNL) 

Irradiat ions were performed f o r  a to ta l  o f  seventeen d i f f e r e n t  
experimenters during t h i s  quarter.  

A f t e r  nearly four years of operation, the  accelerator tube electron 

t rap  f a i l e d ,  causing approximately three weeks of  unscheduled outage. 

Plans f o r  fabr icat ion  of a na) accelerator c o l m  have begun. 

The f i r s t  U.S.-Japan Steering Committee meeting was held A p r i l  19-21 

i n  Tokyo. An i n i t i a l  l i s t  of experiments was approved. 

CHAPTER 2: DOSIMETRY AND DAMAGE PARAMETERS 

1.  Dosimetry Resu l t s  f o r  t h e  TRIO Tes t  i n  ORR (ANL) 

Dosimetry was performed f o r  the  TRIO t r i t ium recovery experiment i n  

the  Oak Ridge Research Reactor (ORRI. 
from the  ' L i ( n , a )  reaction calculated using the measured flux- 
spectrum i s  i n  exee l len t  agreement with Oak Ri'dge measurements. 

The s ta tus  of a l l  other dosimetry i s  s u m a r i z d  i n  Table I .  

The t r i t i u m  production ra te  

2. Experiments a t  t h e  I P N S  S p a l l a t i o n  Neutron Source (ANL) 

Dosimetry r e s u l t s  are presented f o r  an i rradia t ion  by G.  Hurley ILANL) 

a t  IPNS (ANLI on February 22-27, 1982 (described elsewhere i n  t h i s  

repor t ) .  

2.23 x l O I 7  n/cm2 ( t o t a l ) .  

The rmximWn neutron f luence w7.7 1 . 5 5  x 10l7 n/cm2 ( > O . l  MeV), 
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3 .  Helium Product ion  Cross Sect ions  f o r  14.8-MeV Neutrons ( R I E S )  

Total helium production cross sect ions fo r  -14.8-MeV neutrons have 

been determined for L i F ,  PbF2, F ,  L i ,  B ,  the  separated isotopes of 

L i  and B,  and the  three a l loys  HT-9, 9Cr-IMo, and Type 316 s ta in le s s  
s t e e l .  Some minor a l loy  cons t i tuents  are s ign i f i can t  contributors.  

The measured 'L i (n ,n ' t )a  cross sect ion i s  -30% higher than a recent 
evaluation. 

m e .  

19 

4. Damage Energy f o r  (n,y) and Beta-Decay (ANL) 28 

Calculation of recoil-atom energy d i s t r ibu t ions  from neutron capture 

reactions have been revised t o  take i n t o  account the  e f f e c t s  of 
incident  neutron energy, g a m - r a y  recoiZ momentum summing and y-y 

angular corre1.ations i n  y-cascades, l i f e t i m e s  of the  intermediate 

s ta t e s ,  and reco i l  e f f e c t s  resul t ing  from subsequent 8-decay when 
relevant .  

5. Nuclear Data A p p l i c a t i o n s  i n  Rad ia t i on  Damage Stud ies  (HEDL) 39 

The calculated transmutation rate  of V-l59?&-5%Ti i s  low except i n  
mixed s p e c t m  reactors such as HFIR. 

The f i r s t  module of t he  NJOY code has been successful ly  m d i f i e d  t o  

handle data i n  the  .ZO-MeV ENDF/B f o r m t s .  

6. A Semi-Empir ical K i n e t i c  Model f o r  Quenching o f  High Energy D is-  

placement Cascades (HEDL) 44 

The quenching stage of simulated cascades m s  accomplished using the 
s tochast ic  computer code ALSOME with exaggerated values f o r  defec t  
mob i l i t i e s  and c r i t i c a l  recombination and c lus ter ing  reaction d i s -  
tances. 

de fec t  y i e l d s .  The number of defect  pairs  a f t e r  quenching and a f t e r  

annealing, and the  number o f  f r e e l y  migrating de fec ts ,  vary l inear ly  
with cascade damage energy from 10 t o  100 keV. 

Quenching pammeter values were chosen t o  f i t  experimental 
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7. Comparison o f  Neutron and Gamma I r r a d i a t i o n  Damage i n  Organic 

I n s u l a t o r s  (LANL1 53 

Three epoxy- and three polyimide-based materials were neutron ir- 
radiated i n  IPNS-1 t o  an average f luence of 1.51 x l o z 1  n/cm2, En 

>0.1 MeV, a t  4 . 2  K. !The g a m  dose was l e s s  than 25% of the neutron 

dose (Cy). The environmental and thermal conditions during and 
a f t e r  i rradiat ion  were similar t o  those employed i n  a previous study 

of gama irradiat ion  e f f e c t s  a t  ORiVL. 

mechanical, e l ec t r i ca l ,  and opt ical  propert ies  have disclosed some 
di f ferences  betueen neutron and gamm e f f e c t s .  

Incomplete measurements of 

CHAPTER 3: FUNDAMENTAL MECHANICAL BEHAVIOR 

1. C o r r e l a t i o n  of Hardness and St rength  Data f o r  High Energy Neutron 

I r r a d i a t e d  Annealed 316 S ta in less  S tee l  (HEDL) 77 

Strength values derived from hardness data are in good agreement 
wi th  actual t e n s i l e  data f o r  14-MeV neutron-irradiated annealed 
316 s t c i n l e s s  s t e e l .  

2. Hardening o f  I r r a d i a t e d  A l l o y s  Due t o  t h e  Simultaneous Formation 

o f  Vacancy and I n t e r s t i t i a l  Loops (UCLA and HEDL1 84 

A model based on homogeneous time-dependent ra te  theory i s  presented 

for the  simultaneous nucleation and growth of vacancy and i n t e r s t i t i a l  
loops i n  irradiated metals. 
A simple hardening model re la t ing  the  microstructural calculat ions t o  
changes i n  t e n s i l e  s trength gives good agreement with hardening data 
for copper irradiated i n  RTNS-11 a t  room temperature. 

3. A Model f o r  t h e  E v o l u t i o n  o f  Network D i s l o c a t i o n  Dens i ty  i n  I r r a d i a t e d  

Metals (HEDL and U. o f  Wisconsin) 

A l i t e m t u r e  rev iev  shows tha t  the network dislocation densi ty  i n  
irradiated m t a l s  ipproaches a s a t u m t i o n  leve l  which i s  r e l a t i v e l y  
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i n sens i t i ve  t o  s tar t ing  microstructure, s t re s s ,  i rradia t ion  tem- 
perature, displacement ra te  and helium leve l .  A model, taking 

i n t o  account the  correlated nature of d-islocation components i n  

a dense array, has been developed t o  explain th i s  i n s e n s i t i v i t y .  

4. Re la t ionsh ips  Between Crack Propagat ion and T e n s i l e  P roper t i es  

i n  Type 316 S t a i n l e s s  S tee l  F o i l  Microspecimens (U. of  V i r g i n i a )  

I t  has been demonstrated that some t e n s i l e  data obtained from 40-urn 

th ick  f o i l  microspecimens pulled i n- s i t u  i n  an HVEMare related t o  
bulk t e n s i l e  data.  The in- s i tu  data are related t o  the  manner i n  
which the rmin crack propagates through the  t h in  k l - p m l  regions of 

the  specimen. 

made from t h i s  re la t ionship .  

Statements about specimen d u c t i l i t y  may possibZy be 

CHAPTER 4 :  CORRELATION METHODOLOGY 

1. C a v i t y  F o r m t i o n  and So lu te  Segregat ion i n  Dual- Ion I r r a d i a t e d  

Fe-2ONi-15Cr A l l o y  (ANL) 

Swelling of  specimens receiving heliwn deposition ra te s  of 1 5  o r  

50 appm He per dpa a t  975K tends t o  achieve a l imi t ing  value a f t e r  
2.70 dpa. Grain boundaries and voids are increasingly enriched i n  

n icke l ,  with a corresponding deplet ion of the  n icke l  concentration 
i n  the  matrix, f o r  increasing displacement damage up t o  2.70 d p .  
For displacement damage >70 dpa, the n icke l  enrichment appears t o  

diminish. 
daries  and voids and i n  the  m a t r k  i s  opposite t o  the  change i n  
n icke l  concentration and of smaller magnitude. 

The change i n  chromiwn concentration a t  the  grain boun- 
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2. On Radiat ion- Induced Segregat ion and the Composit ional Dependence 

of Swe l l i ng  i n  Fe-Ni-Cr A l l o y s  (U. of Wisconsin and HEDL) 

I t  appears tha t  elemental segregation t o  void surfaces plays an 

important ro le  i n  the  developmnt of voids.  
d r i f t  terms are shown t o  a r i s e  in the descript ion of the  b ias  as  a 
r e s u l t  of elementnl segregation. When compounded with the  operation 
of the  inverse Kirkendall segregation mechanism, these terms provide 

an explanation f o r  the  rmrked variat ion of void nucleation and 
swetLing with n icke l  concentration. 

157 

Previously unconsidered 

3. The I n f l u e n c e  o f  Co ld  Work Leve l ,  So lu te  and Helium Content on t h e  
Swe l l i ng  of “Pure” AIS1 316 (Fe-17Cr-16.7Ni-2.5Mo) (HEDL) 181 

Examination of “pure 316” specimens irradiated t o  3-5 dpa i n  ORR 

shows t h a t  both the  volume and densi ty  of voids are insens i t i ve  t o  
cold work. 
The preinject ion of  30 appm helium appears t o  suppress v i s i b l e  

swelling; however, both dens i ty  change measurements and pos t i r-  
radiat ion aging s tudies  indicate tha t  swelling m y  e x i s t  i n  the  
form of  unresolvable cav i t i e s .  

4. The E f f e c t  of Hel ium on Swe l l i ng  i n  S t a i n l e s s  Stee l :  I n f l uence  of 

C a v i t y  Dens i t y  and Morphology ( U C S B l  199 

Data on irradiated 316 s ta in le s s  s t e e l  suggests tha t  the  cavi ty  
densi ty  scales  as IHe/dpalp, where O q x l .  A rate  theory model, 

calibrated using data from EBR-11 i rradia t ions  o f  20% cold worked 
316 s ta in le s s  s t e e l ,  was used t o  examine the  parametric dependence 
of  cav i ty  swelling on the  value of  p and the  He/dpa r a t i o .  Beyond 

a c r i t i c a l  value of p there i s  a b i furcat ion  i n  the  cavi ty  evolu- 
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voids t o  microstructure dominated by matria: bubbles. 
predicts  peak swelling near the  fus ion  He/dpa r a t i o  suggesting 

that the  use of f i s s i o n  reactor swelling data m y  lead t o  non- 

conservative estimates of swelling for fusion. 

The model 
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CHAPTER 1 

IRRADIATION TEST F A C I L I T I E S  
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RTNS-I I IRRADIATIONS AND OPERATIONS 

C. M. Logan and 0. W. Heikkinen (Lawrence Livermore Na t iona l  Laboratory)  

1.0 Ob j e c t i  ve 

The o b j e c t i v e s  o f  t h i s  work are  opera t ion  o f  RTNS- I1  (a 14-MeV 
neut ron source f a c i l i t y ) ,  machine development, and suppor t  o f  the exper i -  

mental program t h a t  u t i l i z e s  t h i s  f a c i l i t y .  Experimenter se rv i ces  inc lude  

dosimetry hand l ing,  schedul ing,  coord inat ion,  and repor t i ng .  RTNS-I1 i s  
ded icated t o  m a t e r i a l s  research f o r  the f u s i o n  power program. I t s  pr imary  

use i s  t o  a i d  i n  t h e  development o f  m d e l s  o f  high-energy neut ron e f f e c t s .  

Such models a r e  needed i n  i n t e r p r e t i n g  and p r o j e c t i n g  t o  the f u s i o n  

environment eng ineer ing  data ob ta ined  i n  o t h e r  neut ron spectra.  

2.0 Sumnary 

I r r a d i a t i o n s  were performed f o r  a t o t a l  o f  seventeen d i f f e r e n t  e x p e r i -  

menters d u r i n g  t h i s  quar ter .  

A f t e r  n e a r l y  f o u r  years  o f  operat ion,  t h e  a c c e l e r a t o r  tube e l e c t r o n  t r a p  
f a i l e d .  This caused a p p r o x i m t e l y  th ree  weeks o f  unscheduled outage f o r  

r e p a i r .  Plans f o r  f a b r i c a t i o n  o f  a new a c c e l e r a t o r  colunm have begun. 

The f i r s t  U.S.-Japan S t e e r i n g  Committee meeting was h e l d  April 19-21 i n  

Tokyo . 
3.0 Program 

T i t l e :  RTNS-I1 Operat ions (WZJ-16) 

P r i n c i p a l  I n v e s t i g a t o r :  C. M. Logan 

A f f i l i a t i o n :  Lawrence Livermore Nat iona l  Laboratory  

3 



4.0 Relevant OAFS Program Plan Task/Subtask 

TASK II.A.2,3,4. 

TASK II.B.3,4 
TASK II.C.1,2,6,11,18. 

5.0 I r r a d i a t i o n  - C. M. Logan, D. W. Heikk inen and M. W. Guinan 

I r r a d i a t i o n s  performed du r i ng  t h i s  q u a r t e r  a r e  1 i s t e d  i n  t h e  f o l l o w i n g  t a b l e .  
Some o f  t h e  samples were i r r a d i a t e d  s imul taneous ly .  Some o f  t h e  experiments 

a r e  ongoing. 

P r i n c i p a l  Contact Sample I r r a d i a t e d  

T. I i d a  (Osaka) F ibe r  o p t i c  cab le  - O p t i c a l  t rans-  

miss ion measurements 
T rans i s t o r  c i r c u i t s  - Performance 
du r i ng  i r r a d i a t i o n  

Coaxial cab le  - Neutron- induced 

vo l tage breakdown 

Insu la to rs  - E l e c t r i c a l  p r o p e r t i e s  M. Terasawa (Toshiba) 

M. Kawashim (Sumi tom)  

K. Kadotani ( H i t a s h i )  

H. Matsui (Nagoya) 

K. Kawamura (Tokyo) 

Y. Ogawa (Nagoya) 

R. H a r t m n n  (Nor throp)  

J. Fowler (LANL) 

D. K a l e t t a  (Kar l s ruhe)  

L i z 0  - X-ray d i f f r a c t i o n  measurements 

T i c  - Low temperature r e s i s t i v i t y  

m a s  uremen t s  

Pb80Si20 - X-ray d i f f r a c t i o n  measure- 

ments 
A1 a l l o y s  - A c t i v a t i o n  ana l ys i s  

I n t e g r a t e d  c i r c u i t s  - Pe r fo rmnce  

a f t e r  i r r a d i a t i o n  

Macor, Sapphire - Changes i n  e l e c t r i -  

ca l  / m c h a n i  c a l  p r o p e r t i e s  

Nb,V,Ni - M ic ros t r uc tu re  and t e n s i l e  

s t r eng th  
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P r i n c i p a l  Contact 

C. Snead (BNL) 

G. Woolhouse (Aracor)  
R. Mal lon (LLNL) 

M. Sumners (LLNL) 

R. Borg (LLNL) 

R. Hopper (LLNL) 

M. Guinan (LLNL) 

Sample I r r a d i a t e d  

Nb3Sn - C r i t i c a l  c u r r e n t  

Hggi Cdlg Te - A c t i v a t i o n  ana l ys i s  
O i l  Shale - f l u i d i z e d  o i l  shale bed 
t r a n s p o r t  us ing  2 8 ~ 1  a c t i v i t y  

KDP c r y s t a l  frequency conve r to r  - 
Index o f  r e f r a c t i o n  

@ o l o g i c a l  samples - Xe d i f f u s i o n  

m a s  urements 
235U and Op t i ca l  Ma te r i a l s  - Etched 

f i s s i o n  fragment t racks  i n  o p t i c a l  

m a t e r i a l s  f o r  sur face  t reatment  
Z r ,  P t ,  N i  - Low temperature r e s i s -  

t i v i  ty measurements 

5.1 RTNS-I1 Status - C. M. Logan and D. W. Heikk inen 

The 50-cm t a r g e t  sea l  caused no p r o b l e m  du r ing  t h i s  quar te r .  

50-cm ta rge ts  inc reased average neutron produc t ion  by %25%. 
t a r g e t s  showed l a r g e r  increases i n  neutron y i e l d .  

l i f e t i m e  a l s o  inc reased w i t h  the p resent  beam leve l s .  

Use o f  the 

I n d i v i d u a l  

As expected, t a r g e t  

The a c c e l e r a t o r  column e l e c t r o n  t r a p  f a i l e d  a f t e r  near ly  f ou r  years o f  

usage. 

ponents. 

This necess i t a ted  i t s  removal f o r  r e p a i r  and replacement o f  com- 

This was the  major source o f  unscheduled outage. 

A design rev iew o f  t h e  a c c e l e r a t o r  column has been e s s e n t i a l l y  completed. 
E f f o r t s  have been made t o  b e t t e r  s h i e l d  the  ceramic i n s u l a t o r  sec t i ons  f r o m  
uv l i g h t  and s o f t  x-rays. I n  a d d i t i o n ,  O- r ing  seals  w i l l  be employed f o r  

ease o f  assenbly. 

The j o i n t  U.S.-Japan S tee r i ng  C o n i t t e e  meeting i n  Tokyo on A p r i l  19-21, 

approved an i n i t i a l  l i s t  o f  experiments t o  be done a t  RTNS-11. With t h e  
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except ion o f  an i r r a d i a t i o n  f o r  M. K i r i t a n i  (Hokkaido), no a t tempt  has 

been made t o  f i rmly schedule these experiments as y e t .  

A Rigaku x- ray d i f f r a c t o n e t e r  f rom Japan has been tempora r i l y  i n s t a l l e d  

i n  the r i g h t  t a r g e t  room. This was done pending complet ion o f  the m d i -  
f i c a t i o n s  t o  the Van de Graa f f  room where i t  w i l l  be housed permanently. 

6.0 Future Work 

I r r a d i a t i o n s  w i l l  be con t inued  f o r  T. I i d a  (Osaka), R. Borg (LLNL), 
R. lval lon (LLNL), J. Fowler (LANL), D. Ka le t ta ,  G. Woolhouse (Aracor )  and 

K. Kawamura (Tokyo) d u r i n g  the nex t  quar ter .  An i r r a d i a t i o n  f o r  M. 

K i r i t a n i  (Ho ikka ido)  w i l l  be completed d u r i n g  t h i s  quar ter .  I r r a d i a t i o n s  

f o r  W. Barmore (LLNL) and M. Guinan (LLNL) are  t e n t a t i v e l y  scheduled. 

A t ransmiss ion e l e c t r o n  microscope coming f rom Japan w i l l  be i n s t a l  l e d  

and checked o u t  a t  RTNS-I1 d u r i n g  the n e x t  quar te r .  

6.1 Pub1 i c a  t ions 

" T r i t i u m  Target  Per.Formance a t  RTNS-11," D. W .  Heikkinen and C. M. Logan 

t o  be presented a t  t h e  A p p l i c a t i o n  o f  Acce lera tors  i n  Research and 
Indus t ry ,  Denton Texas, Novenber 8-10, 1982. UCRL 87770 
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CHAPTER 2 

DOSIMETRY AND DAMAGE PARAMETERS 
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DOSIMETRY RESULTS FOR THE TRIO TEST I N  ORR 

L. R.  Greenwood (Argonne National Laboratory) 

1 .o Object ive 

To e s t a b l i s h  the  bes t  p r a c t i c a b l e  dosimetry f o r  f i s s i o n  r eac to r s  and t o  provide 

dosimetry and damage ana lys i s  for ORR experiments. 

2 .o Summary 

Resu l t s  a r e  presented €or a test of t h e  TRIO experiment in pos i t ion  A2 of the  

Oak Ridge Research Reactor (ORR). 

va t ion  r eac t ions  and g rad ien t s  were determined along and across  the assembly. 

The ca lcu la t ed  tritium production rate from the  6Li(n,ol) r eac t ion  is in excel- 

l e n t  agreement with measurements made a t  Oak Ridge National Laboratory. 

s t a t u s  of  a l l  o ther  dosimetry is summarized in Table I. 

The flux-spectrum w a s  ad jus ted  using 17 acti-  

The 

3 .O Program 

T i t l e :  Dosimetry and Damage Analysis 

P r i n c i p a l  Inves t iga to 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/Subtask 

Tasks I I . A . l  F i s s ion  Reactor Dosimetry 
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TABLE I 

S t a t u s  of Reactor Experiments 

Facili ty/Experiment 

ORR -1 

-MFE 2 

-MFE4A 

-MFE4B 

-MFE4C 

-TBCO7 

-TRIO - T e s t  

- TRIO 2 

-CTR32 

-CTR30,31, 34, 35 

-T1, T2, T3 

- 

-RBI, R82, RB3 

-cTR 39-45 

Omega West -Spectral  Analysis 

-HEDL 1 

EBR I1 -X287 

- IPNS -LASL 1 (Hurley) 

Status/Comments 

Completed 12 /79  

Completed 06/81 

Completed 12/81 

Samples expected 07/82 

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

Completed 07/80 

Completed 07/82 

Samples Provided 07/82 

Completed 04.82 

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

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

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

Planning i n  Progress  

Completed 10/80 

Completed 05/81 

Completed 09/81 

Completed 06/82 
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5 .O Dosimetry Measurements f o r  t h e  ORR-TRIO tests 

An i r r a d i a t i o n  test was conducted i n  ORR on Apri l  26-27, 1982 f o r  the  TRIO 

experiment t o  measure and recover  tritium from fusion blanket ma te r i a l s  

(LIMO2). The f l u x  monitor wires were i r r a d i a t e d  i n  pos i t i on  A2 f o r  8.93 h 

f o r  a t o t a l  exposure of 253.35 Mh". 

around t h e  TRIO assembly t o  measure f l u x  and s p e c t r a l  g rad ien t s .  Seven tubes 

contained T I ,  Fe,  Ni, and Co-Al gradient  wires, measuring 6" in l e n g t h ,  span 

ning t h e  m a x i m u m  f l u x  pos i t i on .  

contained 17 d i f f e r e n t  materials including gadolinium covers and f i s s i o n  moni- 

t o r s  f o r  a s p e c t r a l  a n a l y s i s .  Gradient wires were a l so  included t o  span the 

e n t i r e  A2 assembly. 

Eight aluminum tubes were posi t ioned 

The eighth tube measured 35" i n  l eng th  and 

The samples were gamma counted with Ge(Li) spectrometers and t h e  resu l-  

t a n t  s a tu ra t ed  a c t i v i t i e s  a r e  l i s t e d  in Table 11. These r e s u l t s  were then used 

t o  a d j u s t  a ca l cu la t ed  neutron spectrum using t h e  STAYSL computer code. 

r e s u l t a n t  f l u x  values are l i s t e d  i n  Table 11. 

The f l u x  spectrum is shown in Figure 1. 

The 

The dot ted  and dashed l i n e s  

represent  e r r o r s  fo r  each f l u x  group; however, t h e  groups a r e  highly cor re-  

l a t e d .  A covariance e r r o r  mat r ix  thus  m u s t  be used t o  c a l c u l a t e  e r r o r s  i n  

i n t e g r a l  q u a n t i t i e s .  I n t e g r a l  f l u x  e r r o r s  are t y p i c a l l y  5-10 %, as  l i s t e d  

i n  Table 111. 

The measured spectrum was a l s o  used t o  c a l c u l a t e  the  tritium production 

The r e s u l t  agrees very  w e l l  with measure- rate from t h e  6 ~ i ( n , a )  - r eac t ion .  

ments made at  Oak Ridge National Laboratory (ORNL).l The measured value 

was then included with our  a c t i v a t i o n  rates to  ad jus t  the neutron f l u x  spec- 

trum. The measured and ca l cu la t ed  values agree  wi th in  3.4%. The measured 
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values have an e s t i m a t e d  accuracy of + 5%.  The thermal neutron f l u x  was a l s o  

found t o  agree q u i t e  w e l l  with self-powered neutron d e t e c t o r  measurements a t  

ORNL . 

- 

Vertical f l u x  g rad ien t s  a r e  shown in Figure 2. The m a x i m u m  f l u x  posi-  

t i o n  was about 5" below midplane, as expected a t  the  start of a f u e l  cyc le .  

Later i n  the  cyc le  the m a x i m u m  w i l l  be near t o  the  cen te r  of the T R I O  experi- 

ment a t  about 3" below midplane. 

Horizontal  f l u x  g rad ien t s  can be summarized a s  follows: 

1. The thermal f l u x  decreases about 21% ac ross  the  assembly (4 .5  cm)  

from east t o  west (away from the  c o r e ) .  

2. The thermal flux is about 23% lower i n s i d e  the  TRIO assembly due t o  

absorpt ion  in a s t a i n l e s s  s t e e l  r i n g  (6 .4  mm). 

3. The f a s t  f l u x  decreases sharp ly  (%60%) from nor theas t  to  southwest 

on a l i n e  roughly poin t ing  towards the cen te r  of the  co re .  

4 .  The thermal f l u x  varies less than 10% i n s i d e  the TRIO assembly, i n  

the region where t h e  tritium measurments w i l l  be conducted. 

6 .O Reference 

1. F. Dyer, Oak Ridge National Laboratory, p r i v a t e  communication 
(1982). 

2. I. T .  Dudley, Oak Ridge National Laboratory, p r i v a t e  communica- 

t i o n  (1982). 

7 .O Future Work 

Dosimetry capsules  a r e  now being f ab r i ca t ed  f o r  t h e  TRIO- 1 experiment.  

The s t a t u s  of  o t h e r  ongoing experiments is summarized in Table I. 
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TABLE I1 

Activation Rates for TRIO 1 

ORR-A2; April 26,1982; Norm to 30 MW 

Maximum Flux Height in Position 8 

React ion 

58Fe(n,T) 59 Fe 

176~u(n,~) 177mLu 

59~o(n,T) 60 c0 

45~c(n,~) 46 sc 

Ig7Au(n ,T) lg8Au 

237Np(n,Y) 2 38 Np 

238U (n , Y)  39Np 

237Np(n, fission) 

238~(n, fission) 

54Fe(n,p) 54 Mn 

58Ni(n,p) 58 Co 

47Ti(n,p) 47 Sc 

48Ti(n,p) 48 Sc 

55Mn(n,2n) 54 Mn 

46Ti(n,p) 46 Sc 

27~(n,a) 24Na 

9 3 ~ ( n  ,2n)92% 

00 (atomlatom-s) Gd Cover 

1.08 x lom1' 

3.70 

3.92 

2.53 x lo-'' 

2.15 x 

7.22 

1.02 

1.17 x lo-'' 

2.26 x 

5.38 x 1o-I2 

7.30 10-l~ 

1.99 

4.59 10-l~ 

1.69 10-l~ 

3.05 

6.86 x 10-l' 

1.26 x 
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8 .O 

TABLE I11 

Neutron Flux Values for TRIO 1 

ORR-A2; Apr i l  26,1982; Norm t o  30 MW 

Spect ra l  Measurement i n  Pos i t i on  8 

- Flux Uncertainty 

(+ %) 
2 (x1~14 n/cm - 8 )  

Total  3.79 

Thermal (<.5eV) 1.31 
(2200 I d s )  1.16 

0.5eV -0.11MeV 1.20 

>0.11 M e V  1.27 

>1 MeV 0.58 

5 

6 

6 T r i t i u m  Production Rate Li(n,cu)T (30 MW): 

Calculated (ANL): 9.22 x lo-' t 16Li - s  

Measured (ORNL) : 8.91 x 10 t /  L i - s  1 -8 6 

Rat io  (M/C) = 0.966 

Pub l i ca t ion  

1. L. R .  Greenwood, "A New Calcula t ion  of Thermal Neutron Damage and 
H e l i u m  Production i n  Nickel ,"  submitted t o  t h e  Journal  of Nuclear 
Materials (1982). 
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1. Flux spectrum measured f o r  the A2 pos i t ion  i n  ORR f o r  t h e  TRIO 
experiment. 
deviat ion;  however, the  f l u x  groups are highly co r re l a t ed .  

Dotted and dashed l ines  represent  one standard 
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2.  Vertical f l u x  g rad ien t s  measured i n  pos i t i on  A2 o f  ORR. 
maximum f l u x  i s  5" below midplane at the  start of the f u e l  cyc le ,  
but w i l l  rise t o  3" below midplane where T R I O  i s  centered.  

The 
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EXPERIMENTS AT THE IPNS SPALLATION NEUTRON SOURCE 

L. R .  Greenwood (Argonne National  Laboratory) 

1 .o Object ive 

To cha rac te r i ze  the neutron f l u x  and energy spectrum a t  IPNS and t o  provide 

OFE experimenters with dosimetry and damage a n a l y s i s .  

2 .o Summary 

Dosimetry r e s u l t s  are presented f o r  an i r r a d i a t i o n  by G. Hurley (LANL) at  IPNS 

17 (ANL) on February 22-27, 1982. The m a x i m u m  neutron f luence  w a s  1.55 x 10 

n/cm 00 .1  MeV) and 2.23 x 1017 n/an ( t o t a l ) .  2 2 

3.0 Program 

T i t l e :  Dosimetry and Damage Analysis 

P r i n c i p a l  Inves t iga to 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 

5 .O Accomplishments and S t a t u s  

Organic i n s u l a t o r  m a t e r i a l s  were i r r a d i a t e d  f o r  G .  Hurley (LANL) i n  the  Radia- 

t i o n  E f f e c t s  F a c i l i t y  (REF) of the  In t ense  Pulsed Neutron Source (IPNS) loca ted  

a t  Argonne National Laboratory. This s p a l l a t i o n  source uses a 400-MeV proton 
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beam with peak i n t e n s i t y  of about 8 ,,A and a deple ted  uranium t a r g e t  surround- 

ed by a l e a d  r e f l e c t o r .  

t u r e  i n  a v e r t i c a l  c ryos t a t  (VT2) adjacent  to  t h e  t a r g e t .  The i r r a d i a t i o n  

l a s t e d  f o r  117 hours from February 22-27, 1982. The t o t a l  protons on t a r g e t  

were 1.46 x lo1’ with a time-averaged current  of 5.56 MA. 

The samples were cooled t o  l i q u i d  helium tempera- 

58 Nickel dosimeter wires were included with t h e  specimens. 

r eac t ion  was then used t o  determine the neutron exposure, r e ly ing  on previous 

s p e c t r a l  measurements t o  c h a r a c t e r i z e  the f a c i l i t y .  

loca ted  around t h e  assembly holding t h e  specimens. 

counted and t h e  results are l i s t e d  i n  Table I .  

The 58Ni(n,p) Co 

Five n icke l  wires were 

The wires were gamma- 

Table I 

Dosimetry Results f o r  IPNS 

58Ni(n,p) Co A c t i v i t i e s  are Lis ted  58 

Fluence Values est imated accura t e  t o  2 10% 

2 Sample Ac t iv i ty  (+ 2%) Neutron Fluence (x 1017 n/cm ) 

( x 1 0 - ~ ~  atom/atom-P) To ta l  >0.1 MeV 

1 6.09 2.20 1.53 

2 6.09 2.20 1.53 

3 6.17 2.23 1.55 

4 5.94 2.15 1.49 

5 5.88 2.13 1.47 

The a c t i v i t y  va lues  show only a s l i g h t  g rad ien t  va lues  show only a s l i g h t  g rad i -  

ent (<5%). Fluences were ca l cu la t ed  from t h e  58Ni(n,p) Co spectral-averaged 58 
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c ross  sec t ions  determined previus ly  a t  IPNS. The t o t a l  neutron f l u x  is 218 

n/m -p with 151 n/m -p for neutrons above 0.1 MeV. 

an est imated accuracy of - + 10%. 

progress .  

2 2 The present  f luences have 

Dose and damage c a l u l c a t i o n s  are now i n  

6 .O References 

1. M. A. Kirk, R .  C.  B i r t che r ,  T .  H .  Blewi t t ,  L.  R .  Greenwood, R.  J. Popek, 
and R.  R .  Heinrich,  "Measurements of  Neutron Spectra  and Fluxes a t  
Spallation-Neutron Sources and Their Applicat ion to  Radiation E f f e c t s  
Research," J o u r l .  Nucl. Mater. - 96, 37 (1981). 

7 .O Future Works 

Work is now in progress  t o  determine t h e  dose de l ivered  t o  the insu la to r  

m a t e r i a l s  i r r a d i a t e d  a t  the  IPNS and t o  c a l c u l a t e  o the r  damage parameters.  

More experiments are being planned a t  IPNS. 

8 .O Publ ica t ions  

1. L. R.  Greenwood and R. J .  Popek, "Methods of Neutron and Proton Dosimetry 
at  Spa l l a t ion  Sources ," Proceedings of  the  ICANS-VI, In t e rna t iona l  - ~. 

Collaborat ion on Advanced ~~ Neutron ~ Sources, . . - Argonne National Laboratory, 
June 27-July 2 (1982). 

2. R. C. B i r t che r ,  M. A. Kirk, T .  H .  Blewitt  and L .  R .  Greenwood, "Measurement 
of Neutron Spectra  and F luxes  a t  the IPNS Radiation E f f e c t s  F a c i l i t y ,  
Proceedings of the ICANS-VI ~~~ In t e rna t iona l  ~ Collaborat ion on Advanced . Neutron 
Sources, Argonne National Laboratory, June 22-July 2 (1982). 
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HELIUM PRODUCTION CROSS SECTIONS FOR 14.8-MeV NEUTRONS 

D. W .  Knef 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 .o Ob jec 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 hel ium generat ion 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  the -14.8-MeV T(d,n) neutron 

environment, t o  charac te r i ze  t h e  T(d,n) neut ron f i e l d  o f  the Ro ta t ing  Target  

Neutron Source- I1 (RTNS-11), and t o  develop he l ium accumulat ion neut ron 

dosimeters f o r  t h i s  t e s t  environment. 

2 .o Summary 

The neut ron f l uence  map f o r  t h e  h i g h- f l u x  r e g i o n  o f  the RTNS-I1 neut ron e n v i -  

ronment has been extended over a l a r g e r  volume us ing  he l ium accumulat ion 

neut ron dosimetry.  T o t a l  he l ium p roduc t ion  cross sect ions f o r  -14.8-MeV 

neutrons have been determined f o r  L iF ,  PbF2, F, L i ,  B, the  separated iso topes 

o f  L i  and B, and the t h r e e  a l l o y s  HT9, 9Cr-lMo, and Type 316 s t a i n l e s s  s t e e l .  

Ana lys i s  o f  t h e  a l l o y  r e s u l t s  i n d i c a t e s  t h a t  some o f  the minor a l l o y  c o n s t i t -  

uents  can be s i g n i f i c a n t  c o n t r i b u t o r s  t o  he l ium p roduc t ion  i n  these a l l o y s ,  

and thus a f f e c t  t h e i r  he l i um- re la ted  i r r a d i a t i o n  performance. The measured 
' L i ( n , n ' t ) a  c ross s e c t i o n  i s  -30% h igher  than a r e c e n t  e v a l u a t i o n .  

3.0 Program 

T i t l e :  Hel ium Generat 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 Relevant  OAFS Program P lan  Task/Subtask 

Subtask II .A.2.2 F lux- Spect ra l  D e f i n i t i o n  i n  RTNS- I1  

Subtask I I .A.4.2 'r(d,n) Helium Gas Product ion Data 
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5.0 Accomplishments and Sta tus  

5 . 1  RTNS-I1 Neutron Fluence Mappiny 

The neut ron f l u e n c e  map generated f o r  the h i g h - f l u x  i r r a d i a t i o n  volume o f  the 

j o i n t  Rockwell I n te rna t iona l - Argonne  Na t iona l  Laboratory (ANL)-Lawrence 

Livermore Na t iona l  Laboratory  (LLNL) RTNS- I1  experiment has been extended t o  a 
l a r g e r  volume. 

ously, ( ' )  and the neut ron f l u e n c e  map f o r  t h e  pr imary  i r r a d i a t i o n  volume o f  

the h i g h- f l u x  m i n i a t u r e  sample capsule was g i v e n  i n  the prev ious Damage 

Ana lys i s  and Fundamental Stud ies  (DAFS) Q u a r t e r l y  Progress Report .  ( 2 )  
p resent  mapping e f f o r t  extended t h e  mapped r e g i o n  t o  encompass a s e t  o f  

aluminum dos imet ry  w i r e s  and plat inum-encapsulated he l ium generat ion m a t e r i a l s  

loaded i n  ho les  near the o u t s i d e  edge o f  the s t a i n l e s s  s t e e l  capsule. 

Th is  i r r a d i a t i o n  experiment was descr ibed i n  d e t a i l  p r e v i -  

The 

Th is  map extens ion i s  based on he l ium accumulat ion neu t ron  dosimetry prov ided 

by the aluminum w i res .  

r e c o i  1 e f f e c t s ) ,  segmented, and analyzed by high- sensi  t i v i  ty gas mass spec- 

t rometry  f o r  generated hel ium. 

pr imary  capsule volume g ives  f l uence  values lower than the a c t u a l  neut ron 

f luences a t  l a r g e  r a d i a l  d is tances f rom the neut ron source a x i s  (d is tances 

beyond t h e  s p e c i f i e d  l i m i t s  o f  v a l i d i t y  f o r  t h a t  map). These r e s u l t s  were 

then used t o  c o n s t r u c t  an e m p i r i c a l  expression which, when m u l t i p l i e d  by the 

three-dimensional  f l u e n c e  map f o r  the pr imary  i r r a d i a t i o n  volume (Ref. 2 ) ,  

gave a neut ron f l u e n c e  va lue  a t  each aluminum segment l o c a t i o n  t h a t  b e s t  

reproduced the A l ( n , t o t a l  he l ium)  cross sec t ion .  Th is  c ross s e c t i o n  was 

assumed t o  be 144 ? 7 mb, based on  two prev ious s e t s  o f  RTNS-I exper imental  

measurements. ( 3 )  A d d i t i o n a l  aluminum samples inco rpora ted  i n  the p r imary  

RTNS-I1 i r r a d i a t i o n  volume were a l s o  segmented and analyzed f o r  hel ium. 

c ross s e c t i o n  d e r i v e d  by combining those r e s u l t s  (which were independent o f  

143 f 10 mb. Th is  i s  i n  e x c e l l e n t  agreement w i t h  the RTNS-I r e s u l t s ,  p r o v i d i n g  

conf idence i n  t h e  use o f  aluminum a s  a dosimeter f o r  -14.8-MeV T(d,n) neutrons.  

The w i r e s  were etched ( t o  remove p o t e n t i a l  he l i um 

The r e s u l t s  showed t h a t  the map f o r  the 

The 

the aluminum dosimeters)  w i t h  the map f o r  the pr imary  i r r a d i a t i o n  volume ( 2 )  is 
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Based on t h i s  ana l ys i s ,  t he  neutron f l uence  f o r  t h a t  p a r t  o f  the  capsule 

i r r a d i a t i o n  volume bounded by 8 m m C  R 5 10 mm i s  g i ven  by the  f o l l o w i n g  

emp i r i ca l  expression: 

'R>8 (R,AZ) = @(R,AZ) [ l  + (R-8) [0.116-0.0287(AZ)+0.00~9(AZ)2]]. (1) 

Here R i s  the  r a d i a l  d i s tance  f rom the  neutron source a x i s  ( i n  nun), and AZ i s  

the  a x i a l  d i s tance  f rom the  f r o n t  f ace  o f  the  i r r a d i a t i o n  capsule ( i n  mm). 

[The a x i a l  d i s tance  from the  o u t s i d e  face  o f  the  r o t a t i n g  t a r g e t  assembly i s  

g i ven  by Z = AZ + 0.76 mm.1 The term O(R,AZ) i s  the  f l uence  express ion de r i ved  

f o r  t he  p r imary  i r r a d i a t i o n  volume, as g iven  i n  Ref. 2. 
subsequent ly used t o  eva lua te  hel ium p roduc t i on  c ross  sec t ions  f o r  severa l  
plat inum-encapsulated m a t e r i a l s  i r r a d i a t e d  near the  pe r i phe ry  o f  the  e x p e r i -  

mental capsule. 

Equat ion (1 )  was 

5.2 Helium Produc t ion  Cross Sect ions f o r  L i ,  B, F, P t ,  L iF ,  and PbF2 

Hel ium p roduc t i on  cross s e c t i o n  measurements have been completed f o r  severa l  

a d d i t i o n a l  pure elements, separated iso topes ,  and compounds i r r a d i a t e d  i n  the  

-14.8-MeV T(d ,n) neutron spectrum o f  RTNS-11. These measurements were p a r t  o f  

a program supported by the  O f f i c e  o f  Basic  Energy Sciences o f  the U.S.  Depart-  

ment o f  Energy, t o  determine hel ium genera t ion  cross sec t ions  o f  a wide 
v a r i e t y  o f  elements and iso topes  of i n t e r e s t  t o  the f u s i o n  community. 

he l ium measurements were performed us ing  h i g h - s e n s i t i v i t y  gas mass spectrom- 

e t r y .  

L i ,  6 L i ,  7 L i ,  and F were i r r a d i a t e d  as the  compounds L i F ,  6L iF,  7LiF, and 

PbF2, r e s p e c t i v e l y .  

m i n i a t u r e  (1.3-mm diameter by 6.4-mm long )  p la t i num capsules. 
were f i r s t  determined f o r  t he  i r r a d i a t e d  compounds. 

sented i n  Table 1 as cross sec t i ons  per  atom o f  m a t e r i a l ,  and thus rep resen t  
weighted averages o f  t h e  i n d i v i d u a l  c o n s t i t u e n t  cross sec t ions .  

c ross  s e c t i o n  was then ob ta ined f rom PbF2 by u n f o l d i n g  the  p r e v i o u s l y  measured 

The 

The cross s e c t i o n  r e s u l t s  a re  presented i n  Table 1. 

M i l l i g r a m  q u a n t i t i e s  o f  each compound were enclosed i n  

Those r e s u l t s  a r e  p re-  

Cross sec t i ons  

The f l u o r i n e  
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TABLE 1 

EXPERIMENTAL HELIUM GENERATION CROSS SECTIONS FOR 
-14.8-MeV NEUTRONS 

1 d 

Cross Sec t ion  Cross Sect ion 
Ma t e r i  a1 (mb 1 M a t e r i a l  (mb 1 

PbF2 334 f 24 

NLiF 455 ? 33 

6L iF  569 f 41 

'LiF 441 f 32 

NB 390 f 28 

1°B 691 f 49 

I l B  306 f 22 

F 501 f 36(a)  

( b )  NL i  409 f 60 

639 f 75 ( b )  

( b )  7 ~ i  381 ? 58 

A1 143 ? 

P t  0.71 ? 0.10 (d )  

(a)Der ived f rom PbF2 
(b)Der ived f rom L i F  
(')Adopted va lue  = 144 f 7 mb, based on two RTNS- I  

i r r a d i a t i o n s  
(d)Revised value, based on a d d i t i o n a l  i n f o r m a t i o n  f rom 

f l  uence map extens ion 

s e c t i o n  (0.62 mb, Ref. 2 ) .  The l i t h i u m  cross sec t ions  were 

unfo lded f rom t h e  measured L i F  cross sect ions us ing  t h i s  f l u o r i n e  r e s u l t .  
cross s e c t i o n  u n c e r t a i n t i e s  f o r  l i t h i u m  and i t s  i so topes  a r e  s i g n i f i c a n t l y  

l a r g e r  than f o r  the o t h e r  m a t e r i a l s .  

s e c t i o n  u n c e r t a i n t i e s  f o r  F and L iF ,  and the f a c t  t h a t  the f l u o r i n e  generates 
a s i g n i f i c a n t  f r a c t i o n  o f  the he l ium i n  L i F  a t  14.8 MeV. 

u n c e r t a i n t i e s  i n c l u d e  a common u n c e r t a i n t y  f o r  the abso lu te  map norma l i za t ion ,  

they a r e  p a r t i a l l y  c o r r e l a t e d .  Th is  was taken i n t o  account i n  the u n c e r t a i n t y  

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

The 

Th is  f o l l o w s  f rom the comparable cross 

Since the quoted 

Small c o r r e c t i o n s  were made t o  the measured i s o t o p i c  cross sec t ions  o f  bo th  

l i t h i u m  and boron t o  account f o r  the smal l  i m p u r i t y  concen t ra t ion  o f  t h e  

o t h e r  i so tope  o f  t h e  same element. As a consistency check on the i s o t o p i c  
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measurements, the natural lithium and boron cross sections were also deter-  
mined from the measured isotopic  cross sect ions u s i n g  weighted averages. 
r e su l t an t  cross sect ions,  400 f 55 mb fo r  lithium and 383 f 24 mb fo r  boron ,  
a re  i n  excel lent  agreement with the d i r ec t ly  measured natural lithium and 
boron cross sect ions of 409 f 60 mb and 390 f 28 mb, respectively.  

The 

7 The Li helium production cross section fo r  f a s t  (up  to 15 MeV) neutrons i s  of 
par t icu la r  i n t e r e s t  t o  fusion reactor designers,  because of the contribution 
of the L i ( n , n ' t ) a  reaction t o  t r i t ium breeding i n  lithium blanket designs. 
Our measurement i s  -30% higher than a recent evaluation of this cross section 
a t  14.8 MeV. ( 4 )  Additional samples of Li ,  B ,  and the i r  separated isotopes 
have been i r rad ia ted  i n  RTNS-I, and analysis of those materials has been 
i n i t i a t e d .  

7 

The platinum cross section l i s t e d  in  Table 1 i s  a revision of a previously 
reported value,(5) based on additional helium analysis r e su l t s  from the 
periphery of the i r rad ia t ion  capsule. 
by 4%) was used t o  correct the measured helium generation in the platinum- 
encapsulated materials ( L i F  and PbF2)  f o r  the small contribution from the 
capsule i t s e l f .  

T h i s  s l i g h t l y  revised value (decreased 

5.3 Helium Production Cross Sections of Candidate Fusion Reactor Alloys 

Helium production cross section measurements have also been completed for  the 
aus t en i t i c  and f e r r i t i c  a l loy s t e e l s  incorporated i n  the RTNS-I1 i r rad ia t ion  
experiment. These materials were analyzed as par t  of a program supported by 
the  U.S.  Department of Energy's Office of Fusion Energy. The materials 
included samples of Type 316 s t a in l e s s  s t e e l ,  HT9, and 9Cr-lMo, provided by 
E.  E.  Bloom and M .  L .  Grossbeck of the Oak Ridge National Laboratory ( O R N L ) .  
Also included was a Type 316 s t a in l e s s  s t ee l  a l loy  manufactured a s  a fuel 
element wire wrap f o r  the Fast Flux Test Fac i l i ty  ( F F T F ) .  This material was 
supplied by E .  P .  Lippincott of the Hanford Engineering Development Laboratory 
( H E D L )  . 
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The a l l o y s  a re  l i s t e d  i n  Table 2, and the  measured cross s e c t i o n  r e s u l t s  a re  

g i ven  i n  Column 3 o f  t h a t  t a b l e .  

mented, and analyzed by h i g h - s e n s i t i v i t y  gas mass spectrometry  f o r  generated 

hel ium. 

w i t h  the  neutron f l uence  values f o r  the  i n d i v i d u a l  a l l o y  segment l o c a t i o n s .  

The f l uence  values were ob ta ined f rom the  f l uence  map de r i ved  f o r  t h i s  RTNS-I1  

The i r r a d i a t e d  samples were etched, seg- 

The cross sec t i ons  were determined by combining these hel ium r e s u l t s  

i r r a d i a t i o n .  (2 )  

316 S t a i n l e s s  Stee l  ORNL Heat X15893 

HT9 ORNL Heat XAA3587 

9Cr-1Mo ORNL Heat XA3590 

Composite c ross  sec t i ons  f o r  these a l l o y s ,  determined f rom the  i n d i v i d u a l l y  

weighted averages, a r e  a l s o  l i s t e d  i n  Table 2. 
sec t i ons  a r e  i n  e x c e l l e n t  agreement w i t h  the  d i r e c t l y  measured a l l o y  cross 

sec t ions ,  demonstrat ing the  se l f - cons i s tency  o f  the  hel ium measurement tech-  
nique. Note t h a t  a l l  f o u r  m a t e r i a l s  have very  s i m i l a r  he l ium p roduc t i on  cross 
sec t i ons  f o r  -14.8-MeV neutrons.  

measured cross sec t i ons  o f  the  a l l o y s '  c o n s t i t u e n t  elements (2,395) using 

These composite cross 

56 f 4 53.2 f 4 

55 f 4 55.4 + 4 

50 ? 4 51.3 f 4 

TABLE 2 

TOTAL HELIUM PRODUCTION CROSS SECTIONS OF 
CANDIDATE FUSION REACTOR ALLOYS FOR 14.8-MeV NEUTRONS 

M a t e r i a l  I d e n t i f i c a t i o n  

316 S t a i n l e s s  Stee l  Teledyne A l l v a c  
Heat 81598 
(FFTF Wire Wrap) 

Cross Sec t ion  (mb) I 
Composite Resu l t  f rom 

Measured Cons t i t uen t  Elements 

56.5 k 4* 55.8 f 4 
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Table 3 g ives the  c a l c u l a t e d  percentage hel ium c o n t r i b u t i o n  o f  each c o n s t i t -  

uent  element t o  t he  hel ium p roduc t i on  cross sec t i ons  f o r  the  measured a l l o y s .  

Th is  t a b l e  a l s o  l i s t s  t he  composit ions o f  the  f o u r  a l l o y s ,  and the  pure 

element cross sec t i ons  used i n  t he  c a l c u l a t i o n s .  

(based on analyses supp l ied  by ORNL and HEDL f o r  t h e i r  r e s p e c t i v e  a l l o y s )  a r e  
l i s t e d  here as we igh t  percentages, a l though they were converted t o  atom 

percentages f o r  t he  c a l c u l a t i o n s .  Est imated t o t a l  he l ium p roduc t i on  cross 

sec t i ons  were used f o r  those elements whose cross s e c t i o n  measurements have 

n o t  been completed. 

(and -1 mb) c o n t r i b u t i o n  t o  each a l l o y ,  and u n c e r t a i n t i e s  i n  the  est imates 

have l i t t l e  e f f e c t  on t h e  r e s u l t s .  Helium analyses have been, o r  w i l l  soon 

be, i n i t i a t e d  f o r  RTNS-11- irradiated samples o f  N, 0, S ( i n  compound form),  C 

(as g raph i te ;  diamonds were used i n  p rev ious  analyses) ,  Mn, and W .  

The a l l o y  composit ions 

However, these elements represent  o n l y  a 0.6-1.8 atom % 

Examinat ion o f  Table 3 shows t h a t  t he  minor  a l l o y  c o n s t i t u e n t s  carbon and 

s i l i c o n  produce a s i g n i f i c a n t  percentage (up t o  17%) o f  the hel ium i n  these 

a l l o y s .  I n  p a r t i c u l a r ,  the  f a c t  t h a t  the  f e r r i t i c  s t e e l s  (HT9 and 9Cr-1Mo) 

have cross sec t ions  n e a r l y  equal t o  t h a t  o f  316 s t a i n l e s s  s t e e l ,  i n  s p i t e  o f  

t h e i r  smal l  n i c k e l  contents,  can be a t t r i b u t e d  p r i m a r i l y  t o  the  hel ium c o n t r i -  
b u t i o n  f rom carbon. (The l a r g e  carbon c ross  s e c t i o n  r e f l e c t s  the  f a c t  t h a t  

the  3a breakup r e a c t i o n  predominates f o r  14.8-MeV neutron bombardment.) 

s l i g h t l y  smal le r  he l ium p roduc t i on  cross s e c t i o n  f o r  9Cr-1Mo appears t o  be 
due i n  p a r t  t o  the  lower  carbon conten t  o f  t h a t  a l l o y  heat.  
between the  measured and c a l c u l a t e d  c ross  sec t ions  f o r  ORNL-supplied 316 s t a i n  

l e s s  s t e e l  (Table 2 )  may a l s o  be a t t r i b u t a b l e  t o  carbon; t he  chemical ana l ys i s  
f o r  t h a t  a l l o y ,  performed by a d i f f e r e n t  a n a l y t i c a l  l a b o r a t o r y  than f o r  t he  

f e r r i t i c s ,  does n o t  l i s t  C, N, o r  0. 

The 

The d i f f e rence  

I n  genera l ,  i t  appears t h a t  some o f  t he  minor  components o f  the  a l l o y  s t e e l s  

can have an impor tan t  e f f e c t  on the  he l i um- re la ted  i r r a d i a t i o n  p r o p e r t i e s  o f  

these s t e e l s ,  and must be considered when des ign ing  f u s i o n  r e a c t o r  a l l o y s  f o r  
optimum i r r a d i a t i o n  performance. 
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7.0 Fu ture  Work 

The hel ium ana l ys i s  o f  RTNS- irradiated m a t e r i a l s  w i l l  cont inue.  

te rm emphasis w i l l  be on the  elements N, 0, C, and Mn from RTNS-11, and on 

the  B and L i F  samples i r r a d i a t e d  i n  RTNS- I .  

8.0 P u b l i c a t i o n s  

Primary near- 

None. 
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DAMAGE ENERGY FOR (n,y)  AND BETA-DECAY 

R.  K. Smither and L .  R. Greenwood (Argonne National Laboratory) 

1 .o Object ive 

To desc r ibe  t h e  production of d isp laced  atoms i n  materials and environments of 

i n t e r e s t  i n  MFR development. S p e c i f i c a l l y ,  t o  include the  (n ,y )  and beta- 

decay e f f e c t s  and t h e  e f f e c t  of  the  inc ident  neutron energy f o r  neutron 

capture  events  and r e v i s e  a l l  da ta  according t o  ENDF/B-V. 

2 .o Summary 

The theory  has  been devel  ped and t h e  a l c u l a t i o n s  performed t o  r ev i se  the  

damage f i l e s  and c a l c u l a t i o n  procedures t o  more accura te ly  c a l c u l a t e  t h e  

displacement damage r e s u l t i n g  from t h e  neutron capture  r eac t ions .  The r e c o i l -  

atom energy d i s t r i b u t i o n s  are now computed tak ing  i n t o  account the  e f f e c t s  of 

t h e  inc iden t  neutron energy, the  gamma-.ray r e c o i l  momentum summing and y- y 

angular  c o r r e l a t i o n s  o f  the  mul t ip l e  y-cascades, the  l i f e t i m e s  of  the i n t e r -  

mediate states, and t h e  r e c o i l  e f f e c t s  r e s u l t i n g  from subsequent B-decay when 

r e l evan t .  Previous c a l c u l a t i o n s  on ly  considered t h e  r e c o i l  energy a s soc ia t ed  

with the  prompt gamma emission fol lowing neutron capture .  In some cases the  

inc iden t  neutron energy and/or t h e  8-decay r e l a t e d  r e c o i l s  w i l l  dominate the  

r e c o i l  energy c a l c u l a t i o n s .  
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3 .O Program 

T i t l e :  Dosimetry and Damage Analysis 

P r i n c i p a l  Inves t iga to 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 I I . B . l  Calcula t ion  of Defect Production Cross Sect ions 

5 .O Accomplishments and S ta tus  

A .  Modification of Damage and Displacement Production Cross Sect ion F i l e s  and 
Calcula t ion  Procedures t o  Improve the Accuracy of the  Neutron Capture 
Calculat ions and t o  Include the  E f f e c t s  of  Subsequent 4-Decav When 
Appropriate 
R. K. Smither and L .  R .  Greenwood (ANL) 

P r i o r  t o  t h e  modif icat ion of the computer codes discussed below t h e  (n,?) 

r e a c t i o n  was included i n  t h e  c a l c u l a t i o n s  of  nuclear  displacements by assuming 

that a l l  neutron capture events  r e s u l t e d  i n  a s i n g l e  average r e c o i l  energy 

which w a s  added t o  t h e  average displacement energy r e s u l t i n g  from the o the r  

reactions. 

assuming t h a t  a l l  gammas e m i t t e d  following neutron capture were independent 

events  r ega rd le s s  of  the  poss ib le  e f f e c t s  of  mul t ip le  gamma cascades with 

shor t  l i f e t i m e  intermediate  s t a t e s  and Y-yangular  c o r r e l a t i o n s  or the  

e f f e c t s  of  the  incoming momentum of the inc ident  neutron.  

was made t o  include t h e  displacement damage caused by t h e  r e c o i l  of the  be ta-  

p a r t i c l e  or  t h e  neutr ino r e s u l t i n g  from the  beta-decay processes t h a t  o f t e n  

follows neutron capture.  

This average recoil  energy f o r  t h e  (n,y)  process was ca l cu la t ed  by 

Also, no attempt 

In some cases ,  more displacement damage r e s u l t s  from 
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t h e  E-decay processes or the  r e c o i l  generated by t h e  incoming neutron momentum 

than from the  gamma-ray r e c o i l s .  

