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FOREWORD 

Th i s  r e p o r t  i s  t h e  e leven th  i n  a s e r i e s  o f  Q u a r t e r l y  Techn ica l  Progress 
Reports on -Damage Analysis and Fundamental S t u d i e s "  (DAFS) which i s  one 
element o f  t h e  Fus ion  Reactor M a t e r i a l s  Program, conducted i n  suppor t  o f  t h e  
Magnet ic Fus ion Energy Program o f  t h e  U. S. Department o f  Energy. The f i r s t  
e i g h t  r e p o r t s  i n  t h i s  s e r i e s  were numbered OOE/ET-0065/1 through 8. 
elements o f  t h e  M a t e r i a l s  Program are:  

Other 

. . Plasma-Mater ia ls  I n t e r a c t i o n  (PMI) . Spec ia l  Purpose M a t e r i a l s  (SPM). 

A l l o y  Development f o r  I r r a d i a t i o n  Performance (ADIP) 

The DAFS program element i s  a n a t i o n a l  e f f o r t  composed o f  c o n t r i b u t i o n s  
f r om a number o f  Na t i ona l  L a b o r a t o r i e s  and o t h e r  government l a b o r a t o r i e s ,  
u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was o rgan ized  by t h e  M a t e r i -  
a l s  and R a d i a t i o n  E f f e c t s  Branch, O f f i c e  o f  Fus ion  Energy, DOE, and a Task 
Group on m a y e  A n a l y s i s  and Fundamental S t u d i e s  which operates under t h e  
auspices o f  t h a t  Branch. The purpose o f  t h i s  s e r i e s  o f  r e p o r t s  i s  t o  p ro-  
v i d e  a work ing  t e c h n i c a l  r eco rd  o f  t h a t  e f f o r t  f o r  t h e  use o f  t h e  program 
p a r t i c i p a n t s ,  f o r  t h e  f u s i o n  energy program i n  genera l ,  and f o r  t h e  Depar t-  
ment o f  Energy. 

P lan  o f  t h e  same t i t l e  so t h a t  a c t i v i t i e s  and accomplishments may be 
f o l l o w e d  r e a d i l y ,  r e l a t i v e  t o  t h a t  Program Plan.  Thus, t h e  work o f  a g i ven  
l a b o r a t o r y  may appear throughout  t h e  r e p o r t .  
annotated f o r  t h e  convenience o f  t h e  reader .  

Th i s  r e p o r t  i s  organized a long  t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a Program 

The Tab le  o f  Contents i s  

Th i s  r e p o r t  has been compi led and e d i t e d  under t h e  guidance o f  t h e  
Chairman o f  t h e  Task Group on Damage A n a l y s i s  and Fundamental S t u d i e s ,  
0. G. Doran, Hanford Eng ineer ing  Development Labora to ry .  H i s  e f f o r t s  and 
those of t h e  suppo r t i ng  s t a f f  o f  HEDL and t h e  many persons who made tech-  
n i c a l  c o n t r i b u t i o n s  a re  g r a t e f u l l y  acknowledged. M. M. Cohen, M a t e r i a l s  and 
R a d i a t i o n  E f f e c t s  Branch, i s  t h e  Department o f  Energy coun te rpa r t  t o  t h e  
Task Group Chairman and has r e s p o n s i b i l i t y  f o r  t h e  DAFS Program w i t h i n  DOE. 
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I .  

11. 

PROGRAM 

T i t l e :  RTNS-I1 Operations (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  1 i a t i on : Law r e  nce L i ve rmc r e  Na t i  ona 1 Labora t o r y  

OBJECTIVE 

The ob jec t i ves  o f  t h i s  work are ope ra t i on  o f  OFE's RTNS-I1 (a 14-MeV 

neutron source f a c i l i t y ) ,  machine development, and suppor t  o f  the expe r 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 serv ices  

i nc lude  dosimetry,  handl ing,  schedul ing, coo rd ina t i on ,  and r e p o r t i n g .  