A t y p i c a l  neutron capture r e c o i l  event is shown in Figure 1. The neutron 

capture process (n+A) is followed by t h e  emission of two energe t ic  gamma rays 

(Yl and Y2) before the r eco i l ing  atom ( B )  slows down. This is followed by t h e  

emission of two low energy gamma-rays ( v 3  and v 4 )  each of which is emitted 

a f t e r  t h e  atom has come to  r e s t .  The ( n , y )  process is then followed by t h e  

emission of a b e t a - p a r t i c l e  and a neutr ino and f i n a l l y  by a gamma ray ( 1 5 ) .  

number of secondary knockon displacements (2.) a re  generated as the  primary 

r eco i l ing  atom (B) slows down. The recoil energy of the  d isp laced  atom is 

given by equat ion (1) following t h e  emission of the second ene rge t i c  gamma 

r a y  where moc2 = 931 MeV,  the  energy assoc ia ted  with one atomic mass u n i t .  

A 

The average r e c o i l  energy assuming an i so top ic  emission of the  two gamma rays 

is given by equat ion ( 2 ) .  

1 - - 
r e c o i l  (**') = 2(A+1) 

The average r e c o i l  energy per  neutron capture  f o r  t h e  sequence shown in 

Figure 1 is  given in equat ion (3). 
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b 
neutrino 

1 Typical neutron capture  r e c o i l  event .  The neutron (n) s t r i k e s  the  
t a r g e t  nucleus (A) and is captured,  producing nucleus (B) which 
r e c o i l s  a d i s t ance  ( d l )  before emit t ing a gamma ray (71). 
add i t iona l  gamma ray is  emmited (Y2) a f t e r  "B" r e c o i l s  a d i s t ance  
(d2) and a number of secondary r e c o i l  displacements (S) a r e  pro- 
duced before the nucleus ( B )  comes t o  rest. A t h i r d  gamma ray ( Y 3 )  
is emitted and the  r eco i l ing  atom (B) produces an addi t ional  secon- 
dary displacement before  coming t o  rest. A fou r th  gamma ray i s  emit- 
ted and t h e  r eco i l ing  atom (B) produces another  secondary d isp lace-  
ment ( S )  before coming r o  rest. A 8- and a neutr ino a re  then emitted 
as nucleus "B" 8-decays t o  form nucleus "C". 
ces a secondary displacement before  coming t o  rest. A gamma ray  ( y g )  
is then emitted and t h e  r eco i l ing  atom ( C )  produces a secondary d i s -  
placement before coming t o  r e s t .  

An 

The reco i l ing  "C" produ- 
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where zr( 8) i s  the  average r e c o i l  energy following B-decay. 

angular  c o r r e l a t i o n  between t h e  E- par t ic le  and t h e  neut r ino  t h i s  value m u s t  be 

Because of the  

- 
ca lcu la t ed  s e p a r a t e l y  for each case .  A t yp ica l  value for Er(8) is about 60% 

t o  80% of the  maximum r e c o i l  energy, Erecoil(E max.), which is given by 

equat ion ( 4 ) ,  

where mec2 is t he  energy a s soc ia t ed  w i t h  the rest m a s s  o f  an e l e c t r o n .  

D e t a i l s  of these  c a l c u l a t i o n s  and t h e  c a l c u l a t i o n  of some PKA spec t r a  are 

given in t h e  previous DAFS Report No. WE/ER-0046/9. 

For pure thermal neutron capture the  inc ident  neutron energy En can be 

neglec ted ,  leaving  only  t h e  gamma and (<-decay con t r ibu t ion  in equation (3) .  

If t h e  ( n , y )  event produces a s t a b l e  n u c l e u s  there w i l l  not be any con t r ibu t ion  

from the B-decay terms and equat ion (3) becomes equat ion (5 ) .  

which i d e n t i c a l  t o  the  r e s u l t  if one considers  each gamma ray a s  a separa te  

r e c o i l  event and sums the r e c o i l  ene rg ie s .  Prior to the modif icat ion d i s -  

cussed here the average r e c o i l  energy for the  (n,Y) process t h a t  was added t o  

t h e  r e c o i l  damage energy generated by t h e  o the r  neutron r eac t ions  w a s  just 
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equat ion (5) averaged over a l l  t h e  gamma cascades. 

s i m p l i f i e s  t o  g ive  equat ion (6 ) .  

This  averaged sum 

where "ai" is the  f r a c t i o n a l  i n t e n s i t y ,  gammas per neutron capture ,  f o r  the  

i t h  gamma ray  in the  (n ,y)  spectrum. 

The computer program was  modified t o  include the  add i t iona l  r e c o i l  energy 

produced by t h e  6-decay process and by t h e  inc iden t  neutron energy. 

done in t h r e e  s t e p s .  

process was ca l cu la t ed  a s  a func t ion  of element and i so tope  f o r  the fus ion  

r e l a t e d  materials. Before t h i s  value was added t o  t h e  (n,y) r e l a t e d  r e c o i l  

energy both the  (n,y) and t h e  @-decay r e c o i l  energ ies  were mul t ip l ied  by t h e  

appropr ia te  Lindhard f a c t o r  t o  remove the f r a c t i o n  of the  r e c o i l  energy t h a t  

goes i n t o  e l e c t r o n i c  damage. 

added together  and tabula ted  by element and/or i so tope .  

placement energy i s  then added t o  t h e  inc ident  neutron energy ( c a l c u l a t i o n  is 

done i n  100 energy subgroups) t o  obta in  the  appropr ia te  displacement energy 

f o r  t h e  neutron capture r e a c t i o n  f o r  the  neutron energy subgroup being 

ca l cu la t ed .  

c ros s  sec t ion  and flux f o r  t h e  inc iden t  energy subgroup and summed over 

subgroups t o  obta in  t h e  t o t a l  con t r ibu t ion  t o  t h e  displacement damage from 

t h e  neutron capture  r eac t ion .  

This was 

F i r s t  the  average r e c o i l  energy generated by t h e  8-decay 

The two displacement r e l a t e d  energ ies  were then 

This combined d i s -  

This displacement energy i s  then mul t ip l i ed  by t h e  appropr ia te  
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These c a l c u l a t i o n s  a r e  summarized in Table I .  Column 1 gives  the  element o r  

i so tope ,  columns 2, 3, and 4 give  the m a x i m u m  r e c o i l  energy, the  average r e c o i l  

energy p e r  neutron capture and t h e  pa r t  of  the average r e c o i l  energy assoc ia ted  

with displacement damage (average times Lindhard f a c t o r ) ,  r e spec t ive ly ,  f o r  the  

gamma rays emit ted following neutron capture .  Columns 5, 6 ,  and 7 give the 

maximum r e c o i l  energy, average r e c o i l  energy per  neutron capture and t h e  f r a c-  

t i o n  assoc ia ted  with displacement damage (average times Lindhard f a c t o r ) ,  respec-  

t i v e l y  f o r  t h e  0-decay process and any gamma rays emit ted following the  B-decay, 

when appropr ia te .  Column 8 is the  sum of columns 4 and 7 and is the new value 

t h a t  is used in t h e  ca l cu la t ion  of displacement damage. Column 9 is the  r a t i o  

of the  new displacement damage energy, column 8 ,  t o  the  old va lue ,  column 3. 

It should be remembered t h a t  column 8 is added t o  t h e  r e c o i l  energy of t h e  inci-  

dent neutron ( a l s o  cor rec ted  f o r  t h e  Lindhard f a c t o r )  t o  obta in  the t o t a l  d i s -  

placement damage energy. For the  neutron capture r eac t ion ,  t h e  r a t i o  in column 

9 is e s s e n t i a l l y  t h e  comparison of t h e  new displacement energy with the old d i s -  

placement energy f o r  a pure thermal source.  

Table I1 l i s t s  the new values f o r  neutron capture displacement damage c ross  

sec t ions  with the Lindhard co r rec t ion  f o r  a pos i t i on  in the core of the HFIR 

r eac to r  a t  ORNL. The t o t a l  displacement damage c ross  sec t ions  fo r  the  d i f f e r -  

ent  ma te r i a l s  a r e  also given f o r  comparison. In most cases  the neutron capture 

r eac t ion  con t r ibu te s  on ly  a few percent or less of t h e  t o t a l  displacement damage 

c ross  sec t ion  but in a few cases l i k e  C 1 ,  Co, Ag, and Au, t h e  con t r ibu t ion  is 

the  order  of 10%-40%. Of course ,  caut ion  m u s t  be used in these cases t o  properly 

account f o r  neutron se l f- sh ie ld ing  and burnup. 
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TABLE I 

PRIMARY DISPLACEMENT ENERGY CROSS SECTIONS 

1, 

r, 
%e 

4 ~ e  

6Li 

7Li 

1 O B  

1 l B  

1% 

9Be 

N 

0 

19P 

2% 

z7Al 

w 

si 

P 

c1 

K 

ca 

Ti 

V 

1329 

701 3 

56849 

-- 
4043 

277 

2494 

6408 

544 

939 

3945 

546 

1148 

1086 

2544 

1148 

1950 

1057 

1098 

1335 

1514 

1508 

1259 

1329 

7013 

56849 

-_ 
3200 

250 

1912 

933 

4 72 

891 

2309 

365 

822 

566 

745 

640 

730 

550 

639 

413 

468 

481 

426 

52 8 

1035 

3988 

-- 
1824 

195 

1 M 7  

711 

367 

671 

1657 

291 

642 

45 3 

570 

514 

564 

446 

518 

341 

385 

400 

356 

47c 

-- 
8611 

-- 
401 1 

742 

1517 

795 

186 

499 

65 

78 

413 

205 

412 

72 

203 

42C 

-- 
5955 

-- 
2 

1 

722 

200 

5 

190 

1 

63 

16 

9 

4 

.1 

105 

35 c 

-- 
3646 

-- 
2 

1 

565 

165 

4 

158 

1 

54 

14 

8 

3 

.1 

91 

528 .397 

1035a .I47 

3988 .070 

-- 
1824 .57 

7555b 30.2 

1307C 

711 

4013 

671 

1659 

292 

1207 

61 8 

574 

674 

565 

500 

532 

349 

388 

400 

447 

,684 

.762 

8.50 

.753 

.718 

.a00 

1.468 

1.092 

.770 

1.053 

.774 

.909 

.a33 

.845 

.a29 

.832 

1.049 
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TABLE I (Cont'd) 

Cr 

ml 

Pe 

co 

Ni 

cu 

21 

NLI 

Mo 

ns 
4 
Ta 

107 

109 

18OU 

18% 

'8% 

18by 

186u 

lg7Au 

Ph 

906 

507 

917 

264 

973 

526 

4 36 

297 

469 

262 

226 

108 

136 

112 

160 

97 

86 

114 

140 

670 

385 

47 3 

362 

592 

413 

162 

126 

119 

146 

126 

16 

18 

15 

21 

13 

12 

68 

140 

553 

324 

395 

305 

491 

348 

141 

111 

105 

129 

111 

14 

17 

14 

20 

12 

11 

62 

12 6 

92 

167 

42 

89d 

56 

79 

36 

36 

76 

22 

55 

14 

1 

-- 
-- 
2 

9 

6 

3 

1 

82 

.2 

63d .1 

20 

.5 

.1 

-2 

15 

YI 

5 

1 

-_ 
-- 
1 

4 

4 

-- 

1 

71 

.2 

5 9  

.1 

18 

.5 

.1 

.2 

14 

36 

5. 

1 

-- 
-- 
1 

4 

4 

-- 

554 

395 

395 

x o d  

491 

366 

142 

111 

205 

143 

166 

19 

18 

14 

20 

13 

15 

66 

126 

.E27 

1.026 

.835 

.994 

.a29 

896 

.a77 

.881 

.882 

.985 

1.132 

1 .la8 

1 .o 

.933 

.952 

1 .o 

1.250 

.971 

.900 

a 12 yr h a l f- l i f e  so the  P-decay component is not Fn the sum. 

'Be breaks up i n t o  2 4"s so the value is for the 2 Q ' s ,  and is  included 
i n  the sum. 

6 l . 6  x 10 

5 . 5  vr ha l f- l i f e  so the 0-decay comwnent is not Fn sum. 

yr h a l f - l i f e  so the o d e c a y  component is not in the sum. C 
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Element 
o r  

Isotope 

C 

N 

l6O 

23Na 

7 A l  

M g  

Sf 

cl 

K 

ca 

T i  

V 

C r  

Mn 

TABLE I1 

NEUTRON CAPTURE DAMAGE FOR HFIR 

(n,v) 
(keV -b) 

.066 

.027 

-- 
( .024)  

(.093) 

.0075 

.121 

.0069 

.0012 

.043 

1.8 

.115 

.019 

.056 

.041 

5.95 

2 5 6  

.Ob0 

.E39 

.781 

.62 1 

1 .E82 

Tota l  

(keV -b ) 

1.69 

- 

5553 

3.06 

2905 

4 .OO 

10.91 

3.26 x lo6 

12.07 

14.43 

14.36 

20.46 

23.73 

23.96 

22.84 

22.31 

23.54 

18.84 

19 .83 

21.51 

24.08 

21.21 

23.44 

Frac t f on 

( X I )  

3.9 

-- 

-- 
0.2 

0.01 

-- 
0.01 

-- 
0.3 

-- 
0.5 

0.1 

0.3 

.02 

25.4 

1.4 

0.3 

3.9 

3.2 

2.9 

8 .O 
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Table I1  cont. 

Element 

Isotope 

Fe 

co 

Ni 

cu 

Zr 

Nb 

Mo 

Ag 
107 

108& 

Ta 

18ZW 

183w 

184w 

186w 

197Af 

Pb 

(n,r) 
(keV -b ) 

.358 

5.151 

.781 

.532 

.038 

.126 

.304 

2.36 

11.30 

.591 

.386 

.296 

.065 

.452 

4.70 

.OlO 

- Total 

(keV -b ) 

18.76 

23.83 

20.20 

18.30 

19.70 

18.13 

20.24 

18.28 

27.77 

12 .ll 

11.55 

11.11 

11.24 

11.45 

15.57 

12.74 

Fraction 

(%I  

1.9 

21.6 

3.9 

2.9 

0.2 

0.7 

1.5 

13.0 

42.2 

4.9 

3.3 

2.9 

0.6 

3.9 

30.1 

0.1 
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NUCLEAR DATA APPLICATIONS I N  RADIATION DAMAGE STUDIES 

F. M. Mann (Hanford Engineer ing Development Laboratory)  

1 .o 0 b j ec t i ve 

The o b j e c t i v e  o f  t h i s  work i s  t o  develop and m a i n t a i n  a computer code system 

t o  c a l c u l a t e  the amounts o f  s o l i d  and gas t ransmutants a t  va r ious  f a c i l i t i e s  
used by OFE exper imen ta l i s t s  and t o  supply processed nuc lea r  data.  

2.0 Summary 

The t ransmutat ion o f  V-lYLCr-S%Ti i n  var ious MFE f a c i l i t i e s  has been ca lcu la ted .  

Except f o r  HFIR,  where l a r g e  composi t ional  changes occur, l i t t l e  t ransmutat ion 

i s  ev iden t  i n  t h i s  m a t e r i a l .  

The f i r s t  module o f  t h e  NJOY code has been s u c c e s s f u l l y  mod i f i ed  t o  handle data 

i n  t h e  >20-MeV ENDF/B formats.  

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana lys i s  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 

A f f i l i a t i o n :  Hanford Engineer ing Development Laboratory  

4.0 Relevant DAFS Program Plan Task/Subtask 

I I .A .4 .5  Gas Generation Rates 

11.6.1 C a l c u l a t i o n  o f  Defect  Product ion Cross Sect ions 

II.C.4.1 E f f e c t s  of S o l i d  Transmutation Products on M i c r o s t r u c t u r e  
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5.0 Accomplishments and Sta tus  

5.1 S o l i d  and Gas Transmutat ion Product C a l c u l a t i o n  

The REAC code system was used t o  c a l c u l a t e  the  t ransmuta t ion  o f  V - l S % C r - 5 % T i  a s  

a f u n c t i o n  o f  dpa i n  va r i ous  MFE i r r a d i a t i o n  f a c i l i t i e s .  

a re  d i sp layed  i n  Table 1, w i t h  F igures  1 and 2 showing t h e  f r a c t i o n  o f  V and C r  

p resent  i n  t h e  a l l o y  a s  a f u n c t i o n  o f  t ime.  

The r e s u l t s  f o r  50 dpa 

The nonthermal f a c i l i t i e s  show r e l a t i v e l y  l i t t l e  change i n  composit ion. Hydrogen 

p roduc t i on  i s  about a f a c t o r  o f  10 lower  than i n  s tee l s ," )  and hel ium produc t ion  

i s  about a f a c t o r  o f  5 lower.  

HFIR  shows s i g n i f i c a n t  composi t ional  changes, however. A t  60 dpa the re  a r e  about 
equal amounts o f  V and C r .  The C concent ra t ion  a l s o  increases apprec iab ly .  A l -  

though hydrogen produc t ion  (due t o  n i t r o g e n )  i s  on l y  s l i g h t l y  lower than found 

f o r  f u s i o n  f i r s t  w a l l  p o s i t i o n s ,  H F I R  produces over  an o rde r  o f  magnitude l e s s  

he1 ium. 

A HEDL-TME, "Transmutat ion o f  A l l o y s  i n  MFE F a c i l i t i e s  as Ca lcu la ted  by REAC,"  

i s  be ing  prepared. Th i s  r e p o r t  w i l l  document t ransmutat ions i n  PCA, HT-9 and 

V-15%Cr-5%Ti i n  va r i ous  f a c i l i t i e s .  

5.2 C a l c u l a t i o n  o f  Damage Parameters 

The f i r s t  module o f  t h e  NJOY nuc lea r  data processing code (') was mod i f i ed  t o  

handle t h e  ENDF/B formats f o r  neutron data w i t h  energies g rea te r  than 20 MeV 

and f o r  charged p a r t i c l e  data.  

con t inue .  

The m o d i f i c a t i o n  o f  succeeding modules w i l l  
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A SEMI-EMPIRICAL KINETIC MODEL FOR QUENCHING OF H I G H  ENERGY DISPLACEMENT 

CASCADES 

H. L. He in isch  (Hanford Engineer ing Development 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  develop computer models f o r  t h e  s imu la t i on  of 

h i g h  energy cascades which w i l l  be used t o  generate d e f e c t  p roduc t ion  f unc t i ons  

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

2.0 Summary 

D e f e c t  p roduc t ion  i n  h i g h  energy displacement cascades has been modeled us i ng  
t h e  computer code MARLOWE t o  generate t h e  cascades and t h e  s tochas t i c  computer 

code ALSOME t o  s imu la te  t h e  cascade quenching and shor t- te rm anneal ing o f  i s o -  
l a t e d  cascades. 

va lues f o r  d e f e c t  m o b i l i t i e s  and c r i t i c a l  r e a c t i o n  d is tances  f o r  recombinat ion 
and c l u s t e r i n g  o n l y  du r i ng  t h e  quenching stage. 
r e a c t i o n  d is tances  a r e  used du r i ng  shor t- te rm anneal ing. The quenching param- 

e t e r  values were chosen such t h a t  t h e  bes t  f i t  t o  exper imental  d e f e c t  y i e l d s  

was obtained. The number o f  d e f e c t  p a i r s  a f t e r  quenching and a f t e r  anneal ing, 

and t h e  number o f  f r e e l y  m i g r a t i n g  defects ,  vary  l i n e a r l y  w i t h  t h e  cascade damage 

energy f rom 10 t o  100 keV. Cascades generated i n  a c r y s t a l  hav ing thermal 

displacements were found t o  be i n  b e t t e r  agreement w i t h  experiments a f t e r  
quenching and annea l ing  than cascades generated i n  a non- thermal c r y s t a l .  

The quenching i s  accomplished by us i ng  ALSOME w i t h  exaggerated 

Then normal m o b i l i t i e s  and 

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana lys is  (AKJ) 

P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 

A f f i l i a t i o n :  Hanford Engineer ing Development Laboratory  
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4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask 11.6.2.3 Cascade Production Methodology 

5.0 Accomplishments and S t a t u s  

5.1 Introduction 

In a previous DAFS Quarter ly  Progress Report ( ’ )  
modeling the quenching stage of high energy displacement cascades. 
ing model has now been applied t o  cascades generated by the MARLOWE computer 
code f o r  copper having thermal displacements representative of a temperature of 
300K. 
with information extracted from experiments. 
numbers of defects remaining a f t e r  quenching and subsequent short-term annealing 
was investigated f o r  isolated cascades from primary knock-on atoms (PKAs) of 
10 t o  100 kel’. 

a scheme was introduced f o r  
This quench- 

The quenching parameters were adjusted so a s  t o  provide the best agreement 
The energy dependence of the 

5.2 The Quenching Model 

MARLOWE models only the co l l i s iona l  phase of cascade development, which occurs 
in abou t  sec,  so i t  does n o t  deal with the  recombination and c luster ing 
which occurs a s  the energetic cascade region quickly comes t o  thermal equilibrium 
with the remainder o f  the  c rys ta l  (cascade quenching). Cascade quenching can 
only be properly simulated by f u l l y  dynamical cascade models. 
cascade energies high enough t o  be of i n t e r e s t ,  such an approach may n o t  pres- 
ent ly  be computationally feas ib le .  And, even i f  f ea s ib l e ,  the  dynamical simu- 
l a t ions  a re  not practical  f o r  generating s t a t i s t i c a l l y  s ign i f ican t  numbers o f  

high energy cascades. Therefore, some simp1 i f i ed  parametric model of cascade 
quenching must be developed t o  bridge the gap  in a physically reasonable way 
between MARLOWE and short-term annealing t h a t  occurs through normal, thermally 
ac t i  va ted diffusion. 

However, f o r  
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So f a r ,  t h i s  parametr ic  model has cons is ted  o f  t h e  s imple recombinat ion o f  p a i r s  

i n  a s t a t i c ,  MARLOWE-generated cascade. (') 
i s t i c  quench model, a k i n e t i c  recombinat ion model us i ng  t h e  shor t- te rm anneal ing 

code ALSOME has been devised. 

t h e  cascades w i t h  quenching values f o r  t h e  parameters, and then t o  anneal them 

w i t h  normal parameter values. 

As a f i r s t  s tep  toward a more r e a l -  

The anneal ing code has been mod i f i ed  t o  pre-process 

There a r e  e s s e n t i a l l y  f o u r  ad jus tab le  parameters i n  t h i s  quenching scheme: t h e  

c r i t i c a l  r e a c t i o n  d is tances  f o r  recombinat ion, i n t e r s t i t i a l  c l u s t e r i n g  , vacancy 
c l u s t e r i n g ,  and t h e  t ime  d u r a t i o n  o f  t h e  quench. The quench t ime  was f i x e d  a t  

100 i n t e r s t i t i a l  jumps. The o t h e r  parameter values were chosen so t h e  r e s u l t s  
produced t h e  b e s t  match t o  a v a i l a b l e  exper imental  data.  (3-5)  More d e t a i l s  about 
ALSOME and t h e  quenching model a r e  i n  t h e  e a r l i e r  r e p o r t .  ( 1  1 

The f a c t  t h a t  thermal displacements a r e  inc luded  i n  t h e  model i s  much more s i g -  

n i f i c a n t  than t h e  va lue  o f  t h e  temperature chosen f o r  t h e  cascade s imu la t ions .  

Cascades generated a t  a temperature of o n l y  a few degrees a r e  more s i m i l a r  t o  
those generated a t  300K than t o  non-thermal cascades. The va lue o f  t h e  "tem- 

pera tu re"  a t  which t h e  cascade i s  generated a l s o  has l i t t l e  meaning i n  t h e  

c o n t e x t  o f  t h e  shor t- te rm anneal ing model. The sho r t - t e rm  anneal ing o f  an 

i s o l a t e d  cascade i s  modeled as a sequence o f  events w i t h i n  t h e  cascade reg ion  
which depends on t h e  r e l a t i v e  m o b i l i t i e s  o f  t h e  de fec ts .  It i s  rough ly  charac- 

t e r i z e d  as t h e  mot ion o f  t h e  i n t e r s t i t i a l s  f o l l owed  by t h e  mot ion o f  t h e  vacancies. 

Th i s  i s  e s p e c i a l l y  t r u e  f o r  l ow temperatures, where t h e  i n t e r s t i t i a l s  a r e  orders  
o f  magnitude more mob i l e  than t h e  vacancies. I n  f a c t ,  t h e  s imu la t i on  r e s u l t s  

a r e  n o t  ve ry  s e n s i t i v e  t o  t h e  r e l a t i v e  m o b i l i t i e s ,  depending much more on t h e  
p o s i t i o n s  o f  t h e  de fec ts .  Thus, throughout  t h e  shor t- te rm anneal ing s imu la t i ons  

r e l a t i v e  m o b i l i t i e s  r ep resen ta t i ve  o f  low temperatures a r e  used. The concept 

o f  temperature en te rs  i n t o  shor t- te rm anneal ing, t he re fo re ,  when t h e  sequence 

o f  events i s  i n t e r r up ted .  For  example, i f  t h e  s imu la t i on  i s  te rm ina ted  when 

few mobi le  i n t e r s t i t i a l s  remain, b u t  be fo re  vacancies have s t a r t e d  moving, t h e  

r e s u l t  rep resen ts  t h e  shor t- te rm anneal ing a t  a l a t t i c e  temperature such t h a t  

i n t e r s t i t i a l s  a r e  r e l a t i v e l y  mobi le  and vacancies a r e  r e l a t i v e l y  immobile. 
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The e a r l i e r  quenching study was done f o r  30 keV cascades generated in a non- 
thermal l a t t i c e .  The quenching parameters were re-evaluated f o r  the present 
cascades, which were generated a t  300K f o r  energies from 10 t o  100 keV. 
Quenching parameter values were chosen so a s  t o  give the bes t  f i t  t o  defect 
y ie lds  extracted from r e s i s t i v i t y  data on low temperature i r radia ted  C u .  
recombination occurring during the quenching phase should be only s l igh t ly  
affected by the l a t t i c e  temperature, hence the r e s i s t i v i t y  measurements f o r  
cascades produced a t  low temperatures where defects ( a t  equilibrium) a re  
immobile should give a reasonable value f o r  the number of pairs  remaining 
a f t e r  the quench. 

The 

The cascades are treated as isolated cascades, and a volume i s  prescribed about 
each cascade such t h a t  once a defect e x i t s  t h i s  volume i t  does n o t  return. 
Short-term annealing simulations terminate when no mobile defects remain 
within t h i s  volume. 
migration of i n t e r s t i t i a l  defects which a re  orders of magnitude more mobile 
than vacancies, then the migration of the mobile vacancy defects which remain. 
Throughout the annealing, ALSOME reports on the to ta l  number of Frenkel pairs  
and the numbers and types of mobile and stat ionary defect  c lus te r s .  
t i c u l a r ,  the s t a t e  of the system i s  noted a t  the end of the quench, a f t e r  
i n t e r s t i t i a l  migration, and a t  the termination of short-term annealing. 

The annealing occurs in two d i s t i n c t  phases: f i r s t  the 

In par- 

T h e  numbers of f ree ly  migrating i n t e r s t i t i a l  and vacancy defects ,  i . e . ,  those 
not c lus ter ing  o r  recombining w i t h i n  their own cascade, have been inferred from 
experiments. (3-5) 
cascade region during short-term annealing. 

In the simulation these are the defects  which escape the 

Cascades a t  30 keV were used t o  screen the quenching parameter values. 
s e t s  of parameters were found which could produce the correc t  defect y ie lds  a f t e r  
quenching, a s  well a s  resul t ing in appropriate numbers of f r e e  defects a f t e r  
short-term annealing of the quenched cascades. 
chosen by select ing the s e t  which gave the  best f i t  t o  post-quenching defect 
y ie lds  throughout the energy range. 

Several 

The f ina l  parameter values were 
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5.3 Resu l t s  

Sets o f  ten  cascades were used a t  each energy. 

smal l  sample s i ze ,  t h e  r e s u l t s  a r e  f a i r l y  s e n s i t i v e  t o  t h e  va lue o f  t h e  recom- 

b i n a t i o n  d is tance ,  b u t  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  c r i t i c a l  r e a c t i o n  d is tances  

f o r  c l u s t e r i n g .  Va r i a t i ons  o f  h a l f  a l a t t i c e  parameter i n  one o f  t h e  c l u s t e r i n g  

d is tances  make l i t t l e  d i f f e r e n c e  i n  t h e  d e f e c t  y i e l d s .  

i n t e r s t i t i a l  popu la t ions  a r e  interdependent,  t h e  numbers o f  f r e e  de fec t s  a r e  

more s e n s i t i v e  t o  t h e  r e l a t i v e  values o f  recombinat ion and c l u s t e r i n g  d is tances  

than t o  t h e i r  magnitudes. For  example, changing t h e  i n t e r s t i t i a l  c l u s t e r i n g  

a f f e c t s  t h e  number o f  f r e e  vacancies. The number o f  f r e e  vacancies a f t e r  sho r t -  
term anneal ing i s  s t r o n g l y  a f f e c t e d  by how many smal l ,  b u t  immobile, vacancy 

c l u s t e r s  are .  reduced t o  mob i le  s i z e  by  recombinat ions d u r i n g  anneal ing.  

Wi th  respec t  t o  t h i s  r e l a t i v e l y  

S ince t h e  vacancy and 

The quenching parameter values which a r e  deemed b e s t  a t  p r e s e n t  have s i n g l e  

p o i n t  d e f e c t  c r i t i c a l  r e a c t i o n  d is tances  f o r  recombinat ion o f  2.8 a ( l a t t i c e  

parameters),  f o r  i n t e r s t i t i a l  c l u s t e r i n g  o f  2.3 a, and f o r  vacancy c l u s t e r i n g  

o f  2.3 - a. I n  a d d i t i o n ,  i n  t h e  process o f  determin ing c r i t i c a l  r e a c t i o n  d i s -  

tances, vacancy c l u s t e r s  a r e  g iven  r a d i i  r ep resen ta t i ve  o f  loops r a t h e r  than 
sphe r i ca l  c l u s t e r s ,  making l a r g e  c l u s t e r s  more e f f e c t i v e .  

The r e s u l t s  o f  quenching w i t h  t h i s  model and t h e  subsequent sho r t - t e rm  anneal ing 

a r e  presented i n  F i gu re  1. The average values f o r  ten  cascades a t  each energy 
a r e  p l o t t e d ,  i n c l u d i n g  e r r o r  ba rs  i n d i c a t i n g  p l u s  o r  minus one s tandard dev ia-  

t i o n .  
r e s i s t i v i t y  measurements on low- tempera tu re- i r rad ia ted  copper. L i nes  through 

t h e  "annealed," " f r e e  i n t e r s t i t i a l  ," and " f r e e  vacancy" p o i n t s  a r e  0.78, 0.15 

and 0.04 t imes t h e  "quenched" 1 i n e  r e s p e c t i v e l y .  

The l i n e  drawn through t h e  "quenched" p o i n t s  has been ex t r ac ted  from 

I n t e r p r e t a t i o n  o f  exper iments by Theis  and Wollenberger ( 3 )  i n d i c a t e s  t h a t  f o r  

f i s s i o n  neu t ron  i r r a d i a t e d  copper about 15% o f  t h e  i n i t i a l  i n t e r s t i t i a l s  ( i . e . ,  

a f t e r  quenching) escape t h e  cascade a t  %170K. 

i n  CusAu i n d i c a t e  t h a t  about  4% o f  vacancies remain mob i le  a t  %470K. These 

( 4 )  Experiments by B l e w i t t ,  e t  a l .  
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FIGURE 1. The Number o f  De fec t  P a i r s  Remaining A f t e r  Quenching and Short-Term 
Anneal ing o f  I s o l a t e d  Cascades i n  Copper as a Funct ion of PKA Damage 
Energy. 
n o t  recombine o r  c l u s t e r  w i t h i n  t h e  cascade dur ing  anneal ing.  

Free vacancies and i n t e r s t i t i a l s  a r e  t h e  de fec ts  which do 
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r e s u l t s ,  which a r e  a l s o  cons i s t en t  w i t h  experiments by Goldstone, e t  a l . ,  ( 5 )  

were used as a g u i d e l i n e  f o r  t h e  o p t i m i z a t i o n  o f  t h e  quenching parameters a t  

30 keV. The f r a c t i o n s  o f  f r e e  de fec t s  i n  t h e  s imu la t ions  appear t o  be inde-  

pendent o f  damage energy, a l though  t h i s  was n o t  used as a c r i t e r i o n  f o r  t h e  

s e l e c t i o n  o f  quenching parameter values.  Th i s  i s  n o t  an unexpected r e s u l t ,  
however, g i ven  t h e  na tu re  o f  cascade con f i gu ra t i ons  as a f u n c t i o n  o f  energy. ( 6 )  

I n  t h e  e a r l i e r  study,  done on non-thermal cascades, a lower  l i m i t  f o r  t h e  

f r a c t i o n  o f  f r e e  i n t e r s t i t i a l s  o f  about 20% was found, even a t  extreme values 
of t h e  quenching parameters. 

"exper imenta l"  va lue o f  t h e  f r a c t i o n  o f  f r e e  i n t e r s t i t i a l s  o f  %15% i s  e a s i l y  
achieved. A t  t h e  per iphery  o f  t h e  cascade some f r a c t i o n  o f  t h e  i n t e r s t i t i a l s  

i s  almost c e r t a i n  t o  escape t h e  cascade reg ion  regard less  o f  what happens 

w i t h i n  t h e  r e s t  o f  t h e  cascade. 
p a i r  separat ion than t h e  non- thermal cascades. ( 7 )  

o f  t h e  i n t e r s t i t i a l s  i n  t h e  300K cascades a r e  independent o f  t h e  a c t i o n  w i t h i n  

t h e  c e n t r a l  p a r t  o f  t h e  cascade. Th i s  r e s u l t  may be i n t e r p r e t e d  as a f u r t h e r  

i l l u s t r a t i o n  o f  t h e  necess i t y  t o  inc lude  thermal displacements i n  cascade 
s imu la t ions  . 

I n  t h e  present  s tudy on cascades a t  300K the 

The 300K cascades e x h i b i t  a sma l le r  average 
Hence, a sma l le r  f r a c t i o n  

There a r e  no d i r e c t  exper imental  values f o r  t h e  number o f  d e f e c t  p a i r s  remain ing 
a f t e r  shor t - te rm anneal ing o f  i s o l a t e d  cascades. However, anneal ing experiments 

on low f luence ,  low temperature i r r a d i a t e d  copper, w i t h  p r i m a r i l y  cascade-producing 
i r r a d i a t i o n  such as ions  o r  h i g h  energy neut rons should  p rov ide  t h i s  i n f o rma t i on  

f o r  i n t e r a c t i n g  cascades. A f t e r  Stage I recovery,  t he re  should be few mobi le  
i n t e r s t i t i a l s .  Those which have escaped t h e i r  own cascade w i l l  have i n t e r a c t e d  

w i t h  another,  assuming t h e  dens i t y  o f  i n t r i n s i c  s inks  i s  low. The t o t a l  number 
o f  p a i r s  r e m i n i n g  when mob i le  i n t e r s t i t i a l s  a r e  no l onge r  i n  t h e  cascade volume 

(approx imate ly  Stage I )  i s  about 82% o f  t h a t  a f t e r  quenching, independent o f  t h e  
cascade energy. 

recombine i n  equal p o r t i o n s  w i t h  vacancy and i n t e r s t i t i a l  c l u s t e r s  o f  o t h e r  

cascades, then t h e  s imu la t i on  p r e d i c t s  a Stage I recovery  o f  about 26%. 

measurements f o r  Cu i r r a d i a t e d  w i t h  400-keV A r  i ons  and d-Be neut rons a t  6K 

I f  one assumes t h a t  t h e  i n t e r s t i t i a l s  which escape a cascade 

Recovery 
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i n d i c a t e  a Stage I recovery o f  32-36%. 

ob ta ined i f  one assumes a l l  t he  f r e e  i n t e r s t i t i a l s  even tua l l y  r e s u l t  i n  recom- 

b i n a t i o n s .  

es tab l i shed  when ALSOME i s  used t o  s imu la te  i n t e r a c t i n g  cascades. 

B e t t e r  agreement w i t h  experiment i s  

The d i s p o s i t i o n  o f  t he  f r e e  de fec ts ,  w i t h i n  t h i s  model, w i l l  be 

The simple model employed here f o r  quenching and anneal ing i s  incapable o f  

s imu la t i ng  r e a l i s t i c  c l u s t e r i n g  o r  loop  fo rmat ion  ( indeed, n o t  even the  most 

s o p h i s t i c a t e d  models can do t h i s ) ,  never theless,  i t  i s  i n t e r e s t i n g  t o  d iscuss 

the  c l u s t e r  s i z e  d i s t r i b u t i o n s  produced i n  these s imu la t ions .  I n  p a r t i c u l a r ,  
t he  c l u s t e r  s i z e  d i s t r i b u t i o n s  revea l  something about t he  na tu re  o f  t he  d i s -  

t r i b u t i o n  o f  de fec ts  i n  a cascade a s  a f u n c t i o n  o f  energy. The d i s t r i b u t i o n  
of vacancy c l u s t e r  s izes ,  a f t e r  anneal ing, f o r  30-and 100-keV cascades a re  

q u i t e  s i m i l a r ,  and they have t h e  same average c l u s t e r  s i ze .  

two energ ies a l s o  have the  same number o f  c l u s t e r s  pe r  u n i t  damage energy. 

Th i s  i m p l i e s  tha t ,  even a f t e r  quenching and shor t - term anneal ing ( a t  l e a s t  

w i t h  respec t  t o  the  model used here) ,  a h igh  energy cascade can be considered 

as a c o l l e c t i o n  o f  c losely- spaced, lower energy subcascades o r  lobes. 

Cascades a t  these 

5.4 Conclusions 

When on ly  s t a t i c  recombinat ion was used t o  s imu la te  cascade quenching,(2) f a r  

too  many f r e e l y  m i g r a t i n g  de fec ts  remained a f t e r  shor t- te rm anneal ing.  

k i n e t i c  quenching model, which i s  a very- shor t- te rm exaggerated vers ion  o f  

shor t - te rm anneal ing,  i s  capable o f  producing r e s u l t s  f o r  bo th  t o t a l  d e f e c t  

y i e l d s  and f r e e  de fec ts  which agree w i t h  experiments. 
of d e f e c t  y i e l d s  on damage energy and t h e  independence o f  r e l a t i v e  c l u s t e r  
s i z e  d i s t r i b u t i o n s  from damage energy i n d i c a t e  t h a t ,  even a f t e r  quenching and 
anneal ing,  t h e  h igh  energy cascades behave as a c o l l e c t i o n  o f  lower energy 

subcascades and lobes. The cascades generated i n  a c r y s t a l  having thermal 
displacements were found t o  be i n  b e t t e r  agreement w i t h  experiments a f t e r  

quenching and anneal ing than cascades generated i n  a non-thermal c r y s t a l .  

The 

The l i n e a r  dependence 

51 



6.0 References 

1 .  

2. 

3. 

4. 

5. 

6. 

7. 

8. 

H. L. Hein isch,  DAFS Q u a r t e r l y  Progress Report, January- March 1982, 
DOE/ER-0046/9 ( 1  982) 86. 

H. L. Heinisch, D. G. Doran and D. M. Schwartz, E f f e c t s  o f  Rad ia t ion  on 
Ma te r i a l s ,  ASTM Spec ia l  Technical  P u b l i c a t i o n  725 (1981) 191. 

U. Theis  and H. Wollenberger, J. Nucl .  Mater., 88 (1980) 121. - 

T. H. B l e w i t t ,  A.  C. Klank, T. S c o t t  and W. Weber, Proceedings of I n t e r -  
n a t i o n a l  Conference on Radiat ion- Induced Voids i n  Metals,  Albany, N Y ,  
1971, J. W. Corbe t t ,  L.  C .  I a n n i e l l o ,  Eds., N T I S ,  CONF-710601 (1972) 757. 

J .  A. Goldstone, D. M. Pa rk i n  and H. M. Simpson, J. Appl. Phys., 51 (1980) 
3690. 

H. L .  Hein isch,  J. Nuc l .  Mater., 103 (1981) 1325. 

H. L .  Hein isch,  Proceedings o f  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 fec ts ,  Argonne Na t i ona l  Laboratory  (1981), i n  press.  

R. S. Averback, R. Benedek and K.  L.  Merkle,  J .  Nucl.  Mater., 75 (1978) 
162. 

7.0 Fu tu re  Work 

Quenching and shor t- te rm anneal ing o f  i n t e r a c t i n g  cascades w i l l  be  modeled. 

52 



COMPARISON OF NEUTRON AND GAMMA IRRADIATION DAMAGE I N  ORGANIC INSULATORS 
G. F. Hurley, J. D. Fowler, Jr., R. L iepins,  8. Jorgensen, and J. Hamond 

(Los A1 amos Nat ional  Laboratory)  

1.0 Objec t ive  

This study i s  being c a r r i e d  ou t  t o  determine the  e f f e c t s  o f  neutron i r r a d i a t i o n  

a t  4.2 K on epoxy and po ly imide i nsu la to rs ,  and t o  compare these e f f e c t s  w i t h  
those from gamma i r r a d i a t i o n s  a t  the same temperature, and i n  t h e  same 
mater ia ls .  

2.0 Sumnary 

Three epoxy- and th ree  polyimide-based m a t e r i a l s  have been neu t ron- i r rad ia ted  
i n  IPNS- I  t o  a dose o f  1.51 x 1021 n/m2, En>O.l MeV a t  4.2 K. The environmental 
and thermal cond i t i ons  dur ing  and a f t e r  i r r a d i a t i o n  were s i m i l a r  t o  those 
employed i n  a prev ious study o f  g a m a- i r r a d i a t i o n  e f f e c t s  a t  ORNL, t o  

f a c i l i t a t e  comparison o f  the  i r r a d i a t i o n  e f f e c t s .  I n  t h e  present  study, we 
have determined the  f l e x u r a l  and compressive mechanical p rope r t i es  para1 l e 1  t o  

the  f a b r i c  warp d i r e c t i o n ,  a t  75 K. DC and AC c o n d u c t i v i t i e s  and l o s s  tangent 
have been measured f o r  one o f  the  mater ia ls .  I n f r a r e d  spectra and d i f f e r e n t i a l  

scanning ca lo r ime t ry  (DSC) have been recorded f o r  several o f  the  ma te r ia l s .  
These studies,  which are n o t  yet complete, have d isc losed selected d i f f e rences  
when compared t o  r e s u l t s  f o r  gamma- irradiations. 

3.0 Program 

T i t l e :  Rad ia t ion  Damage Ana lys is  and Computer Simulat ion (Radiat ion 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 nves t i ga to r :  G. F. Hur ley  

A f f i l i a t i o n :  Los Alamos Nat ional  Laboratory 
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4.0 Relevant DAFS Program Plan Task/Subtask 

Task II.B.4: Damage Product ion i n  I nsu la to rs  

Subtask 11.6.4.3: Experimental Val  ida t ion /Ca l  i b r a t  i o n  o f  Theory 

5.0 Accomplistunents and Status 

5.1 In t roduc t i on  

I n  a prev ious r e p o r t  on t h i s  study, ( l )  we presented the  requirements f o r  

organic i n s u l a t i o n  i n  magnetic confinement f u s i o n  reac tors ,  and showed t h a t  
neutron r a d i a t i o n  damage s tud ies  are needed t o  evaluate m a t e r i a l s  t o  meet these 

requirements. Since i n fo rma t ion  on behavior o f  severa l  candidate m a t e r i a l s  
a f t e r  gamma- irradiat ion i s  a l ready ava i lab le ,  our i n i t i a l  approach i s  t o  
compare changes a f t e r  neutron and a f t e r  gama i r r a d i a t i o n  i n  these ma te r ia l s .  
This  w i l l  permi t  de terminat ion  o f  the  v a l i d i t y  o f  the  gamma damage e f f e c t s  
s tud ies  r e l a t i v e  t o  the  end app l i ca t i on ,  and w i l l  a l so  permi t  assessment o f  the 
behavior i n  the  d i f f e r e n t  r a d i a t i o n  environments o f  var ious f u t u r e  reac tors .  

This r e p o r t  presents the  i n i t i a l  r e s u l t s  o f  mechanical and e l e c t r i c a l  t e s t s  on 

a se r ies  o f  m a t e r i a l s  i r r a d i a t e d  i n  the  I P N S- I .  I n  add i t ion ,  we have examined 
the  I R  spectra and c a r r i e d  ou t  d i f f e r e n t i a l  scanning c a l o r i m e t r y  f o r  several o f  

the  mater ia ls .  A l l  o f  these eva lua t ions  are cont inu ing .  

5.2 I r r a d i a t i o n  Experiment i n  I P N S - I  

Samples f o r  i r r a d i a t i o n  were G-10 CR, G - 1 1  CR, Norplex NP-530, Spaulradm, and 
3 0 2 - f i l l e d  Epon 828 epoxy w i t h  an aromatic cure. These m a t e r i a l s  were 
described i n  a prev ious r e p o r t . ( l )  

Samples were weighed, measured, photographed and then stacked i n  an aluminum 
f o i l  pouch i n s i d e  a copper cy l i nde r .  N icke l  dosimetry wi res were attached 

a x i a l l y  around the  edge o f  the  pouch a t  900 i n t e r v a l s ,  w i t h  an a d d i t i o n a l  w i re  
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approximately i n  the  center .  The copper c y l i n d e r  was then electron-beam 
welded t o  a cap w i t h  a copper tube extending outward, and sent t o  IPNS f o r  
i r r a d i a t i o n .  

A t  IPNS a 10 f o o t  l eng th  o f  s t a i n l e s s  s t e e l  tube was mated t o  the copper tube 
extending from t h e  experimental assembly. Swagelok f i t t i n g s  were used 

throughout. A 1.2 l i t e r  gas c o l l e c t i o n  b o t t l e  and valve was placed a t  the  f a r  

end o f  the tubing. The volume o f  t h e  b o t t l e  was about 3 t imes t h e  t o t a l  
enclosed volume o f  the  r e s t  o f  t h e  system. The assembly was hel ium leak- tes ted  

and evacuated w i t h  a d i f f u s i o n  pump. 

A f t e r  i n s e r t i o n  i n  the  IPNS t a r g e t  area, the  system was cooled t o  l i q u i d  helium 

temperature. Helium gas was in t roduced i n t o  the  assembly, al lowed t o  condense 
a t  one atmosphere, and then valved o f f .  A f t e r  3-1/2 days o f  i r r a d i a t i o n ,  the  

helium was pumped from the system, which was then valved o f f  and warmed t o  room 
temperature. Midway dur ing  the  i r r a d i a t i o n  time, the  assembly was r o t a t e d  180° 
about the  v e r t i c a l  a x i s  t o  insure  uni form i r rad iance  i n  t h e  sample volume. 

One day a f t e r  warmup, the  gas b o t t l e  va lve was opened t o  a l l ow  a gas sample 

c o l l e c t i o n .  The valve was then closed, the  b o t t l e  removed, and a new b o t t l e  
attached. A f t e r  28 days, the  second b o t t l e  was valved o f f  and removed. The 
copper subassembly, conta in ing  the  samples, was then removed and re turned t o  

Los Alamos along w i t h  the  gas b o t t l e s .  Samples were removed, reweighed, photo- 
graphed, and s to red i n  a desiccator .  

Dosimetry from the  f i v e  n i c k e l  f o i l s  was analyzed by L a r r y  Greenwood, ANL.* 
Resul ts  i n d i c a t e  a f a i r l y  un i fo rm f luence o f  1.51 f 0.03 x 1021 n/cm , En > 

0.1 MeV. Gama dose i s  n o t  accura te ly  known b u t  i s  est imated t o  be no more 
than 15% o f  the  neutron dose. 

2 

Q u a n t i t a t i v e  ana lys is  o f  the  content  o f  t h e  two gas b o t t l e s  was done as Los 

Alamos. Resul ts  a re  shown i n  Table 1. 
incomplete. 

I n t e r p r e t a t i o n  o f  these r e s u l t s  i s  
Most o f  the hel ium which was found may we l l  be a remnant o f  t h e  

*See r e p o r t  i n  Chapter 2. 
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atmosphere dur ing  i r r a d i a t i o n .  A f t e r  removal from the  i r r a d i a t i o n  capsule, 
samples were again weighed and measured. No s i g n i f i c a n t  sample weight changes 

o r  dimension changes were recorded. A l l  o f  the  samples were found t o  have 

changed co lo r .  The most i n t e r e s t i n g  change occurred f o r  Kapton. Neutron- 
i r r a d i a t e d  Kapton ( - 2  x lo6  Gy) was found s t r o n g l y  d iscolored,  equ iva len t  t o  
ma te r ia l  g a m a- i r r a d i a t e d  t o  1 x 108 Gy. I n  cont ras t ,  g a m a- i r r a d i a t e d  
ma te r ia l ,  a f t e r  a dose o f  1 x l o 7  Gy, was v i s i b l y  i n d i s t i n g u i s h a b l e  f rwn the  

s t a r t i n g  ma te r ia l .  Both neutron-  and gamma-irradiated ma te r ia l  were examined 
i n  I R  spectroscopy (Sect ion 5.3.3). 

5.3 Resul ts  

5.3.1 E l e c t r i c a l  Tests 

The m a t e r i a l  G-10 CR was chosen as the f i r s t  candidate f o r  p o s t - i r r a d i a t i o n  

e l e c t r i c a l  measurements. Since i t  i s  an epoxy, any rad ia t ion- induced a l t e r a -  
t i o n s  should show up i n  t h i s  ma te r i a l  r e l a t i v e l y e a r l y .  Measurements o f  D.C. 

TABLE 1 

RESULTS OF GAS BOTTLE ANALYSES 

Pressure 
(Bomb + 20 cc gauge @ 26OC) 

l-Mo. sp l  
26.6 t o r r  

71 mol% 23 mol% 
8 1.7 

N2 + CO 13 60 
1.5 12 
3 0.4 
0.8 1.6 
2.3 0.8 

H2 

02 

CO2 

He 

A r  

Hydrocarbons* 

*Hydrocarbon mixture,  sa tura ted  and unsaturated, most ly  <C4. CH4 i s  n o t  more 
than h a l f  the  t o t a l .  There i s  evidence o f  Oxygen-containing o r  p o s s i b l y  
Ni t rogen- conta in ing ma te r ia l s .  These may be fragments o f  a lcoho ls  o r  l i g h t  
amines. There i s  a t race  o f  acetone and o f  l i g h t  aromatics. 
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c o n d u c t i v i t y  and A. C. d i e l e c t r i c  p r o p e r t i e s  were conducted according t o  ASTM 
Standards D 257-78 and D 150-78. 

Standard three- terminal  e lec t rodes  were pa in ted  onto t h e  19 nun diameter d i sks  
us ing a comnerc ia l l y  a v a i l a b l e  s i l v e r  p a i n t .  Guarded e lec t rode diameters 
were about 8 nun, g i v i n g  area- to- thickness r a t i o s  o f  10 t o  12. The e lec t rodes  
were app l ied  t o  the i r r a d i a t e d  samples subsequent t o  i r r a d i a t i o n .  Control  
samples were immersed i n  l i q u i d  hel ium a f t e r  the  e lec t rodes  had been appl ied. 

To measure D.C. r e s i s t i v i t y ,  a b a t t e r y  power supply o f  300 V was used, and 
c u r r e n t  i n  the  guarded c i r c u i t  a f t e r  1 minute was measured w i t h  a K e i t h l e y  642 
e lect rometer .  Resul ts  f o r  f o u r  c o n t r o l s  and f o u r  i r r a d i a t e d  samples are shown 
i n  Table 2. A very  smal l  rad ia t ion- induced decrease was seen a t  room 
temperature. Any change a t  80 K was masked by  measurement f l u c t u a t i o n s .  
Measurements w i t h  no sample i n  the apparatus i n d i c a t e  t h a t  t h e  u l t i m a t e  
measurable r e s i s t i v i t y  f o r  samples with th is  geometry i s  about 2 x 1015 ohm- 
m. 

D i e l e c t r i c  constant  and loss  tanqent measurements were made on the same samples 
w i t h  a Gen Rad model 1616 capacitance br idge d r i v e n  w i t h  an i n p u t  s igna l  o f  4 
t o  10 V rms. Results o f  these measurements are shown i n  Figs. 1-4. There was 
a moderate increase i n  d i e l e c t r i c  constant  a f t e r  i r r a d i a t i o n ,  bu t  loss 
tangents remained e s s e n t i a l l y  unchanged. 

I n  summary, a l l  measured e l e c t r i c a l  p r o p e r t i e s  o f  G-10 CR a t  t h i s  dose showed 
a t  most o n l y  smal l  changes. 

5.3.2 Mechanical Tes t i ng  

I r r a d i a t e d  f l e x u r e  and compression samples were aged i n  vacuum f o r  4 weeks f o r  

gas c o l l e c t i o n ,  and then removed t o  ambient cond i t i ons  f o r  shipment t o  Los 
Alamos. A l l  samples were s to red i n  a des icca tor  a t  room temperature f o r  a t  
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A.C. Electrical Properties o f  G-10 CR Control Samples at 295 K. 
Error Bars are One Sample Standard Deviation. 
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FIGURE 2. A.C. Electric1 Properties o f  G-10 CR Irradiated Samples at 295 K. 
Error Bars are One Sample Standard Deviation. 
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FIGURE 3. A.C. Electrical Properties o f  G-10 CR Samples at 80 K. Error Bars 
are One Sample Standard Deviation. 
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FIGURE 4. A.C. Electrical Properties o f  G-10 CR Irradiated Samples at 80 K. 
Error Bars are One Sample Standard Deviation. 
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TABLE 2 

D.C. RESISTIVITY FOR FOUR EACH CONTROL A N D  IRRADIATED 
SPECIMENS FOR G-10 CR. UNITS ARE OHM-METERS. LISTED 

UNCERTAINTIES ARE ONE SAMPLE STANDARD DEVIATION. 

Type /Temperature 295 K 80 K 

3.26 x 1013 7 5.27 x 10l2 
Control 5.45 1013 + 7.41 1012 5.57 1014 + 2.30 1014 

6.39 1014 T 2.92 1014 Irradiated - - 

l e a s t  2 weeks pr ior  t o  tes t ing.  Control samples were cooled t o  l iquid helium 
temperature, rewarmed, and then stored in a desiccator. 

Flexure tests were carried o u t  a t  75 K using a three point bend t e s t  f ix ture  
actuated by the cryogenic compression t e s t  apparatus described previously. (1) 
Deflections were measured by means of an LVDT which detected re la t ive  movement 
of the pla t tens  of the compression f ixture.  L e n g t h  between outer spans was 
2.54 cm, and p i n  diameter was 6.4 m. Samples were 3.2 x 1.6 mm i n  cross 
section and were tes ted with the major stress paral le l  t o  the warp direct ion.  
Deflection r a t e  was 1.3 mmhin. This t e s t  procedure follows the requirements 
of ASTM D 790-80. 

Test results were analyzed t o  determine modulus of rupture ( M O R ) ,  f lexural  
modulus, and flexural  s t ra in .  MOR was calculated using the simple beam 
formula which i s  valid f o r  maximum f iber  s t r a in s  of 5% or l ess .  These 
parameters are plotted in Figs. 5 t o  7. 

MOR resu l t s ,  Fig. 5 ,  show tha t  only one of the mater ia ls ,  G-10 CR, showed a 
small reduction in strength. The apparent average reduction fo r  G-11 CR o f  2% 
i s  not considered s ignif icant .  The reduction for  G-10 CR was 16%. 

The flexure s t r a in  r e su l t s ,  Fig. 6,  give b o t h  the s t r a in  a t  i n i t i a l  f a i l u r e  
(y ie ld) ,  a s  well as the nominal s t ra in  a t  f racture .  The former re fe rs  t o  the 
value o f  s t r a i n  a t  which a d i s t i n c t  break in the s t ress- s t ra in  curve occurred, 
accompanied by an audible ping. I n  the unreinforced Epon 828 samples, i n i t i a l  
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FIGURE 5 

3-POINT FLEXURE, 
75 K 
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Three-Point F lexure Strength o f  F ive  Ma te r i a l s  Before ( c )  
A f t e r  ( i )  Neutron I r r a d i a t i o n  a t  4.2 K. 
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and 

FIGURE 6. " Y ie ld"  and F a i l u r e  S t r a i n s  f o r  Samples i n  Fig. 5. Terms are 
Explained i n  Text. 
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and u l t i m a t e  values were t h e  same. Changes are noted i n  the  s t r a i n  r e s u l t s  f o r  
two ma te r ia l s ,  G-10 CR and NP-530. I n  the  case o f  the  G-10 CR, bo th  y i e l d  and 
f a i l u r e  s t r a i n s  were reduced by  10-12%, somewhat l ess  than the  s t reng th  
reduc t ion .  I n t e r e s t i n g l y , i n  the  case o f  the  NP-530, the  e f f e c t  o f  i r r a d i a t i o n  
was t o  move the  f a i l u r e  s t r a i n  down, and y i e l d  s t r a i n  up. I n  add i t ion ,  a 

poss ib le  s l i g h t  reduc t i on  o f  bo th  y i e l d  and f a i l u r e  s t r a i n  i s  noted f o r  G-11 
CR, bu t  n o t  l a r g e  enough t o  be concluded s i g n i f i c a n t .  Resul ts  f o r  f l e x u r a l  
modulus, F ig.  7, show small  increases f o r  G-11 CR and SpaulradTM, a small 

decrease f o r  G-10 CR, and no change i n  the  o the r  two mater ia ls .  

Compression t e s t s  were c a r r i e d  ou t  a t  75 K on samples 6.4 mm diameter and 12.7 

mn long. I n  the  case o f  the  f i b e r g l a s s  r e i n f o r c e d  ma te r ia l s ,  samples were 
o r i en ted  w i t h  the  f a b r i c  warp d i r e c t i o n  p a r a l l e l  t o  the  compression ax is .  
Crosshead v e l o c i t y  was 0.25 mn/min, and s t r a i n  was detected by means o f  an 
LVDT. 

U l t imate  compression st rength,  f a i l u r e  s t r a i n  and compression modulus are 

presented i n  F ig .  8 t o  10. Average s t reng th  o f  G-10 CR decreased, as d i d  the 

NP-530. G-11 CR and Spau l radm both  appeared t o  show a gain. Epon 828 samples 
e x h i b i t e d  y i e l d i n g  and f low, w i t h  subs tan t i a l  p l a s t i c  s t r a i n .  The e n t r i e s  f o r  

Epon 828 i n  Fig. 8 g i ve  the 0.2% o f f s e t  y i e l d  s t ress  a t  the lower mark, and the  

t r u e  s t ress  a t  f a i l u r e  a t  the  t o p  o f  each column. Resul ts  show a smal l  increase 
i n  y i e l d  s t ress  and a small decrease i n  t r u e  s t ress .  

Trends i n  the  s t r a i n s  t o  f a i l u r e  shown i n  Fig. 9, and i n  the  compression modul i  
shown i n  Fig. 10 are cons i s ten t  w i t h  the  s t reng th  r e s u l t s .  G-10 CR and NP-530 

both  showed decreases i n  f a i l u r e  s t r a i n  w i t h  no change i n  modulus. I n  the 

e n t r i e s  f o r  Epon 828, i n  F ig.  9, t h e  f u l l  bars show o v e r a l l  percentage 
shortening, wh i l e  the  lower marks g i ve  the  t rue ,  p l a s t i c  s t r a i n .  The p l a s t i c  

s t r e s s- s t r a i n  curves showed a c l e a r  t rend  toward decreased d u c t i l i t y  i n  the  
i r r a d i a t e d  samples. I n  Fig. 10, the  G-11 CR samples, alone, appeared t o  show 

a change, w i t h  t h e  modulus increased about 14%. 
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FIGURE 7. 
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FIGURE 8. Compression Strength o f  F ive  M a t e r i a l s  Before ( c )  and A f t e r  ( i )  
Neutron I r r a d i a t i o n  a t  4.2 K. E n t r i e s  f o r  Epon 828 Give the  0.2% 
O f f s e t  Y ie ld  Stress (Lower Bar), and U l t imate  True Fracture 
Stress. 
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F I G U R E  9 .  F a i l u r e  S t r a i n  i n  Compression f o r  Samples i n  F ig.  8. E n t r i e s  f o r  
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FIGURE 10. Compression Modulus f o r  Samples i n  Fig. 8. 

66 



The appearance o f  a l l  o f  the samples f ractured i n  f lexure was characterized 
and disclosed differences between mater ia ls t o  be more prominent than 
di f ferences between i r r r ad ia ted  and control  samples o f  the same material.  I n  
a l l  cases, the glass c l o t h  reinforced mater ia ls tended t o  buckle on the 
compression side, under the loading pin, wi th  tearing, "brooming" o f  the 
broken yarns, and delamination occurring on the tens i l e  side. Figure 11 
contrasts f a i l u r e  i n  an i r rad ia ted  sample o f  6-10 CR, w i t h  t ha t  i n  a cont ro l  
sample o f  NP-530. The features o f  note are the more extensive damage zones i n  
the polyimide compared t o  the epoxy, w i th  both delamination and buckling being 
more prominent i n  the former. We have not ye t  detected any spec i f i c  e f f ec t s  
o f  rad ia t ion  damage i n  the f racture appearances. 

The s i l i c a  f i l l e d  epoxy mater ia l  f a i l e d  by cleavage w i th  no noteworthy 
a l te ra t ions  i n  the i r rad ia ted  material.  A prel iminary examination o f  t h i s  
mater ia l  has been carr ied out by SEM t o  look f o r  evidence ofchange i n  f racture 
path o r  f o r  evidence f o r  gas generation a t  par t ic le-matr ix  interfaces. No 
such evidence has been found. Examination o f  the other mater ia ls by SEM w i l l  
continue. 

I n  comparing the resu l t s  o f  the f lexure and compression tests, the most 
consistent f ind ings appear t o  be a decrease i n  strength and corresponding 
decrease i n  f a i l u r e  s t r a i n  f o r  the G-10 CR, increase i n  modulus f o r  G-11 CR, 
decrease i n  f a i l u r e  s t r a i n  o f  NP-530, and cmbined reduction o f  u l t imate 
stress and s t r a i n  o f  g lass- f i l l ed  Epon 828, measured i n  compression. A l l  o f  
these changes were small and, by themselves, represent no l i m i t a t i o n  t o  t h e i r  
use i n  a magnet environment. 

5.3.3 Chemical Radiation Ef fects  

The structure o f  a polyner i s  comnonly characterized by i t s  macro- and 
microstructural  parameters. The former deals wi th  such parameters as 
molecular weight, molecular weight d is t r ibu t ion ,  and branching. The l a t t e r  
deals w i th  the manner i n  which the monomer un i t s  are assembled t o  form the 

67 



FIGURE 11. Photographs Cont ras t ing  the .A pearance o f  F a i l e d  G-10 CR ( I r r a -  
d i a t e d )  i n  (a )  With NP-530 P Cont ro l )  i n  (b )  F lexure Samples. 
Tens i le  Surfaces are Lower Edges. Note the  Prominent Delamina- 
t i o n  i n  (b). 
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polymer chain. Both c h a r a c t e r i s t i c s  s t r o n g l y  a f f e c t  t h e  phys ica l  p r o p e r t i e s  
o f  the  polymer and i t s  performance under d i f f e r e n t  cond i t i ons  and both  

c h a r a c t e r i s t i c s  are a f f e c t e d  by  h igh  energy r a d i a t i o n ,  e s p e c i a l l y ,  a t  h igh  

t o t a l  doses. 

I n  t h i s  i n i t i a l  e f f o r t  we have solved the  problem o f  p repar ing  samples f o r  
spectroscopic ana lys is  from i n t r a c t a b l e  m a t e r i a l s  (G-10 CR, Norplex NP-530); 
have developed a sample p repa ra t i on  technique f o r  examining r a d i a t i o n  induced 
sur face e f f e c t s  vs bu l k  e f f e c t s ;  have performed a cursory  i n f r a r e d  spectro-  

scopic ana lys is  on G-10 CR, Norplex NP-530, and Kapton; have performed a 
cursory  d i f f e r e n t i a l  scanning c a l o r i m e t r y  ana lys is  on G-10 CR, G-11 CR, 
Spaulradm, Norplex NP-530, and Kapton from 39OC t o  41OoC; have proposed th ree  
model compounds f o r  a t y p i c a l  epoxy (Epon 828) r e s i n  cured w i t h  an aromatic 

pr imary amine, a l i p h a t i c  pr imary amine, and an aromatic acid, and have ordered 

the  requ i red  m a t e r i a l s  f o r  t h e i r  synthesis.  

Samples were prepared f o r  spectroscopic examinat ion by  m i c r o t m i n g ,  us ing 
e i t h e r  a g lass  o r  diamond k n i f e .  Development o f  such a technique i s  necessary 
f o r  inso lub le ,  cured m a t e r i a l s  and permi ts  sampling the  m a t e r i a l  i n  such a way 
as t o  sample bo th  surface and bu lk  e f f e c t s .  Using t h i s  technique we have a l so  
prepared 1 p m  t h i c k  surface l a y e r  samples f o r  examination o f  the  sur face vs 

bu l k  r a d i a t i o n  induced e f f e c t s .  

While r e s u l t s  and ana lys is  of these samples are no t  y e t  complete, the 

f o l l o w i n g  observat ions have been made: 

G-10 CR No d r a s t i c  changes were observed i n  any o f  the  major 

absorpt ion bands; however, detectable s p e c i f i c  minor  
surface and bu lk  absorpt ion changes, i n d i c a t i v e  o f  chem- 
i c a l  t ransformat ions,  were observed. 

Norplex NP-530 No d r a s t i c  changes were observed i n  any o f  the  major 

absorpt ion bands. However, there  were de tec tab le  minor  
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Kapton 

changes in the bulk but not the surface samples. This is 
different from the G-10 CR samples which showed also 
surface specific changes. 

This material showed small but distinct spectral changes 
after irradiation. In this case, too, a sample was 
examined after gama irradiation under environmental 
conditions similar to those in the neutron-irradiated 
sample. Infrared spectra were distinctly different from 
either the control or the neutron-irradiated sample. 

Differential scanning calorimetery (DSC) was also carried out on G-10 CR, 
Norplex NP-530, and G-11 CR, Kapton, and Spaulradm. In the 390 to 410OC 
temperature range at the heating rate of lOo/min., none of the samples (sample 
weight from 3.8 to 6.1 mg) showed a glass transition temperature, melting 
point or a decomposition point. Three of the samples did show a weight loss: 

G-10 CR, unirradiated 
irradiated 

% w t .  loss 
13 
15 

Norplex NP-530, unirradiated 6 
irradiated 6 

G-11 CR, unirradiated 
irradiated 

< 6  
<6 

Two of the samples, G-10 CR and Norplex NP-530, in the non-irradiated state 
underwent a significant curing reaction at the DSC analysis conditions. 

Kapton was the most thermally stable in the non-irradiated as well as the 
gama-irradiated state as it showed no apparent effects upon the sample as 
perceived by the DSC analysis. The neutron-irradiated material has not yet 
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been tested. This  was fo l lowed by  the SpaulradTM samples which showed o n l y  a 
s l i g h t  exothermic e f f e c t  i n  the i r r a d i a t e d  sample a t  temperatures above 

298OC. 

We have proposed the f o l l o w i n g  model compounds f o r  a t y p i c a l  epoxy (Epon 828) 
r e s i n  cured w i th :  

a ranat ic  pr imary amine - 

OH CH3 OH - 

I I I 
I 

@ N H C H ~ C H C H ~ O  0 c 0 O C H ~ C H C H ~ N H ~  

a l i p h a t i c  pr imary amine - 

OH CH3 OH 

CH3( CH2)5NHCH2CHCH20@ C 0 OCH2CHCH2NH(CH2)5CH3 
I I I 

I 

aranat ic  a c i d  - 

I I  I I - I 1 - 1  
I 

~ C O C H Z C H C H ~ O Q  c @ C H ~ C H C H ~ O C @  

CH3 

Ma te r ia l s  are on order  t o  prepare these compounds. 
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5.4 Comparison w i t h  Gamna-Irradiat ion 

No d e t a i l e d  comparison w i t h  prev ious r e s u l t s  from the  work o f  Coltman and 
coworkers o r  o thers  on the  changes i n  p r o p e r t i e s  o f  the same o r  s i m i l a r  
m a t e r i a l s  a f t e r  gamma- irradiat ion has as y e t  been attempted. Resul ts  o f  

e l e c t r i c a l  t e s t s  so f a r  are cons i s ten t  w i t h  those o f  Coltman _ _  e t  a1.2 i n  t h a t  

rad ia t ion- induced changes i n  D.C. c o n d u c t i v i t y  are smal l  a t  t h i s  dose. The 
reduc t i on  i n  s t reng th  o f  G-10 CR, wh i l e  t h a t  o f  G-11 CR i s  maintained, i s  

cons i s ten t  w i t h  the aromatic cure used w i t h  the  l a t t e r ,  and w i t h  the  e x t r a-  

p o l a t i o n  o f  the  Oak Ridge data.3 However, t h i s  reduct ion,  f o r  G-10 CR, 

appears t o  have occurred a t  a dose lower than we would have anticipated.3.4 
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7. Future Work 

Work cont inues on t h i s  p r o j e c t  i n  f o u r  areas: con t i nua t i on  o f  experimental  
measurements on samples from the  f i r s t  IPNS i r r a d i a t i o n ,  c o r r e l a t i o n  o f  these 

r e s u l t s  w i t h  l i t e r a t u r e  r e s u l t s  f o r  gama i r r a d i a t i o n s ,  p repara t ion  o f  model 

compounds f o r  comparative de terminat ion  o f  s t r u c t u r a l  changes i n  neutron and 
gama i r r a d i a t i o n s ,  and prepara t ion  o f  f u r t h e r  i r r a d i a t i o n  experiments f o r  
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the IPNS- I ,  and f o r  RTNS-11. We w i l l  seek h igher  dose i n  IPNS- I ,  and we w i l l  
be l ook ing  a t  spec t ra l  e f f e c t s  i n  the RTNS-I1 work. 
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CORRELATION OF HARDNESS AND STRENGTH DATA FOR HIGH ENERGY NEUTRON IRRADIATED 
ANNEALED 316 STAINLESS STEEL 
N. F. Panayotou (Westinghouse Hanford Company) 

1.0 Objective 

The objective of this work is to determine the effects of high energy neutrons 
on damage production and evolution, and the relationships of these effects to 
effects produced by fission reactor neutrons. 
current work are the development o f  techniques to extract from miniature speci- 
men geometries information on the change in mechanical properties of neutron 
irradiated metals. 

Specific objectives of the 

2.0 Summary 

A major goal of the DAFS program involves obtaining accurate measurements of 
the changes in the flow behavior of neutron irradiated metals from miniature 
specimen geometries. Indenter type hardness techniques have been applied to 
transmission electron microscopy (TEM) disk-type specimens in an effort to 
extract relative hardening data. Since microhardness tests are localized, 
they do not preclude either the continued irradiation or the further study of 
TEM disk specimens by other post- i rradiati on analytical techniques. 

In a previous report(') strength values derived from hardness data were shown 
to be in good agreement with actual tensile data for neutron irradiated copper. 
In this report a similar result is reported for annealed 316 stainless steel. 

3.0 Program 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G. Doran 
Affiliaton: Westinghouse Hanford Company 
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4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask 11.8.3.2 Experimental Characterization of Primary Damage State; 
Studies of Metals 
Effects of Damage Rate and Cascade Structure on Micro- 
structure; Low-EnergylHigh-Energy Neutron Correlations 

Irradiations 
Relating Low-Exposure and High-Exposure Microstructures; 
Nucleation Experiments 

II.C.6.3 

II.C.11.4 Effects of Cascades and Flux on Flow; High-Energy Neutron 

I 1  .C.18.1 

5.0 Accomplishments and Status 

5.1 Introduction 

The optimum use of the available irradiation volume of high energy neutron 
sources is requisite for an aggressive fusion materials development program. 
Tensile testing of miniature specimens compatible with high energy neutron 
sources has been shown to be feasible. (2’3) However there is still a very 
definite need for a technology which can extract mechanical property and micro- 
structural data without destroying the test article. 
electron microscopy (TEM) disk specimens and standard diamond pyramid micro- 
hardness (DPH) test techniques is one of the technologies being developed to 
meet this challenge. 
of the specimen, allowing a single specimen to be repeatedly re-irradiated 
and tested, or to be analyzed by several post-irradiation techniques. 

The use of transmission 

Each DPH test, or indent, damages only a small fraction 

Originally conceived mainly as a scoping tool to measure radiation induced 
hardening it has been determined that, at least for copper and annealed type 
316 stainless steel, the DPH measured hardening is directly proportional t o  

the measured increase in the 0.2 percent offset yield strength. The results 
for copper have been reported previously. (l) 
316 stainless steel are reported here. 

The results for annealed type 



5.2 Experimental Procedure 

Three m i l l i m e t e r  diameter TEM d i s k  specimens o f  Reference Heat 316 s ta in less  

s tee l ,  heat number X15893, were fab r i ca ted  by punching from a s- r o l l e d  20 per-  
cent  co ld  worked, 0.3 mm t h i c k  sheet stock. 
ma te r i a l  i s  l i s t e d  i n  Table 1. 
a l a s e r  engraving system. In prepara t ion  f o r  heat treatment the  specimens 

were cleaned and then sealed along w i t h  a tantalum g e t t e r  i n  a quar tz  ampul 

which had been evacuated and then b a c k - f i l l e d  w i t h  argon gas t o  a pressure o f  
one qua r te r  atmosphere. The specimen heat treatment, g r a i n  s i z e  and base l ine  
hardness value are  l i s t e d  i n  Table 2. 

The composit ion o f  the  stock 
Each specimen was permanently engraved us ing 

The TEM d i s k  specimens together  w i t h  niobium dosimetry f o i l s  were then loaded 
i n t o  specimen holders and i r r a d i a t e d  a t  25°C a t  the  Rota t ing  Target Neutron 
Source (RTNS)-I1 a t  Lawrence Livermore Nat ional  Laboratory (LLNL). RTNS-I1 
i s  an acce le ra to r  based neutron source which employs a 400-keV deuteron beam 
i n c i d e n t  upon a t r i t i u m  loaded, water cooled, r o t a t i n g  t a r g e t  t o  produce 14-MeV 

neutrons by  a T(d,n) react ion.  

Element 

S i  
A1 
S 
C r  
Fe 
N i  
C 
cu 
Mo 
Mn 
T i  
P 
Nb 
N 
B 

TABLE 1 

CHEMICAL COMPOSITION (WEIGHT PERCENT) 

Reference Heat HEDL 
LLNL (4) 316 SS 316 SS 

Heat #X15893 Heat #V87210L3) 316 SS 

0.69 

0.015 
16.81 
Balance 
12.10 
0.056 

2.39 
1.63 

<0.01 
0.035 

0.5 
0.01 
0.009 

16.6 
Balance 
13.5 
0.05 
0.08 
2.4 
1.5 
0.002 
0.01 
0.03 
0.006 
0.001 

0.60 

17.3 
Balance 
12.4 
0.059 

2.1 
1.83 

0.021 
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TABLE 2 

HEAT TREATMENTS AND BASELINE PROPERTIES 

Heat  Average G r a i n  Hardness 0.2% O f f s e t  Y i e l d  
Meta l  Treatment  D iameter  (wn) (kg/mnZ) S t r e n g t h ,  MPa 

Reference Heat  316 
Heat #X15893 950"C/lOm/AC 16 1 7 7 i 6  @ lOOg - 

HEDL 316 
Heat #V87210(3) 975"C/15m/AC 32 - 284221 

LLNL 316(4 )  1050"C/lh/WQ 27 - 269 

AC: A i r  Cool 
W Q :  Water Quench 

P r i o r  t o  microhardness t e s t i n g  t h e  TEM d i s k  specimens a r e  secured t o  a s t a n d a r d  
p l a s t i c  m e t a l l o g r a p h i c  mount u s i n g  a c y a n o c r y l a t e  adhes ive.  Except  f o r  a l i g h t  

c l e a n i n g  o f  t h e  s u r f a c e  o f  t h e  TEM d i s k  no o t h e r  s u r f a c e  p r e p a r a t i o n  was employed. 
T e s t s  were performed a t  25°C u s i n g  a Tukon- type hardness t e s t i n g  machine 

f i t t e d  w i t h  a s t a n d a r d  136" diamond pyramid i n d e n t e r .  

was s e l e c t e d  wh ich  would  produce an i n d e n t  whose d e p t h  o f  p e n e t r a t i o n  d i d  n o t  
exceed o n e- t w e n t i e t h  of t h e  t h i c k n e s s  o f  t h e  t e s t  specimen. Once determined,  
t h e  same l o a d  was a lways used t o  f o l l o w  t h e  ha rden ing  o f  a g i v e n  m e t a l .  T h i s  

p rocedure  m in im ized  the i n f l u e n c e  o f  t h e  specimen s u p p o r t  on t h e  measured DPH 

v a l u e  w h i l e  p r o d u c i n g  i n d e n t s  whose d i a g o n a l s  c o u l d  be a c c u r a t e l y  measured. 

Us ing  a F i l a r  t y p e  eyep iece  each DPH i n d e n t  was imaged a t  a m a g n i f i c a t i o n  wh ich  

p e r m i t t e d  t h e  d i a g o n a l s  o f  t h e  i n d e n t  t o  be measured t o  0.1 pm. 
hardness v a l u e  l i s t e d  i n  T a b l e  2 i s  t h e  average o f  a t  l e a s t  f i f t e e n  DPH i n d e n t s  

performed on a s i n g l e  TEM d i s k  specimen. A l s o  l i s t e d  i s  t h e  l o  spread i n  t h e  

DPH data .  

For  each m e t a l  a l o a d  

The b a s e l i n e  

I n c l u d e d  i n  Tab les  1 and 2 a r e  t h e  compos i t i ons ,  h e a t  t rea tmen ts ,  average g r a i n  

d iamete rs  and b a s e l i n e  o f f s e t  y i e l d  s t r e n g t h s  o f  two hea ts  o f  t y p e  316 s t a i n l e s s  

s t e e l .  

a t  RTNS-I. 

t e n s i l e  specimens o f  a HEDL 316 s t a i n l e s s  s t e e l ,  h e a t  number V87210, were i r r a d i a t e d  

a t  RTNS-11. 

t e n s i l e  specimens were i r r a d i a t e d  and t e s t e d  a t  25°C. 

Sheet t y p e  t e n s i l e  specimens o f  an LCNL 316 s t a i n l e s s  s t e e l  were i r r a d i a t e d  

The d e t a i l s  o f  t h i s  exper imen t  were r e p o r t e d  elsewhere.  ( 4 )  Wi re  t y p e  

The d e t a i l s  o f  t h i s  exper imen t  were a l s o  r e p o r t e d  elsewhere.  ( 3 )  A l l  
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5.3  Experimental Resul ts  

The st rengthening data f o r  type 316 s t a i n l e s s  s t e e l  a re  l i s t e d  i n  Table 3. 
The hardness value repor ted  f o r  i r r a d i a t e d  specimens i s  the  average o f  a t  l e a s t  
f i v e  indents performed on a s i n g l e  TEM d i s k  specimen. 

percent o f f s e t  y i e l d  strength, ha 

f o l l o w i n g  r e l a t i o n s h i p  

The change i n  t h e  0.2 

was deduced from hardness data us ing  t h e  
Y’ 

Aa (MPa) = K ADPH (kg/mn2) (1) Y 

where K i s  a numerical constant  equal t o  approximately 3.27 and ADPH i s  the  
change i n  the diamond pyramid hardness value w i t h  increas ing  neutron exposure. 

These data are  p l o t t e d  as ha versus neutron f luence i n  F igure 1. 
Y 

TABLE 3 

TYPE 316 STAINLESS STEEL STRENGTHENING DATA 

HARDNESS DATA TENSILE DATA - 

HEOL 316 SS(3) LLNL 316 SS(4)  Reference Heat 316 SS 

F1 uence ha F1 uence Aa Fluence ADPH A 0  
Y 

MPa 
Y Y 

i o i 7  n/cm2 MPa 1017 n/cmz - MPa lo1’ n/cm‘ kg/mm2 - - 

0.55 12*21 0.29 -5%7 16+23 
0.56 4Q9 0.56 6f7 20t23 
0.59 15t21 
0.64 6f29 0.65 29 0.67 0 .5 t7  2+23 

0.75 42 
0.80 39 
0.90 47 
0.95 49 
1 .3  52 

1 .5  36*30 1 .5  63 

1 . 7  40531 2.0 71 
1 .7  21+21 1 .7  60 1 . 7  8+9 26+29 

1.8 
. _  .- 
34530 2.5 

6 .5  122+35 
6.6 95+34 
7.5 98+34 

.~ 

70 
3 .4  2257 72+23 ~- . - .  . 
5.8 33+8 108526 
8.1 36+7 118+23 
8.3 29+9 95+29 

~~ 

9.4 82533 
11.5 128k36 

11.0 40+8 131+26 
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are  plotted for  wire tens i le  specimens of H E D L  316 s ta in-  
Y 

The measured AO 

l ess  steel  over a fluence range of 5.5.1016 t o  1.15.101e n/cm2 in Figure 1. 
Over t h i s  fluence range the measured A O  
AO of sheet type tens i le  specimens of LLNL type 316 s ta in less  s teel  over a 
fluence range of 6,5.1016 to  2.5.1017 n/cm2 are a l so  plotted.  L 4 )  Over t h i s  

fluence range the measured A O  was 70 MPa. 
316 s ta in less  s teel  was obtained over a fluence range of 2.9.10l6 t o  l . l . l O 1 '  
n/cm2. The increase i n  hardness of t h i s  s ta in less  s teel  over t h i s  fluence 
range i s  40 kg/mmz. 

approached 130 MPa. The measured 
Y 

Y 

Hardness d a t a  fo r  Reference Heat 
Y 

The 10 spread in the  DPH values ranges from 2 t o  4 percent 
Using Equation (1) the hardness data was converted t o  a measure o f  the increase 
in  the 0 .2  percent o f f se t  yield strength and plotted i n  Figure 1. 
bars shown in Figure 1 represent the 10 spread in AO , calculated from DPH data. 
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The average ca l cu la ted  st rengthening values based on DPH data are  i n  exce l l en t  
agreement w i t h  the  HEDL t e n s i l e  data and, w i t h i n  l o  e r r o r  l i m i t s ,  are i n  good 
agreement w i t h  LLNL t e n s i l e  data. 
c o r r e l a t i o n  1 i k e  Equation (1) between increased hardness and increased s t rength  
i s  reasonable f o r  annealed f c c  metals whose y i e l d  s t rength  has increased by 
l ess  than a f a c t o r  o f  four .  ( l )  I n  t h i s  study the  maximum strengthening f o r  

annealed 316 s t a i n l e s s  s t e e l  was l e s s  than a f a c t o r  o f  1.5. 

I n  a previous r e p o r t  i t  was argued t h a t  a 

5.4 Conclusions 

Standard DPH t e s t i n g  o f  TEM d i s k  specimens i s  an e f f e c t i v e  method o f  s tudying 

h igh  energy neutron r a d i a t i o n  induced damage. 

a d d i t i o n  t o  p rov id ing  a measure o f  hardening, the increase i n  diamond 
pyramid hardness w i t h  f luence va r ies  d i r e c t l y  w i t h  the  measured increase i n  
0.2 percent o f f s e t  t e n s i l e  y i e l d  s t rength.  
such metals i n  the  f luence range studied can be determined e a s i l y  and inexpen- 

s i v e l y  f rom m i n i a t u r e  specimens. 

For some f c c  metals, i n  

Accordingly,  the  st rengthening o f  
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7.0 Future Work 

The strength-hardness c o r r e l a t i o n  repor ted here w i l l  be extended t o  o the r  meta ls  

i n  t h e  DAFS program. 
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HARDENING OF IRRADIATED ALLOYS DUE TO THE SIMULTANEOUS FORMATION OF VACANCY AND 

INTERSTITIAL LOOPS 

N. M. Ghoniem, J .  A l h a j j i  ( U n i v e r s i t y  o f  C a l i f o r n i a ,  Los Angeles)  and 
F. A. Garner  (Han fo rd  E n g i n e e r i n g  Development L a b o r a t o r y )  

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

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  p r o v i d e  a m e c h a n i s t i c  framework on wh ich  t o  

model t h e  e f f e c t  o f  i r r a d i a t i o n  on mechanical  p r o p e r t i e s  and d imens iona l  

s t a b i l i t y  under  i r r a d i a t i o n .  

2.0 Summary 

C l u s t e r i n g  o f  i r r a d i a t i o n  produced p o i n t  d e f e c t s  i s  r e c o g n i z e d  t o  impede d i s l o -  

c a t i o n  m o t i o n  and hence i n f l u e n c e  mechanical  d e f o r m a t i o n  c h a r a c t e r i s t i c s .  I n  
t h i s  paper,  a model i s  p r e s e n t e d  f o r  t h e  s imu l taneous  n u c l e a t i o n  and g rowth  o f  

vacancy and i n t e r s t i t i a l  l o o p s  i n  i r r a d i a t e d  m e t a l s .  The model i s  based on 
homogeneous t ime- dependent r a t e  t h e o r y .  

f o r  s i n g l e  d e f e c t s  as w e l l  as d e f e c t  c l t i s t e r s .  

i n c l u d e  p r o d u c t i o n  by  i r r a d i a t i o n  and thermal  sources and d e s t r u c t i o n  by  mutua l  

recomb ina t ion ,  m i g r a t i o n  t o  s i n k s ,  and c l u s t e r i n g  i n t o  l o o p s .  

c l u s t e r i n g  i s  assumed t o  o c c u r  by  d i f f u s i o n  o f  i n t e r s t i t i a l  atoms. 
l o o p s ,  on t h e  o t h e r  hand, a r e  assumed t o  f o r m  by an a the rma l  cascade c o l l a p s e  

process.  
o f  cascades and t h e  f i n i t e  l o o p  l i f e t i m e .  

a l s o  i n c l u d e d  i n  t h e  model. 

Conserva t ion  equa t ions  a r e  deve lcped  

D e f e c t  c o n s e r v a t i o n  e q u a t i r x s  

I n t e r s t i t i a l  

Vacancy 

The d e n s i t y  o f  such l o o p s  i s  de te rm ined  as a r e s u l t  o f  t h e  p r o d u c t i o n  
Cascade o v e r l a p  and coa lescence a r e  

The c a l c u l a t i o n s  a r e  ex tended t o  t h e  a n a l y s i s  o f  t h e  r a d i a t i o n - i n d u c e d  changes 

i n  t e n s i l e  p r o p e r t i e s  due t o  f o r m a t i o n  o f  i n t e r s t i t i a l  and vacancy l o o p s .  

s i m p l e  ha rden ing  model r e l a t e s  t h e  m i c r o s t r u c t u r a l  c a l c u l a t i o n s  t o  p r e d i c t i o n s  

o f  changes i n  t e n s i l e  s t r e n g t h .  The r e s u l t s  o f  t h i s  s t u d y  show good agreement 
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w i t h  ha rden ing  da ta  f o r  copper i r r a d i a t e d  i n  RTNS-I1 a t  room temperature .  
r e s u l t s  a l s o  p r o v i d e  i n s i g h t  on d i f f e r e n c e s  i n  m i c r o s t r u c t u r a l  r e s u l t s  observed 

i n  v a r i o u s  exper imen ta l  s t u d i e s  on copper.  

The 

3 .0  Program 

T i t l e :  He l ium E f f e c t s  on S w e l l i n g  

P r i n c i p a l  I n v e s t i g a t o r :  N. M. Ghoniem 
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 ,  Los Angeles 

4.0 

I I .C .14  

5.0 

5.1 

Re levan t  DAFS Program P lan  T a s k b u b t a s k  

Models o f  Flow and F r a c t u r e  Under I r r a d i a t i o n  

Accomplishments and S t a t u s  

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

Exper imen ta l  i n v e s t i g a t i o n s  ove r  t h e  l a s t  two decades have e s t a b l i s h e d  t h a t  

exposure o f  m e t a l s  a t  r e l a t i v e l y  .low temperatures  t o  n e u t r o n  i r r a d i a t i o n  

r e s u l t s  i n  an i n c r e a s e  i n  t h e  y i e l d  s t r e n g t h .  However, t h i s  s t r e n g t h e n i n g  

i s  n o t  n e c e s s a r i l y  b e n e f i c i a l .  R a d i a t i o n- i n d u c e d  s t r e n g t h e n i n g  has been 

d i r e c t l y  l i n k e d  t o  a l o s s  o f  d u c t i l i t y  i n  a u s t e n i t i c  s t e e l s ,  and t o  a s h i f t  
i n  t h e  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  tempera tu re  (DBTT) i n  f e r r i t i c  s t ee l s .  

The c o n f i d e n t  des ign  o f  s t r u c t u r a l  components t h a t  must w i t h s t a n d  t h e  r i g o r s  
o f  an i r r a d i a t i o n  env i ronment  r e q u i r e s  t h a t  i r r a d i a t i o n - i n d u c e d  changes i n  
p r o p e r t i e s  be i n c l u d e d  i n  t h e  d e s i g n  process.  F o r  example, t h e  a n t i c i p a t e d  
low tempera tu re  f a i l u r e  o f  t h e  f i r s t  w a l l  i n  concep tua l  des igns  o f  Tandem 

M i r r o r  Fus ion  Reac to rs  has been p r e d i c t e d  t o  a r i s e  f r o m  t h e  i r r a d i a t i o n  s h i f t  

o f  t h e  DBTT.") It i s  t e c h n o l o g i c a l l y  i m p o r t a n t ,  t h e r e f o r e ,  t o  s t u d y  t h e  

response o f  a l l o y s  t o  i r r a d i a t i o n  ha rden ing .  Recent exper imen ta l  work u s i n g  

t h e  R o t a t i n g  T a r g e t  Neut ron Source (RTNS-11) has been d i r e c t e d  toward  t h e  

s tudy  o f  t h i s  phenomenon i n  a f u s i o n - r e l e v a n t  spectrum: 2) 
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Neutron i r r a d i a t i o n  leads t o  the product ion o f  s i n g l e  vacancies, i n t e r s t i t i a l s  

and impur i t y  atoms. Vacancy aggregates formed i n  c o l l i s i o n  cascades may a l s o  
co l lapse athermal ly  t o  form depleted zones o r  vacancy loops. The subsequent 

i n t e r a c t i o n s  and agglomeration o f  these defects a re  now recognized t o  be the  

pr imary cause of i r r a d i a t i o n  hardening. F igure  1 shows t y p i c a l  i r r a d i a t i o n -  

induced micros t ruc tures  and the  associated hardening t h a t  i s  observed i n  copper 

i r r a d i a t e d  i n  RTNS-I1  a t  25°C. 

I n  t h i s  paper, we develop a model f o r  the  simultaneous format ion o f  vacancy and 

i n t e r s t i t i a l  aggregates a t  low temperatures. The model i s  n o t  a comprehensive 

m ic ros t ruc tu ra l  d e s c r i p t i o n  app l i cab le  under a l l  i r r a d i a t i o n  cond i t ions .  The 

formation o f  p r e c i p i t a t e s ,  c a v i t i e s  and d i s l o c a t i o n  networks a t  h igher  tempera- 

tu res  a r e  excluded. 

The m i c r o s t r u c t u r a l  evo lu t i on  a t  h igher  temperatures i s  much more complex and 
m ic ros t ruc tu ra l  ly-based mechanical proper ty  c o r r e l a t i o n s  a r e  l a r g e l y  phenomeno- 

l o g i c a l  i n  nature.  (3-4) The phenomenological approach i s  use fu l  f o r  i n t e r p o l a -  

t i o n  o r  ex t rapo la t i on  beyond the  range o f  e x i s t i n g  data. 

temperature i r r a d i a t i o n  where the  goal i s  t o  study t h e  connect ion o f  fundamental 
s tud ies  t o  p r a c t i c a l  questions, a d i f f e r e n t  approach can be employed. 

the f i r s t  o b j e c t i v e  o f  t h i s  work i s  t o  i n v e s t i g a t e  the  simultaneous nuc lea t i on  
and growth o f  bo th  vacancy and i n t e r s t i t i a l  loops i n  i r r a d i a t e d  ma te r ia l s  a t  low 

temperature (T < T The second o b j e c t i v e  
w i l l  be t o  apply the  m ic ros t ruc tu ra l  i n s i g h t  gained i n  t h i s  study t o  the  de- 

s c r i p t i o n  o f  the  i r rad ia t i on- induced  hardening phenomenon. 

However, f o r  low 

Therefore, 

) ,  where T, i s  the me l t i ng  p o i n t .  
mi3 

5.2 Simultaneous C lus te r i ng  o f  Vacancies and I n t e r s  t i  t i a l  s 

The model presented here i s  e s s e n t i a l l y  a time-dependent nuc lea t ion  and growth 

model f o r  bo th  vacancy and i n t e r s t i t i a l  loops. Conservation equat ions are  

developed f o r  s i n g l e  defects as we l l  as de fec t  c l u s t e r s .  
t i o n  equations inc lude product ion by i r r a d i a t i o n  and thermal sources, and 

des t ruc t i on  by mutual recombination, m ig ra t i on  t o  s inks and c l u s t e r i n g  i n t o  

loops. 

Po in t  de fec t  conserva- 

I n t e r s t i t i a l  c l u s t e r i n g  i s  assumed t o  r e s u l t  from d i f f u s i o n a l  migra t ion  



Cu i 5 a/o AI lot-7.1 10171 

FIGURE 1. Small Defect  C lus te rs  and T h e i r  Associated Hardening Observed i n  Copper 
and Simple Copper A l l o y s  I r r a d i a t e d  i n  RTNS-I1 w i t h  14-MeV Neutrons a t  
25"C.(2) The s i z e  d i s t r i b u t i o n s  o f  t h e  c l u s t e r s  a re  a l s o  shown, b u t  i t  
i s  impor tant  t o  no te  t h a t  these s tud ies  prov ided evidence t h a t  a sub- 
s t a n t i a l  f r a c t i o n  o f  t h e  de fec t  c l u s t e r s  l i e  below t h e  r e s o l u t i o n  o r  
v i s i b i l i t y  1 i m i t  o f  t h e  microscopy techniques employed. 
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dC . 
A= f K i C f  + K:iCvC3i - KfiCiC2i d t  

- KZiCvC2i - yZiCzi (3 )  

4 i  3 i  _ _ -  dC3i - K:iCiC2i + K v  CvC4i - Ki CiC3i 
d t  

- KtiCvC3i ( 4 )  

(5) 2 i  - -  - Ki C .C . d t  1 21 
dNii 

A dQ = cPd + Zvpd  9. v l  DvCv - Z:pdylDiCi 
d t  

- 'd V ~ D  v v  C' exp ( kT 
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V 

2; 

YSf 

V 

V .  
1 ,v 

n 
n 

’d 
i l  

’d 
vl 

’d 

a 

Y2i 

E 

vl 

ATSR 

T 

“LR 

AT 

Ao 

kT vl = 1 Z ~ D ~ C ~  - Z;D~C~ - D ~ C ~  exp 
dK - I  dt b 

TABLE 1 
DEFINITION OF TERMS 

Definition 

Capture volume of a vacancy loop 

Interstitiallvacancy loop bias factor for vacancies 

Interstitial/vacancy loop bias factor for interstitials 

Stacking fault energy 

Poisson’s ratio 

Interstitiallvacancy vibrational frequency 

Atomic volume 

Network dislocation density 

Line dislocation density, interstitial loop 

Line dislocation density, vacancy loop 

Point defect recombination coefficient 

Di-interstitial dissociation rate 

Fraction of vacancies produced directly in vacancy loops 

Lifetime of an individual vacancy loop 

Increase in the shear stress due to short range 
interaction 

Increase in the shear stress due to long range 
interaction 

Total increase in shear stress 

Total increase in yield stress 
90 

Units 

cm3 

eV/cm2 

5-l 

cm 

cm/cm3 

cm/cm3 

cm/cm’ 

S -1 

S - 1  

- 

S-’ 

ks i 

ksi 

ksi 
ksi 



Equat ions (1- 11)  were n u m e r i c a l l y  s o l v e d  u s i n g  s tandard  numer ica l  methods f o r  

s t i f f  o r d i n a r y  d i f f e r e n t i a l   equation^.'^) 
d e s c r i b i n g  t h e  ba lance  between processes f o r  p r o d u c t i o n  and d e s t r u c t i o n  u s i n g  

homogeneous r a t e  theory ,  as  desc r ibed  i n  References 6 and 7. 

These equa t ions  a r e  o b t a i n e d  by s imp ly  

S e l f - i n t e r s t i t i a l  atoms a r e  cons ide red  t o  m i g r a t e  betwnen t r a p p i n g  s i t e s .  T h e i r  

d i f f u s i o n  c o e f f i c i e n t  i s  determined by an e f f e c t i v e  m i g r a t i o n  energy such t h a t  

E!ff = E; + E: , where E; i s  t h e  m i g r a t i o n  energy and E: i s  t h e  t r a p  b i n d i n g  

energy.  
s c r i b e  t r a p p i n g ,  p r o v i d i n g  t h e  t r a p p i n g  i s  n o t  p a r t i c u l a r l y  s t rong .  The t r a p -  

h i n d e r e d  mot ion  o f  s e l f - i n t e r s t i t i a l  r e s u l t s  i n  agg lomera t ion  due t o  t h e  

inc reased  f o r m a t i o n  o f  d i - i n t e r s t i t i a l s ,  as d e s c r i b e d  i n  equa t ion  ( 2 ) .  

t h e  c r i t i c a l  nuc leus  s i z e  f o r  i n t e r s t i t i a l  l o o p s  i s  t h e r e f o r e  taken a s  t h r e e  

atoms. 

number o f  i n t e r s t i t i a l  l o o p s  by i n t e g r a t i n g  t h e  n u c l e a t i o n  c u r r e n t  f o r  c l u s t e r s  

t h a t  grow p a s t  t h e  c r i t i c a l  nuc leus  s i z e .  

The s i z e  d i s t r i b u t i o n  o f  i n t e r s t i t i a l  l oops  i s  approx imated by an average r a d i u s  
Ril g i v e n  i n  e q u a t i o n  ( 6 ) .  
s t i t i a l  a b s o r p t i o n  and vacancy emission,  and s h r i n k s  by vacancy a b s o r p t i o n .  

T h i s  was shown by Mansur (8 )  t o  be a reasonable  approx imat ion  t o  de- 

S ince  
d i - i n t e r s t i t i a l s  can be  des t royed  by thermal d i s s o c i a t i o n  o r  vacancy impingement, ( 7 )  

A t ime-dependent r a t e  equa t ion  i s  t h e r e f o r e  developed f o r  t h e  t o t a l  

T h i s  c u r r e n t  i s  d e s c r i b e d  i n  equa t ion  (5 ) .  

- 
The i n t e r s t i t i a l  l o o p  o f  average s i z e  grows by i n t e r -  

The d e s c r i p t i o n  o f  f o r m a t i o n  and growth o f  vacancy loops  i s  t r e a t e d  d i f f e r e n t l y .  

S ince  vacanc ies d i f f u s e  t o o  s l o w l y  a t  l o w  temperature  t o  a l l o w  agglomerat ion,  
t h e  f o r m a t i o n  o f  vacancy l o o p s  must a r i s e  f r o m  c o l l i s i o n a l  events  and cascade 

c o l l a p s e .  The r a t e  equa t ion  f o r  vacancy l o o p  c o n c e n t r a t i o n  t h e r e f o r e  r e p r e s e n t s  

a ba lance  between d i r e c t  p r o d u c t i o n  by i r r a d i a t i o n  and e v a p o r a t i o n  o f  l o o p s  b o t h  

t h e r m a l l y  o r  by i r r a d i a t i o n .  Moreover, as  t h e  d e n s i t y  o f  cascades increases,  an 
i n c r e a s i n g  f r a c t i o n  o f  c r y s t a l  space w i l l  n o t  be  a v a i l a b l e  f o r  f u r t h e r  p r o d u c t i o n  

11 - (V/n)NVL) w i t h o u t  o v e r l a p  o f  cascades o c c u r r i n g .  V i s  an e f f e c t i v e  l o o p  
volume f o r  coalescence, R i s  t h e  a tomic  volume and NvL i s  t h e  f r a c t i o n a l  l o o p  
c o n c e n t r a t i o n .  

processes,  b u t  due t o  c o l l i s i o n a l  events .  The vacancy l o o p s  a r e  e s s e n t i a l l y  

uns tab le ,  however. 

s t i t i a l s  t o  them and t h e i r  r a t e  o f  vacancy emiss ion.  

T h i s  i s  a mechanism by which l o o p s  can grow, n o t  by  d i f f u s i o n a l  

T h e i r  l i f e t i m e ,  T, i s  determined by t h e  n e t  f l u x  o f  i n t e r -  

These processes tend  t o  
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reduce the  l i f e t i m e  o f  t he  loop, i n  complete c o n t r a s t  t o  t he  behavior  o f  loops 

o f  i n t e r s t i t i a l  character .  When a vacancy loop  i s  formed, i t  immediately a c t s  

as a n e t  i n t e r s t i t i a l  s i nk  because o f  t he  d i s l o c a t i o n  charac ter  o f  i t s  per imeter .  

Si-ahmed and Wol fer  proposed t h a t  bo th  vacancy and i n t e r s t i t i a l  loops can 

grow i n  coexis tence i f  t h e  non- l i nea r  e l a s t i c i t y  e f f e c t s  on the  s t r a i n  f i e l d  

a r e  f ac to red  i n t o  t he  b i a s  c a l c u l a t i o n s .  I n  t h e  present  model, t h i s  i s  n o t  a 

necessary cond i t i on ,  and simultaneous loop growth can proceed by cascade over lap  

f o r  vacancy loops. 

chosen t o  be a sphere w i t h  a r a d i u s  t h a t  i s  t h ree  t imes t h e  vacancy loop  rad ius .  

I n p u t  parameters chosen t o  represent  r e l a t i v e l y  pure copper a r e  l i s t e d  i n  

Table 2. 

For cascade co l l apse  modeling, t he  coalescence volume i s  

5.3 I r r a d i a t i o n  Hardening a t  Low Temperature 

I t i s  t r a d i t i o n a l  t o  descr ibe  the  e f f e c t s  o f  i r r a d i a t i o n  hardening w i t h  models 

t h a t  acount f o r  t he  i n t e r a c t i o n s  o f  var ious de fec t s  which a c t  as b a r r i e r s  

r e s i s t i n g  the  mot ion o f  d i s l o c a t i o n s .  The res i s tance  fo rces  have been c l a s s i f i e d  
a s  e i t h e r  long- range (LR) o r  shor t- range ( S R ) .  

t o  t h e  r e p u l s i v e  i n t e r a c t i o n  between moving d i s l o c a t i o n s  and t h e  d i s l o c a t i o n  
network. 

i s  s i g n i f i c a n t  when the  loops a re  la rge .  

l a r g e  when t h e i r  average rad ius  exceeds %25 A.  

The long- range fo rces  a r e  due 

The long- range i n t e r a c t i o n  o f  t h e  s t ress  f i e l d s  o f  d i s l o c a t i o n  loops 

I n  t h i s  study, loops were considered 
0 

Short- range fo rces  a r i s e  f rom the  i n t e r a c t i o n  between moving d i s l o c a t i o n s  and 

small de fec ts  l y i n g  i n  t h e  s l i p  plane. Such de fec ts  impose p inn ing  fo rces  on 
t he  moving d i s l o c a t i o n s  a t  p o i n t s  o f  con tac t .  

atoms func t i ons  i n  t h i s  manner. 

s tudy i s  low, t he  smal l  de fec t s  which c o n t r i b u t e  t o  s o l u t i o n  hardening a r e  

on l y  those abundant i n  t h i s  temperature range. 

vacancies, s i n g l e  i n t e r s t i t i a l s ,  d i -  and t r i - i n t e r s t i t i a l s  and smal l  vacancy 

and i n t e r s t i t i a l  d isks .  

S o l u t i o n  hardening by s o l u t e  
Since the  temperature o f  i n t e r e s t  f o r  t h i s  

We the re fo re  i nc lude  s i n g l e  

The t o t a l  increase i n  t h e  shear s t ress ,  AT, due t o  i r r a d i a t i o n  is  given by :  
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TABLE 2 

MATERIAL PARAMETERS FOR COPPER 

D e f i n i t i o n  

F I X E D  PARAMETERS 

M ig ra t i on  energy o f  s ing1 e i n t e r s t i t i a l  

M i g r a t i o n  energy o f  s i n g l e  vacancy 

B ind ing  energy o f  d i - i n t e r s t i t i a l s  

Radius o f  t he  newly born vacancy loop  

ASSUMED PARAMETERS 

F rac t i on  o f  vacancies produced d i r e c t l y  
i n  vacancy loops 

Trap b ind ing  energy 

Loop b i a s  f a c t o r  f o r  i n t e r s t i t i a l s  

Network b i a s  f a c t o r  f o r  i n t e r s t i t i a l s  

Numerical 
Value 

0.12 eV 

0.72 eV 

1.19 eV 

1 5  

10% 

0.28 

1.02 

1.02 

S o l u t i o n  hardening by te t ragona l  d i s t o r t i o n s  was f i r s t  i nves t i ga ted  by F le i sche r .  (10) 

He c l a s s i f i e d  t h e  hardening process a s  being e i t h e r  gradual o r  rap id .  

hardening was a t t r i b u t e d  t o  s u b s t i t u t i o n a l  impur i t i es ,  and i s  caused by an 
e l a s t i c  mismatch between s o l u t e  atoms and the  a l l o y  ma t r i x .  On t h e  o the r  hand, 

smal l  atomic d i sks  o r  s i n g l e  de fec ts  tend t o  cause a h i g h l y  asymmetrical l a t t i c e  

d i s t o r t i o n ,  which i s  deemed respons ib le  f o r  t h e  r a p i d  hardening observed under 

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

Gradual 

The maximum f o r c e  per  u n i t  l e n g t h  on t h e  moving d i s l o c a t i o n  i s  Fmax/a, where 
Fmax . 

spacing. 
t i o n  i s  

i s  t h e  maximum f o r c e  exer ted by the  d e f e c t  and a. i s  t he  i n t e r - d e f e c t  

Hence, t h e  increase i n  shear s t ress ,  T. t o  move t h e  pinned d i s l oca-  

93 



Finax 
T = -  

b ’  

where b i s  the  s l i p  vector  o f  the  d i s loca t i on ,  and I. i s  de f ined by 

I. = (dN)-’/‘ , 

where d i s  the  de fec t  diameter and N i s  i t s  vo lumetr ic  concentrat ion.  

I n  the  case of a tet ragonal  d i s t o r t i o n ,  the  maximum f o r c e  i s  ca l cu la ted  us ing  a 

method suggested by Cochardt, e t  a l .  (11)  By c a l c u l a t i n g  t h e  i n t e r a c t i o n  energy 

and maximuzing i t s  d e r i v a t i v e ,  the  maximum f o r c e  was shown t o  be 

where ymin i s  t h e  d is tance of t h e  c l o s e s t  de fec t  t o  t h e  s l i p  plane, and a i s  a 

numerical f a c t o r  f o r  t h e  d i f f e r e n t  s l i p  planes i n  a face-centered cubic l a t t i c e .  

A E  i s  a measure o f  the  s t r a i n  due t o  t e t r a g o n a l i t y  d i s t o r t i o n ,  and has been 

assigned a value o f  0.55 f o r  an i n t e r s t i t i a l  atom, 0.08 f o r  a divacancy and 1.00 
f o r  a vacancy o r  i n t e r s t i t i a l  loop. 

an experimental study o f  t h e  N i A l  i n t e r m e t a l l i c  compound, t h a t  s i n g l e  vacancies 

are  more po tent  hardeners than a r e  s i n g l e  s e l f - i n t e r s t i t i a l  atoms. 

I t  was a l s o  concluded by Westbrook (12) in 

Assuming a d d i t i v e  c o n t r i b u t i o n s  t o  the increase i n  t h e  shear s t ress,  the  t o t a l  

c o n t r i b u t i o n  f o r  short- range i n t e r a c t i o n  i s  

Gb 1 /2  AT. = - { E  N.d.1 , J B  1 1  

where the  subsc r ip t  j describes a p a r t i c u l a r  de fec t ,  i r e f e r s  t o  the s i z e  c lass  
(13-1 7) of t h e  same defect,  and B i s  a numerical f a c t o r  ranging from 1.0 t o  4.0. 

I n  t h i s  study, we adopt F l e i s c h e r ’ s  value f o r  small loops of 6 = 3.7. (10) 

Network d i s l o c a t i o n s  c o n t r i b u t e  t o  long-range hardening (18) according t o  the  

expression 
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where p: i s  t h e  network  d i s l o c a t i o n  d e n s i t y .  The c o e f f i c i e n t  a has been measured 

a t  va lues  o f  0.15 t o  0.3. (18)  T h i s  e f f o r t  employs Johnson 's  v a l u e  C( = 0.2, ( 1 9 )  
wh ich was c o n f i r m e d  r e c e n t l y .  ( 4 )  

The e l a s t i c  i n t e r a c t i o n  between p r i s m a t i c  d i s l o c a t i o n  l o o p s  and network  d i s l o c a -  

t i o n s  i s  o n l y  s i g n i f i c a n t  when t h e  l o o p s  a r e  l a r g e .  Loops were c o n s i d e r e d  l a r g e  

a t  an a r b i t r a r y  r a d i u s  o f  25 A. 
d i s l o c a t i o n  l o o p s  and network  d i s l o c a t i o n s  has been i n v e s t i g a t e d  by Kroupa and 
H i r s c h .  ('O) 

i n t e r a c t i n g  loops,  Kroupa and H i r s c h  (2")  show t h a t  

0 

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

Us ing  F r i e d e l ' s  e s t i m a t e  ( " )  o f  t h e  average d i s t a n c e  between 

- GbdN2I3  AT^^ - ~ 

rl 

where n i s  a numer i ca l  f a c t o r  r a n g i n g  f r o m  1.45 t o  16. (20-23) 

r e s u l t s  by  Holmes (23) suggest  a v a l u e  o f  1.45 f o r  316 s t a i n l e s s  s t e e l .  S i n c e  
t h e  inc rementa l  i n c r e a s e  i n  t h e  shear s t r e s s  caused by shor t- range  b a r r i e r s  i s  
p r o p o r t i o n a l  t o  where <.b i s  t h e  average d i s t a n c e  b-tween obs tac les ,  

 AT^^ can b e  d e s c r i b e d  by  

Exper imen ta l  

where t h e  sum i s  o v e r  d e f e c t  t y p e  j. 

t h e r e f o r e  b e  expressed as 
The t o t a l  s h o r t - r a n g e  ha rden ing  must 

Accord ing  t o  t h e  Von Mises c r i t e r i o n ,  t h e  r e l a t i o n  between t h e  inc rementa l  

changes i n  shear  and y i e l d s  s t r e s s e s  i s  

Hence, t h e  i r r a d i a t e d  t e n s i l e  s t r e n g t h ,  ui, i s  expressed by  

u = u t Aoy i o  ( 2 2 )  

where uo i s  t h e  u n i r r a d i a t e d  y i e l d  s t r e n g t h .  
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During t h e  e a r l y  stages o f  i r r a d i a t i o n ,  bo th  vacancy and i n t e r s t i t i a l  loops are  

known t o  be small and f u n c t i o n  as short- range b a r r i e r s .  

low f luence f o r  wel l-annealed ma te r ia l  i s  t he re fo re  

The y i e l d  s t rength  a t  

A t  h igher  f luences, the  i n t e r s t i t i a l  loop dens i t y  tends t o  sa tura te  wh i l e  t h e  

loops cont inue t o  grow. Therefore, 

- 1 Gb {(Nd)vl + (Nd)v}1/2 f o r  dIL > 50 . 2 

5.4 Resul ts  and Discussion 

Recent room temperature i r r a d i a t i o n s  o f  copper and o the r  metals i n  RTNS-I1 are  
aimed a t  i d e n t i f y i n g  t h e  na ture  o f  displacement damage produced by 14-MeV neu- 
t rons .  (2’24) I n  such experiments, t h e  accumulated displacement dose i s  co r re -  

l a t e d  w i t h  changes i n  mechanical p rope r t i es .  
t e s t s  (24)  have been employed i n  these studies.  

developed i n  the  prev ious sec t i on  i s  app l i ed  t o  copper i r r a d i a t e d  i n  R T N S - I 1  

a t  room temperature. Values chosen f o r  re levan t  model parameters a r e  l i s t e d  

i n  Table 2. The aim o f  the  ana lys i s  i n  t h i s  sec t ion  i s  t o  

(1 )  

( 2 )  

Both microhardness (‘) and t e n s i l e  

I n  t h i s  sec t ion ,  the model 

i d e n t i f y  t h e  major components o f  damage as we l l  as the  fuence dependence 

o f  t h e i r  s i z e  and densi ty ;  

account f o r  t h e  observed hardening by each i n d i v i d u a l  damage component; 

and 
e x t r a p o l a t i o n  o f  e x i s t i n g  data t o  h igher  f luences.  (3 )  

The ca l cu la ted  concentrat ions o f  s i n g l e  vacancies, s i n g l e  i n t e r s t i t i a l s ,  vacancy 

loops and i n t e r s t i t i a l  loops a r e  shown as func t i ons  o f  t h e  accumulated neutron 
f l uence  i n  F igure  2. 

n o t  shown i n  t h i s  f i g u r e  because o f  t h e i r  low values. 
t r a t i o n s  a r e  seen t o  reach quasi- steady-state by about 1OI6 n/cm2. 