RTNS-I1 i s  dedicated t o  ma te r i a l s  research f o r  the f u s i o n  power 

program. 

energy neutron e f f e c t s .  

j e c t i n g  t o  the fus ion  environment engineer ing data obta ined i n  o the r  
neutron spectra.  

I t s  pr imary use i s  t o  a i d  i n  the development o f  models o f  h igh -  

Such models are needed i n  i n t e r p r e t i n g  and pro-  

I 1  I. RELEVANT DAFS PROGRAM TASK/SUBTASK 

TASK II.A.2,3,4. 
TASK II.B.3,4. 

TASK II.C.1,2,6,11,18. 

I V .  SUMMARY 

I r r a d i a t i o n s  were done f o r  a t o t a l  o f  seven d i f f e r e n t  experimenters. 
The HEDL two temperature zone furnace was i n s t a l l e d  and i s  ope ra t i ona l .  

Unscheduled outages occurred due t o  major component f a i l u r e .  

V. ACCOMPLISHMENTS AND STATUS 

A. I r r a d i a t i o n s  - N. E. Ragaini, M. W .  Guinan and C. M. Logan (LLNL) 
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Tne neutron f i e l d  character izat ion experiment o f  D. Kneff e t  a l .  
(RI)  was completed. 

W .  Barmore ( L L N L ) .  An experiment u s i n g  the H E D L  two temperature zone 
furnace was begun f o r  N .  Panayotou ( H E D L ) .  
V, and Ti were done f o r  R. Jones ( P N L ) .  
back" experiments were c a r r i e d  o u t :  

An i r r a d i a t i o n  was done f o r  i n - s i t u  creep of Nb f o r  

Further i r r a d i a t i o n s  o f  Nb, 
In addit ion the following "piggy 

1 .  Tritium detector  development f o r  R. J a l b e r t  (LANSL). 

2.  I r rad ia t ion  o f  opt ica l  samples for M. Summers ( L L N L ) .  

3.  I r rad ia t ion  o f  e l e c t ron i c  components f o r  D. Hoyniak (PPPL) 

B. RTNS-I1 STATUS - C. M. Logan and D.  W .  Heikkinen (LLNL) 

The H E D L  two temperature zone furnace was i n s t a l l e d  and debugged. 
T h i s  furnace permits simultaneous i r r a d i a t i o n  o f  samples a t  temperatures 
o f  80°C and 29DOC i n  a vacuum. 
i n s t a l l e d  on both neutron sources.  
problems encountered w i t h  the o r ig ina l  control system. A shie lded c a r t  
f o r  sample disassembly has been completed. 

A new f i b e r  op t ics  control system was 
This has el iminated the  frequent 

Major unscheduled outages occurred d u r i n g  this period due  to 
tu rbo  pump f a i l u r e  a n d  f a i l u r e  of diode strings i n  the Haefely h i g h  

voltage power supply. 

V I I .  FUTURE WORK 

During the  quar te r  i r r a d i a t i o n s  a r e  scheduled f o r  Barmore ( L L N L ) ,  
Further "piggy back" Guinan ( L L N L ) ,  Panayotou (HEDL), and Jones (PNL). 

i r r a d i a t i o n s  a r e  scheduled f o r  J a l b e r t  (LANSL) and Murray ( P P P L ) .  

4 



VIII. PUBLICATIONS 

RTNS-11: Present S ta tus ,  D. W .  Heikkinen and C. M. Logan 
( U C R L  84554) t o  be presented a t  the Sixth Conference on the Application 
o f  Accelerators i n  Research & Industry,  November 3, 4, 5,  1980, 
Denton, Texas. 

RTNS-11: A Fusion Materials Research Tool, C .  M. Logan and D .  W .  

Heikkinen ( U C R L  84897) to be presented a t  the 1980 World Conference, 
International  Nuclear Target Oevelopment Socie ty ,  October 12-16, 1980 
Gatlinburg Tennessee. 
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I. PROGRAM 

T i t l e :  

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

A f f i l i a t i o n :  

Nuc lear  Data f o r  Damage S tud ies  and FMIT (WHO25/EDK) 

Hanford Eng ineer ing  Development Labora to ry  (HEDL) 

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  supp ly  nuc lea r  data needed f o r  

damage s t u d i e s  and i n  t h e  des ign  and o p e r a t i o n  o f  t he  Fus ion M a t e r i a l  

I r r a d i a t i o n  T e s t i n g  (FMIT) f a c i l i t y .  

I 11. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

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

SUBTASK I I . A . 2 . 3  F lux  spec t ra  d e f i n i t i o n  i n  FMIT 
TASK I I . A . 4  Gas Generat ion Rates 

SUBTASK I I .A.5.1 

SUBTASK I I .B .1 .2  A c q u i s i t i o n  o f  Nuc lear  Data 

Hel ium Accumulat ion Mon i t o r  Development 

I V .  SUMMARY 

Neutron and g a m a  r a y  s p e c t r a  da ta  have been ob ta ined  f rom a n a l y s i s  

o f  measurements o f  t h e  t r ansm iss ion  o f  FMIT- l i ke  neut rons through 

t h i c k  i r o n .  These data w i l l  be used t o  c o n f i r m  neu t ron  t r a n s p o r t  
c a l c u l a t i o n s  used f o r  p r e d i c t i o n s  o f  r a d i a t i o n  h e a t i n g  i n  FMIT t e s t  

c e l l  w a l l s  b u t  w i l l  a l s o  shed l i g h t  on neu t ron  t r a n s p o r t  c a l c u l a -  

t i o n s  w i t h i n  an exper imenta l  t e s t  assembly. 

The FMIT neu t ron  a c t i v a t i o n  f i l e  has been updated and documented. 

V. ACCOMPLISHMENTS AND STATUS 

A. Neutron T ranspo r t  and R a d i a t i o n  Heat ing  Measurements -- 
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D.L.Johnson and F.M.Mann (HEOL), G.L.Woodruff (Univ .  o f  Wash.), 

F.P.Brady, J.L.Romero, J.L.Ullmann, M.L.Johnson and C.M.Castaneda 

(Univ .  o f  C a l i f .  a t  Dav is )  

Measurements of t h e  t r ansm iss ion  o f  FMIT- l i ke  neut rons th rough t h i c k  
i r o n  and t h e  r a d i a t i o n  h e a t i n g  w i t h i n  t h e  i r o n  were o u t l i n e d  i n  t he  

l a s t  OAFS q u a r t e r l y  r e p o r t .  

c o n f i r m  neu t ron  t r a n s p o r t  c a l c u l a t i o n s  which a re  used f o r  p r e d i c t i o n s  

o f  r a d i a t i o n  h e a t i n g  i n  t he  FMIT t e s t  c e l l  w a l l s .  Furthermore, da ta  

were ob ta ined  f o r  a s i t u a t i o n  t h a t  i s  n e a r l y  i d e n t i c a l  t o  t h a t  which 
w i l l  be exper ienced i n  t h e  t e s t  assembl ies w i t h i n  t he  FMIT t e s t  c e l l .  

The comparison o f  measurements and c a l c u l a t i o n s  o f  t h e  same q u a n t i -  
t i e s  w i l l  shed l i g h t  p r i m a r i l y  on t h e  adequacy o f  our  knowledge o f  

(1) nuc lea r  da ta  f o r  neut rons up t o  50 MeV on i r o n  and, ( 2 )  cha rac te r-  

i s t i c s  o f  t he  ba re  neu t ron  source. The l a r g e s t  u n c e r t a i n t i e s  m igh t  

be expected i n  t he  n u c l e a r  data which have been extended f a r  beyond 

t h e  20 MeV l i m i t  i n  ENDF/B e v a l u a t i o n s  and may have s i g n i f i c a n t  

e r r o r s  a t  lower  energ ies .  