Concentrat ions o f  d i -  and t r i - i n t e r s t i t i a l  c l u s t e r s  a r e  

S ing le  de fec t  concen- 

Beyond 

96 



F 

1 0 4  

l 0 I 4 1  10" 

10'*1 I I I 

10" lo" 1 ole 10'' Id '  2x ldl? 
NEUTRON FLUENCE, n l c d  

IGURE 2. Ca lcu la ted  Concentrat ions o f  Major I r r ad ia t i on- Induced  Defects  Which 
Con t r i bu te  t o  Hardening o f  Copper I r r a d i a t e d  i n  RTNS- I1  a t  25°C. 
Data shown a r e  f rom Reference 2. 

t h i s  f luence,  t h e i r  concent ra t ions  s lowly  d e c l i n e  due t o  t h e  concomitant increase 

i n  dens i ty  o f  l a r g e r  s inks  f o r  these defects .  

t he re  a re  e s s e n t i a l l y  two t ime scales f o r  t h e  bu i l dup  of de fec t  concentrat ions.  
The f i r s t  one i s  associated w i t h  s i n g l e  defects  u n t i l  they reach quasi-steady- 

s t a t e  values 

s t r u c t u r e  (~101s-1019 n/cm2). 

It i s  i n t e r e s t i n g  t o  note t h a t  

n/cm2), and the  second i s  f o r  t he  development o f  loop  micro-  

The average rad ius  o f  a vacancy loop  t h a t  forms du r i ng  a cascade co l l apse  event 

s tays  rough ly  constant  up t o  2r5 x 1017 n/cm2, and then s t a r t s  t o  decrease due 

t o  absorp t ion  o f  i n t e r s t i t i a l  atoms. A l l  vacancy loops a re  assumed t o  be produced 

a t  an average rad ius  o f  15 A. A t  a g iven t ime, t he re  i s  a mix tu re  o f  f r e s h l y  
produced loops and o l d e r  ones. 

t h e  average s i z e  i s  reduced as i r r a d i a t i o n  proceeds. 

n/cm2) s i g n i f i c a n t  cascade over lap comnences, and vacancy l oops  s t a r t  growing 
again. 

0 

Due t o  t h e  absorp t ion  o f  excess i n t e r s t i t i a l s ,  

A t  h igher  f luences 
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On the  o the r  hand, i n t e r s t i t i a l  loops grow cont inuously  by d i f f u s i o n  o f  p o i n t  

defects and t h e i r  average rad ius  i s  a monotonical ly  inc reas ing  f u n c t i o n  o f  
neutron fluence. This  behavior i s  shown i n  F igure  3. 

6o I 
*U 50t 1 . 2 40-  

0 < a 30- 
W 
0 
u 2 0 -  

- 

01 

2x10” 10” 1ol6 10” lO l8  

NEUTRON FLUENCE. nlcm‘ 

FIGURE 3. Ca lcu la ted  Fluence Dependence o f  Average Radius f o r  Vacancy and 
I n t e r s t i t i a l  Loops i n  Copper I r r a d i a t e d  i n  RTNS-I1  a t  25°C. The 
rad ius  f o r  t h e  combined popu la t ion  i s  a l s o  shown i n  comparison 
w i t h  measurements. ( 2 )  

Various experimental observat ions have been made regarding t h e  d i s t r i b u t i o n  o f  
i r rad ia t ion- produced c l u s t e r s  o f  vacancies and i n t e r s t i t i a l s  i n  copper. 

Roughly equal numbers o f  vacancies and i n t e r s t i t i a l s  i n  t h e i r  respect ive  c l u s t e r s  

were repor ted  by Brager, e t  a l . ,  
o the r  i n v e s t i g a t o r s  repor ted  a range o f  tw ice  as many vacancies as i n t e r s t i t i a l s  

t o  l ess  than ha l f  as many vacancies as i n t e r s t i t i a l s  i n  loops. (26-27) While t h e  

d i f f e rences  may a r i s e  from r e s o l u t i o n  problems i n  t h e  microscope, the  present 
model p r e d i c t s  a p a r t i t i o n i n g  o f  p o i n t  defects i n t o  loops t h a t  i s  f luence and 

(2,2527) 

and by Larson and coworkers. ( 2 5 )  However, 
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temperature dependent. Therefore, these experimental observat ions may n o t  be 

i ncons i s ten t .  

d e f i n e  the  f o l l o w i n g  : 

I n  order  t o  study t h e  d i s t r i b u t i o n  o f  produced p o i n t  defects ,  we 

fl = f r a c t i o n  o f  de fec ts  i n  c l u s t e r s  

- - number o f  c l us te red  de fec ts  
i r r a d i a t i o n  dose 

f2  = i n t e r s t i t i a l  f r a c t i o n  o f  de fec ts  i n  c l u s t e r s  

- number o f  i n t e r s t i t i a l  atoms i n  c l u s t e r s  
t o t a l  number o f  de fec ts  i n  c l u s t e r s  

f3 = f r a c t i o n  o f  loops o f  vacancy charac ter  

Va. 
N 

- - 
N i a  + Nva. 

F igure  4 shows the  behavior of t he  f r a c t i o n s  fl, f2 and f3 as a f u n c t i o n  o f  
i r r a d i a t i o n  f luence. I t i s  seen t h a t  the f r a c t i o n  o f  de fec ts  i n  c l u s t e r s  

decreases f rom 28% a t  1015 n/cm2 down t o  on l y  10% by a f l uence  o f  1 0 l 8  n/cm2. 

t h a t  a t  l e a s t  9.4% o f  t he  defects su rv i ve  a t  f luence i n  t he  1 n i d - 1 0 ~ ~  n/cm2 
range. W i th in  t he  c l u s t e r e d  p o i n t  defects ,  t he re  a r e  more i n t e r s t i t i t a l s  i n  

c l u s t e r s  than vacancies, however. The f r a c t i o n  f2  i s  around 60% i n  t he  same 
f luence range. A t  low fluence, t he  s ink  f o r  i n t e r s t i t i a l  atoms has n o t  been 

completely created, and the re fo re  i n t e r s t i t i t a l s  cont inue t o  form new c l u s t e r s  

r a t h e r  than on ly  a n n i h i l a t e  a t  s inks o r  w i t h  o the r  vacancies. 

This  i s  reasonably cons i s ten t  w i t h  t he  observat ion o f  Brager and coworkers ( 2 )  

E q u i l i b r i u m  
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NEUTRON FLUENCE. n/cm' 

FIGURE 4. Fluence Dependence o f  Various F rac t i ons  Descr ib ing  D i s t r i b u t i o n  
o f  Defects.  

s i n k  cond i t i ons  a re  es tab l i shed  beyond a f l uence  o f  lo1 '  n/cm2, and the  f r a c t i o n  

o f  i n t e r s t i t i a l s  i n  c l u s t e r s  approaches 50%. 
loops t o  t o t a l  loops, f3, i s  a l s o  shown i n  F igure  4. 
vacancy charac ter  increases throughout the i r r a d i a t i o n .  

t h e  m a j o r i t y  o f  t he  loops a re  composed o f  vacancies. 
smal le r  on the  average than i n t e r s t i t i a l  loops, a l a r g e r  f r a c t i o n  of them w i l l  

be i n v i s i b l e  i n  t he  microscope. 

The r e l a t i v e  number o f  vacancy 

The f r a c t i o n  of loops of 

A t  h igher  f luences, 

Since these loops a r e  

The p red i c ted  c o n t r i b u t i o n s  t o  t he  increase i n  t he  0.2% o f f s e t  y i e l d  s t r e s s  a re  

shown as a f u n c t i o n  o f  f l uence  i n  F igure  5. 
has been om i t t ed  from t h e  f i g u r e  because t h e  hardness measurements were made 

a lmost  a yea r  a f t e r  i r r a d i a t i o n . ( 2 )  
thousand seconds, i t  i s  u n l i k e l y  t h a t  vacancies i n  supersa tura t ion  w i l l  c o n t r i b u t e  

t o  hardening. 

The c o n t r i b u t i o n  o f  s i n g l e  vacancies 

With a vacancy mean l i f e t i m e  o f  on l y  a few 
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FIGURE 5. Calculated Major Cont r ibu t ions  t o  the  Increase i n  0.2% O f f s e t  Y i e l d  
Stress o f  Copper a t  25°C i n  RTNS-11. 

Since i n t e r s t i t i a l  atoms c l u s t e r  by d i f f u s i o n ,  atomic- s ize t raps  are  expected t o  

i n f l uence  t h e i r  a b i l i t y  t o  c l u s t e r .  

o f  s e l f - i n t e r s t i t i a l  t rapp ing  on t h e  increase i n  the  y i e l d  s t ress .  
energy of 0.28 eV produces r e s u l t s  t h a t  a r e  cons i s ten t  w i t h  the  experimental 
observat ions of Brager and coworkers. 

t h e  hardening c a l c u l a t i o n s  and Brager 's  experimental r e s u l t s  f o r  r e l a t i v e l y  

pure copper a t  25°C a f t e r  RTNS-I1 i r r a d i a t i o n .  

F igure  6 shows the  e f f e c t s  o f  var ious l e v e l s  

A t rapp ing  

F igure  7 shows a comparison between 

A t  low f l uence  n/cm2), i r r a d i a t i o n  hardening i s  p r i m a r i l y  due t o  very 

small i n t e r s t i t i a l  loops. The increase i n  t h e  y i e l d  s t ress  i s  small and i n -  

creases a t  a very slow r a t e  up t o  ~2 x 1OI6 n/cm2. Hardening a t  t h i s  e a r l y  

stage i s  due t o  the  r a p i d  format ion o f  i n t e r s t i t i a l  loops w i t h  a slow growth 

ra te .  Beyond ~2 x 10l6 n/cm2, vacancy loops accumulate t o  a s i g n i f i c a n t  l e v e l ,  

and begin t o  account f o r  the  m a j o r i t y  o f  hardening by short- range i n t e r a c t i o n s .  

101 



FIGURE 6. 
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NEUTRON FLUENCE, nlcm’ 

Effects of Se l f - In t e r s t i t i a l  Trapping on the FJ-edicted Increase of 
Yield Stress of Copper Irradiated a t  25°C. Ei = 0.117 eV. 

NEUTRON FLUENCE. n lcm’  

FIGURE 7. A Comparison Between Theoretical Calculations and Experimental Measure- 
ments o f  Copper Hardening Due t o  RTNS-I1 Irradiation a t  25°C. Solid 
c i r c l e s  = LLL C u . ( 2 4 )  
copper. ( 2 )  

Open c i r c l e s  = Cominco C u . ( 2 4 )  Squares = OAFS 

10: 



Since the average vacancy loop  diameter does n o t  d r a s t i c a l l y  chanae w i t h  f luence,  

t he  change i n  y i e l d  s t rength  o r  hardening w i l l  increase as %Nf, o r  Ao % ( $ t )  . 
Th is  i s  i n  agreement w i t h  t he  r e s u l t s  shown i n  F igure  1. 

f luences (;loz1 n/cm2) sa tu ra t i on  w i l l  begin t o  s e t  i n  due t o  over lap of cascades. 

f 
Y 

However, f o r  h igh  

5.5 Conclusions 

The f o l l o w i n g  conclus ions can be drawn from t h i s  study on i r r a d i a t i o n  o f  copper 

a t  25°C i n  RTNS-11. 

Nucleat ion and growth o f  loops occur simultaneously throughout i r r a d i a t i o n .  
Below a f l uence  o f  approximately 2 x 1 0 l 6  n/cm2, t h e  dens i t y  o f  vacancy 
loops i s  lower than t h e  dens i ty  o f  i n t e r s t i t i a l  loops, w h i l e  the average 

r a d i i  show the  opposi te  trend. 
Dur ing i r r a d i a t i o n ,  t h e  i n t e r s t i t i a l  f r a c t i o n  o f  t o t a l  de fec ts  i n  c l u s t e r s  

i s  always l a r g e r  than the  vacancy f r a c t i o n .  

e x i s t  as s i n g l e  vacancies. 

The f r a c t i o n  o f  t o t a l  de fec ts  produced t h a t  su rv i ve  i n  c l u s t e r s  decreases 

w i t h  f luence.  

i n  t he  range where data a re  ava i l ab le .  

Increased i n t e r s t i t i a l  atom t rapp ing  leads t o  an e a r l i e r  acce le ra t i on  of 
i r r a d i a t i o n  hardening. 

The measured hardening o f  copper can be r e l a t e d  t o  the rad ia t ion- induced 
m ic ros t ruc tu ra l  a l t e r a t i o n s  observed by microscopy. Model-based p r e d i c t i o n s  
o f  those m i c r o s t r u c t u r a l  a l t e r a t i o n s  can be employed i n  e x t r a p o l a t i o n  of 

t he  data and t o  understanding o f  t he  fundamental processes involved.  

The remainder o f  vacancies 

Ca lcu la t i ons  o f  t h i s  f r a c t i o n  agree w i t h  measured values 
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A MODEL FOR THE EVOLUTION OF NETWORK DISLOCATION DENSITY I N  IRRADIATED METALS 

F. A. Garner (Hanford Engineering Development Laboratory)  and W. G. Wolfer 

( U n i v e r s i t y  o f  Wisconsin) 

1 .o Ob jec t i ve  

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  p rov ide  models f o r  t h e  rad ia t ion- induced 
m i c r o s t r u c t u r a l  e v o l u t i o n  o f  meta ls  and thus prov ide  framework on which t o  

develop 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 .  

2.0 Summa ry 

It i s  w e l l  known t h a t  t he  t o t a l  d i s l o c a t i o n  dens i t y  t h a t  evolves i n  i r r a d i a t e d  
meta ls  i s  a s t rong f u n c t i o n  o f  i r r a d i a t i o n  temperature. The d i s l o c a t i o n  dens i t y  

comprises two components, however, and on ly  one o f  these (Frank loops)  r e t a i n s  
i t s  temperature dependence a t  h igh  f luence.  The network d i s l o c a t i o n  dens i t y  
approaches a s a t u r a t i o n  l e v e l  which 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  s t a r t i n g  m i -  

c r o s t r u c t u r e ,  s t ress ,  i r r a d i a t i o n  temperature, displacement r a t e  and hel ium 
l e v e l .  

m i c r o s t r u c t u r a l  data. It i s  shown t h a t  t h e  i n f l uence  o f  sur face p r o x i m i t y  can 
obscure the  independence o f  temperature and displacement r a t e  however. 

The l a t t e r  statement i s  supported i n  t h i s  paper by a review o f  publ ished 

A model has been developed t o  exp la in  the i n s e n s i t i v i t y  t o  many va r i ab les  o f  t h e  

s a t u r a t i o n  network d i s l o c a t i o n  dens i ty .  

o f  d i s l o c a t i o n s  by c l imb  and g l i d e  b u t  takes i n t o  account t h e  c o r r e l a t e d  na ture  

o f  d i s l o c a t i o n  components i n  a dense a r ray .  The model a l s o  exp la ins  how the  r a t e  
o f  approach t o  sa tu ra t i on  can be s e n s i t i v e  t o  displacement r a t e  and temperature 

w h i l e  t he  sa tu ra t i on  l e v e l  i t s e l f  i s  n o t  very dependent on these va r i ab les .  I t  

i s  p red i c ted  t h a t  t h e  i n s e n s i t i v i t y  o f  t h e  s a t u r a t i o n  l e v e l  t o  temperature w i l l  
p e r s i s t  u n t i l  thermal emission of vacancies from network d i s l o c a t i o n s  becomes 

impor tan t .  A t  h igher  displacement r a t e s  t y p i c a l  o f  charged p a r t i c l e  s imu la t i on  

Th i s  model does n o t  assume random motion 
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experiments, the temperature a t  which thermally-induced climb of dislocations 
becomes i m p o r t a n t  i s  increased as b o t h  the point defect  and microstructural 
densi t ies  undergo an upward s h i f t  with displacement ra te .  

3.0 Program 

T i t l e :  Irradiation Effects Analysis (AKJ) 
Principal Investigator:  D.  G .  Doran 
Aff i l i a t ion :  Hanford Engineering Development Laboratory 

4.0 Relevant DAFS Program Plan Task /Sub task  

II.C.17 Microstructural Characterization 

5.0 Accomplishments and Status 

5.1 Introduction 

When metals a re  i r radia ted a t  elevated temperatures with f a s t  neutrons or charged 
par t ic les  t o  large damage levels ,  a substantial restructuring of t he i r  micro- 
s t ructure  occurs. One face t  of t h i s  evolution i s  the development of a disloca- 
tion microstructure composed of network dislocations and various types of 
dislocation loops. A l t h o u g h  i t  is  well known t h a t  the tota l  dislocation l i n e  
length i s  often a strong function of temperature, i t  now appears t ha t  in b u l k  

material only the Frank loop component re ta ins  i t s  temperature dependence a t  
high fluence. I t  a l so  appears t ha t  the network component of the dislocation 
microstructure approaches a saturation level which i s  remarkably insensit ive 
t o  the s ta r t ing  microstructure and t o  many material and environmental variables. 

The temperature independence of the saturation level can be obscured in charged 
pa r t i c l e  i r radia t ions  where the influence of the  surface i s  large.  This report 
examines the available data t o  assess the val idi ty  of the concept of saturation 
density. A model i s  then developed t o  explain t h i s  behavior. 
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I t  was shown e a r l i e r  t h a t  in AIS1 316 a l l  microstructural components (voids,  
loops, network dis locat ions ,  p rec ip i ta tes )  approach saturation levels  during 
i rradia t i  on.  With the exception of network dis locat ions ,  a l l  a r e  known 
t o  be sensi t ive  t o  temperature, s t r e s s  and displacement ra te .  Helium and other 
gases a r e  known t o  a f f ec t  the density of voids and sometimes the ear ly  evolu- 
t ion of F r a n k  loops. 
the magnitude and spat ia l  or ienta t ion of the s t r e s s  s t a t e .  (4-8) 

The orientation of the l a t t e r  i s  a l so  qu i te  sens i t ive  t o  

Since the radiation-induced dislocation loops a re  the major source of radiation- 
induced network l i n e  l e n g t h ,  i t  may appear surprising a t  f i r s t  t ha t  the parametric 
s e n s i t i v i t i e s  of dislocation loops a re  n o t  expressed in t h e i r  progeny. Examina- 
t i o n  of loop behavior during i r rad ia t ion  will provide the ins ight  needed t o  explain 
t h i s  apparent anomaly. 

5.2 Evolution of Dislocation Loop Microstructure 

To t h i s  point we have addressed dislocation loops in general terms only. 
i s  a variety of loops which may form, b u t  the major contributors a r e  F rank  loops 
composed of p l a t e l e t s  of i n t e r s t i t i a l  atoms lying paral le l  t o  the  close-packed 
planes of the c rys t a l l i ne  matrix. F rank  loops composed of vacancies have been 
observed t o  form simultaneously with i n t e r s t i t i a l  loops b u t  usually occur only 
in well-annealed materials a t  low fluence and pr ior  t o  the  extensive formation 
of network dislocations.  ( I )  
in terms of the r e l a t i ve  point defect  capture e f f ic ienc ies  of b o t h  types of 

There 

Si-Ahmed and Wolfer have explained t h i s  observation 

F r a n k  loops and t h a t  of network dis locat ions .  ( 9 )  

Although Frank  i n t e r s t i t i a l  loops can unfault  and the resul tant  loops ro ta te  t o  
other or ienta t ions ,  i t  i s  the s e s s i l e  nature of the Frank loop t h a t  l imi t s  the 
r a t e  of evolution of the dislocation microstructure. 
components can g l ide  a s  well a s  climb, the Frank loop can only extend i t s  bound- 

a r i e s  and increase i t s  l i n e  length by net  absorption of i n t e r s t i t i a l  atoms. 

While other dislocation 

I t  i s  a l so  important t o  note t h a t  while the  loops are the primary source of new 
l i n e  length, the s i ze  dis t r ibut ion and density of Frank loops i s  controlled j u s t  
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as s t r o n g l y  by t h e  dens i t y  and m o b i l i t y  o f  t h e  network d i s loca t i ons .  T h i s  has 

been demonstrated i n  several s tud ies  t h a t  show t h a t  t h e  s i z e  d i s t r i b u t i o n  o f  
loops i s  c o n t r o l l e d  n o t  on l y  by t h e i r  growth r a t e  b u t  a l s o  by t h e  p r o b a b i l i t y  
t h a t  t h e  loops w i l l  u n f a u l t  upon i n t e r s e c t i o n  w i t h  o the r  d i s l o c a t i o n  compo- 
nents. (5 -8 )  

When loops grow i n  t h e  r e l a t i v e l y  open spaces o f  annealed ma te r ia l ,  they tend 

t o  overshoot t h e  s a t u r a t i o n  l e v e l  c h a r a c t e r i s t i c  o f  t h e  temperature and d i s -  
placement r a t e  as shown i n  F igure  1. Once t h e  loops s t a r t  t o  i n t e r s e c t ,  how- 

ever, t h e  "oversized" loop d i s t r i b u t i o n  i s  r a p i d l y  reduced i n  bo th  mean s i z e  
and densi ty ,  approaching t h e  same l e v e l  imposed on loops which evolve i n  dense 

networks o f  d i s loca t i ons .  ( l o )  Th is  overshoot and s a t u r a t i o n  process can be 
observed d i r e c t l y  i n  h igh  vo l tage e lec t ron  i r r a d i a t i o n s .  A t y p i c a l  example o f  
such experiments i s  t h a t  o f  F isher  and coworkers on pure copper. (11) 

cm-3 

ANNEALED 

/ COLD-WORKED 

ANNEALED 

/ COLD-WORKED 

1 I I I 
0.24 0.82 1.9 3.1 x 1 s '  n cm3 lE> 0.1 MeV1 

DOSE 

FIGURE 1. Dependence o f  uisiuc.aLiuii L U U ~  U ~ I I ~ I L Y  on S t a r t i n g  Cond i t ion  and 
Fluence i n  Aluminum I r r a d i a t e d  i n  t h e  S i l o e  Reactor a t  55"C, as 
Reported by R isbet  and Levy.(lO) 

The eventual independence o f  loop number dens i t y  and mean s i z e  on s t a r t i n g  co ld -  
work l e v e l  and f l uence  have a l s o  been demonstrated i n  A I S 1  316 by Brager and 

coworkers (lY5) and i s  shown i n  Figures 2 and 3. 
dence o f  t h e  l oop  dens i t y  i s  p r i m a r i l y  respons ib le  f o r  t h e  s t rong temperature 

dependence o f  t o t a l  d i s l o c a t i o n  dens i t y  shown i n  F igure  4. 

The s t rong temperature depen- 
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Frank Loop Densities Observed in 20% Cold-Worked AIS1 316 Fuel Pin 
Cladding Irradiated in EBR-11. (5) 
not change appreciably with increasing fluence. 

Note that the loop density does 

20% CW (UNIRRADIATED) , 
TOTAL 

DISLOCATION 
DENSITY I 

400 500 600 

IRRADIATION TEMPERATURE, OC 

FIGURE 4. Total Dislocation Density Observed in 20" CW M316 Fuel Pin Cladding 
Designated V1294, as Reported by Bramman and Coworkers. (28) 
preirradiation density is also shown. 

The 
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I n  e f f e c t ,  t h e  e x i s t e n c e  o f  a s a t u r a t i o n  d e n s i t y  o f  network  d i s l o c a t i o n s  l e a d s  

t o  a c o n s t a n t  i n t e r s e c t i o n  p r o b a b i l i t y  o f  Frank l o o p s  and a c o n s t a n t  r a t e  o f  
p r o d u c t i o n  o f  new l i n e  l e n g t h .  

v i n c e  o u r s e l v e s  t h a t  t h e  ne twork  s a t u r a t i o n  d e n s i t y  i s  i ndeed  r e l a t i v e l y  i nsen-  

s i t i v e  t o  t h e  D e r t i n e n t  v a r i a b l e s  i n  b o t h  b u l k  and s u r f a c e - a f f e c t e d  volumes. 

B e f o r e  p roceed ing  then  i t  i s  necessary  t o  con- 

5.3 I n f l u e n c e  o f  S u r f a c e  P r o x i m i t y  

I t  i s  i m p o r t a n t  t o  r e c o g n i z e  t h a t  t h e  s a t u r a t i o n  d i s l o c a t i o n  d e n s i t y  t h a t  evo lves  

w i l l  be t h e  r e s u l t  o f  compet ing processes o f  p r o d u c t i o n  and loss o f  l i n e  l e n g t h .  

I n  b u l k  m a t e r i a l  t h i s  process w i l l  be u n a f f e c t e d  by  t h e  l o s s  t o  specimen s u r f a c e s  

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

s o f t  m a t e r i a l s  and f o r  i o n s  o f  s h a l l o w  p e n e t r a t i o n .  

p r o v i d e d  a s i m p l e  depth- independent  e x p r e s s i o n  which d e s c r i b e s  t h e  c o n t r i b u t i o n  
o f  s u r f a c e  l o s s e s  t o  r e d u c t i o n  o f  t h e  s a t u r a t i o n  d e n s i t y .  They s t a t e  t h a t  t h e  
change o f  d i s l o c a t i o n  d e n s i t y ,  p ,  as a f u n c t i o n  o f  i r r a d i a t i o n  t ime ,  t, can be 

expressed as 

I g a t a  and coworkers  ( l  2, have 

where 

p = d i s l o c a t i o n  d e n s i t y ,  

So  = d i s l o c a t i o n  p r o d u c t i o n  r a t e  due t o  r a d i a t i o n ,  

oi = c o e f f i c i e n t .  f o r  r a t e  o f  d i s l o c a t i o n  d e n s i t y  change due t o  s l i p  t o  

s u r f a c e  o r  c r o s s  s l i p  due t o  l o c a l  i n t e r n a l  s t r e s s ,  and 

B = c o e f f i c i e n t  f o r  r a t e  o f  decrease o f  d i s l o c a t i o n  d e n s i t y  due t o  mutua l  

i n t e r a c t i o n ,  a r i s i n g  m a i n l y  f r o m  c r o s s  s l i p  o r  c l i m b  m o t i o n  under  
i r r a d i a t i o n .  

A t  t h e  s teady s t a t e ,  t h e  s a t u r a t i o n  d i s l o c a t i o  d e n s i t y  p s  can be expressed as 
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This expression shows t h a t  sur face losses w i l l  reduce p s  whenever 8 S 0  > 0. 
These losses w i l l  be s l i g h t l y  dependent on temperature s ince  t h e  f r i c t i o n  

st resses experienced by network d i s l o c a t i o n s  are temperature-dependent, thereby 

increas ing  the  in f luence o f  sur face image forces.  

i n  s i z e  w i t h  temperature, inc reas ing  t h e i r  p r o b a b i l i t y  of i n t e r s e c t i n g  the  

surface. 

temperature-dependent manner a s  p o i n t  defects a r e  l o s t  t o  t h e  surface. 

t h r e e  f a c t o r s  w i l l  tend t o  cause the  s a t u r a t i o n  dens i t y  a t  h igh  temperatures t o  
f a l l  below the  l e v e l  generated i n  bu l k  ma te r ia l .  

The Frank loops a l s o  increase 

The p rox im i t y  o f  the  sur face w i l l  a l s o  tend t o  reduce So i n  a s t rong ly  

These 

Despi te these losses the  d i s l o c a t i o n  dens i t y  t h a t  evolves i n  s t r u c t u r a l  metals 
dur ing  i on  o r  e lec t ron  i r r a d i a t i o n  experiments i s  f requent ly  i n  the  same l i m i t e d  

range o f  d e n s i t i e s  observed i n  neutron i r r a d i a t i o n  (10" - 1011 cm3). 

5.4 Review o f  Network D i s l o c a t i o n  Densi ty  Data 

F igure  5 shows t h a t  the  d i s l o c a t i o n  dens i ty  o f  bo th  20% cold-worked and s o l u t i o n  

annealed A I S I  316 converged a t  a dens i ty  o f  6 *3 x lo1' cm-' a t  500°C when i r -  

rad ia ted  i n  E B R - I 1  i n  the absence o f  s t ress .  (1 '5)  

f u e l  p i n  c ladding sa tura ted  i n  t h i s  dens i ty  range f o r  temperatures between 375 

and 555"C.(l) A s i m i l a r  i n s e n s i t i v i t y  o f  network d i s l o c a t i o n  dens i ty  t o  s t a r t i n g  

cond i t i on ,  s t ress  and temperature has been observed i n  Un i ted  Kingdom i r r a d i a -  
t i o n s  ( 1 3 )  o f  M316 (F igure  7) and A I S I  316L i n  the  French reac to r  program (14) 

(F igure  8). 

F igure  6 shows t h a t  s t ressed 

Hudson has shown (F igure  9) t h a t  du r ing  i r r a d i a t i o n  a t  h igh  displacement ra tes  

and f a r  from specimen surfaces the  d i s l o c a t i o n  dens i t y  sa tura ted  a t  a l e v e l  j u s t  

below 10 l1  cm' which was r e l a t i v e l y  i n s e n s i t i v e  t o  i r r a d i a t i o n  temperature and 
i o n  i d e n t i t y .  (15) 

energy i o n  experiments conducted very near f o i l  surfaces t h a t  t h e  sa tu ra t i on  

d i s l o c a t i o n  dens i t y  i n  A I S I  316L was approximately 3 x 10" cm-' a t  600"C, i n -  

dependent o f  s t a r t i n g  c o n d i t i o n  and he1 ium content .  (I4) S i m i l a r  r e s u l t s  have 

been obta ined in low energy i on  i r r a d i a t i o n  o f  t i tan ium- modi f ied  316 SS. 

Azam and coworkers (F igure  10) demonstrated t h a t  even i n  low 

(16)  
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FIGURE 6. Network Dislocation Density Measured in Three 20% CW AISI 316 Fuel 
Pin Cladding at Doses Ranging from 20 to 50 dpa in EBR-11. (1) 
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FIGURE 7. Independence o f  D i s l o c a t i o n  Dens i ty  on Temperature and S t a r t i n g  

The numbers 
Condi t ion i n  M316 Fuel P in  Cladding I r r a d i a t e d  i n  t he  Dounreay 
Fast  Reactor as Reported by Brown and L i n e k a r . ( l 3 )  
bes ide each data p o i n t  a re  t he  exposure l e v e l s  i n  Half-Nelson 
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Independence o f  D i s l o c a t i o n  Densi ty  i n  AIS1 316 on S t a r t i n g  Condi t ion,  
Temperature and Displacement Level A f t e r  I r r a d i a t i o n  i n  t he  Rapsodie 
Fas t  Reactor as Reported by Azam, Delaplace and Le Naour . ( l4)  The 
A(20) measurement a r i s e s  from X-ray l i n e  broadening measurments on 
bu l k  ma te r i a l .  

DISPLACEMENTS. dp. 

FIGURE 8. 

115 



I - ~ M O V N I +  

-.- r n M O V C +  

I I 

UI MOV NI + I 
3 

DISPLACEMENTS. DPA 

FIGURE 9. Sa tu ra t i on  o f  D i s l o c a t i o n  Dens i ty  a t  High Displacement Rates i n  
Annealed A I S 1  315 a t  525°C and Annealed 321 a t  600°C f o r  Two Deeply 
Penet ra t ing  Ions as Reported by Hudson. (1  5)  
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FIGURE 10. Sa tu ra t i on  of D i s l o c a t i o n  Densi ty  a t  500°C i n  Shallow Penet ra t ion  
I o n  Bombardment Experiments, Showing Independence o f  S t a r t i n g  Condi- 
t i o n ,  Heat I d e n t i t y  and Helium Content. 
La Naour and De lap lace . ( l4 )  

Reproduced from Azam, 
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Azam and coworkers a l s o  showed t h a t  the  sa tu ra t i on  d i s l o c a t i o n  dens i t y  i n  t h e i r  
sur face- af fec ted  experiments increased weakly w i t h  i nc ras ing  displacement r a t e  

a t  600°C. This  represents a reduc t ion  i n  t h e  sur face i n f l uence  as So i n  

Equation 1 increases and t h e  s i z e  o f  Frank loops decreases. They a l s o  demon- 

s t r a t e d  a weak dependence o f  sa tu ra t i on  dens i t y  on i r r a d i a t i o n  temperature i n  

these shal low penet ra t ion  experiments, r e f l e c t i n g  the  temperature s e n s i t i v i t y  

o f  the  c o e f f i c i e n t  a i n  Equation 1. 

t o  bo th  temperature and displacement r a t e  i s  shown i n  F igure  11. 

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

Several groups o f  researchers have a l s o  shown t h a t  dur ing  dual i o n  i r r a d i a t i o n  

var ious a l l o y s  develop sa tu ra t i on  dens i t i es  which a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  

the  helium/dpa r a t i o  and t o  the  mode and schedule o f  hel ium i n j e c t i o n .  
An example o f  t h i s  behavior f o r  a s o f t  a l l o y  w i thout  s o l u t e  i s  shown i n  F igure 12. 

The low sa tu ra t i on  l e v e l  o f  %2 x 10''' cm-' r e f l e c t s  the  s o f t  na ture  o f  the  a l l o y  

and the  p rox im i t y  o f  the  surface. 

(17-20) 

5.5 A Model f o r  the  Evo lu t ion  o f  Network D i s l o c a t i o n  Densi ty  i n  I r r a d i a t e d  

Metals 

It has been shown t h a t  the  s a t u r a t i o n  network d i s l o c a t i o n  dens i ty  t h a t  evolves 

a t  h igh  f luence i n  i r r a d i a t e d  bu lk  meta ls  i s  remarkably i n s e n s i t i v e  t o  tempera- 

tu re ,  displacement ra te ,  s t ress ,  he1 ium content  o r  s t a r t i n g  mic ros t ruc ture .  The 
major fea tu res  of t h i s  evo lu t i on  a r e  shown i n  F igure  13 and can be described as 

be ing  t h e  r e s u l t  o f  the  compet i t i ve  a c t i o n  o f  two pr imary mechanisms i n  a ma te r ia l  

where there  a r e  no a d d i t i o n a l  losses o f  d i s l o c a t i o n  l i n e  length  t o  surfaces o r  

subs tan t i a l  losses t o  g r a i n  boundaries. 

generat ion o f  l i n e  length  by loop growth and i n t e r a c t i o n  w i t h  o ther  components 

o f  the  network and (b)  recovery processes i n v o l v i n g  a n n i h i l a t i o n  o f  l i n e  length.  

These two pr imary mechanisms are  (a )  

5.6 Desc r ip t i on  o f  Recovery Processes 

Both thermal ly  a c t i v a t e d  and rad ia t ion- induced c l imb  o f  edge d i s l o c a t i o n  leads 

t o  encounters o f  d i s loca t i ons ,  some o f  which r e s u l t  i n  a n n i h i l a t i o n  of l i n e  
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FIGURE 11 .  Dependence o f  Saturation Dislocation Density on Surface Influence, 
as Demonstrated by Dependence o f  Dislocation Density on Temperature 
and Displacement Rate.(l4) All symbols are defined in Figure 10. 

FIGURE 12. Dislocation Saturation Level i s  Independent of Helium Content in 
Dual Ion Irradiations of Fe-ZONi-15Cr at 700°C as Reported by 
Agarwal and Coworkers.(l9) According to Agarwal, preinjected 
specimens (15 appm, not shown) attained the same dislocation 
density. 
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l e n g t h  and recovery. 

s i t y  p i s  commonly assumed t o  be p ropo r t i ona l  t o  p 2  i n  recovery models f o r  thermal 

creep. 

based on t h e  simple argument t h a t  the  chance encounter o f  two edge d i s l o c a t i o n s  

w i t h  opposi te Burgers vectors on the  same g l i d e  plane i s  p ropo r t i ona l  t o  p 2 .  

This assumption i s  on ly  appropr ia te  when t h e  motion o f  edge d i s l o c a t i o n s  by 

c l imb  and g l i d e  i s  completely random. 

The r a t e  o f  a n n i h i l a t i o n  o f  the  network d i s l o c a t i o n  den- 

The same assumption i s  expressed i n  Equation 1. The p 2  dependence i s  

On the  o the r  hand, i n  the  absence o f  l a r g e  creep deformations, the  motions o f  

adjacent  edge d i s l o c a t i o n s  are  a c t u a l l y  c o r r e l a t e d  dur ing  rad ia t ion- induced 
recovery. Consider, f o r  example, the  simple model of an edge d i s l o c a t i o n  s t ruc -  

t u r e  shown i n  F igure  14a. Numerous edge d i s l o c a t i o n s  can be pa i red  up i n t o  

d i s l o c a t i o n  d ipo les ,  i.e., c l o s e s t  p a i r s  o f  p a r a l l e l  edge d i s l o c a t i o n s  w i t h  

opposi te Burgers vectors on p a r a l l e l  g l i d e  planes. As a r e s u l t  o f  r a d i a t i o n -  
induced c l imb,  a p a i r  may e i t h e r  increase o r  decrease t h e  d is tance h ( t )  between 

t h e  p a r a l l e l  g l i d e  planes. When h ( t )  increases, the  members o f  t h e  p a i r  become 

pa r tne rs  i n  o the r  d i p o l e  con f i gu ra t i ons  u n t i l  eventua l ly  they p a i r  up i n  such 

a way t h a t  the  corresponding values o f  t h e  g l i d e  plane separat ion h ( t )  decrease 

w i t h  t ime. 

p r i m a r i l y  w i t h  each other ,  and the  o r i e n t a t i o n  o f  the  d i p o l e  tends t o  remain 
a t  an angle o f  45" ( t h e  minimum energycon f i gu ra t i on )  t o  the  g l i d e  plane as h ( t )  

decreases f u r t h e r .  

co r re la ted .  

As a r e s u l t ,  t h e  members o f  approaching p a i r s  eventua l ly  i n t e r a c t  

Subsequent motion by c l imb and g l i d e  i s  then completely 

Th is  argument can be made more general by s t a t i n g  t h a t  t h e  c o n f i g u r a t i o n  o f  

cont inuous ly  c l imb ing  d i s l o c a t i o n s  i s  determined by t h e i r  mutual i n t e r a c t i o n ,  

and t h a t  t h e  network w i l l  always a d j u s t  by g l i d e  t o  minimize t h e  t o t a l  e l a s t i c  

i n t e r a c t i o n  energy o f  t h e  network. Again, g l i d e  and c l imb  motions are  c o r r e l a t e d .  

I n  o rder  t o  a r r i v e  a t  the r a t e  o f  a n n i h i l a t i o n  o f  network d i s l o c a t i o n s  consider  

the  d i s l o c a t i o n  a r ray  shown i n  F igure  14a. The number o f  adjacent  d i s l o c a t i o n s  

ab le  t o  form d ipo les  i s  obviously  p / 2 .  
the  two d i s l o c a t i o n s  t o  c l imb t o  a common g l i d e  plane i s  equal t o  T = ho/2V , 

On t h e  average the  t ime requ i red  f o r  
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FIGURE 14. Schematic Representation o f  Cor re la ted  Movement o f  D i s l o c a t i o n  
Pa i r s  (d ipo les ) .  

where ho i s  t h e  i n i t i a l  d i p o l e  separat ion d is tance and V the d i s l o c a t i o n s  c l imb 

v e l o c i t y .  On t h e  
average, we may assume t h a t  vho2 = l / p ,  so t h a t  t h e  a n n i h i l a t i o n  r a t e  i s  equal 

Consequently, t h e  r a t e  o f  a n n i h i l a t i o n  i s  ( p / 2 ) / ~  o r  pV/ho. 

t o  f i v  p 3 / 2 .  

5.7 Desc r ip t i on  o f  Generation Processes 

The generat ion o f  network d i s l o c a t i o n s  by the  formation, growth, coalescence 

and un fau l t i ng  o f  Frank loops i s  a complicated process. However, several f ac t s  

can be u t i l i z e d  t o  s i m p l i f y  mat ters f o r  t h i s  de r i va t i on .  
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F i r s t ,  d e t a i l e d  computer so lu t i ons  by many authors, (21-25) have shown t h a t  f o r -  

m t i o n  o f  an i n t e r s t i t i a l  loop occurs very qu i ck l y ,  r e q u i r i n g  on ly  a few seconds 
o f  i r r a d i a t i o n .  

r e l a t i v e l y  f a s t  processes i n  comparison t o  t h a t  o f  loop growth. As a r e s u l t ,  

the  generat ion o f  network d i s loca t i ons  occurs a t  a r a t e  d i c t a t e d  by the  l i f e -  

t ime of an i n t e r s t i t i a l  loop, def ined as t h e  pe r iod  from i t s  format ion t o  

i t s  coalescence w i t h  o the r  components o f  the  network. I f  R ( t )  i s  t h e  radius 

of a loop, i t s  growth r a t e  can be ca l cu la ted  by d i f f e r e n t i a t i n g  the  expression 
descr ib ing  t h e  growth r a t e  o f  loop area and i s  given by 

Furthermore, both coalescence and u n f a u l t i n g  o f  loops are  

dR/dt = b 2 [ Z i  Di Ci - ZL D C + Z$ Dv C t 0 ]  , v v v  ( 3 )  

9. where b i s  the  Burgers vector ,  Zi and Z t  the  loop b i a s  fac to rs ,  Di and Dv the  
d i f f us ion  coef f i c ien ts ,  and Ci and C y  t h e  concentrat ions f o r  i n t e r s t i t i a l s  and 

vacancies, respec t i ve l y .  

e q u i l i b r i u m  w i t h  the  loop. 

C v o  a. i s  the  vacancy concentrat ion i n  thermodynamic 

I f  Equation 3 i s  w r i t t e n  i n  the abbreviated fash ion  

then i s  a f u n c t i o n  which depends on displacement ra te ,  s t ress ,  temperature 

and the  t o t a l  s i nk  dens i ty  according t o  convent ional r a t e  theory. A f t e r  t h e  
f i r s t  generat ion o f  loops has been formed, i t  i s  no longer dependent on the  

i n d i v i d u a l  loop r a d i i .  

l i f e t i m e  as 

Hence Equation 4 can be i n teg ra ted  t o  ob ta in  the  loop 

where i s  t h e  average maximum loop rad ius  i n  a quas i- s ta t ionary  populat ion.  
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Brager, Garner and Guthr ie  (5) have shown t h a t  

well-developed micros t ruc tures  a t  h igh  f luence. 

o f  d i s l o c a t i o n s  i s  p ropo r t i ona l  t o  1 1 ~ ~  o r  b2@pz.  

i s  p ropo r t i ona l  t o  p- *  i n  

Therefore, t h e  generat ion r a t e  
1 

5.8 The Evo lu t ion  o f  Network D i s l o c a t i o n  Densi ty  

Assuming no o ther  losses the  r a t e  o f  change o f  d i s l o c a t i o n  dens i ty  i s  

where 

and 

d d d d A ?r V = b2[Zi Di Ci - Zv D v  C v  + Zc Dv Cvo]  + Vth . (7)  

d d 
Apart  from the  d i f f e r e n t  b ias  f a c t o r s  f o r  edge d is loca t ions ,  Zi and Zv, and 
the  d i f f e r e n t  thermal vacancy concentrat ion C t o  i n  e q u i l i b r i u m  w i t h  the  edge 
d i s loca t i on ,  t h e  radiat ion- induced c o n t r i b u t i o n  t o  the  c l imb v e l o c i t y  V i s  

very s i m i l a r  t o  t h e  average loop growth r a t e  b2@. 

I n  f a c t ,  the  loop b i a s  f a c t o r s  as we l l  as C t  d i f f e r  from t h e  corresponding 
values f o r  edge d i s l o c a t i o n s  on ly  f o r  small loop r a d i i  ( l e s s  than 50 A). 
Therefore, 6 i s  e s s e n t i a l l y  p ropor t iona l  t o  t h e  loop growth r a t e  i n  Equation 4. 

Note t h a t  i n  a sa tu ra t i on  network the  s i z e  d i s t r i b u t i o n  o f  loops i s  i n v a r i a n t ,  
e d  d and thus the  r a t i o s  Zi/Zi and Z t / Z v  a r e  a l s o  i nva r ian t .  

( 7 )  

(7-8) 

The second term i n  t h i s  equation, Vth, represents t h e  thermal ly  induced c l imb 
r a t e  which determines the  r a t e  o f  recovery i n  the absence o f  r a d i a t i o n .  

thermal recovery i s  s i g n i f i c a n t  on ly  a t  temperatures above 650°C f o r  t y p i c a l  

f a s t  reac to r  i r r a d i a t i o n ,  i t  can be neglected a t  lower i r r a d i a t i o n  temperatures. 

Since 
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A t  h i ghe r  displacement r a t e s  t h e  temperature a t  which Vth becomes impor tan t  tends 

t o  increase as the  m i c r o s t r u c t u r a l  d e n s i t i e s  undergo an upward s h i f t  i n  temperature. 

Therefore, t he re  i s  some r e l a t i v e l y  h igh  temperature (dependent on displacement 

r a t e )  below which the  r a t i o  B/A becomes a constant  independent o f  t h e  var ious  

s i n k  d e n s i t i e s .  

y i e l d i n g  a temperature- independent value o f  B/A.  

dens i ty ,  def ined by dp/dt  = 0 i s  

The s t rong  temperature dependence o f  bo th  A and B cancels, 

The s a t u r a t i o n  d i s l o c a t i o n  

Th is  means t h a t  below t h e  temperature where Vth i s  impor tant  t h e  s a t u r a t i o n  

d e n s i t y  i s  n o t  o n l y  independent of temperature and t h e  d e t a i l s  o f  t he  tempera- 

ture-dependent m ic ros t ruc tu re  b u t  a l s o  independent o f  t h e  s t a r t i n g  m ic ros t ruc tu re .  
Since s t ress  a l s o  makes no subs tan t i a l  changes i n  t e n s  o f  Equations 3 and 7 a t  

temperatures where Vth i s  unimportant,  t h i s  means t h a t  t he  s a t u r a t i o n  dens i t y  
should a l s o  be e s s e n t i a l l y  independent o f  s t ress .  Th i s  independence a l s o  

exp la ins  why i on  bombardment experiments reach t h e  same s a t u r a t i o n  range as 

do unstressed neutron i r r a d i a t i o n  experiments. The d i f f e r e n t i a l  s w e l l i n g  i n -  
heren t  i n  i o n  i r r a d i a t i o n s  leads t o  l a r g e  l e v e l s  o f  s t ress  i n  the i r r a d i a t e d  
reg ion  o f  t he  f o i l .  (26-27) I t has been shown however t h a t  the a p p l i c a t i o n  o f  

s t ress  t o  i r r a d i a t e d  meta ls  speeds up the  e a r l y  e v o l u t i o n  toward the  s a t u r a t i o n  
s t a t e .  (1,5,7) 

The s o l u t i o n  t o  Equat ion 6 i s  g iven by 

where po i s  t he  i n i t i a l  d i s l o c a t i o n  dens i t y  and 

x = A $  t 

'6 V t  
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Since A and V a r e  dependent on temperature, t h e  approach t o  t h e  sa tu ra t i on  

l e v e l  p s  i s  a l s o  dependent on temperature. 

Using a s a t u r a t i o n  d i s l o c a t i o n  dens i t y  o f  6 x lo1’ cm-2,(1) an i n i t i a l  d i s l o -  

c a t i o n  dens i ty  of 4 x 10’ cm-’ f o r  annealed 316 and 7 x 10 l1  cm-’ f o r  20% CW 

316, t h e  fluence-dependent d i s l o c a t i o n  d e n s i t i e s  according t o  Equation 9 a r e  

shown i n  F igure  15. The r e l a t i o n s h i p  between f luence and the  v a r i a b l e  x was 
chosen such t h a t  t h e  d i s l o c a t i o n  dens i ty  f o r  annealed 316 reaches the  value 

o f  2 x lo1’ cm-’ a t  2 x 10” n/cm’, as repor ted  f o r  A I S 1  316 i r r a d i a t e d  i n  

E B R - I 1  a t  500°C.(7) This  f luence value corresponds t o  x = 1.2, so t h a t  

where t h e  f luence i s  g iven i n  u n i t s  of,n/cm’ ( E  >0.1 MeV). 

The d i s l o c a t i o n  c l imb v e l o c i t y  V was a l s o  computed according t o  r a t e  theory f o r  
a displacement r a t e  o f  1.0 x The r e s u l t s  a r e  shown i n  F igure  16. 

A t  low temperature, recombination o f  p o i n t  defects r e s u l t s  i n  a reduced c l imb 

v e l o c i t y .  

c l imb v e l o c i t y  a l s o  decreases a t  h igh  temperatures. 

dpa/s. 

Since t h e  d i s l o c a t i o n  b ias  decreases s l i g h t l y  w i t h  temperature, t h e  

I t  i s  seen from F igure  16 t h a t  t h e  c l imb  v e l o c i t y  i s  p ropo r t i ona l  t o  the  b i a s  
d i f f e r e n c e  between d i s l o c a t i o n s  i n  d i f f e r e n t  conf igura t ions .  D is loca t i on  c l imb 

occurs even i n  the  absence of voids as a r e s u l t  o f  these b i a s  d i f ferences.  A s-  
suming t h a t  1% d i f f e r e n c e  i n  b ias  i s  a t y p i c a l  value, i t  i s  poss ib le  t o  compute 

independently according t o  Equation 10 t h e  r e l a t i o n s h i p  betweel the  f luence and 

the  v a r i a b l e  x .  A t  500”C, the c l imb  v e l o c i t y  i s  computed t o  be V = 1.0 A/dpa, 

o r  f o r  a displacement r a t e  o f  1.0 x dpa/s, V = 10- l ’  cm/s. 

0 

Hence 

x =  ) I n P S V t =  J R P S p t  V 

= 1.74 x lo-’’ $t 
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FIGURE 15. P red i c t i ons  o f  t h e  Evo lu t i on  o f  D i s l o c a t i o n  Densi ty  i n  A I S 1  316 a t  
500°C f o r  S t a r t i n g  Dens i t i es  o f  7 x 1011 cm/cm3 and 4 x 10’ cm/cm3, 
Chosen t o  Represent Cold-Worked and Annealed Condit ions. 

a 
? 

W xx) .m Em em 100 
WD 

TEMPERATURE. ’C 

FIGURE 16. C a l c u l a t i o n  o f  D i s l o c a t i o n  Climb V e l o c i t y  V f o r  Several Values of 
B ias D i f f e r e n c e  Between D is loca t i ons  i n  D i f f e r e n t  Conf igura t ions .  
The displacement r a t e  was assumed t o  be dpa/sec. 
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assuming a neutron f l u x  o f  2.5 x lo1' n/cm2s. 

t i o n s  11 and 12 a re  equal w i t h i n  10%. 

The numerical f a c t o r s  i n  Equa- 

5.9 Conclusions 

It appears t h a t  i t i s  poss ib le  t o  e x p l a i n  how the  r a t e  o f  approach t o  t he  satura-  
t i o n  dens i t y  of network d i s l o c a t i o n s  i s  dependent on temperature b u t  t he  eventual 

s a t u r a t i o n  l e v e l  i s  not .  The model developed t o  exp la in  t h i s  apparent con t rad ic-  
t i o n  a l s o  p r e d i c t s  an independence o f  s a t u r a t i o n  l e v e l  on s t a r t i n g  mic ros t ruc tu re ,  

s t ress  and displacement r a t e  below temperatures where thermal emission o f  vacancies 

frm d i s l o c a t i o n s  becomes an important  f a c t o r  i n  t h e i r  c l imb  ra te .  
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RELATIONSHIPS BETWEEN CRACK PROPAGATION AND TENSILE PROPERTIES I N  TYPE 316 
STAINLESS STEEL FOIL MICROSPECIMENS 
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 Ob jec t i ve  

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  r e l a t e  t e n s i l e  data t o  t he  manner i n  which 

the  main crack propagates through microspecimens as t e s t e d  i n - s i t u  i n  a h igh  
vo l  taqe e l e c t r o n  microscope (HVEH). 

2.0 Summary 

It has been demonstrated t h a t  some t e n s i l e  data obta ined from 40-um t h i c k  
f o i l  microspecimens are r e l a t e d  t o  bu l k  t e n s i l e  data. These t e n s i l e  data are 
found t o  be r e l a t e d  t o  t he  manner i n  which the  main crack propagates through 
the t h i n  (<  I-pm) regions o f  t h e  specimen as  determined by HVEM video record-  
ings .  Possib le statements about specimen d u c t i l i t y  may be made from t h i s  re-  
l a t i o n s h i p .  

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 :  !a!. 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  o f  V i r o i n i a  

S imu la t ing  t h e  CTR Environment i n  t he  HVEM 

4.0 Relevant DAFS Program Plan Task/Subtask 

Task l l .C .13  E f f e c t s  o f  Helium 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 t a t u s  

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

Neu t ron  i r r a d i a t i o n  i s  known t o  harden and e m b r i t t  J s t r u c t u r a l  m a t e r i a l s  i n  
n u c l e a r  f i s s i o n  r e a c t o r s .  I t s  e f f e c t  on t h e  mechanical  p r o p e r t i e s  o f  f i r s t  

w a l l  c a n d i d a t e  m a t e r i a l s  f o r  f u s i o n  r e a c t o r s  i s  a l s o  o f  much concern.  To 

s t u d y  t h i s  e f f e c t ,  t h e r e  i s  c u r r e n t l y  much work b e i n g  done on m i n i a t u r i z e d  t e n -  

s i l e  specimens, e s p e c i a l l y  i n  r e a c t o r  m a t e r i a l s  r e s e a r c h ( ' ) .  T h i s  i s  p r i m a r i -  

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

t i o n  s a f e t y  hazard  i n  h a n d l i n g  t h e  s m a l l e r  i r r a d i a t e d  microspecimens. Pro-  

blems a r i s e  d u r i n g  t h e  t e s t i n g  o f  microspecimens i n  a d d i t i o n  t o  t h e  obv ious 

d i f f i c u l t y  i n  h a n d l i n g  and mount ing o f  t h e  specimens p r i o r  t o  t e s t i n g .  

s i l e  p r o p e r t y  va lues  i n  m i c r o t e n s i l e  specimens have been shown t o  d e v i a t e  f r o m  

b u l k  t e n s i l e  da ta .  

f r o m  w i r e  t y p e  m i c r o t e n s i l e  specimens has been found  t o  be l o w e r  t h a n  UTS b u l k  

d a t a ( 2 )  w h i l e  y i e l d  s t r e n g t h  ( Y S )  va lues  o f  v e r y  t h i n  s t a i n l e s s  s t e e l  f o i l s  

(down t o  3.76 

However, microhardness t e s t s  appear t o  be a u s e f u l  t e c h n i q u e  f o r  e x t r a c t i n g  
mechanical  p r o p e r t i e s  f r o m  sma l l  specimens i n  h i g h  enerqy n e u t r o n  i r r a d i a t i o n  

Ten- 

F o r  example, t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS) de te rm ined  

(3)  t h i c k )  have been shown t o  be g r e a t e r  t h a n  b u l k  YS va lues .  

exper iments  ( 4 )  . 

I n - s i t u  t e n s i l e  t e s t i n g  o f  specimens i n s i d e  a t r a n s m i s s i o n  e l e c t r o n  microscope 
(TEM) r e q u i r e s  m i n i a t u r e  samples o f  m a t e r i a l s .  However, due t o  l i m i t e d  a v a i l -  

a b i l i t y  o f  l o a d - e l o n g a t i o n  TEM s t r a i n i n g  dev ices,  m i c r o s t r u c t u r a l  phenomena 

c o r r e l a t e d  w i t h  t e n s i l e  p r o p e r t i e s  o f  microspecimens i s  n o t  w i d e l y  pursued. 

It i s  t h e  a im o f  t h i s  work t o  use 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 e a t i n g  t e n-  
s i l e  s tage  [ p r e v i o u s l y  d e ~ c r i b e d ' ~ ) ]  t o  p e r f o r m  i n - s i t u  t e n s i l e  t e s t s  i n s i d e  

an HVEM i n  o r d e r  t o  l i n k  measured t e n s i l e  p r o p e r t i e s  such as u l t i m a t e  t e n s i l e  

s t r e n g t h  (UTS), e l o n g a t i o n  ( % )  and r e d u c t i o n  o f  a rea  (ROA)  o f  t h e  m i c r o t e n s i l e  

f o i l  specimens t o  accepted b u l k  v a l u e s  and t h e n  r e l a t e  these  p r o p e r t i e s  t o  t h e  

manner i n  wh ich  t h e  main c r a c k  propagates t h r o u g h  t h e  specimen. 

q u a n t i t a t i v e  measures o f  r e l a t i v e  d u c t i l i t y  between specimens may be e s t a b l i s h e d  

t h r o u g h  t h i s  method. 

P o s s i b l e  
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5.2 Experimental Resul ts  and Discussion 

5.2.1 Experimental Procedure 

I n  t h i s  study a l l  specimens, type 316 s t a i n l e s s  s t e e l ,  were punched from a 

1.5-mil (% 40-pin) sheet producing rec tangu la r l y  shaped r ibbon specimens, 12.5 
x 2.5 mm i n  dimensions. The specimens were annealed a t  1000" C f o r  one hour 
and then e lec t ro- th inned  i n  t h e  center ,  approximately 2 mm i n  diameter, l eav ing  

a " t h i c k "  (% 40-pm) p o r t i o n  on each s ide  o f  t h e  e lec t ropo l i shed  region.  De- 
t a i l s  o f  the  specimen geometry have been expla ined i n  a prev ious DAFS r e p o r t  (5 )  . 
The microspecimens were t e n s i l e  t es ted  i n  an HVEM under th ree  cond i t ions :  

un i r rad ia ted ,  t es ted  a t  room temperature ( 4  specimens tes ted) ,  2) un i r rad ia ted ,  

t es ted  a t  400" C ( 3  specimens tes ted) ,  and 3)  neutron i r r a d i a t e d  a t  t h e  LLL 
RTNS I1  f a c i l i t y  ( t o t a l  f luence % 1 x I O z 2  n/m2) and tes ted  a t  room tempera- 
t u r e  (1 specimen). "Macroscopic" ( t e n s i l e  data)  and microscopic (HVEH ob- 

serva t ions  o f  t h e  main c rack)  i n fo rma t ion  was obta ined from each microspeci-  

men. Tens i le  data from c o l d  worked (as received)  ma te r ia l  are a l so  inc luded.  