The o b j e c t i v e  was t o  p r o v i d e  data t o  

The neutrons were produced by a beam o f  35 MeV deu te rons( f rom t h e  

c y c l o t r o n  a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  a t  Dav is)which was stopped 
i n  a s o l i d  l i t h i u m  t a r g e t  t h a t  was % 2.5 cm i n  d iameter  by 2 cm 
t h i c k .  Th i s  t a r g e t  was p laced  c l o s e  t o  t h e  cen te r  o f  a n e a r l y  cub i -  

c a l  b l o c k  o f  s o l i d  i r o n  which was about 60 cm (2  f e e t )  on each 
s ide .  Neutrons from t h e  source had t o  pene t ra te  a t  l e a s t  30 

cm ( 1  f o o t )  o f  i r o n  i n  any d i r e c t i o n  i n  o r d e r  t o  escape t h e  i r o n  

b lock .  

Measurements o f  t h e  neu t ron  s p e c t r a  were made w i t h  d e t e c t o r s  p laced  
10 cm ( 4  inches)  o u t s i d e  the  b l o c k  a t  0' and 90' w i t h  respec t  t o  t he  

beam d i r e c t i o n .  Pro ton  r e c o i l  p r o p o r t i o n a l  coun te rs  were used t o  

measure t h e  p o r t i o n  o f  t h e  spectrum f rom about  10 KeV t o  about  1.5 

MeV where most o f  t h e  t r a n s m i t t e d  neut rons a r e  found. An NE213 
l i q u i d  s c i n t i l l a t o r  was used t o  measure t h e  spectrum f rom about 1 MeV 
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up t o  t h e  maximum t h a t  m igh t  be observable  (about  50 MeV). 

P r e l i m i n a r y  r e s u l t s  o f  a n a l y s i s  o f  t h e  low energy p o r t i o n  o f  neu t ron  

s p e c t r a l  measurements ( f r o m  p r o t o n  r e c o i l  p r o p o r t i o n a l  coun te rs )  were 
shown i n  t h e  l a s t  q u a r t e r l y  r e p o r t ,  however, o n l y  t h e  shapes were 
known. 

t h e  NE213 d e t e c t o r )  has been completed. The two p a r t s  o f  each spec- 

t rum were then  combined by n o r m a l i z i n g  t h e  low energy p a r t  t o  t h e  

ove r l app ing  h i g h  energy p a r t  a t  a neu t ron  energy o f  1.2 MeV. F igu res  

1 and 2 show t h e  r e s u l t s  o f  these measurements f o r  0" and 90" respec-  

t i v e l y .  

S ince t h a t  t ime ,  a n a l y s i s  o f  t h e  h i g h  energy p o r t i o n  ( f r o m  

The shapes o f  t h e  two neu t ron  s p e c t r a  a r e  q u i t e  s i m i l a r  below about 

6 MeV, w i t h  most o f  the leakage neu t rons  below about  0 .6  MeV. T h e  
s t r u c t u r e  a t  low energ ies  i s  s i m i l a r  t o  t h a t  seen i n  p r e v i o u s  

measurements t h a t  were made w i t h  d i f f e r e n t  bare source spec t ra .  
Between about 0.6 and 6 MeV t h e  spec t r a  d rop  by t h r e e  o rders  o f  

3 magnitude w i t h  a dependence o f  approx imate ly  1/E . Above 6 MeV 

t h e r e  a r e  d i f f e r e n c e s  i n  t h e  two s p e c t r a  which a re  sugges t i ve  o f  t h e  

b a r e  source spectrum i n  each d i r e c t i o n  t h a t  has been a t t enua ted  by 

t h e  i r o n .  

a l t hough  h i g h e r  energ ies  a r e  p o s s i b l e  (up t o  49.8 MeV a t  0' and 36.5 

MeV a t  90"). 

R e l i a b l e  spec t r a  were ob ta ined  o n l y  up t o  about 20 MeV 

However v e r y  few neu t rons  a r e  expected above 20 MeV. 