1 )  

5.2.2 Comparison o f  Tens i le  Data From Microspecimens and Bulk Specimens 

Q u a n t i t a t i v e  load and e longat ion  measurements have been taken from each speci-  

men and the  corresponding load-elongat ion curves have been p rev ious l y  pub- 
l i s h e d  i n  a OAFS r e p o r t ( 5 ) .  The data from the  u n i r r a d i a t e d  specimens were 

found t o  be reproduc ib le  which suggests t h a t  the  data from the  one i r r a d i a t e d  

specimen (cond i t i on  3) i s  meaningful .  O r ig ina l  cross- sect ional  area measure- 
ments, determined by edge-on SEM observat ions o f  oos t  t e n s i l e  t es ted  specimens, 

have a l s o  been shown t o  be cons i s ten t  between specimens, a l l ow ing  c a l c u l a t i o n  

o f  t e n s i l e  p rope r t i es  such as UTS and Y S  f o r  the  m ic ro- tens i l e  specimens. 

F ina l  cross- sect ional  areas were a l s o  determined from the  same SEM micrographs, 

which when combined w i t h  the  o r i g i n a l  c ross- sec t iona l  areas f a c i l i t a t e d  the  

c a l c u l a t i o n  o f  reduc t i on  o f  area (ROA) o f  the  microspecimen. An a d d i t i o n a l  

t e n s i l e  parameter, e longat ion  ( t o t a l )  t o  f a i l u r e  ( % ) ,  was a l s o  ca lcu la ted .  To 
determine e longat ion,  crosshead separat ion ( co r rec ted  f o r  machine deformation) 
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and a gage length f o r  each specimen was needed. The gage lengths for  several 
specimens were determined by opt ical ly  observing the grain reorientations and 
s l i p  l ines  present i n  the "thick" regions (located on each side of the e lectro-  
polish) of pos t  t ens i l e  tested specimens. 
constant from specimen t o  specimen and a value of 1.05 i 0.07 mm was chosen as  
the effect ive gage length for  a l l  microspecimens tens i le  tested. 

T h i s  reqion tended t o  be nearly 

Comparisons made between tens i le  properties of the microspecimens and bulk 
specimens can characterize the e f f ec t  of specimen geometry in the miniaturized 
specimens. 
values found in the l i t e r a t u r e  and for  the HVEM fo i l  microspecimens. 

Some pertinent t ens i l e  properties are shown in the Table 1 for  bulk 

TABLE 1 
Comparison of Some Tensile Properties of HVEM Foil and Bulk Specimens 

f o r  A I S 1  Type 316 Stainless Steel 

Specimen UTS YS Reduction Elongation 

Condition tes ted Foil B u l k 6  Foil Bulk' Foil Bulk8 Foil Bulk8 
Test # (MPa) (MPa I of Area ( 9 )  ( % I  

R.T. 4 220 580 97 260 49 72 23 52-60 
Uni rradiatedt k20 21 

400" C 3 190 520 120 170 38 65 13 40-50 
Uni rradiated +10 f l  

R.T. 1 280 700**9 190 37010 34 55- 19 40-481° 
neutron 651° 

Irradiated 

R.T. 2 430 760- 330 670- -- _- 28 8-2Z9 
cold worked 1 0309 9309 

~~~ ~ 

R.T. 10 450 760- 360 670- -- -- 30 a-229 
cold worked* f40 10309 9309 t3 

Note: Bulk values quoted f o r  cold worked material are  for  20-50% cold worked. 
* Tensile tes ted on an Instron Tensile Machine ** estimated 'annealed 
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one dimension in  contrast t o  bulk specimens where necking can occur in  the 
second ROA dimension. A comparison of the ROA measurements fo r  the HVEM speci- 
mens t o  bulk measurements i s  shown in  Figure 2 ,  which yie lds  a l inear  relat ion-  
ship. 
same manner a s  ROA fo r  bulk specimens. 

This indicates t h a t  ROA f o r  the  f o i l s  can indeed be determined in the 

/ 

REDUCTION OF AREA 
'/e (BULK) 

Figure 2 :  Graph I l lus t ra t ing  the Relationship between Reduction of Area for 
HVEM Micro-Tensile Specimens and Bulk Specimens. 

Elonqation (%) ,  an additional method useful in classifying specimen d u c t i l i t y ,  
has been shown t o  d i f f e r  between bulk specimens and  the 40-um thick microspeci- 
mens (see Table). 

major specimen conditions). This difference possibly can be explained by: 
a )  specimen thickness e f f ec t  constraining necking t o  approximately one direc-  
t ion and b )  flow local izat ion e f fec t s  accentuated by the thinness of the f o i l .  
The elongation for  the room temperature unirradiated and  RTNS I 1  i r radia ted 
microspecimens agree with the trend of the bulk d a t a ;  however, the 400" C un-  
i r radiated case shows an  elongation lower than expected. 
due t o  a flow localization mechanism which i s  most l ike ly  more act ive  a t  high- 
er  temperatures. 
f o i l s  than i n  the bulk case. 
leads t o  the conclusion tha t  the gage length chosen fo r  the annealed specimens 
does n o t  apply t o  the cold worked specimens or possibly t h a t  cold working of 
t h i n  f o i l s  has l i t t l e  e f fec t  on the elongation t h a t  the fo i l  experiences. 

The elongation of the HVEM f o i l  specimens were found t o  be 
40% l e s s  than the bulk specimens (13-23% compared t o  40-60% fo r  the three 

This resu l t  may be 

The cold rolled specimens show elongations larger  in the 
Consideration of the specimen test  condition 
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5.2.3 Correlations Between Crack Length  and Total Elongation 

Perhaps the most important microscopic-macroscopic relat ionship found t o  date 
using the quant i ta t ive  t ens i l e  s t a t e  i s  the cumulative crack t i p  displacement 
length, L, versus to t a l  elongation ( t o t a l  crosshead displacement) as p lo t t ed  
in  Figure 3 .  Here a typical example of each specimen condition t ens i l e  tes ted 
i s  included. I t  s h o u l d  be noted t ha t  the electropolishing procedure removes 
approximately 50% of the original  cross-sectional area ,  leaving a new cross- 
section comprised of 70-80% “thick area (% 40 urn) and the remainder a thinner 
electropolished area. All macroscopic t ens i l e  d a t a  ( i  .e .  load and/or elonga- 
t ion la re  obtained primarily from the 40 pm thick regions while the HVEM micro- 
scopic observations come from the small electropolished regions. The g r a p h s  in 
Figure 3 show tha t  b o t h  parameters, L and elongation, always increase unti l  
the specimen f a i l s  ( n o t e :  Figures 3a-c do n o t  contain data t o  t h e  point of  
specimen f a i l u r e  due t o  the unstable nature o f  the crack propagation immediate- 
l y  before f a i l u r e ) .  
smooth b u t  contains regions where l i t t l e  o r  no crack propagation takes place 
even t h o u g h  elongation continues t o  increase. This s tep- l ike  relat ionship t o  
elongation has been observed before (12’13) w i t h o u t  a quant i ta t ive  in- s i tu  ten- 
s i l e  stage,  b u t  has more recently been shown graphically by using the quanti- 
t a t i v e  load-elongation t ens i l e  stage. ( 1 1 ’ 1 4 )  Generally, cracks grow to  a cer- 
t a in  length and  then s t o p  fo r  some time before continuing t o  propagate, even 
t h o u g h  the specimen i s  under a continuously increasing s t r e s s .  
behavior has been shown t o  be related t o  the crack t i p  behavior. Flat  ( l i t t l e  
crack growth)  regions of the g r a p h  correspond t o  slow crack growth with exten- 
sive crack t i p  blunting, while steeper regions correspond t o  more rapid growth 
with frequent direction changes and l e s s  blunting. (11 ,14)  

Also, the manner by which L varies with elongation i s  not 

The s tep- l ike  

The data shown in the  L versus elongation p lo t s  in Figure 3 ,  although a l l  step- 
l i k e  in behavior, tend to  exhibi t  d i f fe ren t  average slopes between the d i f -  
ferent  specimen classes .  

t a t i v e  comparisons of the slopes were made, as shown in Figure 4.  

from the four room temperature and  three 400’C unirradiated specimens were 

By means of a l inear  regression on the d a t a ,  quanti- 

The d a t a  
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Figure  3: 
T ip  Displacement Length, L, Versus 

Tota l  E longat ion (To ta l  Crosshead Dis-  

placement) Obtained f rom Continuous 

HVEM Video Recordings. 

resents a n e a r l y  complete account of 
t h e  manner i n  which a crack propaga- 

t e d  w i t h  respec t  t o  t he  separa t ion  o f  
t he  t e n s i l e  crosshead f o r  a t y p i c a l  
specimen t e s t  cond i t i on :  a) u n i r r a -  

d i a t e d  and t e n s i l e  t es ted  a t  room 

temperature, b) un i  r r a d i a t e d  and ten-  
s i l e  t e s t e d  a t  400” C and c )  RTNS I1  

neutron i r r a d i a t e d  and t e s t e d  a t  

room temperature. (Note: data t o  

t h e  p o i n t  o f  f a i l u r e  i s  n o t  inc luded) .  

Graph o f  Cumulative Crack 

The da ta  rep-  
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400 t 

ELONGATION (urn) 

F igure 4:  Graph o f  Crack Length Versus Tota l  E longat ion I l l u s t r a t i n g  Three 

D i s t i n c t  Average Slopes, Each Representat ive o f  a Specimen Test 
Condi t ion.  

data. 
c i men duc ti 1 i ty . 

Shaded regions represent  two standard dev ia t ions  o f  the 

Not ice  t h a t  decreasing slope represents and increase i n  spe- 

f i t  t o  s t r a i g h t  l i n e s  and qrouped t o  show the  spread i n  t he  data. 

f rom the  RTNS I 1  specimen a re  a l s o  inc luded f o r  comparison t o  t he  o the r  speci-  

mens. 

p e c t i v e  slopes can be best  compared. 

t i n c t  s lopes i n  t he  graph, each represent ing  a specimen c lass .  By cons ider ing  

a steep s lope as represent ing  a most ly  b r i t t l e  specimen (much crack growth f o r  

l i t t l e  e longat ion)  and a shal low s lope represent ing  a most ly  d u c t i l e  specimen 

( l i t t l e  crack growth f o r  a corresponding amount o f  e longat ion)  t he  th ree  speci-  
men c lasses can be ranked accord ing t o  t h e i r  d u c t i l i t y  r e l a t i v e  t o  each o ther .  

I n  o rder  o f  i nc reas ing  d u c t i l i t y  t he  specimens are ranked: 

The data 

The f i t t e d  l i n e s  a re  shown s t a r t i n g  from the  o r i g i n  so t h a t  t he  res-  
It i s  ev iden t  t h a t  t he re  are th ree  d i s -  

RTNS 11, 400" 
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u n i r r a d i a t e d  and room temperature un i r rad ia ted .  

t h a t  t he  400" C specimen should be the  most d u c t i l e  specimen, bu t  examinat ion 

of bu l k  t e n s i l e  p rope r t i es  such as reduc t ion  o f  area and e longat ion  ( l i s t e d  i n  

t he  t a b l e )  shows t h a t  t he  400" C specimen i s  l e s s  d u c t i l e  than the  room temp- 

e ra tu re  specimen. 
e longa t i on  graph does represent  an increase i n  specimen d u c t i l i t y .  

I n t u i t i o n  would f i r s t  t e l l  one 

So i t  seems t h a t  decreasing s lope o f  t he  crack l e n g t h  versus 

5.2.4 Re la t ionsh ip  o f  t he  Average Slope o f  Crack Length versus Elongat ion 

t o  Reduction o f  Area 

Since ROA i s  used t o  c l a s s i f y  specimen d u c t i l i t y ,  as i s  t he  average slope, S, 

o f  t he  L versus e longat ion  curve (as proposed i n  Sect ion 5.2.3), i t  i s  suspect- 

ed t h a t  t he  two parameters must be re la ted .  

( i n  the t a b l e )  i t  was found t h a t  (ROA)* x S i s  a constant  f o r  t he  th ree  speci-  

men classes tes ted .  Th is  r e s u l t  g ives support  t o  t he  idea t h a t  a l o s s  o f  duc- 
t i l i t y  (as determined by ROA measurements) i s  associated w i t h  a steep increase 

i n  s lope o f  crack l e n g t h  versus e longat ion .  

From a comparison o f  S w i t h  ROA 

5.3 Conclusions 

By use o f  a q u a n t i t a t i v e  load-elongat ion t e n s i l e  stage i n - s i t u  i n  an HVEM, mech- 

an i ca l  p rope r t i es  such as u l t i m a t e  t e n s i l e  s t reng th  and y i e l d  s t reng th  can be 
determined f o r  m i c r o t e n s i l e  specimens 40-pm t h i c k  by 2.5 mm x 12.5 mm ( e l e c t r o -  
po l i shed  f o r  microscopic  observat ion) .  

r ep resen ta t i ve  o f  equ i va len t  parameters f o r  bu l k  m a t e r i a l .  
o f  t h e  f o i l s  was found t o  be c o n s i s t e n t l y  smal le r  than UTS o f  bu l k  ma te r i a l  
and r e l a t e d  by an emp i r i ca l  equat ion:  UTS ( f o i l )  = [UTS ( b u l k ) / 2 ]  - 70 MPa. 

UTS and YS values were n o t  found t o  be 

However, t he  UTS 

Reduction of Area measurements f o r  HVEM f o i l  specimens were found t o  be lower 

than those f o r  bu l k  specimens by * 20%. 

f o i l  specimens seem t o  be r e l a t e d  t o  those f o r  bu l k  specimens i n  a l i n e a r  

r e l a t i o n s h i p  as shown i n  F igure  2. 

However, ROA measurements f o r  t he  
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Elongat ion o f  t h e  HVEM specimens d i d  n o t  agree w i t h  e longat ion  f o r  bu l k  speci-  

mens. For instance,  e longat ion  f o r  t he  microspecimens t e n s i l e  t es ted  a t  400°C 
was much lower than expected from bu l k  data. 

due t o  a f l o w  l o c a l i z a t i o n  mechanism which may be more a c t i v e  a t  h igher  temper- 

a tu res  i n  t h e  t h i n  microspecimens. 

This  r e s u l t  i s  thought t o  be 

The q u a n t i t a t i v e  load-elongat ion HVEM t e n s i l e  stage used i n  t he  i n - s i t u  exper- 

iments permi ts  de termina t ion  of a d d i t i o n a l  macroscopic-microscopic r e l a t i o n -  

ships.  A graph o f  cumulat ive crack l e n g t h  ( L )  p l o t t e d  aga ins t  t o t a l  elonga- 

t i o n  e x h i b i t s  a s t e p - l i k e  r e l a t i o n s h i p  f o r  a l l  specimens. 

S, o f  t he  L versus e longa t i on  graph, as determined by l e a s t  squares f i t ,  has 

been shown t o  decrease w i t h  i nc reas ing  specimen d u c t i l i t y  (F igure  4 ) .  

The average slope, 

When the  average slope, S, i s  combined w i t h  reduc t i on  o f  area (ROA) measure- 
ments, (ROA)' x S i s  a constant ,  suggest ing an a d d i t i o n a l  r e l a t i o n s h i p  o f  S 

t o  specimen d u c t i l i t y .  I 

6.0 

1. 

2. 

3.  

4. 

5. 

References 

H. E. Chandler, D. F. Baxter, and L. G. Kruger, "Technology Forecast '82 
-- Trends i n  Tes t i n  and Inspec t ion  Technology," Metal  Progress, Vol. 12 
No. 1 (January 1982 3 . 
N. F. Panayotou, R. J .  Puigh and E. K. Opperman, "M ic ro tens i l e  Specimen 
Test Resul ts  f o r  High Energy Neutron Source Experiments," 2nd Topica l  
Meeting on Fusion Reactor M a t e r i a l s  (August 9-12, 1981), Sea t t l e ,  Wash- 
ing ton ;  Journal o f  Nuclear Ma te r i a l s ,  103 and 104 (1981), 1523. 

R. W. Bauer and H. G. F. Wi lsdor f ,  "The Mechanical Behavior i n  Tension 
and Frac ture  C h a r a c t e r i s t i c s  o f  S ta in less  Steel  Th in  Eo l l ed  Fo i l s . "  i n  
Proceedings o f  an I n t e r n a t i o n a l  Conference on Dynamic Crack Propagat ion, 
Lehigh U n i v e r s i t y ,  Bethlehem, PA ( J u l y  10-12, 1972), ed. George C. S ih 
(Noordhoff  I n t e r n a t i o n a l  Pub l i sh ing ,  Leyden, The Netherlands, 1973), 197. 

G. E .  Lucas and N. F. Panayotou, "Microhardness Tests f o r  High Energy 
Neutron Source ExDeriments." 2nd ToDical Meeting on Fusion Reactor 
Ma te r i a l s  (August' 9-12, 1 9 8 l ) ,  Sea t t l e ,  Washingion; Journal o f  Nuclear 
Ma te r i a l s ,  103 and 104 (1981), 1527. 

R. D. Gerke and W. A.  Jesser, " Q u a n t i t a t i v e  Load-Elongation C a p a b i l i t i e s  
o f  an I n - s i t u  Hot Tens i l e  Stage f o r  HVEM Use," DAFS Q u a r t e r l y  Progress 
Report, DOE/ER-0046/8 (February, 1982), 71. 

140 



6. "Mechanical and  Physical Properties of Austenitic Chromium-Nickel Stain- 
less Steels  a t  Elevated Temperatures," Section 1 Bulletin B ,  The Inter- 
national Nickel Company (1963). 

7. F. A. Garner, M. L .  Hamilton, N .  F. Panayotou and G.  D .  Johnson, "The 
Microstructural Origins o f  Yield S t r eng th  Changes i n  AIS1 316 During 
Fission or Fusion Irradiation." 2nd TODiCal Meetina on Fusion Reactor 
Materials (August  9-12, 1981); Seattle' ,  Washington: Journal of Nuclear 
Materials, 103 and  104 (1981), 803. 

8. Mechanical Properties Data Center, Structural  Alloys Handbook, Vol. 2 

9. "Mechanical and Physical Properties of Austenitic Chromium-Nickel Stain- 

(Ba t t e l l e ' s  Columbus Laboratories, Columbus, O h i o ) ,  1980. 

l e s s  Steels  a t  Ambient Temperatures," Section 1 Bulletin A ,  The Inter-  
national Nickel Company (1963). 

10.  R .  R .  Vandervoort, E .  L .  Raymond and C .  J .  Echer, "High Energy Neutron 
Irradiation Effects on the Tensile Properties and Microstructure of 316 
Stainless  Steel ," Radiation Effects, 45 (1980), 191. 

11 .  R. D .  Gerke, "Crack Propagation in Type 316 Stainless  Steel Ilicrospeci- 
mens," Master's Thesis, University of Virginia (May, 1982). 

12.  J .  I .  Bennetch, "Microstructural Aspects of Helium Embrittlement in Stain- 
l e s s  Steel ," P h . D .  Dissertat ion,  University of Virginia, (May, 1981). 

13. T.  Hanamura and  W .  A.  Jesse r ,  "In-Situ HVEM Observations o f  High Tempera- 
ture Fracture Mechanisms in Neutron-Damaged 304 Stainless  Steel ," Vir- 
ginia  Journal of Science, 32, No. 3 (1981), 131. 

14. R .  D. Gerke, T. Hanamura, and W .  A.  Jesser ,  "Crack Propagation Character- 
i s t i c s  in Helium Irradiated Type 316 Stainless  S tee l , "  DAFS Quarterly 
Progress Repor t ,  DOE/ER-0046/6 ( A u g u s t ,  1981), 97. 

7.0 Future Work 

In-situ H V E M  t ens i l e  tests on aus ten i t i c  s ta in less  s teel  which has been neutron 
i r radiated and which contains a variety of microstructural features will be 
conducted in order t o  investigate the role  of grain boundary s l id ing in caus- 
i n g  intergranular f a i l u r e  i n  i r radia ted materials stressed a t  elevated temper- 
ature  s .  
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CAVITY FORMATION AND SOLUTE SEGREGATION I N  DUAL-ION IRRADIATED Fe-20 Ni-15 C r  

ALLOY 

B. A. Loomis, G. Ayraul t ,  S. Gerber, and 2. Wang (Argonne Nat ional  Laboratory)  
- 

1.0 Objec t ive  

The o b j e c t i v e  o f  t h i s  research program i s  t o  determine the  mechanisms f o r  t he  

m i c r o s t r u c t u r a l  chanqes t h a t  occur i n  f u s i o n  r e a c t o r  ma te r i a l s  du r i ng  neutron 

o r  charged- par t i c le  i r r a d i a t i o n .  Fpec ia l  emphasis i s  placed on t h e  

e l u c i d a t i o n  o f  t h e  r o l p  o f  he l ium produc t ion  ra te ,  displacement damage l e v e l ,  
i r r a d i a t i o n  temperature, and a l l o y i n g  elements i n  the evo lu t i on  o f  t he  

i rradiat ion-damaged mic ros t ruc tu re .  

2.0 Summary 

The swe l l i ng  due t o  c a v i t y  fo rmat ion  i n  specimens o f  an Fe-20 N i - 1 5  C r  a l l o y  

was determined from t ransmiss ion e l e c t r o n  microscopy observat ions f o l l o w i n g  

dua l - i on  i r r a d i a t i o n  a t  975 K w i t h  3.0-MeV 58Nit and degraded 0.8-MeV 3Het 

ions. 
r e s u l t e d  i n  a delay o f  5 t o  15 dpa, respec t ive ly ,  f o r  the onset o f  a steady, 

h igh  swe l l i ng  ra te .  

r e c e i v i n g  hel ium depos i t i on  r a t e s  o f  15 o r  50 appm He per dpa suggest t h a t  t h e  
s w e l l i n g  o f  t h e  a l l o y  tends t o  achieve a l i m i t i n g  value a f t e r  -70 dpa. 
senregat ion o f  t he  n i c k e l  and chromium so lu tes  t o  g r a i n  boundaries and voids 

i n  t h e  i r r a d i a t e d  specimens was determined from analyses us ing  the  energy- 
d i spe rs i ve  x- ray spectroscopy technique. These analyses have shown t h a t  t he  

g r a i n  houndaries and voi4s are i n c r e a s i n g l y  enr iched i n  n i c k e l  concent ra t ion  
w i t h  a corresponding dep le t i on  o f  t he  n i c k e l  concent ra t ion  i n  the ma t r i x  f o r  

i nc reas inq  displacement damage up t o  -70 dpa. For  displacement damage > 70 

dpa, t h e  analyses suggest t h a t  t h e  n i c k e l  enrichment a t  g r a i n  boundaries and 
voids i s  d imin ished from t h e  peak n i c k e l  concent ra t ion  a t t a i n e d  a t  -70 dpa. 

The chromium concent ra t ion  change a t  t h e  g r a i n  boundaries and voids and i n  t h e  
m a t r i x  i s  opposi te  t o  t h e  change i n  n i c k e l  concent ra t ion  and i s  of smal le r  

magnitude. These experimental r e s u l t s  suggest t h a t  a c o r r e l a t i o n  e x i s t s  

An increase o f  t he  he l ium depos i t i on  r a t e  from 5 t o  50 appm He per dpa 

The experimental  r e s u l t s  f o r  t h e  s w e l l i n g  o f  specimens 

The 
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between t h e  c a v i t y  volume f r a c t i o n  i n  d u a l - i o n  i r r a d i a t e d  Fe-20 Ni-15 C r  a l l o y  

and t h e  r e d i s t r i b u t i o n  o f  n i c k e l  and chromium so lu te .  

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 Fus ion  Reac to r  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 :  B. A. Loomis 

A f f i l i a t i o n :  Argonne N a t i o n a l  L a b o r a t o r y  

4.0 Relevant  DAFS Program P l a n  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 N u c l e a t i o n  

5.0 Accomplishments and S t a t u s  

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

The concur ren t  p r o d u c t i o n  o f  d isp lacement  damage and d e p o s i t i o n  o f  h e l i u m  i n  

m a t e r i a l s  can he expected t o  have a s i g n i f i c a n t  i n f l u e n c e  on t h e  e v o l u t i o n  Of 

t h e  m i c r o s t r u c t u r e  i n  an o t h e r w i s e  displacement-damaged m a t e r i a l .  There fo re ,  

t h e  d imens iona l  s t a h i l i t y  and mechanical  p r o p e r t i e s  o f  m a t e r i a l s  t h a t  a r e  
u t i l i z e d  i n  t h e  environment o f  a magnet ic  f u s i o n  r e a c t o r  w i l l  depend i n  l a r g e  

measure on t h e  i n t e r a c t i o n  o f  t h e  h e l i u m  w i t h  t h e  d isp lacement  damage. 

I n  t h i s  r e p o r t ,  r e s u l t s  a r e  p resen ted  f rom a s tudy  on t h e  d imens iona l  
i n s t a b i l i t y  ( s w e l l i n g )  t h a t  a r i s e s  i n  an Fe-20 Ni- 15 C r  a l l o y  d u r i n g  t h e  

s imul taneous p r o d u c t i o n  o f  d isp lacement  damage and d e p o s i t i o n  o f  he1 ium by 

d u a l - i o n  i r r a d i a t i o n .  I n  a d d i t i o n ,  r e s u l t s  a r e  p resen ted  on d e t e r m i n a t i o n s  of 
t h e  r e d i s t r i b u t i o n  o f  N i  and C r  s o l u t e s  f rom t h e  a l l o y  m a t r i x  t o  g r a i n  

boundar ies  and c a v i t i e s  t h a t  occurs  d u r i n g  i r r a d i a t i o n  o f  t h i s  a l l o y .  

5.2 M a t e r i a l s  and Procedures 

The Fe-20 a/o Ni-15 a/o C r  a l l o y  was prepared f rom h i g h - p u r i t y  m a t e r i a l s  by an 
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i n i t i a l  arc-mel t ing o f  the cons t i t uen ts  i n  a p u r i f i e d  A r  atmosphere and by re-  
me l t i ng  dur ing  l e v i t a t i o n  i n  vacuum f o r  f u r t h e r  homogenization. Specimens o f  
t h e  a l l o y  were annealed a t  1325 K i n  an A r  atmosphere f o r  1 hour and quenched 
t o  300 K. 

The annealed a l l o y  specimens were simultaneously i r r a d i a t e d  w i t h  3.0-MeV 
58Ni+ and degraded 0.8-MeV 3He+ ions  i n  t he  ANL dual- ion i r r a d i a t i o n  f a c i l i t y  

(1). The energy of t he  3He+ ions  was degraded t o  g i ve  a d i s t r i b u t i o n  o f  
hel ium depos i t i on  i n  t he  a l l o y  t h a t  was s i m i l a r  t o  t h e  damage-depth 
d i s t r i b u t i o n  f o r  t h e  58Ni+  ions. 

ca l cu la ted  by use o f  t he  B r i c e  computer codes RASE 3 and DAMG 2 us ing  a 
displacement energy o f  40 eV (2). The displacement damage r a t e  was 3 x 
dpa-s- l  a t  t he  nominal sect ioned depth o f  450 nm i n  t h e  specimens. 
d i f f e r e n t  hel ium i n j e c t i o n  ra tes  were u t i l i z e d  i n  t h i s  study. These ra tes  

corresponded t o  He per dpa r a t i o s  o f  5, 15, and 50 appm He per dpa. 

were a l so  p re- in jec ted  a t  300 K w i t h  15 appm He. The specimens were 

i r r a d i a t e d  a t  975 f 10 K i n  a vacuum o f  IOm8 t o r r .  The i r r a d i a t i o n  
temperature o f  975 K was approximately 50 K above the  peak swe l l i ng  

temperature (3). 

The displacement damage l e v e l s  (dpa) were 

Three 

Specimens 

The i r r a d i a t e d  specimens were prepared f o r  TEN observat ions by j e t - t h i n n i n g  t o  

p e r f o r a t i o n  i n  a 6% HCL04 - 35% Bu ty l  Ce l loso lve  - 59% MeOH s o l u t i o n  a t  300 K. 
Photomicrographs o f  c a v i t i e s  i n  t he  specimen sec t ion  extending from the 450 nm 
depth t o  t h e  -650 nm depth were obta ined w i t h  e i t h e r  t h e  P h i l i p s  EM-400 o r  t h e  
ANL 1-MeV HVEM e l e c t r o n  microscopes. The average diameter, number densi ty ,  

and volume f r a c t i o n  o f  c a v i t i e s  were evaluated from t h e  photomicrographs. 

The N i  and C r  concent ra t ion  i n  t he  v i c i n i t y  o f  g r a i n  boundaries and voids and 
i n  t h e  m a t r i x  o f  one se r i es  o f  i r r a d i a t e d  specimens (50 appm He per dpa) was 
determined from analyses us ing  t h e  energy- dispers ive x- ray spectroscopy 

technique i n  combination w i t h  ope ra t i on  o f  t h e  P h i l i p s  EM-400 e l e c t r o n  

microscope. 
and viewed by a S i ( L i )  x- ray de tec to r .  
ORTEC EEDS-I1  mult i- channel analyzer. 

The specimen was t i l t e d  a t  an angle o f  30° t o  t he  e l e c t r o n  beam 
The x- ray spectrum was acquired by an 

The ana lys is  o f  t he  x-ray emission data 
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t o  ob ta in  elemental composit ions was accomplished by use o f  procedures t h a t  

have been described by Zaluzec (4). 
elemental composit ion was 30-nm diameter. 
spot s i ze  was centered on a g r a i n  boundary and an i n t e r i o r  vo id  and i n  a 
ma t r i x  reg ion  f r e e  o f  voids. The x- ray spectrum was acquired from three 

w ide ly  separated g ra in  boundary, void, and m a t r i x  regions f o r  each specimen. 
The v a r i a t i o n  o f  t h e  elemental composit ion t h a t  was determined fo r  the  th ree  

regions, i.e., t h ree  voids, etc., i n  a specimen was t y p i c a l l y  2 a/o. 

The minimal spot s i z e  f o r  ana lys is  o f  the 
I n  t h i s  i n i t i a l  study, the  minimal 

5.3 Experimental Resul ts  

5.3.1 S w e l l i n q  

The dependence of t h e  average c a v i t y  diameter, c a v i t y  number density,  and 
c a v i t y  volume f r a c t i o n  on displacement damage i n  t h e  Fe-20 N i - 1 5  C r  a l l o y  t h a t  
was dual- or s ing le- ion  i r r a d i a t e d  a t  975 K i s  shown i n  Figures 1, 2, and 3, 

respect ive ly .  
specimens e i t h e r  w i t h  He i n j e c t i o n  ra tes  o f  5, 15, and 50 appm He per dpa o r  

p re in jec ted  w i t h  15 appm He. 

displacement damage are re- eva lua t ions  o f  data prev ious ly  presented i n  Ref. 3. 

These parameters are presented i n  F igures 1, 2, and 3 f o r  

The data f o r  specimens w i t h  less  than 20 dpa 

The average c a v i t y  diameter i n  t h e  dua l- ion  i r r a d i a t e d  specimens decreases 
w i t h  an increase of the  He per dpa r a t i o .  

t h a t  the  averaqe c a v i t y  diameter approaches a l i m i t i n g  value f o r  damage l e v e l s  
> 70 dpa (Figure 1). The p r e - i n j e c t i o n  o f  He (15 appm) i n  the  a l l o y  specimens 
causes c a v i t i e s  t o  he formed w i t h  an average diameter t h a t  i s  in termediate t o  

t h e  diameter i n  specimens w i t h  1 5 : l  and 50:l (appm He per dpa) He i n j e c t i o n  

rates. 

The experimental r e s u l t s  suggest 

The c a v i t y  number dens i ty  i n  specimens t h a t  received e i t h e r  a 5 : l  He i n j e c t i o n  
r a t e  o r  He p r e i n j e c t i o n  i s  i n i t a l l y  -lo2' m-3 but  increases w i t h  increas ing  

damage t o  a l i m i t i n g  value o f  -4 x IO2' i f 3  a t  -90 dpa (Figure 2). 
contrast ,  t h e  c a v i t y  number dens i ty  i n  specimens t h a t  received 1 5 : l  and 50 : l  

He i n j e c t i o n  ra tes  was i n i t i a l l y  h igh  

and approached a l i m i t i n g  value w i t h  increas ing  displacement damage. 

I n  

m-3 a t  5 dpa) and then decreased 
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Fe-20 Ni-150 ALLOY 
975 K IRRADIATION 
3 MeV %Ni + DEGRADED 0.8 MeV 3He+ IDNS 

DISPLACEMENT DAMAGE Idpa) 

FIGURE 1. Dependence o f  Average Cav i ty  Diameter on Displacement Damage i n  
Fe-20 Ni-15 C r  A l l o y .  

975 K IRRADIATION 
3 MeV 58Nt+ + DEGRADED 0 8  MeV 'He+ IDNS 

DISPLACEMENT DAMAGE Idpal 

FIGURE 2. Dependence o f  Cav i ty  Number Densi ty  on Displacement Damage i n  
Fe-20 N i - 1 5  C r  A l l oy .  
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Fe-20 Ni - I5  Cr ALLOY 
975 K IRRADIATION 

c /' 

d L  

i 

I // / - ;gl , , , , , 
OO 20 40 60 80 100 I20 140 

DISPLACEMENT DAMAGE Idpol  

FIGURE 3 .  Dependence o f  C a v i t y  Volume F r a c t i o n  on Disp lacement  Damage i n  
Fe-20 Ni- 15  C r  A l l o y .  

The a l l o y  specimens, r e g a r d l e s s  o f  He i n j e c t i o n  r a t e  o r  He p r e i n j e c t i o n ,  

undergo a t r a n s i t o r y  reg ime o f  d i sp lacement  damage t h a t  produces o n l y  s m a l l  

c a v i t y  volume f r a c t i o n  (<0.5%) b e f o r e  t h e  o n s e t  o f  a cons tan t ,  h i g h  s w e l l i n g  

r a t e .  

dpa r e s u l t s  i n  a d e l a y  o f  5 t o  15 dpa, r e s p e c t i v e l y ,  f o r  t h e  commencement of 

a c o n s t a n t  s w e l l i n g  r a t e ;  t h e  p r e i n j e c t i o n  o f  15 appm He causes a d e l a y  of 

~ 2 0  dpa ( F i g u r e  3 ) .  

An i n c r e a s e  o f  t h e  He d e p o s i t i o n  r a t e  f rom 5 : l  t o  5 0 : l  appm He p e r  

The c a v i t y  volume f r a c t i o n  i n  t h e  d u a l - i o n  i r r a d i a t e d  specimens f o r  a g i v e n  

d isp lacement  damage c o n c e n t r a t i o n  up t o  -100 dpa decreases w i t h  an i n c r e a s e  o f  

t h e  He:dpa r a t i o .  The p r e i n j e c t i o n  o f  He r e s u l t s  i n  t h e  lowes t  c a v i t y  volume 
f r a c t i o n  a t  each damage l e v e l .  An i n c r e a s e  o f  t h e  He i n j e c t i o n  r a t e  f rom 5 : l  

t o  15:1, 50 : l  appm He/dpa r e s u l t s  i n  a s i g n i f i c a n t  decrease o f  t h e  c o n s t a n t  

h i g h  s w e l l i n g  r a t e ,  v i z .  0.35%/dpa t o  0.15%/dpa. 
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We have shown i n  F igure 3 f o r  t h e  specimens t h a t  received 15:l o r  50:l He 
i n j e c t i o n  rates, a constant r a t e  o f  swel l ing,  i.e., -0.15%/dpa, between 15 and 
100 dpa. 
these specimens show s i g n i f i c a n t  dev ia t ions  from t h e  l i n e  f o r  constant 
swe l l i ng  rate.  
experimental var ia t ions .  Therefore, these data suggest t h a t  the  c a v i t y  volume 
f r a c t i o n  approaches e i t h e r  a l i m i t i n g  value o r  decreases f o r  displacement 
damage l e v e l s  above -70 dpa f o r  15:l and 50:l He per dpa i n j e c t i o n  rates. The 

data t o  be presented i n  t h e  f o l l o w i n g  sec t i on  on t h e  r e d i s t r i b u t i o n  o f  N i  and 
C r  so lutes show a s i m i l a r  t rend  w i t h  increas ing  damage leve l .  
t h i s  t rend  i n  t h e  dependence o f  t h e  c a v i t y  volume f r a c t i o n  must be regarded as 
t e n t a t i v e  u n t i l  specimens are  dual- ion i r r a d i a t e d  t o  h igher  damage levels .  

It can be ohserved t h a t  t h e  data po in t s  f o r  t h e  h ighest  damage i n  

We have been unable t o  a t t r i b u t e  these dev ia t ions  t o  

Nevertheless, 

The m ic ros t ruc tu re  of t h e  a l l o y  specimens t h a t  were dual- ion i r r a d i a t e d  a t  
975 K w i t h  a 50:l He i n j e c t i o n  r a t e  t o  64 and 89 dpa are shown i n  Figures 4a 
and 4b, respect ive ly .  t h e  mic ros t ruc tures  o f  these i r r a d i a t e d  specimens are  
no tah ly  devoid o f  p rec ip i t a tes .  

5.3.2 N i  and C r  R e d i s t r i b u t i o n  

The dependence on displacement damage o f  t h e  N i  and C r  concentrat ion i n  the  
v i c i n i t y  o f  g r a i n  boundaries and voids and i n  the  m a t r i x  f o r  t h e  a l l o y  
specimens rece i v ing  a He i n j e c t i o n  r a t e  o f  50:l i s  shown i n  Figures 5, 6, and 
7, respect ive ly .  These experimental r e s u l t s  shaw t h a t  t h e  ma te r ia l  i n  the 
v i c i n i t y  o f  g r a i n  boundaries (F igure 5) and voids (Figure 6 )  i s  s i g n i f i c a n t l y  

enr iched i n  N i  concentrat ion f o r  displacement damage l e v e l s  between 40 and 100 
dpa; t h e  ma t r i x  (Figure 7) undergoes a corresponding dep le t i on  i n  N i  
concentrat ion. The C r  concentrat ion change a t  t h e  g r a i n  boundaries and voids 

and i n  the  ma t r i x  i s  opposite t o  t h e  change i n  N i  concentrat ion and i s  of 
smal le r  magnitude. 
i r r a d i a t i o n  t o  90 dpa i s  e s s e n t i a l l y  unchanged from the as-prepared 
concentrat ion. 

The Fe concent ra t ion  i n  t h e  ma t r i x  dur ing  dual- ion 
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I . b  

Y 

FIGURE 4. Mic ros t ruc tures  o f  Dual- Ion I r r a d i a t e d  Fe-20 N i - 1 5  C r  A l l o y  (50 
appm He per dpa): ( a )  64 dpa (b) 89 dpa. 120,OOOX. 

These analyses suggest t h a t  t h e  g ra in  boundaries and voids are i nc reas ing l y  
enriched i n  N i  concentrat ion f o r  i nc reas ing  displacement damage l e v e l s  up t o  
-70 dpa. For displacement damage l e v e l s  > 70 dpa, t h e  analyses suggest t h a t  
t h e  N i  enrichment a t  g r a i n  boundaries and voids i s  diminished from t h e  peak N i  
concent ra t ion  a t t a i n e d  a t  -70 dpa. 
w i t h  respect t o  displacement damage l e v e l  was suggested by the  c a v i t y  volume 

f r a c t i o n  data (Sect ion 5.3.1 and F igure  3). 

It may be r e c a l l e d  t h a t  a s i m i l a r  t rend  

152 



a 
W a 

I- 

-J 
3 I O-  

:: 

1 GRAIN BOUNDARY 

- 
- - 

l l l l l l  

FIGURE 5. Dependence o f  Ni and Cr Concentration at Grain Boundaries on 
Displacement Damage in Fe-20 Ni-15 Cr Alloy (50 appm He per dpa). 

20 40 60 80 

DISPLACEMENT DAMAGE (dpa) 

FIGURE 6. Dependence o f  Ni and Cr Concentration at Voids on Displacement 
Damage in Fe-20 Ni-15 Cr Alloy (50 appm He per dpa). 
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I I I I I I ob 20 40 60 80 100 I20 
DISPLACEMENT DAMAGE (dpa) 

FIGURE 7. Dependence of N i  and Cr Concentration i n  the  Pa t r ix  on Displacement 
Damage i n  Fe-20 Ni-15 Cr Alloy (50 appm He per dpa). 

5.4 Conclusion and Discussion 

The experimental r e s u l t s  obtained in this  study on a dual- ion i r r ad ia t ed  Fe-20 
Ni-15 Cr a l l o y  show t h a t :  

(1)  The cavi ty  volume f r a c t i o n  for a given displacement damage 
concentrat ion decreases w i t h  an increase  of t h e  He: doa r a t i o .  

(2) An increase  o f  t h e  He i n j e c t i o n  r a t e  from 5:l t o  15:l or 50:l appm He 

per dpa results i n  a decrease of the swell ing r a t e  from 0.35Xldpa t o  
0.159./dpa. 
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(3) The alloy, regardless of He injection rate or He preinjection, 
undergoes during 58Nit ion i r radiat ion a t ransi tory regime of 
displacement damage t h a t  produces only small cavity volume fraction 
(< 0.5%) before the onset of a constant ,  high swelling rate.  

( 4 )  The m t e r i a l  in the vicinity of grain boundaries and voids i s  
significantly enriched in Ni concentration for  displacement damage 
levels between 40 and 100 dpa. 

The experimental data suggest t h a t  a correlation exis ts  between the cavity 
volume fraction in the dual-ion irradiated Fe-20 Ni-15 Cr alloy and the 
redistribution of N i  and Cr solute. Changes i n  the base composition of s tee l s  
and Fe-Ni-Cr alloys i n  the neighborhood of p o i n t  defect sinks, i.e., voids, 
grain boundaries, and surfaces, a f t e r  ion or neutron irradiation have been 
determined by several experimenters (5 ,6) .  These changes in the base 
composition are a t t r ibuted t o  the effects  of the flux of p o i n t  defects t o  
sinks during i r radiat ion.  The experimental resul ts  obtained up  to  the present 
time in Fe-Ni-Cr alloys show tha t  Ni i s  enriched a t  the sinks. The enrichment 
of  Ni a t  sinks i s  believed t o  be the consequence of the negative volume s ize  
factor (6) or the re la t ively low diffusion coefficient of Ni (7 ) .  The 
segregation of Ni reduces the vacancy flux t o  a void and the void growth i s  

inhibited. Therefore, the cavity volume fraction i s  expected t o  saturate. 
The experimental d a t a  obtained i n  t h i s  study are essent ia l ly  in agreement w i t h  
t h i s  thesis.  
concentration from the peak value a t  - 70 dpa. 

We cannot a t  the present time account for  a decrese of the Ni 
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7.0 Future Work 

The s p a t i a l  d i s t r i b u t i o n  of Fe, Ni, and Cr concentrat ion wi l l  be determined i n  
Fe-20 Ni-15 Cr a l loy  specimens t h a t  received 5 : l  o r  15: l  He injection rates or 
He pre in jec t ion .  
determination of s a tu ra t ion  effects. 

The a l l o y  will be i r r a d i a t e d  t o  125 dpa f o r  an unambiguous 
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ON RADIATION- INDUCED SEGREGATION AND THE COMPOSITIONAL DEPENDENCE OF SWELLING 

I N  FE-NI-CR ALLOYS 

W. G. Wolfer (Un ive rs i t y  o f  Wisconsin), F. A. Garner and L. E. Thomas (Hanford 

Engineering Development Laboratory)  

1 .o Ob jec t ive  

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  p rov ide  a model descr ib ing  t h e  composit ional 
dependence o f  swe l l i ng  i n  Fe-Ni-Cr a l l o y s  and i t s  r e l a t i o n s h i p  t o  r a d i a t i o n -  

induced segregat ion. 

2.0 Summa ry 

When a l l o y s  based on the  Fe-Ni-Cr system a r e  subjected t o  i r r a d i a t i o n  a t  h igh  

temperatures a subs tan t i a l  amcunt o f  elemental segregat ion occurs. Two cate-  

go r ies  o f  segregat ion have been observed, one i n v o l v i n g  rad ia t ion- induced 

p r e c i p i t a t i o n  o r  changes i n  p r e c i p i t a t e  composit ion, and another i n v o l v i n g  t h e  

establ ishment o f  composit ional g rad ien ts  near m i c r o s t r u c t u r a l  s inks. While 

segregat ion i n t o  p r e c i p i t a t e  phases i s  known t o  s t rong ly  i n f l uence  the  develop- 

ment o f  vo id  swe l l ing ,  i t  now appears t h a t  segregat ion t o  vo id  surfaces p lays  

an equa l ly  important  r o l e  i n  t h e  development o f  voids. 
bo th  types o f  segregat ion i s  t h e  major r o l e  o f  n i c k e l  as a pr imary segregant.  

A general f ea tu re  o f  

An i n v e s t i g a t i o n  o f  t h e  bas ic  f l u x  equations f o r  d i f f u s i o n  of i n t e r s t i t i t a l s  

and vacancies i n  superimposed s t r a i n  and composit ion grad ien ts  shows t h a t  several 

p rev ious l y  unconsidered d r i f t  terms a r i s e  i n  t h e  d e s c r i p t i o n  o f  the  b i a s  as a 
r e s u l t  of elemental segregat ion. These terms o r i g i n a t e  f rom t h e  composit ional 

dependence o f  p o i n t  de fec t  formation and m ig ra t i on  energies and the  composit ional 

dependence o f  e l a s t i c  p rope r t i es  and l a t t i c e  parameter. 

the  opera t ion  o f  t h e  inverse  K i rkenda l l  segregat ion mechanism, these terms 

s t r o n g l y  a l t e r  t h e  b i a s  f o r  vo id  nuc lea t i on  and growth and prov ide  an explana- 

t i o n  f o r  t h e  marked v a r i a t i o n  of vo id  nuc lea t ion  and swe l l i ng  w i t h  n i c k e l  

When compounded w i t h  
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concent ra t ion .  The segregation- induced d r i f t  terms a re  comparable i n  magnitude 

t o  t he  s t ra in- induced d r i f t  terms and a re  s t rong l y  dependent on n i c k e l  concentra-  

t i o n .  

d i f f u s i o n  and thermodynamic data. 

Th i s  i s  demonstrated f o r  b ina ry  Fe-Ni a l l o y s  us ing publ ished t r a c e r  
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5.0 Accomplishments and Sta tus  

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

Radiat ion- induced segregat ion ( R I S )  has been found t o  occur i n  many a l l o y s  du r i ng  

neutron o r  charged- par t i c le  i r r a d i a t i o n .  A survey o f  t he  progress i n  our  under- 

standing o f  t h i s  phenomenon can be found i n  t he  proceedings (1-2) o f  two recent  

conferences. Al though many elements have been observed t o  p a r t i c i p a t e ,  s i l i c o n  

and n i c k e l  a re  p a r t i c u l a r l y  e f f e c t i v e  segregants i n  a u s t e n i t i c  a l l o y s .  The 
s i g n i f i c a n c e  o f  R I S  t o  v o i d  fo rmat ion  and swe l l i ng  has been recognized by many 

researchers, a l though the  p rec i se  r o l e  o f  t he  var ious processes invo lved i s  
s t i l l  a ma t te r  o f  a c t i v e  research. 

Okamoto, e t  a1.(3) have shown t h a t  R I S  may be associated w i t h  p o i n t  de fec t  t r app ing  

by i m p u r i t y  o r  a l l o y i n g  elements, and t h a t  t h i s  t r app ing  mod i f ies  t h e  recombinat ion 

o f  i n t e r s t i t i a l s  and vacancies. 

vacancy o r  i n t e r s t i t i a l  t rapp ing ,  a l though the  l a t t e r  would r e q u i r e  a very l a r g e  

b ind ing  energy between the  i n t e r s t i t i a l  and the  so lu te  atom. 

As a r e s u l t ,  vo id  s w e l l i n g  can be reduced by e i t h e r  
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The vacancy-solute b ind ing  can a l s o  l ead  t o  a change o f  t he  vacancy d i f f u s i v i t y  

and thereby a f f e c t  t he  vo id  nuc lea t i on  ra te ,  as shown r e c e n t l y  by Garner and 
Wolfer.  ( 4 )  
a t  l e a s t  p a r t i a l l y  t o  vacancy-solute b inding,  t he  r o l e  o f  n i c k e l  cannot, however. 

While t he  r o l e  o f  s i l i c o n  i n  suppressing swe l l i ng  can be ascr ibed 

When rad ia t ion- induced segregat ion r e s u l t s  i n  p r e c i p i t a t i o n ,  v o i d  fo rmat ion  and 

swe l l i ng  can be s t rong l y  a f fec ted .  

associated w i t h  incoherent  p r e c i p i t a t e s  possess a l a r g e r  c o l l e c t i n g  surface f o r  

p o i n t  d e f e c t  absorpt ion.  

vo id  growth. 

w i t h  t h e  associated change i n  t he  m a t r i x  composit ion o f  t h e  a l l o y .  

has po in ted  o u t  t h a t  rad ia t ion- induced p r e c i p i t a t i o n  reac t i ons  i n  t he  a u s t e n i t i c  

s t e e l s  gene ra l l y  i nvo l ve  the removal o f  n i c k e l  and s i l i c o n  from the  m a t r i x  and 

t h a t  t he  s e n s i t i v i t y  o f  swe l l i ng  t o  many va r i ab les  i s  m i r ro red  i n  t h e  n i c k e l  

and s i l i c o n  removal processes. (8) 
o f  these elements then leads t o  an increase i n  vo id  s w e l l i n g  a s  demonstrated i n  

Mansur, e t  a l .  (5-6)  have proposed t h a t  voids 

As a r e s u l t ,  rad ia t ion- induced p r e c i p i t a t i o n  may enhance 

Another consequence o f  rad ia t ion- induced p r e c i p i t a t i o n  i s  connected 
( 7 )  Garner 

The reduc t ion  i n  t he  ma t r i x  concentrat ions 

t h e  experimental  f i n d i n g s  o f  Johnston, e t  a l .  ( 9 )  

F i n a l l y ,  R I S  can a f f e c t  both vo id  nuc lea t i on  and growth by modi fy ing the  b ias  
f a c t o r s  o f  s inks.  Wolfer and Mansur ( l o )  have i nves t i ga ted  t h i s  p o s s i b i l i t y  

i n  d e t a i l  f o r  voids surrounded by a d i s c r e t e  segregat ion s h e l l  whose e l a s t i c  

p rope r t i es  and l a t t i c e  parameter d i f f e r  f r o m  those o f  t he  ma t r i x .  

paper, Si-Ahmed and Wolfer (11) show t h a t  very small d i f f e rences  i n  these 
parameters can change vo id  nuc lea t i on  ra tes  by orders o f  magnitude. 

I n  another 

I n  t h i s  paper, we r e p o r t  on recent  i n v e s t i g a t i o n s  on n i c k e l  segregat ion t o  vo id  

surfaces. The associated composit ional g rad ien ts  can extend thousands o f  Ang- 
stroms, and the  segregat ion r e s u l t s  i n  a cont inuous r a d i a l  change i n  t he  concen- 

t r a t i o n  o f  var ious elements. Although the  d i s c r e t e  s h e l l  model o f  Wol fer  and 
Mansur does n o t  p rov ide  an adequate d e s c r i p t i o n  f o r  t h i s  case, t h e  e f f e c t  o f  

composit ional g rad ien ts  on the  v o i d  b ias  i s  s i m i l a r  t o  t h a t  o f  t he  d i s c r e t e  

s h e l l .  
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It i s  we l l  known t h a t  many phys ica l  p roper t ies ,  such as thermal expansion, e l a s t i c  

moduli, l a t t i c e  parameter, and excess f r e e  energy, e x h i b i t  a marked v a r i a t i o n  w i t h  

composit ion i n  t h e  Fe-Ni-Cr a u s t e n i t i c  a l l oys .  In p a r t i c u l a r ,  so- ca l led  anomalous 

v a r i a t i o n s  occur i n  these p rope r t i es  i n  the  composit ion range o f  the  Invar  a l l oys ,  

which happens t o  co inc ide  w i t h  the  composit ion range o f  low-swel l ing a l l o y s .  

cord ing ly ,  we suggest i n  t h i s  paper t h a t  a poss ib le  connect ion e x i s t s  between 

these anomalous va r ia t i ons ,  the  segregat ion o f  n i c k e l  t o  m ic ros t ruc tu ra l  s inks,  

and the  associated mod i f i ca t i ons  o f  t h e  s ink  b ias  fac to rs .  An unambiguous co r-  

r e l a t i o n  cannot y e t  be made because c r i t i c a l  in fo rmat ion  i s  l a c k i n g  on t h e  basic  

phys ica l  p rope r t i es  i n  t h i s  c lass  o f  a l l o y s .  I t  w i l l  become evident ,  however, 

t h a t  n i c k e l  segregat ion combined w i t h  known changes o f  bas ic  l a t t i c e  p rope r t i es  

w i l l  r e s u l t  i n  a s t rong m o d i f i c a t i o n  o f  the  b ias ,  and the re fo re  s t rong ly  a f f e c t  

vo id  swe l l ing .  I n  view o f  t h i s  connection, the  proposed explanat ion f o r  the 

dependence of s w e l l i n g  on t h e  a l l o y  composit ion has a mechanist ic  bas i s  t h a t  
can be incorporated in r a t e  and nuc lea t ion  theor ies  f o r  vo id  format ion,  and 

the re fo re  can be sub jec t  t o  a q u a n t i t a t i v e  examination. 

explanat ions o f  t h e  composit ional v a r i a t i o n  of swe l l i ng  a r e  n o t  considered 

s a t i s f a c t o r y  when examined i n  q u a n t i t a t i v e  terms. 

Watkins, e t  a l .  (12)  have proposed t h a t  i n  f c c  Fe-Ni-Cr a l l o y s ,  t h e  i r o n  atoms 

may e x i s t  i n  two states,  an an t i - fe r romagnet ic  and a ferromagnetic one. These 
a r e  pos tu la ted  t o  d i f f e r  i n  t h e i r  atomic volumes and i n  t h e i r  c o n t r i b u t i o n s  t o  

t h e  e l a s t i c  moduli o f  the  a l l o y .  With increas ing  n i c k e l  content ,  the  r a t i o  o f  

an t i - fe r romagnet ic  t o  ferromagnetic i r o n  atoms decreases w i t h  a corresponding 

increase i n  the  l a t t i c e  parameter and a decrease i n  the  e l a s t i c  shear modulus. 

They speculate t h a t  the  increase o f  the  average atomic volume may imply a g rea ter  

recombination o f  i n t e r s t i t i a l s  and vacancies. 

Ac- 

I n  con t ras t ,  prev ious 

According t o  recent  r e s u l t s  by Wol fer  and Si-Ahmed (13) t h e  recombination r a t e  

a t  r eac to r  i r r a d i a t i o n  temperatures i s  s imply p ropo r t i ona l  t o  the  l a t t i c e  param- 

e t e r .  
temperature. (14)  

F igure  1 shows t h e  l a t t i c e  parameter o f  Fe-Ni-Cr-phase a l l o y s  a t  room 

It i s  seen t h a t  t h e  maximum v a r i a t i o n  w i t h  composit ion i s  no 
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FIGURE 1. L a t t i c e  Parameter i n  A f o r  Gamma-Phase A l l o y s  a t  Room Temperature.(l4) 

more than about 2%. Such a smal l  v a r i a t i o n  i n  t he  recombinat ion r a t e  would n o t  

be s u f f i c i e n t  t o  account f o r  t he  much l a r g e r  v a r i a t i o n  observed i n  t he  swe l l i ng  

as a f u n c t i o n  o f  n i c k e l  content .  

Another exp lanat ion  was advanced by Bates (15)  based on the v a r i a t i o n  of t he  
shear modulus w i t h  n i c k e l  composit ion. F igure  2 shows the  r e s u l t s  of Masumoto, 

e t  a l .  (16)  f o r  t he  shear modulus o f  Fe-Ni-Cr a l l o y s  a t  room temperature. Bates 
suggested t h a t  t he  a r r i v a l  r a t i o  o f  i n t e r s t i t i a l s  and vancancies a t  v o i d  embryos 

decreases w i t h  inc reas ing  shear modulus. Therefore, i n  t h i s  t reatment  t h e  vo id  

nuc lea t i on  r a t e  would increase w i t h  t he  shear modulus. 

Th i s  suggest ion was based on a model proposed by Wol fer  and Ashkin (17)  f o r  t he  

capture  e f f i c i e n c y  o f  i n t e r s t i t i a l s  a t  a bare vo id.  I n  t h i s  l a t t e r  d e r i v a t i o n ,  

t he  image i n t e r a c t i o n  o f  an i n t e r s t i t i a l  w i t h  t h e  v o i d  surfaces was n o t  inc luded.  

When t h i s  impor tan t  i n t e r a c t i o n  was inc luded l a t e r  by Wol fer  and Yoo, (18) i t  was 
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FIGURE 2. Shear Modulus ( i n  10 MPa) f o r  Fe-Ni-Cr A l l o y  a t  Room Temperature.( l6) 

found t h a t  t he  a r r i v a l  r a t i o  increases w i t h  i nc reas ing  shear modulus. 

imply  t h a t  t he  vo id  nuc lea t i on  r a t e  increases sharp ly  a s  t h e  shear modulus drops 

t o  i t s  minimum value f o r  a b i n a r y  Fe-Ni a l l o y  w i t h  40% n i c k e l .  I n  con t ras t ,  t he  

data show t h a t  bo th  v o i d  dens i t y  and swe l l i ng  e x h i b i t  minimums f o r  t h i s  a l l o y  

Th i s  would 

composit ion. ( 9 )  

I t  should be f u r t h e r  noted t h a t  Bates d i d  n o t  cons ider  t he  f a c t  t h a t  t h e ' b i a s  

f a c t o r  o f  d i s l o c a t i o n s  a l s o  increases w i t h  the shear modulus, and t h a t  i t  i s  

the n e t  b i a s  o r  b ias  d i f f e r e n c e  between d i s l o c a t i o n s  and vo id  which i s  the 

d r i v i n g  f o r c e  f o r  bo th  v o i d  nuc lea t i on  and growth. 

I n  any case, homogeneous nuc lea t i on  o f  vo ids w i thou t  segregant s h e l l s  was shown 

t o  occur w i t h  such low p r o b a b i l i t y  (11'18) t h a t  they cannot be invoked i n  any 

exp lanat ion  o f  t h e  composit ion dependence o f  swe l l i ng .  

t i o n  t o  proceed a t  a r a t e  commensurate w i t h  experimental f i nd ings ,  segregat ion 

I n  order  f o r  vo id  nuclea-  
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t o  v o i d  embryos must precede t h e i r  growth.  

Mansur 
t i o n a l  change around t h e  v o i d  embryo such t h a t  t h e  shear modulus i n c r e a s e s  

l o c a l l y  by  a few p e r c e n t  and/or  t h a t  t h e  l a t t i c e  parameter  i nc reases  b y  a few 
t e n t h s  o f  a p e r c e n t .  Such m i n o r  segrega t ion- induced  changes a r e  w e l l  w i t h i n  

t h e  range o f  t h e  compos i t i ona l  v a r i a t i o n  o f  t h e  shear  modulus, F i g u r e  2, and 

t h a t  o f  t h e  l a t t i c e  parameter,  F i g u r e  1. O t h e r  segrega t ion- induced  changes, 

t o  b e  d i scussed  below, a r i s e  f r o m  t h e  compos i t i on  dependence o f  p o i n t  d e f e c t  

d i f f u s i v i t i e s  and t h e  i n v e r s e  K i r k e n d a l l  e f f e c t .  P r i o r  t o  t h e  d i s c u s s i o n  o f  

these  changes, however, i t  i s  u s e f u l  t o  r e v i e w  t h e  a v a i l a b l e  da ta  f o r  c l u e s  

t o  t h e  n a t u r e  o f  t h e  i n f l u e n c e  o f  s e g r e g a t i o n  on v o i d  n u c l e a t i o n  and growth.  

As shown by  Si-Ahmed, W o l f e r  and 

t h i s  r e q u i r e s  t h a t  s e g r e g a t i o n  must r e s u l t  i n  a s l i g h t  composi- 

5.2 P u b l i s h e d  Exper imenta l  Ev idence f o r  N i c k e l  Segrega t ion  t o  Voids 

Evidence has been accumu la t ing  wh ich  demonstrates r a d i a t i o n- i n d u c e d  s e g r e g a t i o n  

t o  v o i d  s u r f a c e s .  N i c k e l  s e g r e g a t i o n  t o  v o i d s  i n  n e u t r o n - i r r a d i a t e d  A I S I  316 

( w i t h  12-13.5% n i c k e l  and v a r y i n g  s i l i c o n  l e v e l s )  has been observed by  Brager  

and Garner.  (19-'0) P o r t e r  and Wood ( ' l )  have found  t h a t  i n  n e u t r o n - i r r a d i a t e d  

304 s t a i n l e s s  s t e e l  (9.3% n i c k e l )  v o i d s  a r e  sur rounded by  an a u s t e n i t i c  s h e l l  

embedded i n  a f e r r i t i c  m a t r i x .  Wh i le  n i c k e l  was shown t o  segrega te  i n t o  p r e -  
c i p i t a t e s  i t  was i n f e r r e d  t h a t  n i c k e l  a l s o  segregated t o  v o i d s .  The combined 

s e g r e g a t i o n  i s  t h o u g h t  t o  d e p l e t e  t h e  m a t r i x  t o  a n i c k e l  l e v e l  below t h e  l i m i t  
f o r  a u s t e n i t e  s t a b i l i t y ,  b u t  t h e  h i g h e r  n i c k e l  c o n t e n t  n e a r  t h e  v o i d  s u r f a c e  
r e s i s t e d  t h e  a u s t e n i t e - t o - f e r r i t e  t r a n s f o r m a t i o n .  Segrega t ion  o f  n i c k e l  t o  

v o i d  s u r f a c e s  was a l s o  found  i n  t i t a n i u m- m o d i f i e d  A I S I  316 by  Brun, e t  a l .  ( 2 2 )  

Whereas t h e  above o b s e r v a t i o n s  were made on n e u t r o n - i r r a d i a t e d  s t e e l s ,  Terasawa, 

e t  a l .  ( 2 3 )  f ound  n i c k e l ,  s i l i c o n  and molybdenum s e g r e g a t i o n  t o  v o i d  s u r f a c e s  i n  
ca rbon  i o n  i r r a d i a t i o n s  o f  A I S I  316. 

o f  54% n i c k e l  a t  v o i d s  i n  an a l l o y  w i t h  an average n i c k e l  c o n t e n t  o f  34%. Hishinuma, 
e t  a l .  (25-26)  i r r a d i a t e d  w i t h  1 .O MeV e l e c t r o n s  a s e r i e s  o f  a l l o y s  i n c l u d i n g  b o t h  
commercial s t e e l s  and an exper imen ta l  s e r i e s  Fe-17Cr-XNi, where X=12, 35 and 50%. 

The r e s e a r c h e r s  a l s o  observed t h a t  t h e  v o i d  d e n s i t y  o b t a i n e d  a t  30  dpa f o r  tem- 

p e r a t u r e s  above 400°C decreased s t r o n g l y  w i t h  i n c r e a s i n g  n i c k e l  c o n t e n t .  

Marwick, e t  a l .  ( 24) d i s c o v e r e d  an en r i chment  
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Hishinuma, e t  a l .  (25 ’26)  f u r t h e r  observed t h a t  v o i d s  i n  an Fe-17Cr-12Ni a l l o y  

e x h i b i t e d  a s t r a i n - f i e l d  c o n t r a s t  i n  t r a n s m i s s i o n  e l e c t r o n  microscopy,  whereas 

those  i n  Fe-17Cr-50Ni d i d  n o t .  The i n c u b a t i o n  t imes  f o r  v o i d  n u c l e a t i o n  were 

v e r y  s h o r t  f o r  t h e  l o w  n i c k e l  a l l o y ,  and l o n g  f o r  t h e  h i g h  n i c k e l  a l l o y .  S i n c e  

t h e  l a t t i c e  parameter  decreases w i t h  i n c r e a s i n g  n i c k e l  c o n t e n t  p a r t i c u l a r l y  f o r  

h i g h  n i c k e l  a l l o y s  (see F i g u r e  l ) ,  t h e  l a c k  o f  a s t r a i n - f i e l d  c o n t r a s t  around 

v o i d s  i n  t h e  h i g h  n i c k e l  a l l o y  was i n t e r p r e t e d  by  Hishinuma, e t  a l .  t o  i n d i c a t e  

t h e  absence o f  n i c k e l  s e g r e g a t i o n .  Converse ly ,  t h e  s t r o n g  s t r a i n - f i e l d  c o n t r a s t  

i n  t h e  l o w  n i c k e l  a l l o y  was b e l i e v e d  t o  be a s s o c i a t e d  w i t h  s u b s t a n t i a l  n i c k e l  

seg rega t ion .  I t  was t h e r e f o r e  conc luded by  Hishinuma t h a t  t h e  marked d i f f e r e n c e  

i n  s w e l l i n g  b e h a v i o r  was due t o  t h e  d i f f e r e n c e  i n  n i c k e l  s e g r e g a t i o n  b e h a v i o r  

a t  v o i d  embryos. 

5.3 Recent Exper imen ta l  S t u d i e s  on N i c k e l  Segrega t ion  

I n  o r d e r  t o  o b t a i n  f u r t h e r  i n s i g h t  on t h e  n a t u r e  o f  t h e  s e g r e g a t i o n  process,  a 

s e r i e s  o f  m i c r o a n a l y t i c a l  s t u d i e s  a r e  b e i n g  conducted a t  Han fo rd  E n g i n e e r i n g  

Development L a b o r a t o r y  u s i n g  TEM/STEM methods, p r i m a r i l y  energy d i s p e r s i v e  X- ray 

m i c r o a n a l y s i s .  

e l e c t r o n  source o p e r a t e d  a t  100 kV a l l o w s  X- ray m i c r o a n a l y s i s  u s i n g  probes as  
sma l l  as  1 t o  2 nm. Beam b roaden ing  w i t h i n  t h e  specimen c o n t r o l s  t h e  u l t i m a t e  

r e s o l u t i o n ,  however. Measurements i n  a Vacuum Genera to rs  HB-501 STEM l e a d s  t o  

an e s t i m a t e  o f  5 nm s p a t i a l  r e s o l u t i o n  i n  m a t e r i a l s  w i t h  low- to-medium a tomic  
number. ( 2 7 )  

The scann ing  t r a n s m i s s i o n  e l e c t r o n  microscope w i t h  a f i e l d  emiss ion  

Wh i le  i t  i s  r e l a t i v e l y  easy t o  measure c o m p o s i t i o n s  by  EDX m i c r o a n a l y s i s  a t  

d i f f e r e n t  p o i n t s  on a t h i n  specimen and t o  c o n s t r u c t  an apparen t  c o m p o s i t i o n  

p r o f i l e ,  i t  i s  n o t  so easy t o  e x t r a c t  t h e  a c t u a l  c o m p o s i t i o n  p r o f i l e  around 

t h e  v o i d .  T h i s  r e q u i r e s  e x a c t  knowledge o f  t h e  specimen t h i c k n e s s  and v o i d  

l o c a t i o n  i n  t h e  f o i l  as  w e l l  as a s o p h i s t i c a t e d  d e c o n v o l u t i o n  o f  t h e  d a t a  u s i n g  

t h e  i n i t i a l  e l e c t r o n  d i s t r i b u t i o n  i n  t h e  probe. A d i s c u s s i o n  o f  t h e  c o m p l e x i t i e s  

i n v o l v e d  i s  g i v e n  i n  Reference 27. 
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The degree o f  n i c k e l  segregat ion t o  voids has been found t o  be q u i t e  l a r g e  even 
f o r  r e l a t i v e l y  small voids. As shown i n  F igure  3 t h e  apparent n i c k e l  concentra- 
t i o n  a t  a p r e c i p i t a t e - f r e e  v o i d  sur face i s  on t h e  order  o f  40%. ( A f t e r  decon- 
v o l u t i o n  o f  t h e  p r o f i l e  i t i s  a n t i c i p a t e d  t h a t  t h e  ac tua l  sur face  concentrat ion 

w i l l  be much higher.) Th i s  vo id  was found i n  neu t ron- i r rad ia ted  Fe-15Cr-25Ni- 
0.3Si and was 35 nm i n  diameter and loca ted a t  t h e  cen te r  o f  a 55 nm t h i c k  f o i l .  

The probe diameter was l e s s  than 2 nm. 
sur face was a l s o  observed. 

Some s i l i c o n  segregat ion a t  t h e  vo id  

It i s  n o t  necessary f o r  s i l i c o n  o r  o the r  so lu tes  t o  be present  f o r  n i c k e l  
segregat ion t o  occur, however. F igure  4 shows t h e  development o f  n i c k e l  
segregat ion a t  vo id  surfaces i n  neutron i r r a d i a t e d  Fe-15Cr-25Ni. The ap- 

p a r e n t l y  l e s s e r  l e v e l  o f  n i c k e l  segregat ion i s  p r i m a r i l y  a r e f l e c t i o n  of t h e  

l a r g e r  probe s i z e  (8 nm) employed. 

A number o f  important  observat ions re levan t  t o  t h e  sub jec t  o f  t h i s  paper have 

been der ived from these experimental s tudies.  
a. The pr imary i n f l uence  o f  m a t r i x  n i c k e l  content  on swe l l i ng  a t  low f luence i s  

expressed i n  the  v o i d  dens i t y  r a t h e r  than t h e  s ize .  The vo id  dens i t y  decreases 
s t r o n g l y  w i t h  increas ing  n i c k e l  content  i n  Fe-15Cr-XNi a l l o y s  i n  t h e  range o f  
15 t o  35% n i c k e l .  However, w i t h  increas ing  f luence, d i f f e rences  i n  vo id  

number d e n s i t i e s  d imin ish.  
b. When the m a t r i x  n i cke l  content  o f  a solute- bear ing a l l o y  i s  decreasing due 

t o  p r e c i p i t a t i o n  o f  n i c k e l - r i c h  phases, i t  i s  found t h a t  t h e  m a t r i x  n i c k e l  

content  drops below a " c r i t i c a l "  l e v e l  p r i o r  t o  t h e  nuc lea t i on  o f  voids. 
The segregat ion o f  n i c k e l  occurs i n  a l l  n i cke l - bear ing  Fe-Cr-Ni a l l o y s  s tud ied  
t o  date. Th i s  spans t h e  range o f  15-75% n i c k e l  and the re fo re  covers t h e  

anomalous behavior range a t  about 35% n i c k e l .  N i cke l  segregat ion i s  n o t  
conf ined t o  voids alone, b u t  a l s o  occurs t o  g r a i n  boundaries and d i s l o c a t i o n  

loops. 
segregate t o  m i c r o s t r u c t u r a l  s inks.  

(28) observed i n  these s tud ies  i s  presented elsewhere. 

(28) 

c. 

When o the r  so lu tes  a r e  present  i n  t h e  a l l o y ,  many o f  these a l s o  
A summary o f  t h e  segregat ion behavior  
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FIGURE 3. STEM Image of Void and Composition Profiles Obtained by EDX Micro- 
analysis in Neutron-Irradiated Fe-15Cr-25Ni -0.3Si A1 1 oy Irradiated 
in EBR-I1 at 510OC. Analysis was performed with a 2 nm diameter 
electron probe in a field ion gun/scanning transmission electron 
microscope. 
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FIGURE 4. M ic roana lys is  Geometry and Composition P r o f i l e s  Derived from Fe-l5Cr- 
25Ni I r r a d i a t e d  i n  EBR-I1 a t  540°C. 
100 keV TEM/STEM. 

Ana lys is  was performed i n  a 

5.4 O r i g i n  o f  Segregation- Induced B i a s  Mod i f  i c a t i  ons 

The phys ica l  bas is  f o r  t h e  e f f e c t  o f  segregat ion on the  b i a s  i s  t o  be found i n  

t he  d r i f t  terms contained i n  t he  equat ions f o r  t he  f l u x  o f  vacancies and i n t e r -  

s t i t i t a l s .  In  a l l o y s  w i t h  un i fo rm a l l o y  composit ion and un i fo rm p rope r t i es ,  

the f l u x  o f  p o i n t  de fec ts  t o  any s ink  i s  g iven by 

DC 
0 kT J = -v(DC) - - VU' 
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where D i s  the diffusion coeff ic ient  f o r  migration, C the concentration of point 
defects,  and  U' i s  the mechanical interaction with the  s t r e s s  f i e l d  of the sink 
t o  which the point defects a re  diffusing.  
and  T i s  the absolute temperature. 

As usual, k i s  the Boltzmann constant, 

The second term i s  the only  d r i f t  term tha t  must be considered when bias fac tors  
a re  computed fo r  uniform materials. During the  i n i t i a l  s tages 'of  high-temperature 
i r rad ia t ions ,  when RIS has not ye t  occurred, i t  may be assumed tha t  Equation 1 
i s  valid.  

Due t o  the d i f fe ren t  mobili t ies of alloying elements and impurities, radiation-  
induced segregation will occur in the v ic in i ty  of sinks.  Thus, a s  composition 
gradients develop, the point defect f luxes will change, and new d r i f t  terms a re  
required in Equation 1 .  

F o r  the case o f  a subst i tu t ional  binary a l loy consist ing of A and B atoms, 
Wol f e r  (") has recently shown tha t  the  Equation 1 must be replaced by the  
following two equations. For the vacancy f lux ,  i t  i s  found tha t  

J v  = - V ( D V C V )  - k~ u V L V  VG; + (DAV - DsV) ~ C V V X A  

and  the i n t e r s t i t i a l  f lux i s  given by 

J = - V ( D  C ) - ~ 'IL1 vG; - (DAI - D B I )  aCIvxA I I 1  kT ( 3 )  

Here, the subscripts " V "  and " I "  indicate quant i t ies  f o r  vacancies and in te r-  
s t i t i a l s ,  respectively,  X A  = 1 - XB i s  the local atomic f ract ion of A atoms, 
and  

a = 1 + d I n  yA/d I n  xA ( 4 )  

i s  the thermodynamic fac tor  w h i c h  d i f f e r s  from one when the sol id  solution 
alloy i s  n o t  ideal ,  i . e . ,  when the  ac t i v i t y  coeff ic ient  yA deviates from unity. 
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The d i f f u s i v i t i e s  f o r  t he  A atoms a re  denoted by DAV and DAI f o r  m ig ra t i on  v i a  

vacancies and i n t e r s t i t i a l s ,  r espec t i ve l y ,  and analogous d e f i n i t i o n s  a re  employed 

f o r  t he  B atoms. The d i f f u s i o n  c o e f f i c i e n t s  f o r  vacancy and i n t e r s t i t i a l  migra-  

t i o n  a re  then g iven by 

D~ = X A ~ A V  + XBOBV (5) 

and 

A de termina t ion  o f  t he  d i f f u s i v i t i e s  DAV and DBV i s  poss ib le  when t r a c e r  d i f f u-  
s ion  c o e f f i c i e n t s  a r e  known as a f u n c t i o n  o f  t h e  a l l o y  composit ion. 

example, D i  i s  t he  t r a c e r  d i f f u s i o n  c o e f f i c i e n t  i n  t h e  a l l o y  w i t h  t he  composit ion 

X A 
then 

I f ,  f o r  

and a vacancy f r a c t i o n  o f  x V  = CV/N (N  i s  t h e  number o f  atoms pe r  u n i t  volume), 

where fV  i s  t he  c o r r e l a t i o n  f a c t o r  f o r  d i f f u s i o n  by the  vacancy mechanism. 

f c c  c r y s t a l s ,  f v  = 0.78145. 

D i *  f o r  thermal e q u i l i b r i u m  c o n d i t i o n  i s  known when the  vacancy f r a c t i o n  i s  equal 
t o  X” eq . ALthough a r e l a t i o n s h i p  s i m i l a r  t o  Equat ion 7 can i n  p r i n c i p l e  be w r i t t e n  
down f o r  the d i f f u s i v i t y  DAI, i t  i s  o f  no p r a c t i c a l  s i g n i f i c a n c e  as x:q 2 0. 

Furthermore, t he  measurement o f  a t r a c e r  d i f f u s i o n  c o e f f i c i e n t  f o r  t he  i n t e r -  

s t i t i a l c y  mechanism i s  poss ib le  on l y  under r a d i a t i o n  cond i t ions ,  and would be 
obscured by the  a d d i t i o n a l  d i f f u s i o n  a r i s i n g  f rom t h e  vacancy mechanism. 

For 

I n  general, on l y  t he  t r a c e r  d i f f u s i o n  c o e f f i c i e n t  

I n  o rder  t o  c a s t  t he  l a s t  term i n  Equations 2 and 3 i n t o  a form s i m i l a r  t o  t h e  
o the r  d r i f t  terms, we d e f i n e  t h e  K i r kenda l l  f o r ces  as 

and 
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which can now be compared w i t h  t h e  o t h e r  d r i f t  f o r c e s  vG i  and v G i .  

These o t h e r  d r i f t  f o r c e s  a r i s e  f r o m  t h e  s p a t i a l  and compos i t i ona l  dependence o f  

t h e  p o i n t  d e f e c t  energy i n  i t s  sadd le  p o i n t ,  and t h e y  w i l l  h e n c e f o r t h  be c a l l e d  

i n t r i n s i c  d r i f t  f o r c e s .  

terms : 

The Gibbs f r e e  energy G i  i s  composed o f  t h e  f o l l o w i n g  

f Here, Gv and GY a r e  t h e  Gibbs f r e e  energ ies  f o r  vacancy f o r m a t i o n  and m i g r a t i o n ,  

r e s p e c t i v e l y ,  and U i  i s  a mechanical  i n t e r a c t i o n  energy t o  be d iscussed  below. 

Bo th  G V  and G; a r e  f u n c t i o n s  o f  t h e  l o c a l  a l l o y  compos i t i on ,  and t h e i r  dependence 

on xA can be  deduced f r o m  measurements o f  t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  as  a 
f u n c t i o n  o f  a l l o y  composi t ion.  

d r i f t  f o r c e  on vacancies i n  t h e  absence o f  U i  i s  g i v e n  by 

f 

I f  DSD denotes t h i s  c o e f f i c i e n t ,  then t h e  i n t r i n s i c  

( 1 1 )  v ( G v  f + GV) m -  - - k T v [ l n  DsD] . 

As s t a t e d  e a r l i e r ,  t h e  measurement o f  a t r a c e r  d i f f u s i o n  c o e f f i c i e n t  f o r  i n t e r -  

s t i t i a l s  i s  imposs ib le .  T h e r e f o r e  t h e  d e f i n i t i o n  o f  t h e  i n t r i n s i c  d r i f t  f o r c e  

on i n t e r s t i t i t a l s  r e q u i r e s  a d i f f e r e n t  approach. I n  t h i s  case, we must u t i l i z e  
t h e  f a c t  t h a t  t h e  f o r m a t i o n  energy o f  an i n t e r s t i t i a l  i s  m a i n l y  determined by 

i t s  s t r a i n  o r  b u l k  r e l a x a t i o n  energy. (10,29) 

where p and K a r e  t h e  shear and bulk modulus, r e s p e c t i v e l y ,  and vI i s  t h e  

i n t e r s t i t i a l  r e l a x a t i o n  volume. The energy UyR i s  f o r  an i n t e r s t i t i a l  i n  
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t h e  b u l k ,  i . e . ,  f a r  f rom a f r e e  su r face ,  and i s  h e n c e f o r t h  r e f e r r e d  t o  as  t h e  

b u l k  r e l a x a t i o n  energy.  

t h e  s a d d l e- p o i n t  c o n f i g u r a t i o n ,  then  U;R z G I  + GY. 
I f  one uses t h e  v a l u e  o f  t h e  r e l a x a t i o n  volume vI f o r  

f 

I n  a c o m p o s i t i o n  g r a d i e n t ,  t h e  e l a s t i c  modu l i  K and p become f u n c t i o n s  o f  t h e  

p o i n t  d e f e c t ' s  p o s i t i o n  and Equa t ion  12 i s  no l o n g e r  v a l i d  i n  a s t r i c t  sence. 

However, s i n c e  most o f  t h e  s t r a i n  energy o f  a p o i n t  d e f e c t  i s  c o n t r i b u t e d  f rom 

t h e  l a t t i c e  d i s t o r t i o n s  i n  i t s  immediate su r round ing ,  Equa t ion  12 remains an 

e x c e l l e n t  approx ima t ion  when t h e  e l a s t i c  modu l i  v a r y  l i t t l e  o v e r  d i s t a n c e s  on 

t h e  o r d e r  o f  a few l a t t i c e  parameters .  I n  f a c t ,  i t  has been shown (") t h a t  

when pos i t i on- dependen t  e l a s t i c  m o d u l i  K(;) and u($) a r e  used i n  E q u a t i o n  12, 
then  VU;R r e p r e s e n t s  an e x a c t  upper  bound t o  t h e  a c t u a l  f o r c e  v(GI f GY); he re  

r denotes t h e  p o s i t i o n  o f  t h e  i n t e r s t i t i a l .  

f 
+ 

F o r  b o t h  vacanc ies  and i n t e r s t i t i a l s ,  t h e  mechanical  i n t e r a c t i o n  Us i s  composed 

of t h r e e  c o n t r i b u t i o n s .  
f i e l d  o f  t h e  s i n k .  

induced s e g r e g a t i o n  u n l e s s  p r e c i p i t a t e s  form. The second c o n t r i b u t i o n  i s  t h e  

image i n t e r a c t i o n  U 
t i o n  t o  t h e  b u l k  r e l a x a t i o n  energy UBR when t h e  p o i n t  d e f e c t  approaches t h e  f r e e  

v o i d  su r face .  Again,  t h i s  i n t e r a c t i o n  U I m  i s  a f f e c t e d  v e r y  l i t t l e  by  t h e  segre-  

g a t i o n  p r o v i d e d  t h e  l a t t e r  does n o t  r e s u l t  i n  t h e  f o r m a t i o n  o f  a p r e c i p i t a t e  
s h e l l .  The f i n a l  c o n t r i b u t i o n  a r i s e s  f r o m  coherency s t r a i n s ,  when segrega t ion  

l e a d s  t o  a s p a t i a l l y  v a r y i n g  l a t t i c e  parameter a o ( q ) .  I f  zo i s  t h e  average 
l a t t t i c e  parameter,  and 

F i r s t ,  i t  c o n t a i n s  t h e  i n t e r a c t i o n  U' w i t h  t h e  s t r e s s  

T h i s  c o n t r i b u t i o n  remains independent  o f  t h e  r a d i a t i o n -  

I m  . i n  t h e  case o f  vo ids ,  and i t  s i m p l y  r e p r e s e n t s  a c o r r e c -  

t h e  r e l a t i v e  v a r i a t i o n ,  t h e n  t h e  coherency s t r a i n  i n t e r a c t i o n  can be shown t o  
be g i v e n  by (29) 
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The p h y s i c a l  o r i g i n  o f  t h e  segrega t ion- induced  b i a s  changes can now be summarized 

as f o l l o w s .  

Whereas t h e  b i a s  f a c t o r s  o f  s i n k s  i n  m a t e r i a l s  w i t h o u t  s e g r e g a t i o n  i s  due t o  t h e  

a c t i o n  o f  t h e  i n t e r a c t i o n  f o r c e  VU" i n  t h e  case o f  d i s l o c a t i o n s ,  and due t o  t h e  

f o r c e  v(U" + UIm) i n  t h e  case o f  vo ids ,  a d d i t i o n a l  f o r c e s  emerge as a r e s u l t  o f  

segrega t ion .  These a re :  

a. t h e  i n t r i n s i c  f o r c e  due t o  t h e  compos i t i on  dependence o f  b o t h  t h e  p o i n t  

d e f e c t  f o r m a t i o n  and m i g r a t i o n  energy, b o t h  can be  expressed as a s t r a i n  
energy UBR i n  t h e  case o f  i n t e r s t i t i t a l s ;  t h i s  f o r c e  i s  a f u n c t i o n  o f  t h e  

l o c a l  e l a s t i c  m o d u l i ;  

t h e  l a t t i c e - m i s m a t c h  f o r c e  vuc a r i s i n g  f r o m  t h e  coherency s t r a i n  f i e l d  when 

t h e  l a t t i c e  parameter  changes w i t h  compos i t i on ;  

t h e  K i r k e n d a l l  f o r c e  FK = iKkTvxA, a r i s i n g  f r o m  t h e  d i f f e r e n c e s  i n  a tomic  
d i f f u s i v i t i e s .  

b. 

c .  

5.6 Comparison o f  t h e  Var ious  D r i f t  Terms 

The v a r i o u s  d r i f t  f o r c e s  r e q u i r e  f o r  t h e i r  e v a l u a t i o n  b a s i c  m a t e r i a l  parameters 

such as e l a s t i c  modu l i ,  l a t t i c e  parameter,  a tomic  d i f f u s i v i t i e s ,  and t h e  a c t i v i t y  

c o e f f i c i e n t s .  

t u r e .  U n f o r t u n a t e l y ,  such d e t a i l e d  i n f o r m a t i o n  i s  p r e s e n t l y  n o t  a v a i l a b l e ,  and 

an a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  d r i f t  f o r c e s  canno t  be made. However, i t  i s  

p o s s i b l e  t o  assess t h e  o r d e r  o f  magni tude o f  these  f o r c e s  w i th  t h e  a v a i l a b l e  

da ta .  

These a r e  r e q u i r e d  b o t h  as a f u n c t i o n  o f  compos i t i on  and tempera- 

F o r  an e s t i m a t e  o f  t h e  i n t r i n s i c  and t h e  K i r k e n d a l l  f o r c e s  on vacancies we 
c o n s i d e r  t h e  measurements o f  M i l l i o n ,  e t  a l .  (30 )  on t r a c e r  d i f f u s i o n  c o e f f i c i e n t s  

and t h e  a c t i v i t y  c o e f f i c i e n t  yNi i n  b i n a r y  a u s t e n i t i c  Fe-Ni a l l o y s .  
tempera tu re  range between 985 and 1305"C, they  found  t h e  f o l l o w i n g  r e l a t i o n s h i p s  

f o r  t h e  t r a c e r  d i f f u s i o n  c o e f f i c i e n t s :  

F o r  t h e  

O* 151 52 340 loglo DNi = 0.537 - __ T - xFe (0.488 - 7) 
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993 (1.106 - T) 14561 Do* = -0.142 - ~ l o g l o  Fe T ' X N i  

Here, T i s  t h e  abso lu te  temperature, and t h e  d i f f u s i o n  c o e f f i c i e n t s  a r e  g iven 

i n  u n i t s  o f  cm2/s. Using the  d e f i n i t i o n  

= - 1 [xNiD;f t x Do*] 
DSo fV  Fe Fe 

f o r  t he  s e l f - d i f f u s i o n  c o e f f i c i e n t  we can compute t h e  i n t r i n s i c  f o r c e  o r  t he  

e f f e c t i v e  a c t i v a t i o n  energy -kT I n  DSD f o r  s e l f  d i f f u s i o n .  

r e s u l t s  as a f u n c t i o n  o f  t h e  n i c k e l  composit ion and temperature. 

were normal ized t o  g i v e  the  same value o f  t he  a c t i v a t i o n  energy a t  xNi = 1. 

Note t h a t  t he  i n t r i n s i c  f o r c e  i s  equal t o  t h e  s lope o f  these curves m u l t i p l i e d  

by the  n i c k e l  g rad ien t .  

i n  n i c k e l  composit ion, we f i n d  t h a t  the p o t e n t i a l  o f  t h e  i n t r i n s i c  f o r c e  on the  
vacancies i s  o f  t he  order  o f  0.01 eV o r  l ess ,  and i t  can be p o s i t i v e  o r  negat ive  

depending on temperature and n i c k e l  composit ion. 

f o r c e  p o t e n t i a l  w i t h  inc reas ing  n i c k e l  means t h a t  t h e  vacancy i s  a t t r a c t e d  

towards h igher  n i c k e l  concent ra t ion .  

F igu re  5 shows t h e  

These r e s u l t s  

For a segregat ion g rad ien t  spanning a 20% di f ference 

Note t h a t  a decrease i n  t he  

Equations 15 and 17 can a l s o  be used t o  evaluate t he  K i r kenda l l  f o r c e  c o e f f i c i e n t  

KV de f ined  by the  r e l a t i o n s h i p  (8 ) .  

p o l a t i o n s  o f  values measured i n  t he  temperature range from 950 t o  1250°C. 
F igu re  6 shows the  measured r e s u l t s  as s o l i d  l i n e s  and our  e x t r a p o l a t i o n  t o  lower  

temperatures as dashed l i n e s .  The K i r kenda l l  f o r c e  c o e f f i c i e n t  KV f o r  vacancies 

i s  shown i n  F igure  7. It i s  seen t h a t  K V  i s  negat ive  f o r  a l l o y  composit ion w i t h  

l e s s  than 35% n i c k e l ,  and p o s i t i v e  f o r  h igh  n i c k e l  composit ions. A negat ive  co- 

e f f i c i e n t  K V  imp l i es  t h a t  t h e  vacancies a re  a t t r a c t e d  t o  regions o f  h igher  n i c k e l  

concent ra t ion  whereas p o s i t i v e  values imp ly  t h e  reverse.  

t he  K i r k e n d a l l  f o r c e  w i t h  o t h e r  d r i f t  fo rces  we i n t e g r a t e  t he  f o r c e  over  a n i c k e l  
v a r i a t i o n  o f  20%.. The r e s u l t i n g  p o t e n t i a l  d i f f e r e n c e  i s  then found t o  be on the  

order  o f  0.4 kT o r  less,  depending on temperature and a l l o y  composit ion. There- 

fo re ,  t h e  K i r kenda l l  f o r c e  corresponds t o  an i n t e r a c t i o n  p o t e n t i a l  on t h e  order  

o f  0.02 eV o r  l ess .  

For t h e  thermodynamic f a c t o r  we use ex t ra -  
(30) 

I n  o rder  t o  compare 
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FIGURE 5. A c t i v a t i o n  Free Energy f o r  S e l f - D i f f u s i o n  i n  B i n a r y  Fe-Ni A l l o y s .  

I n  o r d e r  t o  o b t a i n  an e s t i m a t e  f o r  t h e  K i r k e n d a l l  f o r c e  KI on i n t e r s t i t i a l s ,  

we suppose t h a t  t h e  i n t e r s t i t i a l  f o r m a t i o n  energy i n  n i c k e l  and i n  f cc  i r o n  

d i f f e r s  by 

S = k0.05 eV G N i , I  - GFe,I 

and t h a t  t h e  e n e r g i e s  GNSi,I and G:e,I a r e  t h e  a c t i v a t i o n  energ ies  f o r  t h e  t r a c e r  

d i f f u s i o n  c o e f f i c i e n t s  o f  n i c k e l  and i r o n  m i g r a t i n g  as p a r t  o f  a dumbbell  i n t e r -  

s t i t i a l .  
1 eV, o n l y  t h e i r  d i f f e r e n c e  a f f e c t s  t h e  K i r k e n d a l l  f o r c e  KI. 
o f  KI a r e  shown i n  F i g u r e  8 f o r  t h e  case t h a t  t h e  d i f f e r e n c e  between GNi,I and 

GFe, I 
m i g r a t e  p r e f e r e n t i a l l y  towards h i g h e r  n i c k e l  c o n c e n t r a t i o n s .  On t h e  o t h e r  hand, 

i f  t h e  d i f f e r e n c e  i n  t h e  a c t i v a t i o n  e n e r g i e s  i s  p o s i t i v e ,  then  t h e  i n t e r s t i t i a l s  

a r e  a t t r a c t e d  toward  r e g i o n s  o f  l o w e r  n i c k e l  c o n c e n t r a t i o n .  

It t u r n s  o u t  t h a t  as  l o n g  as  these e n e r g i e s  a r e  l a r g e r  than  abou t  
The computed va lues  

i s  n e g a t i v e .  I n  t h i s  case, t h e  K i r k e n d a l l  f o r c e  makes t h e  i n t e r s t i t i t a l s  
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FIGURE 6. Thermodynamic Factor  f o r  Binary Fe-Ni A l l oys .  
on measurements and dashed l i n e s  a r e  based on ex t rapo la t ions .  

S o l i d  l i n e s  are  based 

The magnitude o f  the  K i rkenda l l  f o r c e  on i n t e r s t i t i a l s  . is o f  the  same order  as 
the  K i r kenda l l  f o r c e  on vacancies. 

The remaining i n t e r a c t i o n  energies U', U* ,  UBR and Uc have been evaluated i n  

prev ious pub1 i ca t i ons ,  (10y17-18)  and t y p i c a l  values a r e  l i s t e d  i n  Table 1 

together  w i t h  the  above est imates f o r  the  p o t e n t i a l s  o f  t h e  i n t r i n s i c  and 

K i r kenda l l  fo rces .  
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TABLE 1 

TYPICAL VALUES FOR THE POTENTIALS OF THE DRIFT 
FORCES I N  F E- N I  ALLOYS 

P o t e n t i a l  Energy i n  eV (and l o - "  J )  I n t e r s t i t i a l  Vacancy 

U' a t  a d is tance o f  10 b* f rom an edge 
d i s l o c a t i o n  and above (upper s ign)  o r  
below ( lower s i gn )  t he  g l i d e  plane 

?0.25(+40) *0.05(+8) 

U I m  a t  a d is tance f rom t h e  vo id  sur face 
o f  2b* 
and 5b 

-0.25( -40) -0.025( -4) 
-0.005( -0.8) -0.0005( -0.08) 

Change i n  bu l k  r e l a x a t i o n  energy, aUBR f o r  +O. 24(*39) +0.006(*1) 
*3% shear modulus change 

Uc f o r  a l a t t i c e  parameter change o f  *0.4% 20.24( +39) *O. 03( *5) 

---- <0.01(1.6) 
?1 

Change o f  p o t e n t i a l  f o r  t he  i n t r i n s i c  f o r c e  
over a 20% n i c k e l  v a r i a t i o n  

Change o f  p o t e n t i a l  f o r  t h e  K i r kenda l l  f o r c e  
over a 20% n i c k e l  v a r i a t i o n  

?1 <0.02(3.2) ?1 cO.OZ(3.2) 

*b = Burgers vector  

5.7 Conclusions 

When the  var ious p o t e n t i a l s  a r e  compared i n  r e l a t i o n s h i p  t o  U' we a r r i v e  a t  

t he  f o l l o w i n g  conclusions. 
a. Radiat ion- induced segregat ion in t roduces new d r i f t  f o r ces  which a r e  o f  

comparable magnitude t o  the s t ra in- induced d r i f t  f o r c e  present  w i t h o u t  

segregat ion. A s  a r e s u l t ,  segregat ion can pro found ly  change t h e  b i a s  

of s i nks  f o r  p r e f e r e n t i a l  absorp t ion  o f  i n t e r s t i t i a l s  o r  vacancies. 
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b. 

C .  

d. 

e. 

f. 

The K i r k e n d a l l  f o r c e  on i n t e r s t i t i a l s  i s  sma l l  i n  compar ison t o  t h e  o t h e r  

f o r c e s .  However, t h e  f o r c e s  on t h e  i n t e r s t i t i a l  i n t r o d u c e d  by  v a r i a t i o n s  

i n  e l a s t i c  modu l i  and l a t t i c e  parameter  a r e  s i g n i f i c a n t .  

On t h e  o t h e r  hand, t h e  K i r k e n d a l l  and t h e  i n t r i n s i c  f o r c e  on t h e  vacancy 

a r e  comparable t o  b o t h  t h e  s t r e s s- i n d u c e d  f o r c e  and t h e  f o r c e  a r i s i n g  from 

coherency s t r a i n s ,  whereas t h e  f o r c e  o r i g i n a t i n g  f r o m  t h e  g r a d i e n t  o f  t h e  

e l a s t i c  modu l i  i s  o f  secondary impor tance.  
I n  g e n e r a l ,  R I S  a f f e c t s  t h e  t o t a l  f o r c e  on i n t e r s t i t i a l s  t o  a much l a r g e r  

degree t h a n  t h e  t o t a l  f o r c e  on vacanc ies .  There fo re ,  t h e  s i n k  b i a s  f a c t o r s  

f o r  i n t e r s t i t i a l s  a r e  expected t o  be changed more than  those  f o r  vacanc ies .  

Never the less ,  s i n c e  i t  i s  t h e  n e t  b i a s ,  i . e . ,  t h e  r e l a t i v e  d i f f e r e n c e  of 

b i a s  f a c t o r s ,  wh ich determines v o i d  n u c l e a t i o n  and growth,  t h e  e f f e c t  of 

R I S  on t h e  vacancy b i a s  f a c t o r s  my n o t  be n e g l i g i b l e .  

The r e v e r s a l  o f  s i g n  f o r  t h e  K i r k e n d a l l  f o r c e  a t  35% n i c k e l  may p r o v i d e  an 
e x p l a n a t i o n  f o r  t h e  s t r o n g  dependence o f  s w e l l i n g  on n i c k e l  c o n t e n t  be low 

35% N i  i n  Fe-Ni-Cr a l l o y s .  
S i n c e  v o i d  n u c l e a t i o n  i s  q u i t e  s e n s i t i v e  t o  t h e  v o i d  b i a s ,  i t  i s  a n t i c i p a t e d  

t h a t  t h e  p r i m a r y  e f f e c t  o f  n i c k e l  s e g r e g a t i o n  w i l l  b e  e x p e r t e d  on v o i d  

n u c l e a t i o n  r a t h e r  than  growth.  

Segregat ion,  and i n  p a r t i c u l a r  s u b s t a n t i a l  n i c k e l  en r i chment  n e a r  s i n k s ,  appears 

t o  be a genera l  phenomenon i n  n i c k e l - c o n t a i n i n g  a u s t e n i t i c  a l l o y s .  S i g n i f i c a n t  

b i a s  m o d i f i c a t i o n s  must accompany t h i s  segrega t ion ,  and t h e  degree and n a t u r e  

o f  t h e  b i a s  change i s  expec ted  t o  b e  a s t r o n g  f u n c t i o n  o f  t h e  a l l o y  c o m p o s i t i o n  

and t h e  temperature .  However, fundamental  p r o p e r t i e s  such as  e l a s t i c  m o d u l i ,  

l a t t i c e  parameter,  a tomic  d i f f u s i v i t i e s ,  and thermodynamic p r o p e r t i e s  as  a 
f u n c t i o n  o f  a l l o y  c o m p o s i t i o n  and tempera tu re  a r e  n o t  s u f f i c i e n t l y  w e l l  known 

t o  e s t a b l i s h  a c o m p l e t e l y  q u a n t i t a t i v e  r e l a t i o n s h i p  between a l l o y  c o m p o s i t i o n  

and v o i d  s w e l l i n g  r e s i s t a n c e .  
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THE INFLUENCE OF COLD WORK LEVEL, SOLUTE AND HELIUM CONTENT ON THE SWELLING 
OF " PURE"  AISI 316 (Fe-17Cr-16.7Ni-2.5Mo) 
H. R .  Brager and F. A. Garner (Hanford Engineering Development Laboratory) 

1.0  Objective 

The object  of t h i s  e f f o r t  i s  t o  determine the  r e l a t i ve  con t r ibu t ion  o f  
cold-work, solute and helium t o  the microstructural/microchemical evolution 
of i r rad ia ted  s t a in l e s s  s t e e l .  

2.0 S mmary 

As par t  of a larger e f f o r t  t o  study the influence and possible synergisms 
involving solutes, helium and cold working, a simple quaternary alloy 
representing AISI 316 without solutes  was i r radia ted i n  the Oak Ridge 
Research Reactor ( O R R ) .  
and i s  designated P-7 o r  "pure 316." I t  was i r radia ted a t  350, 550, and 
650°C in each of t he  following conditions: 
worked, annealed p l u s  helium implanted, 20 percent cold worked plus h e l i m  
implanted and various annealed or cold work plus implanted and aged condi- 
t ions.  The implanted specimens contained a range of helium concentrations 
injected a t  ambient temperatures. All specimens chosen for  examination 
by e lectron microscopy and  immersion density were i r radia ted t o  3 t o  5 dpa.  

This a l l o y ' s  composition i s  Fe-17Cr-16.7Ni-2.5Mo 

annealed, 20 percent cold 

In agreement with an e a r l i e r  microchemically-based prediction it was found 
t h a t  b o t h  the volme and density of voids were insensit ive t o  cold work 
in an  a l loy lacking minor solutes  such as s i l icon and carbon. 
i s  inconsistent  w i t h  most theoret ical  treatments o f  the effect of  cold 
work on  swelling i n  commercial a l loys .  The high density of dislocations 
a f t e r  cold working has been t h o u g h t  t o  be responsible fo r  the reduction 
of point defect concentrations and subsequent void nucleation. 
the preinjection of 30 appm heliun appeared t o  suppress vis ible  swelling, 
t h i s  may be an i l lus ion  re la ted t o  resolution problems i n  imaging very 

This finding 

While 
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small voids. Both dens i ty  change measurements and p o s t i r r a d i a t i o n  aging 

s tud ies  i n d i c a t e  t h a t  swe l l i ng  may e x i s t  i n  the p re in jec ted  specimens 

i n  the form o f  unresolvable c a v i t i e s .  

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana lys is  (AKJ) 

P r i n c i p a l  I nves t i ga to r :  D. G. Doran 

A f f i  1 i a t  i o n  : Hanford Engineering Development Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtask 

I I . C . l  E f f e c t s  o f  Ma te r i a l  Parameters on Mic ros t ruc ture  

I I .C.2 E f f e c t s  o f  Helium on Mic ros t ruc ture  

5.0 Accomplishments and Status 

5.1 I n  t roduc t i on 

The h igh  temperature i r r a d i a t i o n  o f  var ious 300 ser ies  s t a i n l e s s  s t e e l s  

i n  bo th  thermal and f a s t  breeder reac to rs  has r e c e n t l y  been shown t o  lead 

t o  two concurrent and i n t e r a c t i v e  evo lu t ions .  One invo lves  the  micro-  
s t r u c t u r a l  components associated w i t h  swe l l i ng  and i r r a d i a t i o n  creep (1)  

and another "microchemical" e v o l u t i o n  a r i s e s  from extensive r e p a r t i t i o n i n g  

o f  elements between the  m a t r i x  and var ious p r e c i p i t a t e  phases. 
l a t t e r  e v o l u t i o n  has been proposed as p l a y i n g  a dominant r o l e  i n  determin- 

i n g  much o f  the r a d i a t i o n  response o f  A I S 1  316 s t a i n l e s s  s tee l .  

(2-11) Th i s  

( 2 )  

It now appears t h a t  t h e  microchemical e v o l u t i o n  can be d i v ided  i n t o  two 

sub-categories. The f i r s t  invo lves  the segregat ion o f  elements ( p a r t i c u l a r l y  
n i c k e l )  t o  m i c r o s t r u c t u r a l  s inks  such as voids and d i s loca t i ons .  It has 

been proposed t h a t  much o f  the  dependence o f  vo id  swe l l i ng  o f  Fe-Ni-Cr 

a l l o y s  on n i c k e l  content  can be expla ined i n  terms o f  the  segregat ion 

o f  n i c k e l  t o  vo id  surfaces. (12) This  segregat ion mechanism i s  no t  i n  
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i t s e l f  suf f ic ien t  t o  change appreciably the composition of the a l loy 
matrix. 

The second category involves the segregation of elements, par t icular ly  
nickel and  s i l i con ,  into a variety of precipi ta te  phases, some of which 
form only under i r radiat ion and redissolve in i t s  absence. (13) 
mechanism has the potential for  providing a larger reservoir for  segregated 
elements, thereby a l te r ing  s ignif icant ly  the composition of the alloy 
matrix. 
of solutes such as  s i l icon and carbon. (2'3) 
(and carbon a t  temperatures below approximately 525°C) extends the time 
required in f a s t  breeder reactors for voids t o  nucleate. 
proposed tha t  t h i s  occurs due t o  s i l i con ' s  influence on the effect ive 
vacancy diffusion coefficient.  (14) 

This 

The capacity of t h i s  reservoir i s  largely determined by the level 
When in solution, s i l icon 

I t  has been 

The rate of removal into precipi ta tes  of important elements such as nickel,  
s i l icon and carbon has been shown t o  be d i rec t ly  affected by cold working 
prior to i r radiat ion.  (7111)  I t  also has been def ini t ively shown tha t  
i n  A I S 1  316 the temporary suppression of swelling by cold work cannot 
be correlated t o  the de t a i l s  of the dislocation density b u t  only t o  the 
e f fec t  of cold work on the evolution of precipi ta te  phases. ('I 
also been proposed t h a t  there i s  a strong interaction between the disloca- 
tion density and the carbon level and tha t  cold work might exert  no 

I t  has 

influence on swelling i n  the absence 
sol Utes. (2 )  

These findings are inconsistent w i t h  

of carbon or other i n t e r s t i t i a l  

most theoretical  treatments o f  the 
e f f ec t  of cold work on swelling. 
cold working has been t h o u g h t  t o  be responsible for  the reduction of point 
defect concentrations and subsequent void nucleation. 

The h i g h  density of dislocations a f t e r  

As part of  a larger e f f o r t  t o  unravel the in t r icac ies  of the swelling/ 
microchemical correlation i t  was decided t o  t e s t  the val idi ty  of the con- 
cept of linked behavior between the solute level and the dislocation 
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density. Since there i s  a l so  some current controversy over the re la t ive  
contributions of microchemistry and helium t o  void growth (9910), a simple 
"model" al loy o f  AISI 316 was examined in which the e f f ec t s  o f  cold work 
and heliun could be studied without introducing the complexities of changes 
in matrix composition o r  cavity-precipitate interactions.  
was a l so  introduced by two mechanisms, b o t h  preinjection a t  ambient tem- 
perature and by i r radia t ion in a reactor with a thermalized neutron 
spectrun t o  produce heliun from the "double-nickel" reactions (15,161 

58Ni (n,v)59Ni(n,U)56Fe. 

The helium 

5.2 Experimental Details  

The reactor employed was the Oak Ridge Research Reactor (ORR) ,  using the 
MFE2 experiment in core position E7. The d e t a i l s  of t h i s  experiment (17) 
as well a s  the displacement and heliun levels  at tained( '*) a re  reported 
e l  sewhere. 

The al loy used i n  the study was the quaternary Fe-17Cr-16.7Ni-2.5M0, 
designated variously as P-7 or "pure 316" and supplied by Oak Ridge 
National Laboratory. 
composition range typical of  A I S I  316 and contains l e s s  than 0.005 weight 
percent carbon, low residual elements ( l e s s  than 0.1 weight percent each) 
and 0.03 weight percent oxygen. 
other experiments (19-21) and a s  shown i n  Figure 1 i s  known t o  swell without 
the hesitat ion normally exhibited by AISI 316 containing the usual comple- 
m e n t  of solutes.  

T h i s  a l loy l i e s  near the h i g h  nickel end of the 

I t  has been extensively i r radia ted in 

T h i s  a l loy (and four others not discussed in t h i s  repor t )  were i r rad ia ted  
side-by-side i n  the solution annealed, 20 percent cold worked (CW), and 
cold worked and various aged condi t ions .  
of 3 mn microscopy disks and heliun preimplantation was uniformly introduced 
t o  nominal levels  of 0 ,  10, and 30 appm. The specimens were contained 
in capsules f i l l e d  with l iquid metal and i r radiated t o  doses of 3 t o  
5 dpa a t  nominal temperatures of 350, 550 and 650'C. The voltme changes 

The specimens were in the form 
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FIGURE 1. Dependence o f  Swel l ing  on Impur i t y  Level a t  625-635°C i n  
N icke l  Ion I r r a d i a t e d  AIS1 316. (19) "High P u r i t y ' '  (HP316) 
i s  the P- 7 a l l o y  described i n  t h i s  r e p o r t .  

o f  the specimens were measured by an immersion dens i ty  technique w i t h  

an accuracy o f  i0 .16 percent.  A t  t h i s  t ime on l y  the specimens a t  350 

and 550°C have been examined by microscopy. 

5.3 Examination o f  Specimens Without P re in jec ted  H e l i m  

A t  350°C and 3 dpa, no i d e n t i f i a b l e  voids o r  p r e c i p i t a t e s  were observed 

i n  e i t h e r  the  annealed o r  20 percent c o l d  worked specimens. 

t o  rad ia t ion- induced Frank loops, there  were small c l u s t e r s  i n  bo th  the 

annealed and c o l d  worked specimens, some o f  which, however, might be small 

voids (-3 nm). A t t e n t i o n  was p a r t i c u l a r l y  concentrated on the specimens 

i r a d i a t e d  t o  4 dpa a t  55OoC, con ta in ing  33 appm o f  h e l i m  int roduced by 

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

I n  a d d i t i o n  

< 
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The immersion density measurements showed neither s ignif icaqt  swelling nor  
discernible influence from any preirradiation treatment. The mean density 
for  the (1 )  20 percent CW, ( 2 )  annealed, (3) annealed plus 40 appm He 
and (4 )  annealed plus 40 appm He plus 750°C aged were - 0.22 percent, -0.15 
percent, -0.12 percent and -0.25 percent respectively with a to ta l  devia- 
t ion of approximately tO.10 percent. 
j u s t  on the boundary of the accuracy of the measurement technique. 

Note that  these measurements are 

As shown in Table 1 ,  the void development a t  t h i s  fluence appears t o  be 
somewhat variable. Micrographs of the examined material, however, i l l u s -  
t r a t e  a surprising consistency and homogeneity in any one void micrograph, 
Figure 2.  In addition, t he  void densi t ies  are shown t o  decrease with 
major increases in the f o i l  thickness, Figure 3,  for b o t h  annealed and 
cold worked specimens. The increase in threshold s ize  of voids which 
are resolvable i n  th ick f o i l s  appears t o  dominate over any nonuni fo rmi ty  

in t h e  void formation. Note t h a t  the range of swelling in each of the 
annealed and cold worked specimens overlaps, supporting the conclusion 
tha t ,  while apparently nonuniform on a microscopic level ,  the macroscopic 
swelling i s  essen t ia l ly  unaffected by co ld  working. 
with the very large e f f e c t  tha t  cold work has on swelling in aus ten i t ic  
s t ee l s  such as AISI 316. Figure 4 i l l u s t r a t e s  the e f f ec t  t h a t  cold work 
has on suppressing void formation in AISI 316 i r radiated a t  560°C t o  4 .5  
dpa. 

This resu l t  contras ts  

The dislocation density in the annealed specimens i s  s t i l l  re la t ive ly  
low, averaging about 1 x 1O1O 
large Frank i n t e r s t i t i a l  loops was found, having a mean diameter of approx-  
imately 100 nm. 
higher a t  about 4 x lo1@ cm-’ b u t  with no Frank loops observed. 
difference in dislocation density can be seen in Figure 2 .  No precipi ta tes  
were observed in e i t he r  specimen. 

A low density (%4 x 1 0 l 2  cm-’) of 

The dislocation density in the cold worked specimen was 
This 
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TABLE 1 
VOID FORMATION IN Fe-17Cr-16.7Ni-2.5MO SPECIMENS 

(550°C IRRADIATION TEMPERATURE; 4 dpa) 

Foi 1 Void Mean Dislocation 

!i cm- i % (cm/cm3) 

Annealed (a)  2000 0.7 x 1015 114 0.08 3.7 x 109 
(b 1 600 5.2 x 1015 66 0.10 2.1 x 1010 

Thic ness, Density, Oiam t e r ,  Swelling, Density Specimen 
Identification (*) 

(C) 350 3.1 x lo1’ 109 0.31 1.7 x lo1’ 

20% Cold-Worked(d) 1600 0.9 x 1015 90 0.04 2.0 x lo1’ 
(e )  1600 1.3 x 1015 70 0.02 4.1 x 10” 
( f )  1320 0.8 x 1015 59 0.01 4.0 x lo1’ 
(9) 590 3.3 x 1015 79 0.10 5.0 x 10” 

( h )  510 4.3 x 1015 62 0.11 6.3 x 10” 

(*) Letter ident i f ied micrograph i n  Figure 2 corresponding t o  a portion 
o f  the area used t o  obtain void data. 

FIGURE 2 .  Void Microstructure i n  Annealed and 20% Cold-Horked 
Fe-17Cr-16.7Ni-2.5Mo Irradiated in ORR a t  550°C t o  4 dpa. 
(Micrographs shown in the same order as  indicated in Table 1 . )  
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FIGURE 3. Effect of Foil Thickness on Number Density o f  Visible Voids. 

FIGURE 4. Effect of (a,) Solution Annealing and 
Void Formation in AIS1 316 Stainless 
at 560°C to 4.5 dpa. 

(b) Cold-Working 20% on 
Steel Irradiated in EBR-I1 
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5.4 Examination of Specimens w i t h  Preimplanted He l i un  

Two o the r  specimens i r r a d i a t e d  a t  550°C e x h i b i t e d  no reso lvab le  voids 

a l though dens i t y  change measurements showed s w e l l i n g  comparable t o  t h a t  
of the  un in jec ted  specimens discussed i n  t h e  prev ious sect ion. These 
specimens were (1) annealed p l u s  30 appm He and (2) annealed p l u s  30 appm 
He fo l lowed by aging a t  7 5 O O C  f o r  one hour. 
e i t h e r  completely suppressed the  s w e l l i n g  o r  d i s t r i b u t e d  i t  i n t o  such 

small c a v i t i e s  t h a t  they  were unresolvable. 

It appeared t h a t  p r e i n j e c t i o n  

The dens i t y  change measurements, however, suggest t h a t  the  apparent 
suppression o f  s w e l l i n g  by h e l i u n  p r e i n j e c t i o n  may be misleading. 
o the r  words, the  c a v i t y  dens i t y  may have been increased 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  the  voids produced were smal ler  than the  r e s o l u t i o n  
l i m i t  (-3.0 nm) o f  the  normal imaging techniques used i n  t h e  e l e c t r o n  

I n  
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This concentration i s  similar t o  t h a t  found i n  i r rad ia ted  specimens wh ich  
were not preinjected w i t h  heliun, although the sizes a re  smaller by factors  
o f  3 t o  4. No cav i t i e s  were detectable a t  <1.5 nm diameter. 

FIGURE 5. Under-Focused (Top) and Over-Focused (Bottom) Images o f  Cavities 
in Fe-17Cr-16.7Ni-2.5Mo + 30 appm Helium Irradiated in ORR a t  
550°C fo r  4 dpa and then Aged One-Quarter Hour a t  900°C. 
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FIGURE 6. D i s t r i bu t i on  o f  V is ib le  Cavi t ies Observed i n  Specimen Described 
i n  Figure 5. 

Re-examination o f  another iden t i ca l  specimen aged one-quarter hour a t  700°C 
y ie lded a low densi ty ( C l O l 4  
and sane o f  which d i d  not behave as cav i t ies .  The l a t t e r  were probably 
a r t i f a c t s  on the f o i l  surfaces. 

o f  images, some o f  which were cavi t ies,  

An i r r ad ia ted  specimen preimplanted w i t h  helium without aging was examined 
using a carefu l  and extensive through-focus series. This study l e d  t o  
no images which could be a t t r i bu ted  t o  cavi t ies.  I f  indeed cav i t i es  e x i s t  

i n  th is  specimen they must possess diameters o f  21.5 nm. Positron annihi-  

l a t i o n  studies are now i n  progress t o  detect cav i t i es  smaller than t h i s  
l i m i t .  

5.5 Discussion 

Examination o f  the P-7 a l l o y  i n  t h i s  experiment has shown tha t  co ld  working 

of t h i s  "pure" 316 a l l o y  has no inf luence on suppressing o r  encouraging 
void formation. I n  A I S 1  316 containing solutes, however, co ld  work has 
a pronounced e f f e c t  on swel l ing as shown i n  Figures 7 and 8. 

and other studies i t  i s  c lear  t ha t  the e f f e c t  o f  co ld  work i s  t o  extend 

I n  these 
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FIGURE 8. Dependence of Neutron-Induced Swelling on Cold Work Level in 
AISI 316 a t  550°C a s  Reported by Appleby, e t  a 1 . ( 2 3 )  
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Another test  of the proposed re la t ive  and interact ive  roles  of dislocations 
and solutes  l i e s  in the examination of pure metals. 
data a re  rather sparse, b u t  cold working of Al, Mg, C u  and Ni leads e i t he r  
t o  small increases in swelling or  no change, Table 11. (24)  Vanadi un seems 
t o  be an exception, however, in t ha t  cold work reduces swelling. 

Neutron i r rad ia t ion  

TABLE I1 
EFFECT OF COLD WORK ON SWELLING 

OF PURE METALS 

A V / V , %  

Impurity Sl ight ly  
content, Temperature, cold 

appm “C Anne a1 ed worked As rolled 

A1 60 55 0.064 0.35 
1 55 0.46 0.46 0.46 

cu* 100 2 50 0.17 0.31 0.14 
Ni * 500 335 0.5 0.65 1 .o 
V* 5000 435 0.25 0.08 <o .01 

Mgt 100 55 0.16 0.18 0.20 

-5 x 10’’ neutronsjcm’ ( E  > 0.1 M e V )  
t ~ 1 . 5  x 10” neutrons/cm2 ( E  > 0.1 M e V )  

A t  low doses the void density induced by charged par t ic les  i s  higher in 
cold worked Cu (25) and A 1 ( 2 6 )  than in the annealed metal, although there 
appears t o  be some dislocation density beyond which the void density and 
swelling decrease again. (26)  Leffers and Singh used charged par t ic le  
i r rad ia t ion  t o  study the e f f ec t  of cold work on swelling and concluded 
t h a t  the subsequent reduction in swelling with cold work i s  related t o  
recrysta l l izat ion induced by the energy stored in the dislocations.  
rec rys ta l l i za t ion  i s  ass is ted by the proximity of f ree  surfaces,  especially 
in charged par t ic le  i r rad ia t ions .  (27)  In general, the e f f ec t s  of cold 
work on swelling i n  ion o r  electron- irradiated specimens has yielded rather 
ambiguous r e su l t s  and probably r e f l e c t s  the d i f f i cu l ty  in establishing 

The 
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(29) or maintaining high near-surface dislocation densi t ies .  

The apparent suppression of void swelling in t h i s  experiment by preinjec- 
t ion of heliun may be an i l lus ion .  
poss ib i l i ty  t ha t  the additional nucleation s i t e s  provided by the prein- 
jected heliun may have provided suf f ic ien t  new voids t o  cause the small 
amount of swelling t o  f a l l  below the void s ize  resolution l imi t .  
def in i t ive  answer awaits fur ther  studies in progress. 
ment levels ,  there are quite convincing data reported in the l i t e r a t u r e  
t o  show t h a t  preinjected helium can e i t he r  suppress or  accelerate 
the onset of  swelling. 

The density change data imply the 

The 
A t  higher displace- 

( 3 0 3  1 

5.6 Conclusions 

Examination of specimens of the P-7 a l loy i r radiated in ORR shows t h a t  
the pre- irradiation dislocation density has no s ignif icant  e f f ec t  on cavity 
formation when i n t e r s t i t i a l  solutes l ike  s i l icon and  carbon are absent. 
These r e su l t s  support the prediction based on a microchemical model t ha t  
the void formation in "pure" 316 or  other a l loys  t ha t  do not develop 
precipi ta te  phases will  be insensit ive t o  cold working. 
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THE EFFECT OF HELIUM ON SWELLING I N  STAINLESS STEEL: INFLUENCE OF CAVITY 

DENSITY AND MORPHOLOGY - R. E. S t o l l e r  and G. R. Odette ( U n i v e r s i t y  o f  

C a l i f o r n i a ,  Santa Barbara) 

1.0 Ob jec t i ve  

The purpose o f  t h i s  work i s  t o  develop p h y s i c a l l y  based models o f  t he  

m i c r o s t r u c t u r a l  e v o l u t i o n  o f  s t a i n l e s s  s t e e l s  under i r r a d i a t i o n  and t o  use 

these models t o  develop b e t t e r  understanding o f  t he  processes which g i ve  

r i s e  t o  c a v i t y  s w e l l i n g  i n  t h i s  m a t e r i a l .  

2.0 Summary 

One e f f e c t  o f  i nc reas ing  t h e  h e l i u d d p a  r a t i o  (He/dpa) i n  i r r a d i a t i o n s  o f  

316 s t a i n l e s s  s t e e l  i s  an increased c a v i t y  dens i ty .  This  e f f e c t  i s  

observed i n  bo th  H F I R  (- 70 appm He/dpa) and dual i o n  ( v a r i a b l e  He/dpa) 

i r r a d i a t i o n s  when compared w i t h  E B R - I 1  i r r a d i a t i o n s  (- 0.35 appm He/dpa) 

The c a v i t y  dens i t y  appears t o  sca le  as (He/dpa)P, where O<p<l. A second 

observat ion i s  t h a t  t he  r e l a t i v e  f r a c t i o n  o f  c a v i t y  s w e l l i n g  which i s  a 

r e s u l t  o f  p r e c i p i t a t e  associated voids appears t o  be lower i n  some HFIR 

i r r a d i a t e d  ma te r i a l s  r e l a t i v e  t o  t he  E B R - I 1  i r r a d i a t i o n s .  A r a t e  theory 

model has been developed t o  consider  these He/dpa r a t i o  e f f e c t s .  The model 
was c a l i b r a t e d  us ing  data f r o m  E B R - I 1  i r r a d i a t i o n s  o f  20% c o l d  worked 316 

s t a i n l e s s  s tee l .  The parametr ic  dependence o f  c a v i t y  swe l l i ng  on t h e  value 

o f  p and the  He/dpa r a t i o  has been examined f o r  values o f  t he  He/dpa r a t i o  

between t h e  EBR-I1  and H F I R  values. The f u s i o n  He/dpa r a t i o  f a l l s  i n  t h i s  

range (- 10 appddpa).  

The r e s u l t s  i n d i c a t e  t h a t  beyond a c r i t i c a l  value o f  p t he re  i s  a 

b i f u r c a t i o n  i n  t he  c a v i t y  e v o l u t i o n  pa th  from m ic ros t ruc tu res  dominated by 

p rec ip i t a te- assoc ia ted  voids t o  m a t r i x  bubble dominant. Reduced swe l l i ng  

i s  observed as a r e s u l t  o f  t he  b i f u r c a t i o n .  However, t he  model a l s o  p r e d i c t s  

peak s w e l l i n g  near t h e  f u s i o n  He/dpa r a t i o  suggest ing t h a t  t he  use 
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o f  f i s s i o n  reac to r  swe l l i ng  data may lead t o  non-conservative est imates o f  

swe l l i ng  f o r  fus ion.  

3.0 Program 

T i t l e :  Damage Analys is  and Fundamental Studies f o r  Fusion Reactor 

Ma te r i a l s  Oevelopment 

P r i n c i p a l  I nves t i ga to rs :  G. R. Odette and G. E.  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 Plan Task/Subtask 

Subtask C C o r r e l a t i o n  Methodology 

5.0 Accomplishments and Status 

5 . 1  I n t r o d u c t i o n  

The fundamental concepts presented here are an extension o f  e a r l i e r  work 

which focused on the  i n f l uence  o f  c a v i t y  s i n k  dens i ty ,  as mediated by 

hel ium, on s w e l l i n g  I n  t h i s  paper we attempt t o  explore the  

i m p l i c a t i o n s  o f  a recent  experimental observat ion t h a t  w ide ly  va ry ing  

l e v e l s  o f  t h e  hel ium generat ion r a t e  can apparent ly  lead t o  q u a l i t a t i v e l y  

d i f f e r e n t  c a v i t y  mic ros t ruc tures  (4-5) 

That work invo lved a comparison o f  a s i n g l e  heat o f  20% cold-worked 316 

type s t a i n l e s s  s t e e l  i r r a d i a t e d  under roughly s i m i l a r  cond i t ions  i n  bo th  

f a s t  (Experimental Breeder Reactor-11, EBR-11) and mixed-spectrum (High 

F lux  Iso tope Reactor, HFIR) reac tors ,  which produce low and h igh  hel ium t o  

displacement-per-atom (He/dpa) r a t i o s  respect ive ly .  While the  e f f e c t  o f  

the  va ry ing  hel ium l e v e l  on gross c a v i t y  s w e l l i n g  i n  the  range o f  data 

over lap  i s  no t  la rge ,  and i s  the  sub jec t  o f  some controversy, a c l e a r  
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qualititive difference in the character of the cavity microstructure is 
observed. Namely, the alloys irradiated in HFIR, at high helium generation 
rates, are dominated by a high density of relatively small matrix cavities; 
while the irradiations in EBR-11, which produces much less helium, resulted 
in a lower density of large cavities, generally found to be attached to 
precipitate particles (precipitate-associated). A comparison of these 
microstructures is shown in Figure 1. Helium inventory estimates and 
modeling studies suggest that the HFIR cavities are near equilibrium gas 
bubbles at temperatures greater than 500' C. (39697), while the precipitate 
associated cavities observed in the EBR-I1 irradiated specimens are voids. 
None o f  the possible factors which might confound quantitative comparitive 

I 

I I !  
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FIGURE 1. Influence of Helium/dpa ratio on cavity density and morphology 
EBR-I1 vs. HFIR (photo courtesy P.J. Mazaisz, ORNL). 
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i n t e r p r e t a t i o n  o f  these r e s u l t s  appear t o  exp la in  these s t a r k  q u a l i t a t i v e  
d i f fe rences .  

The same heat  o f  s t e e l  i r r a d i a t e d  i n  H F I R  i n  t h e  s o l u t i o n  annealed 

cond i t i on ,  which had somewhat lower c a v i t y  d e n s i t i e s  (- a f a c t o r  o f  5) than 
t h e  cold-worked a l l o y ,  conta ined both  m a t r i x  and l a r g e  

p rec ip i t a te- assoc ia ted  c a v i t i e s ,  (4). These r e s u l t s  a re  compared i n  F igure  

2. One poss ib le  i n t e r p r e t a t i o n  o f  t h e  solut ion-annealed versus cold-worked 

r e s u l t s  i s  t h a t  h igh  c a v i t y  dens i t i es ,  beyond a c r i t i c a l  number, may reduce 
o r  even suppress completely the  format ion o f  p rec ip i t a te- assoc ia ted  voids 

which genera l l y  comprise t h e  m a j o r i t y  o f  c a v i t y  volume. We term t h e  swi tch  
from p rec ip i t a te- assoc ia ted  v o i d  t o  m a t r i x  bubble dominated c a v i t y  

mic ros t ruc tures ,  mediated by c a v i t y  dens i ty ,  a b i f u r c a t i o n  i n  t h e  p a t h  o f  
evo lu t ion .  

-w 
rw 

-- 
?I* 

FIGURE 2. I n f l uence  o f  p r i o r  heat treatment i n  H F I R  on c a v i t y  dens i t y  and 
morphology (photo cour tesy P.J. Flazaisz, ORNL). 
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Qualitative considerations suggest that such behavior is strongly 
influenced by the helium generation rate. Larger numbers of helium atoms 
per cavity promote bubble-to-void conversion, but at higher cavity 
densities, resulting from increased gas production, helium must also 
partition to more sites and the effective vacancy supersaturation (or net 
vacancy fluxes at cavity sinks) is reduced, supressing bubble-to-void 
conversions. Hence, the anticipated effect on swelling of increasing 
helium may not be a constant, monotonic trend. Theoretical considerations 
suggest that increasing helium would first increase void nucleation and 
swelling up to a peak, followed by a decline due to suppression of void 
(versus bubble) formation; the swelling would pass through a minimum when 
all the cavities are bubbles and increase thereafter with increasing 
helium. The broad trends observed in both helium preinjection followed by 
charged particle or neutron irradiation and dual-ion charged particle 
studies support these concepts (4). An example of such non-monotonic 
swelling behavior is shown i n  Figure 3. 

a t ' 20  appm He/dpa. 
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In order to test these qualitative ideas more rigorously a quantitiative 
model is required. As is generally the case when attempting to analyze 
complex phenomena, the available microstructural models are incomplete 
(i.e. do not cover all relevant mechanisms), contain significant 
approximations for computational expediency and require parameters (both 
material and irradiation) that are not known precisely. As a consequence, 
even if the model predictions are consistent with the existing data base, 
extrapolation beyond the range of observation is uncertain and predictive 
results generally are not unique. Hence, such models should be viewed as 
tools to be used to develop better understanding. 

5.2 Model Development 

With that caveat, we endeavor to develop a physically based quantitative 
rate theory model which allows us to examine the concepts discussed above. 
A mathematical description is included in Appendix A. The important 
elements of the model are described below. 

5.2.1 Helium Partitioning 

Treatment of helium partitioning between various sinks and between the 
sinks and the lattice is based on a conservation equation incorporating 
total and relative sink strengths, helium diffusivity and helium generation 
rate. Helium sinks include sub-grain structure, bubbles and voids. 
Dislocations are assumed to be helium collectors for matrix bubbles. 
Recent work by Spitznagel, et al. (8) indicates that using the dislocation 
sink strength for vacancies in helium partitioning calculations 
overestimates the ability of dislocations to trap helium. Hence, we reduce 
this sink strength by a factor fHe when computing the amount of helium 
partitioned to matrix bubbles. For this work, fHe was taken as 0.5. 
Precipitates act as collectors for precipitate-assoicated voids and 
bubbles. Guided by very limited data (4) in the range of - 500-600°C we 
use a constant sink strength of 4.0~10 cm-' for the precipitate helium 
collectors. 

10 
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5.2.2 Point Defect Sinks, Bias Factors, and Defect Fluxes 

Calculation of self-consistent defect sinks strengths and associated bias 
factors is very complicated in an evolving microstructure, even if 
potentially significant microchemical effects (’) are not considered, as 
pointed out by Liu and Nichols and others (lo’ll). We have adopted a first 
order effective medium approach calculation suggested by several workers 
(12’13); interstitial bias is assumed to be a constant material parameter 
assigned solely to dislocations. The sinks include subgrain structure, 
voids, bubbles, dislocations and transient vacancy clusters in the form of 
loops or microvoids formed by the “collapse” of displacement cascades. 
Precipitates are not included as point defect sinks for several reasons: 
there is not much data in the open literature to characterize the size, 
number density and morphology of precipitate microstructures; the creep 
rupture literature suggests that incoherent interphase boundaries may be 
inefficient point defect sinks (at least for vacancies) (14); various 
precipitates would be expected to have different sink efficiencies and bias 
factors; these sink parameters might be time-dependent due to relaxation of 
misfit strains; and using standard parameters, better agreement with 
observations is obtained when these sinks are not included. We cannot 
estimate precisely the effect of these approximations used in treating sink 
strength and effective system bias; clearly, additional research is needed 
to develop and apply improved sink and bias models. 

5.2.3 Bubble Nucleation, Growth and Conversion to Voids 

The general scenario for bubble nucleation and growth has been given 
previously bubbles nucleate and grow in the matrix and at precip- 
itate interfaces at rates controlled largely by the helium generation and 
partitioning rates. The total cavity density is based on experimentally 
observed trends (7’15’16), and may be expressed 
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N: = 2 . 5 3 ~ 1 0 ~ ~  exp (-0.023 T(OC))  (1 1 

The temperature dependence of Nc t is shown in Figure 4. The precipitate 
associated cavities are taken as a constant fraction f - 0.1 of the total 
cavity density. In reality, this parameter may be a function of temper- 
ature and other variables; however, there is insufficent data to guide a 
more precise choice. The matrix bubbles are assumed to form early in 
irradiation in the form of small clusters (d-5 A ) .  Formation of 
precipitate-associated bubbles and initial partitioning of helium to them 
is assumed to take place at a temperature-dependent exposure parameter xD, 
representing the average precipitation incubation time. 

P 

0 

I I I I 

I I I I 
400 500 600 700 

TEMPERATURE (OC) 

FIGURE 4. Temperature dependence of dislocation density (pd) and cavity 
density (N,) used in model. 
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There are several possible mechanisms by which precipitation of second 
phase particles could influence bubble-to-void conversions and swelling. A 
partial list includes: 

Lattice composition changes influencing changes in sink biases 
and self-diffusion parameters (17, 18) 

Non-equilibrium (transient) misfit strain effects where tensile 
strains would promote and compressive strains would supress void 
formation; and/or biased precipitate sinks where tensile strains 
would produce interstitial bias and compressive strains vacancy 
bias; 
Point defect collector effects 
Non-spherical cavities and surface energy effects at precipitate 
interfaces. 

(19) .  

While all of these can be modeled, we have chosen to concentrate on item 
(d), which has been extensively treated in the literature for stress 
induced creep cavity nucleation (20’21). The effect o f  this mechanism can 
be represented by a single parameter p, which is a function of the relative 
surface energies o f  the cavity-matrix interface, y, the precipitate-matrix 

(‘O) where interface, y and the precipitate-cavity interface, y P mp’ 

p = cos-1 ( ym p - y~), 
Y 

The volume V and surface area A of the nonspherical cavity is given as 

and 

where 

4 3 

2 

V = F  - n  r v 3  

A = Fs 4nr , 

3 - + (2 - 3 cos p + cos p) ,  FV 
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and - 2 (1 - cos 6). Fs 2 

- 0.3-0.5; we use a value of 0.4 in this work; Hence for y >> y 

the corresponding value of Fs is 0.434. The result of a reduced volume for 
a given capillary radius is an expression for the critical number of helium 
atoms needed for bubble-to-void conversion of 

mp 2 yp’ Fv 

where the effective vacancy supersaturation parameter, S ,  is defined as, 

DvCv- DiCi 

DVCt 
S =  

The function of f(S) represents a non-ideal gas correction factor which 
approaches 1.62~10 -46cm6 for an ideal gas (or low S) as discussed in 
Appendix C. 

5.2.3 Other Irradiation and Material Parameters 

The total dislocation density as shown in Figure 4 is expressed as a time 
independent function of temperature (l 5, as, 

pd = 1.99~10~~ exp(-O. 016T(OC)) (4) 

No distinction is made between network dislocations and loops and the 
dislocation transient early in irradiation is ignored. The transient 
vacancy clusters can have either void and loop morphologies; we have 
examined both cases, but will present results only for microvoids here. We 

assume some fraction E of the initially created vacancies survive 
intra-cascade annealing, and that a fraction x cluster as microvoids with 
a radius r ’ we assume nominal values of E - .4 and x - .8 which are mv’ 
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cons i s ten t  w i t h  computer s imu la t i on  r e s u l t s  (22) and use r as an 

ad jus tab le  parameter. The displacement r a t e ,  G, was taken as 10 sec . % -1 

The s e l f - d i f f u s i o n  c o e f f i c i e n t  was taken us ing  a standard a c t i v a t i o n  energy 

of 2.9 eV and a pre- exponent ia l  o f  0.8 cm sec-' so  as t o  be cons i s ten t  w i t h  

high- temperature data ('*). Th is  a c t i v a t i o n  energy i s  somewhat h igher  than 

measured i n  304 s t a i n l e s s  s t e e l  (- 2.7 eV) (23) and lower than t h a t  found 

f o r  some Fe-Ni-Si model a l l o y s  (- 3.2eV) (24). Ex t rapo la t ions  t o  

temperatures i n  t he  range o f  v o i d  s w e l l i n g  based on these a l t e r n a t e  values 

l ead  t o  w ide l y  va ry ing  d i f f u s i v i t i e s .  Since the  model r e s u l t s  a re  

s e n s i t i v e  t o  these values i t  would be very  use fu l  t o  o b t a i n  a more accurate 

d i f f u s i o n  parameter i n  t h e  temperature range o f  i n t e r e s t .  Indeed, one 

might  a n t i c i p a t e  h igher  d i f f u s i o n  r a t e s  i n  a l l o y s  con ta in ing  i m p u r i t i e s  o r  

a l l o y i n g  elements such as S i  and C (and He) due t o  i m p u r i t y  enhancement 

parameters (0 = D ( C .  = 0) + b. C .  where Ci i s  t h e  i m p u r i t y  concent ra t ion  - 
see Ref 18). Th is  migh t  e x p l a i n  i n  p a r t  t he  h igher  res i s tance  t o  v o i d  

fo rmat ion  o f  commercial a l l o y s ;  o r ,  as a c o r o l l a r y ,  one o f  t h e  e f f e c t s  o f  

microchemical e v o l u t i o n  on s w e l l i n g  behavior.  

2 

1 1 1  

Data on f r e e  sur face energies o f  s t a i n l e s s  s t e e l  a l l o y s  a re  very  l i m i t e d ;  

some est imates based on zero creep measurements i n  304 s t a i n l e s s  s tee l  

suggest l a r g e  and temperature dependent values i n  t h e  range o f  2500-3500 
ergs/cm 2(25). 

c o e f f i c i e n t  g iven  above, these values a re  i ncons i s ten t  w i t h  observed h igh  

temperature s w e l l i n g  i n  t he  con tex t  o f  pos tu la ted  mechanisms and 

parameters. Hence, we reduce the  magnitude o f  t he  zero creep est imate o f  y 

by a f a c t o r  o f  2, i n  agreement w i t h  values used i n  almost a l l  o the r  

t h e o r e t i c a l  s tud ies  o f  s w e l l i n g  (e.g. Ref. ll), 

2 

However, when coupled w i t h  t he  est imates o f  t h e  s e l f - d i f f u s i o n  

(5) y = 2025 - 0.875 T ("C) ergs/cm . 

Such reduced sur face energies can be r a t i o n a l i z e d  by t h e  e f f e c t  o f  s o l u t e  

segregat ion i n  a l l o y s .  The hel ium d i f f u s i v i t y  was modeled based on a 
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divacancy mechanism assuming a binding energy of 0.5 eV as described in 
Appendix A. The model parameters are summarized in Appendix E. 

After fixing the reasonable (:.e. guided by observation or physical 
considerations) microstructure and material parameters described above, the 
major remaining adjustable parameter is the effective bias factor E ;  other 
adjustable parameters are the precipitation time, T and microvoid radius, 
r The bias factor has been assigned a wide range of values in the 
literature from - 0.02 to > 0.5 (12,26). Its use to calibrate the model 
will be discussed below. However, it is important to emphasize that other 
combinations of adjustable parameters could have been chosen; and, indeed, 
we have studied a number of alternate cases. Use of the bias parameter 
provides both simplicity and clarity, and we have found that the 
qualitative trends revealed in our analysis are not seriously influenced by 
the choice of this expedient. 

P 
mv ' 

Clearly the model is approximate. The most serious assumptions include: 
the treatment of sinks and bias factors, both in terms of sink interaction 
effects and possible microchemical influences; use of constant diffusivity 
parameters independent of the evolving matrix composition; and the limited 
treatment of possible precipitate effects on void nucleation and growth. 
Nevertheless, we will show below that with reasonable microstructural and 
material parameters the model results are consistent with the broad trends 
in the breeder data base. Indeed, we believe a useful perspective is to 
view this form of rate theory as a semi-empirical algorithm to apply 
cumulative defect conservation (mass balance) requirements and to estimate 
the sensitivity of defect partitioning to various kinetic and sink 
structure parameters. 

5.3 Model Calibration 

We feel that the fast reactor data base for 20% cold-worked type 316 
stainless steel is best suited for calibrating the model because of the 
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range o f  the  temperatures and exposures covered and the  p r a c t i c a l  i n t e r e s t  

i n  t h i s  general a l l o y  cond i t ion .  However, t he re  i s  considerable 

heat- to-heat v a r i a t i o n  i n  the  swe l l i ng  o f  breeder s t e e l s  ( p a r t i c u l a r l y  i n  

t h e  incubat ion  regime); hence, we have made use o f  a s e t  o f  data f o r  

several heats o f  r e l a t i v e l y  swe l l i ng  prone s tee l s ,  u s u a l l y  known as f i r s t  

core s t e e l s  (27’28). Even t h i s  data, however, i s  n o t  s u f f i c i e n t  t o  

develop a unique s e t  o f  model parameters. For example, changes from t h e  

nominal v o i d  and d i s l o c a t i o n  mic ros t ruc ture  parameters w i t h i n  the  s c a t t e r  

o f  observed t rends cou ld  be compensated f o r  by s l i g h t  changes i n  the  

a c t i v a t i o n  energy f o r  s e l f - d i f f u s i o n  o r  sur face energy. A number o f  

s i m i l a r  examples cou ld  be mentioned. Hence, as noted above, we have chosen 

t o  concentrate on on ly  th ree  parameters: t h e  b ias  f a c t o r  E ,  the  p r e c i p i t a t e  

nuc lea t ion  t ime 1: and the  mic rovo id  rad ius  r . the  l a t t e r  i s  on l y  s i g n i -  

f i c a n t  a t  temperatures 5 500OC. 
P mv’ 

The b ias  f a c t o r  E i n f luences both  the  bubble- to- void conversion time, the  

p a t t e r n  o f  p rec ip i t a te- assoc ia ted  versus m a t r i x  bubble- to- void conversion 

pa t te rn ,  and the  pos t- incubat ion  swe l l i ng  r a t e ,  i .  The s w e l l i n g  r a t e  

parameter probably prov ides t h e  best  basis  f o r  f i t t i n g  the  model. Values 

o f  i - 0.5-l%/dpa have been repor ted  r e l a t i v e l y  i n s e n s i t i v e  t o  temperature 

i n  the  range o f  450-650°C (27’28); t h i s  requ i res  a choice o f  E - 0.25 which 

i s  i n  the  range o f  values repor ted i n  the  l i t e r a t u r e  (12,261 

Coupled w i t h  t h e  b ias  parameter, the  p r e c i p i t a t i o n  t ime parameter has a 

s i g n i f i c a n t  i n f l uence  i n  the  swe l l i ng  incubat ion  t ime and can i n d i r e c t l y  

i n f l uence  pos t- incubat ion  swe l l i ng  ra tes ;  t h e  e f f e c t  o f  T on 5 i s  

manifested i n  t h e  number and order  o f  bubble- to- void conversions f o r  the  
m a t r i x  and p rec ip i t a te- assoc ia ted  classes. Experimental observat ions show 

t h a t  1: i s  temperature-dependent. Assuming a l i n e a r  model, T: - C (700-T) 

w i t h  C = 0.16,gives 1: which i s  

P 

P P X  
o f  40 dpa a t  45OOC f a l l i n g  t o  .\, 0 a t  7OO0C 

P 
* 
Many complex processes occur a t  l ess  than a few dpa ( o r  .\, 1000 h rs ) ;  

hence, p r e c i p i t a t i o n  a t  t imes l ess  than t h i s  i s  e s s e n t i a l l y  a t  a n e g l i g i b l e  
exposure w i t h  respect  t o  the  p r e d i c t i o n  o f  the  model. 
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FIGURE 5 .  Comparison o f  predicted and observed fluence and temperature 
dependence o f  swelling for fast reactor conditions. 

reasonably consistent with observation (4); the resulting swelling as a 
function of exposure is shown in Figure 5a for the temperature range of 
500-700°C. The trend band for swelling data in this temperature range is 
also shown as a grey-hatched region; reasonable agreement is observed. 

Up to 700°C there is a single bubble-to-void conversion of 
precipitate-associated cavities. At 500°C the conversion takes place - 6 
dpa greater than 1 while at higher temperatures the post-precipitation 
dose to conversion i s  much longer, (increasing from -10 dpa at 550°C to -36 
dpa at 650°C). Void swelling i s  not predicted at 700°C with the nominal 
parameters up to 100 dpa; however, by reducing the dislocation density at 
700°C from 2.7~10’ to -1.5~10’cm-~ (consistent with recrystallized steels) 
swelling i s  predicted as shown in the upper curve labeled 700”. 

P 
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At temperatures below -50O-55O0C variations in the model parameters (e.g. 
cavity density, surface energy, etc.) can change the pattern of conversion. 
Matrix or precipitate-associated cavities may convert first and remain the 
only element of void population or double conversions may take place, again 
in various orders. However, at temperatures above 55OoC (for the assumed 
material parameters representing commercial alloys) precipitation is a pre- 
requisite for void nucleation. In other words, at lower temperatures 
helium accumulation alone is sufficient for void formation while at higher 
temperatures both precipitation and helium accumulation are required. 

At temperatures below - 450'C inclusion of transient vacancy clusters 
results in the reduced swelling observed experimentally. Using microvoid 
radii of 5.75A, 6.25A, and 7.5A at T = 375, 400, and 450'C respectively, 
predicted swelling at 65 dpa is plotted as a function of temperature in 
Figure 5b. The trend band for the fast reactor data is also shown as a 
grey hatched region; again the agreement is reasonably good. The use of a 
variable microvoid radius reflects the fact that low temperature swelling 
data is taken from softer spectra, which would lead to lower 
cascade-cluster production efficiency. While this use of the variable 
microvoid radius is somewhat ad-hoc, it can be viewed as a surrogate for 
the other transient vacancy cluster parameters ( E ,  x and microvoid versus 
vacancy loop morphology). At 400 and 45OoC the predicted swelling is due 
to the conversion and growth o f  the matrix cavities, while at 375OC both 
the matrix and precipitate-associated cavities have converted. 

0 0 0 

The agreement between the model predictions and observed trends in the 
breeder data base is encouraging. In particular, the model suggests that: 
void incubation times are strongly influenced by the precipitation o f  

second phases, particularly above 500OC; steady-state swelling regimes are 
observed which are relatively insensitive to temperature above - 450; 
steady-state swelling rates are in the range of 0.5-l%/dpa; at lower 
temperatures (<45OoC) swelling rates are reduced (in the model, primarily 
as a result of vacancy clusters); and at higher temperatures (>7OO0C) 
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s i g n i f i c a n t  swe l l i ng  may occur ( the  model suggests t h a t  recovered 

d i s l o c a t i o n  mic ros t ruc tures  are necessary f o r  such swe l l ing) .  The model 

a l so  p r e d i c t s  t h e  observed h igh  degree o f  p r e c i p i t a t e - v o i d  associat ion,  and 

demonstrates t h e  c lose coupl ing between pr imary d r i v i n g  forces f o r  v o i d  

format ion i n  complex a l l o y s ,  namely, p r e c i p i t a t i o n  and hel ium accumulation. 

5.4 Results of Parametric Study o f  Helium Generation Rates and Cav i ty  

Dens i t ies  

The pr imary mo t i va t i on  f o r  t h i s  work i s  t o  develop a b e t t e r  understanding 

o f  t h e  p o t e n t i a l  e f f e c t s  o f  hel ium on m ic ros t ruc tu ra l  evo lu t ion .  It has 

been po in ted  ou t  p rev ious l y  t h a t  wh i l e  hel ium appears t o  have a number o f  

s u b t l e  e f f e c t s  (e.g. on p r e c i p i t a t e  s t r u c t u r e  and composit ion), the  most 
sys temat i ca l l y  observed t r e n d  i s  promotion o f  increased c a v i t y  dens i ty  w i t h  

inc reas ing  hel ium (4) . Hence, we have focused on t h i s  e f f e c t  and have 

examined the  parametr ic  e f f e c t  o f  v a r i a t i o n s  o f  the  He/dpa r a t i o  and c a v i t y  

dens i t y  us ing our c a l i b r a t e d  model. 

The c o r r e l a t i o n  between c a v i t y  dens i ty  and hel ium generat ion ra tes  can be 

approximately represented as 

N (He/dpa) - - N (breeder) [ IP I (6) 
He/dpa 

C C He/dpa (breeder) 

where p va r ies  between 0 and 2, and i s  t y p i c a l l y  observed t o  be 0.5 t o  1 .0  
(4). For convenience, we have c a r r i e d  ou t  c a l c u l a t i o n s  f o r  a range o f  

He/dpa r a t i o s  between the  values o f  EBR- I1  ( f a s t  reac to r  -0.35 appm He/dpa) 

and H F I R  (mixed spectrum reac to r  -70 appm He/dpa). The He/dpa r a t i o  f o r  

f u s i o n  f a l l s  i n  t h i s  range (-10 appm He/dpa). 

F igure 6 shows t h e  exposure dependence o f  t h e  p r e d i c t i o n s  f o r  H F I R  and 

f u s i o n  a t  t h e  i nd i ca ted  temperatures f o r  p = 0.2, 0.5 and 0.8. For 

purposes o f  comparison, the  EBR- I1  curve a t  each temperature has a l so  been 
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FIGURE 6. Comparison o f  p r e d i c t e d  f l u e n c e  dependence o f  s w e l l i n g  behav ior  
f o r  EBR-11, HFIR, and fus ion  a t  t h e  i n d i c a t e d  temperatures and 
va lues  o f  p (see t e x t ) .  
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plotted. Both incubation exposures, and in some cases swelling rates, vary 
as a function of He/dpa ratio and the cavity density scaling parameter p. 
For 450 and 650°C there appears to be a monotonic decrease in swelling as p 
increases in both environments, while at 55OOC the swelling appears to peak 
for a value of p near 0.5 for fusion. This trend is more clearly observed 
in Figure 7 which shows a cross plot of swelling at 75 dpa for both fusion 
and HFIR heliuddpa ratios; the bubble-to-void conversion pattern is also 
indicated with m and p indicating the conversion of matrix or 
precipitate-associated cavities respectively. The swelling for an EBR-I1 
He/dpa ratio is also shown. The quantitative behavior is dependent on both 
the temperature and absolute He/dpa ratio. However, a broad trend of 
enhanced swelling (relative to breeder conditions) is observed for p up to 
- 0.5-0.7 for HFIR, and p up to - 0.6-0.9 for fusion conditions. This 
derives from the  effect of decreased incubation exposures and in some cases 
conversion of extra (matrix or precipitate) void classes leading to higher 
swelling rates. At very high cavity densities (or p values), however, 
swelling is diminished, primarily as a consequence of high cavity to 
dislocation sink strength ratios or bifurcation of the path of cavity 
evolution from precipitate-associated voids to matrix cavities. The 
tendency towards bifurcation is enhanced (at a given level of p) by high 
temperatures or He/dpa ratio - e.g. HFIR versus fusion conditions. 

These results are qualitatively consistent with interpretations of 
reduced swelling and alteration of the temperature dependence of swelling 
indicating a minimum at - 550'C for HFIR relative to breeder conditions for 
one heat of breeder steel (4'29).  For the fusion He/dpa ratio swelling is 
generally enhanced relative to breeder conditions. In particular, in- 
cubation times are reduced; and swelling rates are approximately equal to, 
or in some cases, because of extra bubble-to-void conversions, exceed 
breeder rates except at high temperatures and large values of p. 

Figure 8 shows the ratio of incubation times, 1 (to 1% swelling) and 
quasi-steady-state swelling rates (at 75 dpa) for fusion relative to 
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FIGURE 7. P r e d i c t e d  s w e l l i n g  a t  75 dpa f o r  HFIR and f u s i o n  as a f u n c t i o n  o f  
p. The p r e d i c t e d  s w e l l i n g  i n  E B R - I 1  i s  a l s o  i n d i c a t e d .  m and p 
denote  b u b b l e- t o- v o i d  convers ion  o f  m a t r i x  and p r e c i p i t a t e - a s s o c -  
i a t e d  c a v i t i e s  r e s p e c t i v e l y :  n / c  denotes no convers ions .  

OL 1 
1w 450 500 550 600 650 

TEMPERATURE I 'C ,  

FIGURE 8. P r e d i c t e d  tempera tu re  dependence o f  i n c u b a t i o n  exposure ('FdOSe 
t o  1% s w e l l i n g )  and s t e a d y- s t a t e  s w e l l i n g  r a t e  ( S = s w e l l i n g  r a t e  
a t  75  dpa) f o r  f u s i o n  when n o r m a l i z e d  t o  E B R - I 1  va lues .  
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breeder cond i t ions  f o r  p = 0.2, 0.5 and 0.8. For p 5 0.5 the  d i f f e rence  

between fus ion and breeder swe l l i ng  i s  p r i m a r i l y  due t o  the  e f f e c t  on the  

incubat ion  t ime (except a t  55OOC); a t  p = 0.8 bo th  swe l l i ng  ra tes  and incu-  

b a t i o n  t imes are a f f e c t e d  w i t h  the  importance o f  these two c o n t r i b u t i o n s  

and the  magnitude and s ign  o f  the  e f f e c t  vary ing  w i t h  temperature. We 

be l i eve  t h a t  t h e  p red i c ted  e f f e c t s  on the  incubat ion  exposure are l ess  

s e n s i t i v e  t o  the model assumptions and parameters than are the p red i c ted  

e f f e c t s  on the  swe l l i ng  r a t e ;  hence, e f f e c t s  on the  incubat ion  t i m e  should 

be g iven more weight i n  assessing the imp l i ca t i ons  of these r e s u l t s .  

Indeed, s ince the  maximum t o l e r a b l e  swe l l i ng  may be l ess  than several 

percent,  the  incubat ion  t ime i s  probably the swe l l i ng  parameter o f  most 

p r a c t i c a l  s i gn i f i cance .  

The e x p l i c i t  dependence of swe l l i ng  as a func t i on  of the He/dpa r a t i o  i s  

shown i n  F igure 9 where t h e  swe l l i ng  a t  75 dpa has been p l o t t e d  f o r  p = 

0.2, 0.5 and 0.8 a t  T = 450, 550 and 650°C. For purposes o f  comparison, 

the  p red i c ted  swe l l i ng  i n  E B R - I 1  i s  a l so  ind ica ted .  The r e s u l t s  show 

non-monotonic behavior and i n d i c a t e  t h a t  a simple e x t r a p o l a t i o n  o r  

i n t e r p o l a t i o n  us ing  f i s s i o n  reac to r  data from e i t h e r  E B R - I 1  o r  HF IR ,  

o r  both, may lead t o  s i g n i f i c a n t  e r ro rs  i n  p r e d i c t i n g  swe l l i ng  under fus ion  

condi t ions.  I n  f a c t ,  the  p red i c t i ons  suggest t h a t  swe l l i ng  may peak near 

t h e  f u s i o n  He/dpa r a t i o  except f o r  h igh values o f  p and h igh temperatures. 

It should again be emphasized t h a t  these s p e c i f i c  r e s u l t s  are s e n s i t i v e  t o  

model assumptions and parameters; f o r  example, the  use o f  a l l o y s  w i t h  

d i f f e r e n t  swe l l i ng  behavior than t h a t  used t o  c a l i b r a t e  the  model would 

have l e d  t o  somewhat d i f f e r e n t  q u a n t i t a t i v e  p r e d i c t i o n s  (3 '4) .  However, 

the  general t rends observed are  a consequence o f  the  phys ica l  

considerat ions discussed i n  the  i n t r o d u c t i o n  and no t  the  d e t a i l s  o f  the  

model. 
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FIGURE 9. Predicted He/dpa r a t i o  dependence o f  swell ing a t  75 dpa and a t  t h e  
indica ted  temperatures and values o f  p .  
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5.5 Discussion 

Our model-based ana lys is  suggests t h a t  the e f f e c t  o f  increased hel ium on 

c a v i t y  swe l l i ng  i s  complex, and a f u n c t i o n  o f  a number o f  parameters; 

q u a n t i t a t i v e  behavior i s  governed by a balance between several competing 

and i n t e r a c t i v e  mechanisms. D i r e c t  e f f e c t s  on swe l l i ng  can be d i v ided  i n t o  

categor ies which i n f l uence  vo id  nuc lea t ion  and vo id  growth. 

For the  nuc lea t ion  category, h igher  l e v e l s  o f  hel ium would reduce the  

exposure a t  bubble- to- void conversion a t  constant  c a v i t y  dens i ty ;  however, 

increased hel ium a l s o  increases c a v i t y  dens i t i es ,  r e q u i r i n g  a v a i l a b l e  

hel ium t o  p a r t i t i o n  t o  more s i t e s .  This ,  combined w i t h  t h e  e f f e c t  o f  

h igher  c a v i t y  s i n k  dens i t i es  (both bubbles and voids) which reduce the  

e f f e c t i v e  vacancy supersaturat ions,  tends t o  increase void- to-bubble 

conversion exposures. The ne t  e f f e c t  o f  these f a c t o r s  appears t o  reduce 

incubat ion  exposures i f  increased hel ium r e s u l t s  i n  moderate increases i n  

c a v i t y  dens i ty ,  and longer incubat ion  t imes a t  very h igh  c a v i t y  dens i t i es .  

Hence, the  c a v i t y  dens i t y  sca l i ng  parameter p,  [Nc IY He/dpaP1 i s  c r i t i c a l .  

However, t h e  i n f l u e n c e  o f  p a l so  depends on t h e  absolute hel ium generat ion 

ra te .  

The t r a n s i t i o n  regime between incubat ion  and r a p i d  s teady-state swe l l i ng  

a l so  depends on c a v i t y  dens i ty :  l a r g e r  numbers o f  smal ler  vo ids r e s u l t  i n  

enhanced vacancy emission; t h i s  tends t o  increase the  t r a n s i t i o n  t ime. 

However, the  p o s t - t r a n s i t i o n  o r  s teady-state swe l l i ng  ra tes  are r e l a t i v e l y  

i n s e n s i t i v e  t o  emission r e l a t e d  parameters. I n  t h i s  regime, p o i n t  defect  

p a r t i t i o n i n g  e f f e c t s  dominate, and the  e f f e c t  o f  vo id  dens i t y  i s  va r i ab le :  

i f  the  vo id  s i n k  s t reng th  i s  much smal ler  than the  d i s l o c a t i o n  s i n k  

s t rength ,  increased v o i d  dens i t y  leads t o  higher  s w e l l i n g  ra tes ;  if t h e  

vo id  s i n k  s t reng th  i s  much greater  than t h e  d i s l o c a t i o n  s i n k  s t rength ,  

f u r t h e r  increases lower swel l  ing. Increased bubble s i n k  s t rength ,  which 

can r e s u l t  from increased helium, always reduces steady- state s w e l l i n g  

ra tes .  As noted i n  the  i n t r o d u c t i o n ,  the  p rec ip i t a te- assoc ia ted  voids are 



a p a r t i c u l a r l y  important  component o f  swe l l i ng  under f a s t  reac to r  

cond i t ions .  I f  very h igh  c a v i t y  d e n s i t i e s  suppress t h e  format ion o f  these 

voids,  swe l l i ng  i s  g r e a t l y  reduced; we term t h i s  a b i f u r c a t i o n  between a 

vo id  ( o r  mixed v o i d  and bubble) and bubble dominated mic ros t ruc ture .  

These r e s u l t s  suggest t h a t  use o f  e i t h e r  f a s t  o r  mixed-spectrum reac to r  

i r r a d i a t i o n  r e s u l t s  t o  p r e d i c t  swe l l i ng  i n  f u s i o n  environments may be 

h i g h l y  misleading. For example, there  i s  evidence t h a t  peak swe l l i ng  may 

occur a t  He/dpa r a t i o s  c h a r a c t e r i s t i c  o f  f us ion  spectra (see Figure 9) ;  

t h i s  i s  p r i m a r i l y  associated w i t h  reduced incubat ion  t imes. 

C lea r l y ,  a d d i t i o n a l  t h e o r e t i c a l  and experimental work needs t o  be done t o  

determine t h e  r e l a t i v e  importance o f  the  var ious  d i r e c t  and i n d i r e c t  

e f f e c t s  o f  h igh  hel ium generat ion ra tes  (4’30). For example, we have n o t  

considered a number o f  poss ib le  i n d i r e c t  e f f e c t s  o f  helium, such as 

pe r tu rba t i ons  o f  p r e c i p i t a t e  evo lu t ion .  Spectra l  t a i l o r i n g  experiments i n  

mixed-spectrum reac tors ,  which achieve He/dpa r a t i o s  c lose r  t o  fus ion  

values, are most important .  Add i t i ona l  experimental work and a c a r e f u l  

examination o f  the  e x i s t i n g  data t o  more p r e c i s e l y  determine the  e f f e c t  o f  

t h e  helium on c a v i t y  dens i t i es  i s  a l so  needed. Fur ther ,  modeling should be 

done t o  b e t t e r  i d e n t i f y  and q u a n t i f y  t h e  numerous p o t e n t i a l  mechanisms 

which i n f l uence  bubble nuc lea t ion  and growth, bubble- to- void conversion and 

subsequent swe l l i ng  ra tes .  
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7.0 Future Work 

The cavity evolution model described above will be included in a more 
comprehensive treatment of microstructural evolution which includes the 
network dislocation and faulted dislocation loop components as well. 
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APPENDIX A MODEL CALCULATIONS 

The p o i n t  de fec t  concent ra t ions  are obta ined from equat ions ( A l )  and (A2) 

assuming quasi- steady- state:  

dCi - [G-uCiCV- Di d t  S .  i = 0 
? J  

- _  

where G i s  t he  damage r a t e  (dpa/sec); [ and x have a l ready  been de f ined,  S. 

concent ra t ion  i n  e q u i l i b r i u m  w i t h  t he  j - t h  s ink.  S p e c i f i c a l l y ,  we compute 

the  s i n k  s t rengths  as fo l lows:  

i s  t h e  s i n k  s t reng th  o f  t he  extended de fec ts ,  and C: i s  t he  vacancy J 

S”V - 
v,b - 4n Fsrv,b Nv,b (l+‘v,bSt) 

f o r  vo ids and bubbles (bu t  neg lec t i ng  the  s i n k  s t reng th  c o r r e c t i o n  term f o r  

microvoids s ince 

V 2n 
p Qn(rs/ rc)  ’d 

s =  

f o r  t he  network d i s l o c a t i o n s ;  

f o r  t he  subgra in s t r u c t u r e .  The supe rsc r i p t s  i and v denote i n t e r s t i t i a l  

and vacancy respec t i ve l y ;  r i s  t h e  d i s l o c a t i o n  core rad ius  ( taken as 4 

t imes t h e  Burgers vec tor ) ;  rs i s  t h e  d i s l o c a t i o n  h a l f  spacing, (2pd)-’, 

(1+&) i s  t h e  interstitial/dislocation b ias :  and 

C 
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1/2 
So = (Sv + 471 F r .N . )  

P 3 S J J  

2 v 1/2 
St = (So + Sg) 

Vacancy emission from each o f  t h e  s inks  i s  obta ined by computing the  

f o l l o w i n g  e q u i l i b r i u m  vacancy concent ra t ions  

f o r  microvoids; 

C e cV = c V exp [s kT (3 rc - P ) ]  

f o r  bubbles and voids;  

c: = c; = c; 

f o r  network d i s l o c a t i o n s  and the  subgrains. The gas pressure, P i s  
computed us ing  an equat ion o f  s t a t e  developed by Brear ley  and MacInnes ( 3 1 )  

and C; i s  thermal e q u i l i b r i u m  vacancy concentrat ion.  

The number o f  microvoids i s  computed by f i r s t  determin ing the  

l i f e t i m e ,  x m v ,  o f  a vacancy c l u s t e r  w i t h  rad ius  rmv; 

DvCv-  DiCi- DvCv  mv 

and then i n t e g r a t i n g  equat ion (A13); 

dNmv - - - 7  
d t  GmV Nmn 'mv 

- -  

i n  which the  c l u s t e r  generat ion r a t e  i s  g iven  by; 
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The number o f  vacancies i n  t h e  c l u s t e r  i s  computed as; 

3 
- 4nrmv - -  

nv 3R 

The equat ion desc r i b ing  t h e  c a v i t y  growth r a t e  i s ;  

2 = 2 (DvCv - DiCi - DVC: ) d t  rc 

A schematic p l o t  of equat ion (A16) i s  shown i n  F igure  A 1  where rb and rv 

denote t h e  s t a b l e  bubble and v o i d  r a d i i  r espec t i ve l y .  P r i o r  t o  i t s  

conver t ing  t o  a vo id ,  t he  e q u i l i b r i u m  bubble rad ius  a t  any t ime can be 

found as a r o o t  o f  equat ion ( A X )  by s e t t i n g  the  d e r i v a t i v e  t o  zero and 

s u b s t i t u t i n g  from equat ion (A10) f o r  C i .  For t he  i dea l  gas case, t he  

f o l l o w i n g  equat ion i s  obtained: 

3mcQ 
3 - r 2 ( 2 @ - ) +  c kTlnS 4nFvlnS = o  

rC 

r\\ INCREASING S 

OR mHe 

I I 
'b rV 

RADIUS 

FIGURE Al. Sthematic p l o t  o f  c a v i t y  growth r a t e  as  a f u n c t i o n  o f  t he  c a v i t y  
r ad ius .  
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where m and rc denote the  c r i t i c a l  number and c r i t i c a l  rad ius  

respec t i ve l y .  The c r i t i c a l  number can be obta ined by so l v ing  equat ion 

(A17) f o r  t h e  case i n  which the re  are two r e a l  and equal roo ts  (32); i .e .  
t h e  s t a b l e  bubble and v o i d  roo ts  co inc ide  ( f o r  t h i s  case the  t h i r d  r o o t  can 

be shown t o  be negative).  The c r i t i c a l  number (again f o r  the  i d e a l  gas 

case) i s :  

C 

2 m =-  128n y R 
c 81 (kT) (Ins) Fv 

An a n a l y t i c a l  r e s u l t  i s  no t  poss ib le  i n  t h e  r e a l  gas case due t o  the  f a c t  

t h a t  t h e  r e a l  gas equ iva len t  o f  equat ion (A17) i s  n i n t h  order.  I n  t h a t  

case the  bubble- to- void conversion c r i t e r i o n  i s  s i m i l a r  b u t  must be 
determined i t e r a t i v e l y .  An a l t e r n a t e  a n a l y t i c a l  s o l u t i o n  f o r  the  r e a l  gas 

case i s  discussed i n  Appendix C. A f t e r  the  c a v i t y  has converted, i t s  

rad ius  i s  found by i n t e g r a t i n g  equat ion ( A X )  d i r e c t l y .  

As hel ium i s  cont inuously  generated, the  m a t r i x  hel ium concentrat ion 

can be obta ined as the  s o l u t i o n  o f  the  f o l l o w i n g  conservat ion equation; 

Here t h e  SHe are  the  s i n k  s t rengths  o f  the  network d i s loca t i ons ,  m a t r i x  
c a v i t i e s ,  subgrains and p r e c i p i t a t e s .  For t imes greater  than %lo5 sec. t h e  

s o l u t i o n  o f  equat ion (A19) reduces t o  t h e  steady s t a t e  so lu t i on .  

j 

- GHe 
MHe - 

'He 5 'j 
The hel ium d i f f u s i v i t y  (DHe) i s  computed assuming r a d i a t i o n  enhanced d i f -  
f u s i o n  o f  a divacancy-helium atom complex (34) w i t h  a b ind ing  energy o f  

0.5 eV. 

( E t  + Evf - ES), 
kT DHe = S exp [ -  
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The hel ium p a r t i t i o n i n g  scheme 

hel ium a l l oca ted  du r ing  a smal l  

AHemb = 4nr D mb He 

f o r  m a t r i x  bubbles, 

has been described above and the  amount o f  

t ime step A t  i s ;  

M A t  (A231 - 4nrmv DHe He 
- 

f o r  m a t r i x  voids and 

AHe = 4nrp Np DHe MHe A t  
P C  

P' 
f o r  p rec ip i t a te- assoc ia ted  c a v i t i e s  when the  t ime i s  g rea ter  than T 

APPENDIX B MODEL PARAMETERS 

M a t e r i a l  Parameters 

f Vacancy format ion energy, E 

Vacancy m ig ra t i on  energy, Ev m 
I n t e r s t i t i a l  m ig ra t i on  energy, E'! 

Helium-divacancy b ind ing  energy, EB He 

Vacancy d i f f u s i v i t y  pre-exponent ia l ,  D; 

I n t e r s t i t i a l  d i f f u s i v i t y  pre- exponent ia l ,  DT 

Recombination parameter, (Y 

1 .5  eV 

1.4 eV 

0.5 eV 

0.5 eV 

2 0.8 cm /sec 

0.08 cm /sec 

1 x 1 0 ~ ~  D~ sec 

V 

1 

2 

-1 

D i s l o c a t i o n - i n t e r s t i t i a l  b ias ,  E 0.25 

Surface f r e e  energy, I( 

To ta l  d i s l o c a t i o n  dens i ty ,  pd 

To ta l  c a v i t y  dens i t y ,  Nc t 

Prec ip i t a te- assoc ia ted  c a v i t y  f r a c t i o n ,  

P r e c i p i t a t e  s i n k  s t rength ,  S 4 . 0 ~ 1 0 ~ ~  

P r e c i p i t a t e  nuc lea t i on  t ime, T 0.16 (700-T ('C)) dpa 

2025-0.875T('C) ergs/cm2 

1 . 9 9 ~ 1 0 ~ ~  exp(-0.016 T("C))cm-' 

2 . 5 3 ~ 1 0 ~ '  exp(-0.023 T ( ' C ) ) C ~ - ~  

0.1 
fP 

P 

P 
Cav i ty  volume f a c t o r ,  Fv (p)  ppt-associated; 0 .4  (82.3') 

ma t r i x ;  1.0 (180') 
(Corresponding sur face area f a c t o r ,  Fs (f3) 0.434 (82.30); 1.0 (180") 



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

Damage Rate, G 

Cascade e f f i c i e n c y ,  

F rac t i on  o f  vacancies c lus te red  i n  microvoids, x 

Microvoid rad ius ,  r mv 

He/dpa r a t i o ,  GHe 

dpa/sec 

0.4 

0.8 

5.75A; T = 375OC 

6.25A; T = 4OOOC 

7.50A; T 2 45OOC 

0 

0 

0 

0.35 appm/dpa (EBR-11) 

10 appddpa ( fus ion)  

(34) - 70 appddpa (HF IR)  

APPENDIX C ANALYTICAL SOLUTION WITH REAL GAS EOUATION OF STATE 

As discussed i n  Appendix A,  the  use o f  a r e a l  gas equat ion o f  s t a t e  

requ i res  an i t e r a t i v e  s o l u t i o n  o f  equat ion ( A X )  i n  o rder  t o  compute the  

bubble rad ius  p r i o r  t o  bubble- to- void conversion. I n  a d d i t i o n ,  i t  i s  no t  

poss ib le  t o  compute t h e  r e a l  gas c r i t i c a l  number a n a l y t i c a l l y .  Hence the  

use o f  t h e  r e a l  gas equat ion o f  s t a t e  (31) s i g n i f i c a n t l y  complicates the  

computational procedure used i n  ob ta in ing  the  r e s u l t s  discussed above. We 

have developed an approximate a n a l y t i c a l  s o l u t i o n  which may be used i n  
o rder  t o  s i m p l i f y  such c a l c u l a t i o n s  w i thou t  a s i g n i f i c a n t  l oss  o f  accuracy. 

The s o l u t i o n  requ i res  two "master" curves as shown i n  F igure C1 and C2 

which were obta ined by reducing exact  r e s u l t s  over a broad range o f  

temperatures (T),  sur face energies (y) and c a v i t y  volume f a c t o r s  (Fv) us ing 

appropr ia te  lumped parameters. For s i m p l i c i t y ,  polynomial f i t s  o f  the  

master curves were obta ined us ing  a least- square procedure. The use o f  a 

t e n t h  order  polynomial y i e l d e d  e x c e l l e n t  agreement w i t h  t h e  reduced data 

and c o e f f i c i e n t s  o f  the  master curves are  g iven i n  Table C1 .  The shape o f  

t h e  curves suggest t h a t  a s impler  non- l inear  f i t  may a l so  be poss ib le .  
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1 .o 

0.8 

f l  (R) 0 .6  

0.4 

0.2 

1 o - ~  1 o - ~  
3 riT. cm O K  

Y ercl 
- _ _  

FIGURE C1. Master curve used t o  obta in  real  gas bubble rad ius .  

0.0 ' I I 

0.0 15.0 

FIGURE C2. Master curve used t o  obtain rea l  gas c r i t i c a l  number. 
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The f i r s t  master curve permi ts  one t o  compute t h e  r e a l  gas rad ius  (r ) as a 

f u n c t i o n  of T, A f t e r  d e f i n i n g  the  
f o l l o w i n g  parameter: 

r 
y and the  i d e a l  gas rad ius  (ri). 

ri(cm) T ( O K )  

y (ergs/cm2) 
R =  x109 , 

the  r a t i o  o f  ri/rr i s  g iven s imply as, 

One ob ta ins  ri as a s o l u t i o n  o f  equat ion (A17) and rr i s  d i r e c t l y  computed 

r. 
1 

(C3)  p = -  
r fl(R) 

The e r r o r  i n  r i s  7 1%, i nc reas ing  near t he  c r i t i c a l  number. r 

The use o f  t he  second master curve permi ts  t he  d i r e c t  c a l c u l a t i o n  o f  t he  

r e a l  gas c r i t i c a l  number us ing  an expression (see equat ion (3a)) analogous 

t o  equat ion ( A l a ) .  I n  t h i s  case the  non- ideal p r o p e r t i e s  o f  t he  gas are 

expressed as a f u n c t i o n  o f  t he  e f f e c t i v e  vacancy supersa tura t ion ,  S ,  

I$ = an (S). (C4) 

The r e a l  gas c r i t i c a l  number may then be computer us ing  f2(@) where 

f2(I$) = bo + bl I$ + b2 I$*... + blo$ 10 

and the  c r i t i c a l  number (n ie )  i s  

l 2  
n i e  = f2($) F~ (2) (;) x1~-46. 

The e r r o r  i n  the c r i t i c a l  number thus computed i s  q u i t e  smal l ,  <I%. 

The use o f  these approximations was t e s t e d  i n  t h e  computational procedure 

descr ibed above. P r i o r  t o  bubble- to- void conversion, t he  bubble r a d i i  were 

computed us ing  equat ion (C3). The bubble- to- void conversion c r i t e r i o n  was 

t h a t  t he  accumulated hel ium i n  a c a v i t y  exceed the  c r i t i c a l  number computed 
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using equation (C6). Table C2 compares the dose at bubble-to-void 
and the swelling at 100 dpa at the indicated conversion, 

temperatures computed using the analytical approximation with the results 
obtained using the iterative solution. The agreement is very good and we 
note that the results encompass a broad parameter range; T=450-700, 

S=1.01-19.3, ~ 1 4 0 2 - 1 6 3 1  and Fv=0.4-1. 0. 

‘conv’ 

TABLE C1 
POLYNOMIAL COEFFICIENTS FOR MASTER CURVES 

1 

0 

1 

2 
3 

4 

5 

6 

7 

8 

9 

10 

a. 
1 bi 

1.607500 

-1.050792 

7 .369905~10-~  
-3. 465587x10-1 

1. 029474x10-1 

-1 .956408~10-~  

2 .406067~10-~  

-1 .902285~10-~  

9 . 3 1 9 5 7 8 ~ 1 0 - ~  

-2 .571950~10-~ 

3 .054073~10-~  

TABLE C2 
COMPARISON OF ITERATIVE AN0 ANALYTICAL SOLUTIONS 

T(OC) (dpa 1 Swelling (% at 100dpa) 

Iterative Analytical Iterative Analytical 

450 

500 

550 

600 

650 

700 

45.89 47.05 24.41 24.59 

38.46 38.51 28.77 28.78 

34.63 34.60 35.45 35.64 

35.31 35.10 39.53 40.08 

44.43 43.33 28.79 30.16 

N/A N/A 0.18 0.19 
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MICROSTRUCTURAL/MICROCHEMICAL EVOLUTION OF A I S I  316 IRRADIATED AT 
TEMPERATURES I N  THE RANGE 650-750°C 

H. R. Brager ,  W.~J. S. Yang and F. A .  Garner (Hanford  E n g i n e e r i n g  Develop- 

ment L a b o r a t o r y )  

1 .o O b j e c t  i ve 

The o b j e c t  of t h i s  e f f o r t  i s  t o  de te rm ine  t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  

he1 ium and t h e  r a d i a t i o n - i n d u c e d  microchemica l  e v o l u t i o n  t o  v o i d  s w e l l i n g  

i n  A I S I  316 a t  h i g h  temperatures . '  T h i s  segment c o n c e n t r a t e s  on t h e  e v o l u-  
t i o n  a t  l o w  hel iurn/dpa r a t i o .  

2.0 S umma r y 

I n  t h e  compar ison o f  HFIR and E B R - I 1  s w e l l i n g  d a t a  f o r  AISI 316 i t  i s  

i m p o r t a n t  t o  r e c o g n i z e  t h a t  t h e  r e p o r t e d  H F I R  tempera tu res  a r e  b e l i e v e d  

t o  be underes t ima ted  by 75-125°C. 

i r r a d i a t i o n s  comparable t o  those  a v a i l a b l e  f r o m  HFIR, two specimens 

were examined wh ich  were i r r a d i a t e d  t o  700-720OC. The s w e l l i n g  i s  

comparable t o  t h a t  observed a t  650°C and below, b u t  t h e  v o i d  d e n s i t i e s  

a r e  lower .  

d e n s i t y  o r  h e l i u m  c o n t e n t  as p r e v i o u s l y  expected.  

I n  o r d e r  t o  have d a t a  f r o m  E B R - I 1  

T o t a l  s w e l l i n g  does n o t  appear t o  be as  s e n s i t i v e  t o  v o i d  

Whi le  t h e  s w e l l i n g  i s  heterogeneous on a g r a i n - t o - g r a i n  l e v e l ,  vo ids  

a lways appear f i r s t  i n  g r a i n s  wh ich  .have n i c k e l  l e v e l s  below 12-13 w t . % .  
The m a t r i x  c o n t e n t  o f  n i c k e l  d e c l i n e s  t o  ~ 9 %  as  t h e  s w e l l i n g  i n c r e a s e s  

t o  s u b s t a n t i a l  l e v e l s .  T h i s  va lue  o f  9% has been observed a t  o t h e r  l ower  
tempera tu res .  N i c k e l  and s i l i c o n  segrega te  n o t  o n l y  t o  p r e c i p i t a t e s  

b u t  a l s o  t o  t h e  s u r f a c e  o f  v o i d s .  

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  A n a l y s i s  (AKJ) 

P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 

A f f i l i a t i o n :  Han fo rd  E n g i n e e r i n g  Development L a b o r a t o r y  
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4.0 Relevant DAFS Program Task/Subtask 

I I . C . 2  E f f e c t s  o f  He on Mic ros t ruc ture  

I1.C. 17 M i c r o s t r u c t u r a l  Charac ter iza t ion  

5.0 Accomplishments and Status 

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

The need t o  develop a p r e d i c t i v e  equat ion f o r  vo id  swe l l i ng  i n  f us ion  

devices has r e c e n t l y  l e d  t o  a comparison o f  the mic ros t ruc tures  t h a t  

develop i n  a s ing le  heat o f  A I S 1  316 (designated DO-heat) when i r r a d i a t e d  

i n  e i t h e r  the  HFIR o r  E B R - I 1  reac tors .  ( l- ') 

t h i s  s t e e l  i n  two r e a c t o r  environment; i s  nominal ly  d i r e c t e d  toward the  
de terminat ion  o f  the r o l e  o f  hel ium on vo id  swe l l ing ,  the  ana lys is  i s  

complicated by the a d d i t i o n a l  i n f l uence  o f  d i f f e rences  i n  s o l i d  t rans-  

mutants. (3-4) 

generat ion process(5)  and very l a r g e  u n c e r t a i n t i e s  i n  the  i r r a d i a t i o n  

temperatures, p a r t i c u l a r l y  i n  the  specimens i r r a d i a t e d  i n  HFIR. 

It appears t h a t  the nominal temperatures quoted i n  the  o r i g i n a l  paper (6)  

desc r ib ing  swe l l i ng  o f  AISI 316 i n  HFIR are low by 75-125"C.(7) When 
comparisons are made w i t h  E B R - I 1  data i t  i s  t he re fo re  important  t h a t  

specimens be compared a t  comparable temperatures. This requ i res  t h a t  

data on swe l l i ng  i n  E B R - I 1  be a v a i l a b l e  t o  temperatures i n  excess o f  700°C. 

While the examination o f  

There i s  a l so  a subs tan t i a l  d i f f e r e n c e  i n  the  displacement 

Although the swe l l i ng- o r ien ted  subassemblies o f  the U.S. Breeder Program 

d i d  not  probe the temperature regime above 65OoC, pressur ized tubes used 

t o  study i r r a d i a t i o n  creep were i r r a d i a t e d  a t  temperatures as h igh  as 
720°C. (Above t h i s  temperature the thermal creep r a t e  i s  too  h igh  t o  

warrant  the  serv ice  o f  A I S I  316 i n  a breeder r e a c t o r . )  Two nominal ly  

unstressed specimens i r r a d i a t e d  a t  temperatures above 700°C have been 
examined by e l e c t r o n  microscopy and energy d i spe rs i ve  x- ray ana lys is .  

Both specimens were i r r a d i a t e d  f o r  several EBR-I1 i r r a d i a t i o n  cyc les  i n  
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the YY06 experiment and then completed i r rad ia t ion  i n  the AA-I1 experiment. 
The f i r s t  i r rad ia t ion  was a controlled-flow temperature-mnitored experiment 
while the l a t t e r  i s  an uninstrmented heat-pipe experiment. 

The f i r s t  specimen was extracted from a tube designated K65, fabricated 
from a t u b i n g  l o t  of 20% CW s tee l  designated CN-13. Th.is heat i s  known 
t o  swell re la t ive ly  ea r ly  compared to  the DO-heat, b u t  i s  otherwise expected 
to  exhib i t  comparable post- transient swelling behavior. 
was i r radia ted t o  7.5 x 10'' n/cm2 a t  a nominal temperature of 700°C. 
The actual temperature varied from 667 t o  710°C w i t h  about half of the 
t o t a l  fluence accumulated a t  710°C. Diameter and density change measure- 
ments showed t h a t  a volumetric increase of 2.5% had occurred. I t  i s  known 
t h a t  some fract ion of t h i s  volume change is due t o  volume changes a r i s ing  
from formation of in termetal l ic  phases. (*) As shown i n  Figure 1 ,  there 
i s  several percent of void swelling i n  this specimen. T h i s  f igure  a l so  
shows t h a t  the swelling ?,7OO0C is  comparable t o  t h a t  observed i n  another 
experiment on t h i s  and three re la ted heats a t  650°C. 

The K65 specimen 

FIGURE 1 H igh  Temperature Swelling of 20% CW AIS1 316 Stainless  Steel 
Specimens Showing Comparison Between CN-13 Creep Tube Data w i t h  
Data a t  65OOC f o r  CN-13 and Three Closely Related Heats. 
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F i r s t ,  e n t i r e  g ra ins  were scanned w i t h  the  e l e c t r o n  beam. Each g ra in  

chosen f o r  examinat ion had a r e l a t i v e l y  un i fo rm vo id  a r ray  and was adjacent 

t o  o the r  g ra ins  w i t h  w ide l y  d i f f e r i n g  s w e l l i n g  l e v e l s .  These areas i n -  

e v i t a b l y  conta ined some p r e c i p i t a t e s  b u t  the  l e v e l  o f  p r e c i p i t a t i o n  was 

r a t h e r  low compared t o  t h a t  which evolves a t  lower temperatures. 

i n  Table 1 those areas which contained voids had lower n i c k e l  l e v e l s  than 

observed i n  non-voided regions.  

a l s o  had h igher  molybdenum l e v e l s .  

As shown 

I n  t h i s  comparison the voided reg ions  

TABLE 1 

COMPOSITION DETERMINED BY BROAD BEAM SCAN I N  SPECIMEN K65 

weight  % 
Mo 

Yes 0.6 17 66 12.8 1.8 
Yes 0.7 23 61 9.5 3.4 

Yes 0.5 22 63 10.3 3.0 

Yes 0.6 16 67 13.6 1.6 

- N i  - Fe - C r  - S i  Voids? - 

No 0.4 16 66 15.6 1.2 

No 0.5 16 66 15.3 1.1 

The second type o f  measurement used a s m a l l e r  e l e c t r o n  probe diameter 

o f  10 nm and the  m a t r i x  concentrat ions were randomly sampled i n  an area 

p rev ious l y  scanned by a broader beam. 
average m a t r i x  composit ion away from bo th  vo id  and p r e c i p i t a t e  boundaries. 

As shown i n  Table 2 and Figure 3, the mean m a t r i x  n i c k e l  l e v e l  o f  voided 

regions was found t o  be 9.8 wt .%,  wh i l e  t h a t  o f  an adjacent  unvoided 

reg ion  was 13.4%. 

composit ion found between the  two reg ions  se lec ted  f o r  ana lys is .  (A 
comparison o f  the r e s u l t s  o f  the  two measurement techniques i s  shown i n  

F igure 4.)  

Th is  measurement determined the  

There were no o the r  s i g n i f i c a n t  d i f f e rences  i n  elemental  
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TABLE 2 

MATRIX SPOT ANALYSIS OF COMPOSITION I N  SPECIMEN K65 

C r  - S i  Voids? - 
Yes 0.7 19 
Yes 0 . 7  18 
Yes 0.7 19 
Yes 0 . 7  19 
Yes 0.7 19 
Yes 0.6 1 9  
Yes 0 . 7  19 
Yes 0.7 19 
Yes 0.6 19 
Yes 0.6 20 
Yes 0.6 19 

Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 

0.4 19 
0.5 20 
0.4 19 
0 .3  19 
0.4 19 

0.3 
0 .4  
0 .3  

19 
19 
20 

No 0.7 18 
No 0.6 15 
No 0.5 17 
No 0.4 17 
No 0.7 18 
No 0.4 15 
No 0.3 16 
No 0 .4  16 
No 0 .3  17 
No 0.2 18 
No 0.3 17 
No 0.5 16 

Averages 0.4 17 
- - 

weight  % 
Fe 

69 
68 
68 
69 
68 
68 
69 
67 
68 
67 
69 

- N i  Mo 

9.3 0.6 
10.0 1.2 
10.0 1.2 
8 .6  1 .4  
9.8 1.3 
9.2 1.7 
9.3 1 .3  

11.1 1.1 
9.9 1 .o 
9.9 1.4 
9.5 0 . 9  

- - 

average 9.7% compared t o  9.5% 
by broad beam a n a l y s i s  

70 9.3 0 . 8  
~~ .. 

68 9.8 
67 11.7 
68 10.7 
69 10.0 

1.1 
1 .o 
1 .o 
1.2 

average 10.3% compared t o  10.3% 
by broad beam a n a l y s i s  

68 9.5 1.8 
68 10.3 1.9 
69 8.5  2.0 

__ 
average 9.4% compared t o  13.6% 
by broad beam a n a l y s i s  

69 
66 
69 
66 
68 
66 

9.5 1 .1  
5.9 1.1 
1.2 1 .2  
4.3 1 .5  
0.2 1.6 
6.1 1.1 

67 14.5 1.2 .. 
66 15.5 1.2 
67 12.7 1.4 
68 11.9 1.2 
67 14.0 1.2 
67 14.6 0.8 

67 13.4 1.2 
- __ - 
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MATRIX NICKEL CONCENTRATION I w t . % l  

"SOL -m I 

FIGURE 3. Local M a t r i x  Composition o f  N icke l  i n  Two Adjacent Grains o f  Specimen 
K65 o f  20% Cold-Worked A I S 1  316 I r r a d i a t e d  a t  667-710°C and 7.5 x 10" 
n/cm2 ( E  >0.1 MeV). 
con ten t  than non-voided regions. 

Note t h a t  voided regions have lower n i c k e l  
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( b )  
FIGURE 4. T y p i c a l  EDX Spec t ra  o f  Specimen K65. Spectrum ( a )  i s  a between- vo id  

s p o t - a n a l y s i s  and ( b )  i s  a b road  m a t r i x  scan o f  a n o - v o i d  r e g i o n .  
There i s  9.2% n i c k e l  i n  t h e  f o r m e r  and 15.6% n i c k e l  i n  t h e  l a t t e r .  
Note  t h e  absence of a vanadium peak, i n  c o n t r a s t  t o  t h a t  found  i n  
A I S 1  316 i r r a d i a t e d  i n  HFIR.(2,4,15) 
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Note in Table 2 t h a t  i n  two of the three voided areas studied the mean 
matrix composition corresponds very well t o  the value obtained by scanning 
the en t i r e  region, which includes both voids and occasional precipi ta tes .  
This implies t ha t  the large grain-to-grain variat ions i n  nickel content 
observed in scanning measurements are n o t  the r e su l t  of voids and precipi-  
t a t e s  within the grain being the major reservoir  fo r  the segregated 
nickel. 
t a t e s  formed a t  t h i s  temperature, however. 
type of measurement employed i n  this  study. 

Nickel does segregate t o  void surfaces and in to  the few precipi-  
This i s  shown by the th i rd  

The use of line-of-sight composition-averaged measurements usually y ie lds  
an underestimate of the concentration of a segregated species. 
concentration gradient ex i s t s ,  a traverse of measurements along tha t  
gradient can yie ld  information on the direction of flow of various elements. 
Figures 5-8 show the results of  typical traverses across three types of 
microstructural boundaries. Figure 5 i s  a typical p rof i le  across a void 
boundary and shows t h a t  substantial  segregation of nickel and a lso s i l i con  
has occurred t o  the void surface. 
voided and non-voided grains (Figure 6)  an abrupt change in nickel level 
can a lso be observed. A t  some grain boundary posit ions (Figure 7 )  i t  
appears t ha t  the grain boundary a lso segregates nickel b u t  not s i l i con .  

When a 

When traversing a grain boundary between 

This behavior has been previously observed in t h i s  al loy.  (9 )  

The line-of-sight averaging technique i s  somewhat more d i f f i c u l t  t o  apply 
t o  precipitate/matrix boundaries. Any compositional gradient across 
the boundary i s  obscured somewhat a s  the beam averages both precipi ta te  
and matrix composition and a l so  by the beam’s tendency t o  spread a s  the 
e lect rons  a re  scattered in the f o i l .  
in the prec ip i ta te  or  i f  the boundary i s  inclined with respect t o  the 
beam there will  be additional smearing of the prof i le .  

If a thickness gradient ex i s t s  

There are however in Figure 8 gradients i n  elemental composition which 
extend well beyond the distances involved in the  above problems. 
presence of these gradients indicates t h a t  the microchemical evolution 

The 
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o f  the ma t r i x  i s  s t i l l  i n  progress. Note t h a t  the  n i c k e l  and s i l i c o n  
l e v e l s  o f  t h i s  p r e c i p i t a t e  ( i d e n t i f i e d  as Laves) are q u i t e  high, i n d i c a t i n g  
t h a t  p r e c i p i t a t i o n  p lays  a r o l e  i n  the  removal o f  n i c k e l  f rom the  ma t r i x .  

5.3 X-ray Ana lys is  o f  Specimen KE6 (700-718"C1 

The voids i n  t h i s  specimen are i n  general much l a r g e r  than those observed 

i n  K65 and are even more non-uniformly d i s t r i b u t e d .  Once again the  swe l l -  
i n g  was observed t o  be r e l a t i v e l y  uni form w i t h i n  any given gra in,  however. 
The subs tan t i a l  heterogenei ty  o f  s w e l l i n g  d i d  n o t  a l l ow  an est imate o f  

the  r e l a t i v e  c o n t r i b u t i o n  of vo ids and phase- related dens i t y  changes t o  
t h e  measured volune change o f  2.3%. 

Table 3 shows t h a t  i n  unvoided gra ins  the  ana lys i s  o f  the  m a t r i x  composi- 
t i o n  a t  d i s c r e t e  l o c a t i o n s  (spot-mat r ix )  and o f  l a r g e  po r t i ons  o f  a g ra in  
(scanned-matrix) measurements agree, showing a r e l a t i v e l y  h igh  n i c k e l  

content  o f  15-16%. 
lower a t  13%. The s i l i c o n  l e v e l  was a l s o  lower. 

I n  an adjacent voided g ra in  the  n i c k e l  content  was 

EOX measurements o f  the  n i c k e l  content  showed l i n e - o f - s i g h t  enrichments 
a t  v o i d  surfaces approaching 21%, as shown i n  Table 4. 

5.4 Discussion 

It has p rev ious l y  been shown t h a t  t h e  average n i c k e l  content  o f  the  a l l o y  

ma t r i x  can be used as an index o f  the degree o f  complet ion o f  the mic ro-  
chemical evolut ion.(" ) 

been confirmed. 

t o  measurable levels ,  those regions which f a l l  below 12-13% n i c k e l  f i r s t  
e x h i b i t  swel l ing.  The p o s s i b i l i t y  e x i s t s  however t h a t  the  v a r i a t i o n  i n  
n i c k e l  contents (12-16%) on a g ra in- to- g ra in  l e v e l  represents more the 
n a t u r a l  heterogenei ty  o f  the s t e e l  than the  r e s u l t s  o f  the  r a d i a t i o n -  
induced n i c k e l  segregation process. (The CN-13 heat o f  s t e e l  conta ins 

an average n i c k e l  content  o f  13.7%.) Th is  p o s s i b i l i t y  w i l l  be i nves t i ga ted  
s h o r t l y  . 

I n  t h i s  study the use o f  t h i s  index has again 

When the  s w e l l i n g  process i s  j u s t  s t a r t i n g  t o  acce lera te  
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Voids 

No 
No 
No 
No 
No 
No 
No 
No 
No 
No 

A v e r a g e s  

No 
No 
No 
No 
No 
No 

A v e r a g e s  

Yes  
Ye5 
Y e s  
Y e s  
Ye5 
Ye5 
Y e s  
Y e s  

A v e r a g e s  

TABLE 3 
EOX ANALYSIS OF SPECIMEN KE6 

weight % 
S i  - 

0.4 
0.3 
0.6 
0.5 
0.7 
0.8 
0.8 
0.8 
0.7 
0.7 

0.6 
- 

0.7 
0.5 
0.7 
0.7 
0.6 
0.3 

0.6 
- 

0.3 
0.3 
0.4 
0.3 
0.2 
0.3 
0.3 
0.2 

0.3 
- 

N i  - C r  Fe - 

MATRIX SCAN ANALYSIS 

17 66 14 ~. .. ~. 

16 63 18 
17 65 15 
18 68 12 
15 62 19 
16 62 19 
16 63 18 ~~ .. ~~ 

17 65 16 
16 66 15 
16 66 15 
- - - 

16 65 16 

17 
17 
17 
16 
16 
17 

17 
- 

18 
18 

MATRIX SPOT ANALYSIS 

66 14 
65 15 
64 14 
64 16 
65 16 
66 14 

65 15 
- - 

MATRIX SCAN ANALYSIS 

67 
67 

13 
12 

17 66 13 
18 67 13 
18 67 13 
18 66 13 
19 67 12 
19 67 12 

18 67 13 
- - - 

Mo - 

2.0 
1.7 
0.8 
0.8 
1 .o 
0.7 
0.6 
0.8 
0.7 
0.8 

1 .o 
- 

1.2 
0.9 
2.0 
1.3 
1 .o 
0.8 

1.2 
- 

1 .o 
1.3 
1.1 
1.4 
0.9 
1.4 
1 .o 
1 .o 
1.1 
- 
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TABLE 4 

EDX ANALYSIS OF V O I D S  I N  SPECIMEN KE6 

Void A c e n t e r l i n e  

Void A mid- radius 

Void B c e n t e r l i n e  

Void B mid- radius 

Void C c e n t e r l i n e  
Void C mid- radius 

Averages 

S i  

0.4 
0.4 

0.8 

0.7 
0.2 

0.3 

0.5 

C r  

17 

17 

17 

20 
16 

16 

17 

- 

- 

Fe 

65 

65 

59 

56 

63 

63 

62 

- 

- 

N i  

15 

16 

21 

21 

20 

19 

19 

- 

- 

Mo 

1.1 

1 .o 
0.8 

0.9 

0.7 

0.6 

- 

0.9 

The reduc t i on  o f  the ma t r i x  n i c k e l  l e v e l  t o  ~ 9 %  by the t ime subs tan t i a l  

swe l l i ng  has occurred i s  t y p i c a l  of t h a t  observed i n  o ther  s tud ies  
when the  s i l i c o n  l e v e l  i s  ~ 0 . 5  w t .% .  This  value appears t o  be r e l a t i v e l y  

independent of temperature. For h igher  s i l i c o n  l e v e l s  the  n i c k e l  content  
o f  the ma t r i x  f a l l s  even lower. (13) 

(10-12) 

While the  m a t r i x  n i c k e l  content  has been chosen as a convenient index, 

a more appropr ia te  index of the ex ten t  o f  the evo lu t i on  might be the aver-  

age s i l i c o n  content.  

than does the  n i c k e l  content, (14) bu t  the  s i l i c o n  l e v e l  i s  much smal ler  

and the re fo re  harder than the  n i c k e l  t o  q u a n t i t a t i v e l y  measure. 

S i l i c o n  has an even greater  e f f e c t  on vo id  nuc lea t ion  

The most s i g n i f i c a n t  r e s u l t  of t h i s  study l i e s  i n  the observat ion t h a t  

n o t  on l y  does s w e l l i n g  occur i n  A I S 1  316 a t  temperatures above 700"C, b u t  

t h a t  t h e  swe l l i ng  does n o t  dec l i ne  w i t h  temperature i n  t h i s  range a s  

p rev ious l y  an t i c i pa ted .  I t had prev ious ly  been thought t h a t  swe l l i ng  

would n o t  occur a t  650-700°C i n  EBR-I1 due t o  i t s  low helium/dpa r a t i o .  

It appears t h a t  t h e  t o t a l  swe l l i ng  does n o t  depend very s t rong ly  on 
the  hel ium l e v e l  a t  any temperature i nves t i ga ted  t o  date, al though t h e  
vo id  dens i ty  i s  s e n s i t i v e  t o  the  hel ium content.  (1 $ 2 )  
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5.5 Conclusions 

In the comparison o f  HF IR  and E B R - I 1  s w e l l i n g  da ta  f o r  A I S I  316 i t  i s  

important  t o  recognize t h a t  the repo r ted  HFIR temperatures have been under- 
est imated by 75-125°C. I n  order  t o  p rov ide  comparable specimens from 
E B R - I 1  i r r a d i a t i o n s ,  two specimens have been examined which were i r r a d i a t e d  

t o  temperatures i n  the range 700-720°C. 
i s  comparable t o  t h a t  observed a t  650OC and below, bu t  the v o i d  d e n s i t i e s  
are lower.  
dens i t y  o r  he l ium content  as p rev ious l y  expected. 

Swel l ing  a t  these temperatures 

To ta l  s w e l l i n g  does no t  appear t o  be as s e n s i t i v e  t o  vo id  

While the s w e l l i n g  i s  heterogeneous on a g ra in- to- g ra in  l e v e l ,  vo ids always 

appear f i r s t  i n  g ra ins  which have n i c k e l  l e v e l s  below 12-13 w t . % .  

m a t r i x  con ten t  o f  n i c k e l  dec l i nes  t o  1.9% as the swe l l i ng  increases t o  
subs tan t i a l  l e v e l s .  Th i s  value o f  9% has been observed a t  o ther  lower 

temperatures. 

a l s o  t o  t he  surface o f  voids. 

The 

N icke l  and s i l i c o n  segregate n o t  o n l y  t o  p r e c i p i t a t e s  b u t  
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LITHIUM DOPING OF 316 STAINLESS STEEL TO SIMULATE IRRADIATION DAMAGE I N  A 
FUSION REACTOR ENVIRONMENT 

J. Megusar, 0. K. H a r l i n g  and N. J. Grant (Massachusetts I n s t i t u t e  o f  Tech- 

nology)  

1 .o Ob jec t ive  

The o b j e c t i v e  o f  t h i s  study was t o  develop a l i t h i u m  doping technique t o  simu- 
l a t e  simultaneous hel ium product ion and displacement damage i n  bu lk  specimens 
o f  non-nickel bear ing ma te r ia l  such as f e r r i t i c  s t e e l s  when i r r a d i a t e d  i n  a 

f i s s i o n  reac tor .  

2.0 Summary 

L i t h ium doped a u s t e n i t i c  s t a i n l e s s  s tee l  was prepared by us ing  r a p i d  s o l i d i f i -  
c a t i o n  processing and a powder meta l lu rgy  s a l t  decomposit ion technique. Neu- 

t r o n  autoradiography v e r i f i e d  a uni form d i s t r i b u t i o n  o f  l i t h i u m  i n  the  a l l o y .  
Although the same approach can be used t o  dope ma te r ia l  un i fo rm ly  w i t h  a s ta-  
b l e  boron compound, i t  should be an advantage t o  use l i t h i u m  doping because 

t h i s  dopant produces on l y  hel ium and hydrogen which are  a l s o  produced by the  
CTR environment. 

3.0 Program 

T i t l e :  
P r i n c i p a l  I nves t i ga to rs :  0. K. H a r l i n g  and N. J. Grant 

A f f i l i a t i o n :  Massachusetts I n s t i t u t e  o f  Technology 

A l loy Development f o r  I r r a d i a t i o n  Performance i n  Fusion 'Reactors 

4.0 Relevant DAFS Program Plan Task/Subtask 

Some o f  the tasks/subtasks re levan t  t o  the  experimental s imu la t ion  o f  f us ion  

r e a c t o r  i r r a d i a t i o n  e f f e c t s  are: 

Task l l . A . 4  Gas Generation Rates 
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Task ll.C.2 Effects of Helium on Microstructure 
Task l l .C.8  Effects of Helium and Displacement on Fracture 

5.0 Accomplishments and S t a t u s  

5.1 Introduction 

I n  fusion reactors the helium producing nuclear reactions become much more 
important with increasing energy and because of t h i s ,  the re la t ive ly  low 
energy f i s s ion  sources cannot properly simulate the h ighe r  helium production 
rates expected in fusion reactors.  In terms of helium production, nickel 
o f fe rs  a compromise fo r  f iss ion systems; fo r  example, the 8 t o  20% Ni in aus- 
t e n i t i c  s t a in l e s s  s t ee l s  produces helium t h r o u g h  a double  thermal neutron 
capture process. Although cer ta in  experimental d i f f i c u l t i e s  a r i se  in t h i s  
technique, the method i s  currently the best fo r  those materials  t h a t  contain 
a s ign i f ican t  amount of nickel. For f e r r i t i c  s t ee l s  or fo r  refractorylreac- 
t i v e  materials ,  other methods must be developed since additions of nickel will 
probably s ign i f ican t ly  a1 ter the structures and properties of commercial base 
metals o r  a l loys .  

To simulate simultaneous helium production and displacement damage in b u l k  
specimens of non-nickel bearing materials ,  helium producing elements can be 
added.  
duc t ion  are 1 ° B  and 6Li. 
enough 1 ° B  or 
simultaneous he1 ium production and displacement damage can be investigated 
with f a s t  reactors.  The reason for  excess boron i s  t ha t  helium production 
during the  experiment should be nearly 1 inear. 

The materials  w i t h  high thermal neutron cross section for  helium pro- 
Provided tha t  a material can be uniformly doped with 

so tha t  the to ta l  amount burned u p  would be re la t ive ly  small, 

In previous work(’) an aus ten i t i c  s t a in l e s s  steel was doped w i t h  1000 appm 
92% enriched 1 ° B  and 5000 appm natural boron; these boron concentrations pro- 
duce about 3 appm He/dpa in the core of EBR-11. 
niques have been used t o  prepare these a l loys .  

Rapid so l id i f ica t ion  tech- 
The maximum so lub i l i ty  of 
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boron i n  a typical aus ten i t i c  18 Cr - 10 to  14% Ni s ta in less  s tee l  i s  a b o u t  
500 appm a t  1100-1150°C(2); consequently 100% of the boron cannot be retained 
i n  solid solution with conventional processing. Cooling ra tes  of the order 
of 106'C/sec, which a re  achieved by t w i n  r o l l e r  so l id i f ica t ion ,  permit large 
sol id  s t a t e  supersaturation and thereby make possible preparation of uniformly 
doped aus ten i t i c  s t a in l e s s  steel  a t  1000 and 5000 appm boron. (1  1 

I t  has been shown tha t  boron will segregate t o  the grain boundaries, even a t  
overall levels  as low as 10 appm, during h i g h  temperature exposure. ( 3 )  
the boron doping t o  produce a uniform helium dispersion a t  concentrations and 
temperatures of i n t e r e s t ,  the boron i s  fixed as a f i ne  ZrB2 precipi ta te  by 
doping the aus ten i t i c  s t a in l e s s  s teel  with stoichiometric amounts of boron and 
zirconium fo r  ZrB2  formation and by choosing appropriate  heat treatment condi- 
t ions .  (' r 4 )  I r radiat ion experiments of t h i s  material are presently in prog- 
ress and i n i t i a l  estimates of the boron kinetics suggest t h a t  ZrB2 s h o u l d  be 
s table  during long term irradiat ion a t  450' and 550'C. 

For 

( 5 )  

Solubi l i ty  of lithium in f e r r i t i c  s t e e l s  and in aus ten i t i c  and f e r r i t i c  s ta in-  
l e s s  s t e e l s  i s  negligibly small; a t  600°C so lub i l i ty  of lithium in iron i s  
11 ppm. ( 6 )  
conventional i n g o t  technology in amounts of several 1000 appm t o  simulate the 
f i r s t  wall fusion reactor environment, i . e . ,  t o  simulate simultaneous helium 
production and displacement damage. Lithium can, however, be introduced into  
a f e r r i t i c  s t e e l ,  f o r  example, a s  a s table  compound and as a uniform disper- 
sion by using rapid so l id i f ica t ion  PM processing and advanced powder metal- 
lurgy techniques. 
rapidly so l id i f ied  by ultrasonic gas atomization t o  produce f ine  spherical 
powders. 
t o  f i n e r  sizes, f o r  example, as f i ne  flakes.  A s tab le  lithium compound i s  
then introduced by using any one of several solid s t a t e  powder metallurgy 
techniques such as powder blending, mechanical alloying or  s a l t  decomposi- 
t ion ,  e tc .  In the powder blending technique, f i ne  powders which should be 
ideal ly  near-micron s ize  are mechanically blended with f i ne  powders of the 

Therefore lithium cannot be retained in sol id  solution by using 

For t h i s  purpose, material t o  be doped w i t h  lithium i s  

The powders can be used d i r ec t l y  i f  f i ne  enough o r  can be a t t r i t e d  
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s t a b l e  compound, f o r  example, pure o r  a l l o y e d  l i t h i u m  oxide, t o  o b t a i n  a u n i -  

form d i s t r i b u t i o n  of l i t h i u m  i n  the a l l o y .  This  technique has been used suc- 
c e s s f u l l y  i n  p repar ing  several  d i spe rs ion  s t a b i l i z e d  a l l o y s  such as alumina 
d i spe rs ion  s t a b i l i z e d  copper a l l o y s ( 7 )  and a 316 s t a i n l e s s  s t e e l  - Y203 a l l o y .  (8)  

I n  t he  s a l t  decomposit ion technique, which has been used i n  p repar ing  t h o r i a  
d ispers ion  s t a b i l i z e d  n i c k e l  ,('I f o r  example, metal powders are b a l l - m i l l e d  

w i t h  a thor ium n i t r a t e  l i q u i d  so lu t i on ;  t he  thor ium n i t r a t e  is subsequently 

decomposed by hea t i ng  under vacuum, r e s u l t i n g  i n  a un i fo rm d i spe rs ion  o f  f i n e  

t h o r i a  p a r t i c l e s  i n  t h e  n i c k e l  m a t r i x .  Both the  mechanical b lend ing  and s a l t  
decomposit ion techniques should be e q u a l l y  app l i cab le  i n  p repar ing  l i t h i u m  

doped a l l o y s ,  w i t h  l i t h i u m  present  as a s tab le  compound. Th is  r e p o r t  descr ibes 

the  p repa ra t i on  o f  l i t h i u m  doped a u s t e n i t i c  s t a i n l e s s  s tee l  by us ing  a s a l t  

decomposit ion technique and charac ter izes  t h e  l i t h i u m  d i s t r i b u t i o n  in terms o f  

neutron autoradiography. 
t o  boron doping t o  s imu la te  simultaneous hel ium produc t ion  and displacement 
damage i n  bu l k  specimens o f  non-nickel  bear ing m a t e r i a l s  such as f e r r i t i c  

s tee ls .  

L i t h i u m  doping cou ld  be used as an a l t e r n a t i v e  method 

5.2 Experimental Procedures 

An u l t r a  low C+N s t a i n l e s s  s tee l  was prov ided by Al legheny Ludlum Company of 

t he  f o l l o w i n g  chemical composit ion ( i n  w t % ) :  16.36 N i ,  16.67 C r ,  2.26 Mo, 

1.25 Mn, 0.51 S i ,  0.0027 C, 0.003 N, 0.0027 S, ba l  Fe. 
and mod i f i ed  by t h e  a d d i t i o n  o f  1 percent  aluminum. 

s o l i d i f i e d  t o  produce f i n e  powders by means o f  h igh  v e l o c i t y  j e t s  o f  n i t r o g e n  
and argon. 

53 pm were comminuted i n  an a t t r i t i o n  m i l l  us ing  s t a i n l e s s  s tee l  b a l l s ;  

200 gram l o t s  o f  powders were a t t r i t e d  under i sopropy l  a lcoho l  f o r  48 h r s  a t  

approximately 170 RPM. 

decanted and vacuum d r i e d .  

The a l l o y  was remelted 

This  a l l o y  was r a p i d l y  

Powders f i n e r  than The est imated c o o l i n g  r a t e  was 104"C/sec. 

The a lcoho l  s l u r r y  o f  near micron t h i c k  f l a k e s  was 

The s t a i n l e s s  s tee l  f l a k e s  were mixed w i t h  LiAIHI, powder i n  t h e  amount 

corresponding t o  1000 ppm o f  l i t h i u m .  Ether  was added w h i l e  s t i r r i n g  the  
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powder mixture i n  order t o  dissolve the L i A 1 H 4  and t o  wet the stainless steel 
flakes uniformly w i t h  the LiAlH4 solution. S t i r r i n g  was continued u n t i l  the 
ether evaporated. 
150°C under vacuum t o  decompose LiAlH4  and to remove hydrogen. 

The stainless steel flakes were heated for 1 to  3 hrs a t  

Stainless steel flakes doped w i t h  lithium were then consolidated by using a 
dynamic powder (shock wave) compaction technique of the Inst i tute Cerac, 
Ecublens, Switzerland. A two-stage h i g h  speed gun was used; the compaction 
was effected by the shock wave ( lo )  which i s  produced by impact of the projec- 
t i l e  on the powder a t  a speed of 1200 m/sec. The diameter of the compacted 
disc was 5 cm and the height was 1 cm. The dynamically compacted alloy was 
heated to  1000°C and rolled t o  40% R.A. 

The amount of l i t h i u m  i n  the consolidated alloy was obtained by flame emis- 
sion spectroscopy and the distribution of l i t h i u m  was determined by neutron 
autoradiography . 

5.3 Experimental Results 

Figure 1 shows the morphology of a -53 urn powder fraction of rapidly solidi- 
fied alloy. 
dendrite arm spacing i s  typically 1-3 pm, indicating a cooling rate of approxi- 
mately 10''°C/sec. 

The powder particles are spherical; previous work (11)  showed the 

These powders were a t t r i ted  for 48 hrs under isopropyl alcohol and the resul- 
t a n t  flake morphology i s  shown i n  Figure 2. An average flake thickness i s  
0.5 pm. Attrit ion has been considered an important step i n  preparing l i t h i u m  
doped material i n  order to  obtain an average lithium interparticle spacing 
f iner  than several microns, i .e . ,  less than the range of the helium ions pro- 
duced i n  the 6 L i  ( n , ~ z ) ~ T  reaction. 

Commercially available L i A l H 4  powders were rather coarse and SEM examination 
showed t h a t  the average particle diameter exceeded 100 pm. By add ing  ether 
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FIGURE 1. STEM Micrograph Showing t h e  Morphology o f  Rapidly S o l i d i f i e d  
Powders of  316 S ta in less  S t e e l  A l loyed w i t h  1% A l .  
t i o n  below 53 pm. 

Size  Frac-  

FIGURE 2. SEM Micrograph Showing the  Morphology o f  A t t r i t e d  Flakes. 
48 h r  A t t r i t i o n  Resulted i n  U n i f o m  (0.5-pm) Flake Thickness. 

The 
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wh i le  s t i r r i n g  the  s ta in less  s tee l  and L iAlH4 powder mixture, LiA1H4 f i r s t  

d isso lved i n  the  e t h e r  and then r e p r e c i p i t a t e d  on the  s ta in less  s tee l  f l a k e  
surfaces as f i n e  LiA1H4 p a r t i c l e s .  
approximately 30 gm per  100 cc. (12) 
s i z e  and d i s t r i b u t i o n  o f  t he  LiAlH4 p a r t i c l e s  on the  f l a k e  surfaces by Scan- 

n i n g  Auger Microscopy; however, t he  i n t e r p r e t a t i o n  o f  r e s u l t s  was n o t  s t r a i g h t -  
forward due t o  the  f a c t  t h a t  t he  s ta in less  s tee l  m a t r i x  was a l l oyed  w i t h  
aluminum. 
domly and analyzed f o r  l i t h i u m  content.  
suggesting a un i fo rm d i s t r i b u t i o n  o f  l i t h i u m  on the  f l aked  mater ia l .  

The s o l u b i l i t y  o f  LiAlH4 i n  e ther  i s  
An attempt has been made t o  determine t h e  

Instead, small (1 gm) samples o f  f l aked  mate r ia l  were selected ran-  
Very cons is ten t  values were obtained 

The s ta in less  s tee l  f l a k e s  were heated f o r  1 t o  3 h rs  a t  150°C under vacuum t o  
decompose the  LiA1H4. These cond i t ions  were chosen based on the  data ava i l a -  
b l e  i n  the  l i t e r a t u r e .  (12) Mass spectroscopy ana lys is  showed t h a t  hydrogen 

has been almost completely removed du r ing  t h i s  heat treatment; t he  res idua l  
hydrogen was below 5 ppm ( t h e  s e n s i t i v i t y  l i m i t  f o r  hydrogen ana lys is  was 
0.1 p a r t s  per m i l l i o n ) .  

Consol idat ion o f  s ta in less  s t e e l  f l a k e s  was performed by a dynamic powder 

compaction (shock wave compaction) technique. During the  passage o f  t he  shock 
wave the  pressure r i s e s  extremely r a p i d l y ,  remains a t  t h i s  h igh  value f o r  some 

t ime and l a t e r  f a l l s  as the  pressure re lease occurs. 

the  f o l l o w i n g  r e l a t i o n  between the  shock speed, p a r t i c l e  v e l o c i t y  and the  in-  
t e r n a l  energy imparted t o  the  ma te r ia l :  
loose dens i t y  compacted t o  shock pressure o f  5 GPa gives a shock v e l o c i t y  of 
1600 m/sec, a p a r t i c l e  v e l o c i t y  o f  800 m/sec and an i n t e r n a l  energy change o f  
3 x l o 5  J/kg. This energy change corresponds t o  a temperature r i s e  o f  600°K 
and i f  the  energy i s  considered t o  be deposited predominately a t  t h e  powder 
p a r t i c l e  surface, values f o r  energy dens i t y  and power dens i t y  o f  2 x l o 4  J/m2 
and - 2 x 10l1 W/m2 respec t i ve l y  a re  deduced. 
those o f  t h e  upper end o f  the  l a s e r  g laz ing  process. 

(10) Calculat ions showed 

s tee l  powder o f  approximately 50% 

These values correspond t o  

M ic ros t ruc tu ra l  examination showed t n a t  t ne  as-compaczea marer ia i  was noc 

f u l l y  dense. Th is  was ascr ibed t o  the  unfavorable geometry o f  the  s ta in less  
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s teel  f lakes ,  w i t h  the length t o  thickness r a t i o  exceeding 1.00 (see Figure 2 ) .  
Dynamic compaction, under identical  conditions, of  spherical powders o r  f lakes 
with the length t o  thickness r a t i o  l e s s  than 30 t o  1 has normally resulted i n  
density values greater t h a n  99%. ( l o )  
compacted material were p u t  in a container made of low carbon s t e e l ,  evacu- 
ated and hot rolled ( s t a r t i ng  temperature was 1000°C) t o  40% R.A.  (10% reduc- 
tion on each of 4 passes.) During the hot ro l l ing  operation the l i t h i u m  doped 
s t a in l e s s  s tee l  and the low carbon s tee l  welded together;  the low carbon s tee l  
was l a t e r  removed by grinding. 

Consequently, samples of dynamically 

The lithium content in the consolidated material ,  a s  determined by flame emis- 
sion spectroscopy, was 985 wppm. This i s  the same amount within a few percent 
of t h a t  measured i n  lithium doped s t a in l e s s  s tee l  pr ior  t o  consolidation. 
Consequently, nei ther  surface melting of the s t a in l e s s  steel f lakes d u r i n g  
dynamic compaction n o r  the subsequent exposure t o  1000°C during hot ro l l ing  
had an e f f ec t  on the lithium content. This confirmed t h a t  the lithium was 
present as a s t ab l e  oxide compound. in the fu ture ,  therefore,  i t  will n o t  be 
necessary t o  use dynamic powder compaction fo r  lithium doping, ho t  extrusion 
will suf f ice .  

Specimens of lithium doped s t a in l e s s  s teel  were covered with p l a s t i c  ( C . N . )  
film and were i r radia ted in the 2PH2 f a c i l i t y  in MITR-11. The thermal expo- 
sure was 10 sec a t  a f lux of 6 x lo1' n/cm2 sec. The film was developed for 
10 min in 50% KOH a t  50°C t o  enlarge the s i ze  of the damage tracks produced 
by alpha par t ic les .  A detailed procedure of film preparation and etching i s  
described e l  sewhere. (13)  The film was next coated w i t h  a thin layer  of gold 
and examined by SEM. I t  has been found t h a t  the several 100 ! thick layers  
of gold which a re  normally used t o  prepare specimens for  SEM observation was 
too t h i n  t o  protect  p l a s t i c  film from deter iorat ion under the electron beam. 
The thickness of the gold layer  had t o  be doubled. This permitted an exami- 
nation of the damage t racks  in the SEM over an extended period of time. The 
r e su l t s  are shown in Figures 3 and  4.  
damage tracks in a s t a in l e s s  s teel  sample doped with 1000 ppm lithium. 

Figure 4 shows the  d i s t r ibu t ion  of 
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FIGURE 3. Neutron Autoradiograph o f  316-Type S ta in less  Steel Wi thout  
L i t h ium Addi t ion.  The Fluence i s  6 x 1 0 l 2  n/cmz. 

FIGURE 4. Neutron Autoradiograph o f  316-Type Sta in less  Steel Doped w i t h  
1000-wppm Li th ium. The Fluence i s  6 x 10l2  n/cm2. 
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Damage t r a c k s  were enlarged by e tch ing  t o  an approximate diameter o f  0.7- 
0.9 m. The average spacing between t h e  damage t racks,  which r e f l e c t s  d i r e c t l y  
t h e  l i t h i u m  d i s t r i b u t i o n  i n  t h e  s t a i n l e s s  s tee l ,  i s  i n  t h e  order  o f  a few 
microns. 
F igure 3 i s  a neutron autoradiograph o f  a reference sample o f  s t a i n l e s s  s tee l ,  
w i thou t  t h e  l i t h i u m  add i t ion .  Damage t racks  may o r i g i n a t e  e i t h e r  from res idua l  
elements i n  t h e  s t a i n l e s s  s tee l  o r  may poss ib l y  be due t o  contaminat ion du r ing  
neutron autoradiography. The t r a c k  dens i t y  i n  Figure 3 i s  low and approxi-  
mately  0.9 x l o 6  tracks/cm2. 

Track densi ty ,  as obta ined from F igure  4, i s  1.8 x l o 7  tracks/cm2. 

5.4 O i  scussion 

It has been shown i n  t h i s  study t h a t  by us ing  r a p i d  s o l i d i f i c a i t o n  processing 

t o  produce f i n e  powders and subsequently by powder me ta l l u rgy  s o l i d  s t a t e  
techniques t o  d isperse  l i t h i u m  un i fo rm ly  i n  some form i n t o  t h e  a l l o y  as a 

s t a b l e  l i t h i u m  compound, usefu l  l i t h i u m  con ta in ing  a l l o y s  are  possib le.  As 

shown i n  t h e  neutron autoradiograph i n  F igure 4, l i t h i u m  i n t e r p a r t i c l e  spacing 
i s  o f  t h e  order  o f  several microns; t h i s  should assure un i fo rm hel ium d i s t r i -  
b u t i o n  i n  b u l k  specimens o f  non-nickel bear ing m a t e r i a l s  when i r r a d i a t e d  i n  
f a s t  f i s s i o n  reac tors .  The advantage o f  us ing  powder me ta l l u rgy  techniques 
i s  t h a t  t h e  dopant ( l i t h i u m  i n  t h i s  case) can be in t roduced as a s t a b l e  com- 
pound, such as an oxide. S i m i l a r  powder me ta l l u rgy  approaches may be used t o  
dope a l l o y s  w i t h  a f i n e  d i spe rs ion  o f  a s t a b l e  boron compound and thus  reduce 
t h e  problem o f  poss ib le  boron segregat ion t o  t h e  g r a i n  boundaries w i t h  subse- 
quent problems o f  coarsening and embr i t t lement  as discussed i n  the  i n t roduc-  
t o r y  p a r t  o f  t h i s  repo r t .  

A s a l t  decomposit ion technique was used t o  dope s t a i n l e s s  s t e e l  w i t h  l i t h i u m .  
The 6L i  content  i n  t h e  LiA1H4 compound was analyzed by neutron autoradiogra-  

phy. 
than t h e  expected t ransmiss ion (0.6771) f o r  n a t u r a l  l i t h i u m ;  t h e  d i f f e r e n c e  
may be due t o  an e r r o r  i n  d e n s i t y  measurement. 

composed before neutron autoradiography i n  o rder  t o  avo id  t h e  i n t e r f e r e n c e  of 

The observed t ransmiss ion was 0.6125 + 0.005. It i s  s l i g h t l y  lower 

LiA1H4 powders have been de- 
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hydrogen i n  d e t e r m i n i n g  G L i  c o n t e n t .  

a LiAlH,, compound i s  p r e s e n t  as n a t u r a l  l i t h i u m  c o n t a i n i n g  a p p r o x i m a t e l y  7.5% 

o f  6 L i ;  consequent ly ,  t h e  s t a i n l e s s  s t e e l  was doped w i t h  a p p r o x i m a t e l y  7 5  ppm 

o f  GLi. 

b l e n d i n g  w i t h  f i n e  p a r t i c l e s  o f  a s t a b l e  l i t h i u m  compound as w e l l  as t h e  s a l t  

decompos i t ion  techn ique  shou ld  produce a u n i f o r m  d i s p e r s i o n  o f  L i  dopant  i n  

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

t h e i r  p a r t i c l e  s i z e  shou ld  be i d e a l l y  o f  t h e  o r d e r  o f  100 1 when i n c o r p o r a t e d  

as a dopant i n  t h e  a l l o y  by mechanical  b l e n d i n g .  

These r e s u l t s  i n d i c a t e  t h a t  l i t h i u m  i n  

As d i scussed  i n  t h e  i n t r o d u c t o r y  p a r t  o f  t h i s  r e p o r t ,  mechanical  

L i t h i u m  o x i d e s  a r e  among t h e  most s t a b l e  l i t h i u m  compounds; 

There may be a c e r t a i n  advantage i n  u s i n g  l i t h i u m  dop ing  as compared t o  boron 

dop ing t o  genera te  s imul taneous h e l i u m  and d i sp lacement  damage. T h i s  was 

based on t h e  o b s e r v a t i o n  ( 1 4 )  t h a t  enhancement o f  s w e l l i n g  a t  400°C was due t o  

b o t h  l i t h i u m  and h e l i u m  atoms d e p o s i t e d  i n  h a l o s  s u r r o u n d i n g  M3B2 p r e c i p i t a t e s .  

Consequently, t h e  i n t e r p r e t a t i o n  o f  t h e  h e l i u m  e f f e c t  on s w e l l i n g  may be e a s i e r  

when l i t h i u m  i s  USY. as a dopant  i n s t e a d  o f  boron. 

a c t i o n  p r o d u c t  o f  t h e  6L i (n ,a )  r e a c t i o n  i s  3H, wh ich  w i l 1 , o f  course,a lso  be 

p r e s e n t  i n  a f u s i o n  r e a c t o r  env i ronment .  

Fur thermore, the o t h e r  r e -  

Bo th  l i t h i u m  and boron dop ing  techn iques  appear t o  be p r o m i s i n g  i n  s i m u l a t i n g  

s imul taneous h e l i u m  p r o d u c t i o n  and d i sp lacement  damage i n  n o n- n i c k e l  b e a r i n g  

m a t e r i a l s  such as f e r r i t i c  s t e e l s .  The powder m e t a l l u r g y  approach, as de- 

s c r i b e d  i n  t h i s  r e p o r t ,  appears t o  be p a r t i c u l a r l y  a t t r a c t i v e  i n  d e v e l o p i n g  
l i t h i u m  o r  boron doped f e r r i t i c  s t e e l s  wh ich  may be e i t h e r  o x i d e  o r  c a r b i d e  

d i s p e r s i o n  s t a b i l i z e d  i n  o r d e r  t o  improve t h e  h i g h  tempera tu re  s t r u c t u r a l  o r  

mechanical  s t a b i l i t y .  E s t a b l i s h e d  p rocedures  t o  p repare  d i s p e r s i o n  s t a b i l i z e d  

m a t e r i a l s ( 8 )  i n c l u d e  t h e  f o l l o w i n g  s t e p s :  a )  r a p i d  s o l i d i f i c a t i o n  o f  a master  

a l l o y  t o  p repare  f i n e  powders, w i t h  s i z e  f r a c t i o n  s m a l l e r  than  about  50 vm 

(see F i g u r e  1 ) ;  b )  a t t r i t i o n  o f  powders t o  produce near- mic ron  s i z e  f l a k e s  

(see F i g u r e  2 ) ;  c )  b a l l  m i l l i n g  o f  t h e  f l a k e s  w i t h  o x i d e / c a r b i d e  p a r t i c l e s  

( s e v e r a l  100 1 i n  s i z e )  i n  amounts o f  s e v e r a l  volume p e r c e n t  t o  o b t a i n  a u n i -  

f o r m  d i s p e r s i o n  o f  a second phase. 

t h i s  r e p o r t ,  can then  be s i m p l y  i n t e g r a t e d  i n  t h i s  p r o d u c t i o n  scheme. 

L i t h i u m  o r  boron dop ing,  as d i scussed  i n  
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5.5 Conclusions 

L i t h ium and boron doping techniques are p o s s i b i l i t i e s  f o r  s imu la t i ng  simul-  

taneous hel ium product ion  and displacement damage i n  bu l k  specimens o f  non- 

n i c k e l  bear ing m a t e r i a l s  such as f e r r i t i c  s t e e l s  when i r r a d i a t e d  i n  f a s t  

f i s s i o n  reac tors .  

The r a p i d  s o l i d i f i c a t i o n  processing and powder me ta l l u rgy  s a l t  decomposit ion 

technique has been used t o  prepare l i t h i u m  doped a u s t e n i t i c  s t a i n l e s s  s tee l .  

Neutron autoradiography v e r i f i e d  a un i fo rm d i s t r i b u t i o n  o f  l i t h i u m  i n  t h e  

a l l o y .  

Although the  same approach can be used t o  dope ma te r ia l  un i fo rm ly  w i t h  a 

s tab le  boron compound, thus reducing the  problem o f  g r a i n  boundary segrega- 
t i o n  and coarsening, i t  should be an advantage to use l i t h i u m  doping because 
t h i s  dopant produces on l y  hel ium and hydrogen which a r e  a l s o  produced by t h e  
CTR environment. 
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