Gamma r a y  events  can be d i s t i n g u i s h e d  f rom neu t ron  events  i n  t h e  
NE213 d e t e c t o r  v i a  pu lse  shape d i s c r i m i n a t i o n .  

h e i g h t  spec t r a  were c o l l e c t e d  s imu l t aneous l y  w i t h  each NE213 neu t ron  
s p e c t r a l  measurement. I t  was p o s s i b l e  t o  u n f o l d  those d a t a  a l s o  and 

F igu res  3 and 4 show t h e  gamma spectrum ob ta i ned  a t  0" and 90" r e s -  

p e c t i v e l y ,  

t e r i s t i c  gamma r a y  l i n e s  a t  low energy t h a t  cor respond t o  i n e l a s t i c  

neu t r on  s c a t t e r i n g  f rom 56Fe. The h i g h e r  energy gamma r a y s  a r e  due 

t o  r a d i a t i v e  cap tu re  o f  low energy neut rons i n  i r o n  and some gamma 

r a y s  t h a t  f o l l o w  o t h e r  neu t r on  induced r e a c t i o n s .  

There fo re  gamma pu lse  

f o r  gamma r a y s  above 0.9 MeV. These spec t r a  show charac-  
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Both the neutron and gamma spectral results will be directly compared 
to coupled neutron-gamma transport calculations. 

B. FMIT Neutron Activation Library -- 
F.M.Mann (HEOL) 

The NEUACT computer code system which is used to predict reaction 
rates, decay rates, and dose rates in the FMIT facility has been 
modified to output group gamma spectra. 
t o  use the very large data libraries now available in the system. 
The cross section library has been updated t o  include 88 target iso- 
topes, while the decay library has 424 isotopes. Documentation on 
the code system and on the FMIT activation library, on which the 
NEUACT cross sections are based, has been completed. 

The system has been modified 

VI. REFERENCES 

None 

VII. FUTURE WORK 

Analysis of deuteron activation measurements, described in previous 
DAFS quarterly reports, will be resumed. 

VIII. PUBLICATIONS 

D.W.Kneff, H. Farrar IV, F.M.Mann, and R.E.Schenter, "Experimental 
and Theoretical Determination of Helium Production in Copper and 
Aluminum by 14.8 MeV Neutrons." Nucl. Tech. - 49 (1980) 498-503. 
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FIGURE 1. Neutron Spectrum Emerging From Fe Block at O D  From 35 MeV d on L i .  
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DOSIMETRY AND DAMAGE PARAMETERS 
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I .  PROGRAM 

T i t l e :  Dos imetry  and Damage A n a l y s i s  

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

A f f i l i a t i o n :  Argonne Na t i ona l  Labora to ry  

XI. OBJECTIVE 

To e s t a b l i s h  t h e  b e s t  p r a c t i c a b l e  dos imet ry  f o r  mixed-spectrum reac- 
t o r s  and t o  p r o v i d e  dos imet ry  and damage a n a l y s i s  f o r  OFE exper iments.  

111. RELEVANTS DAFS PROGRAM TASK/SUBTASK 

SUBTASK I I . A . l . l  F l u x- s p e c t r a l  d e f i n i t i o n  i n  a t a i l o r e d  f i s s i o n  

r e a c t o r .  

SUBTASK II.A.1.3 A p p l i c a t i o n s .  

I V .  SUMMARY 

Dosimeters have been completed f o r  t h e  ORR-TBC07 t r i t i u m  b reed ing  

exper iment.  

i r r a d i a t i o n s  i n  t h e  Omega West Reactor.  

d i a t i o n s  i s  summarized. 

P lans a r e  b e i n g  made f o r  t h e  ORR-MFE3 exper iment  as w e l l  as 

The s t a t u s  o f  a l l  r e a c t o r  i r r a -  

V . ACCOMPLISHMENTS AND STATUS 
L. R. Greenwood (ANL) 

The s t a t u s  o f  a l l  c u r r e n t  MFE r e a c t o r  i r r a d i a t i o n s  i s  summarized i n  

Tab le  I .  
Labo ra to ry )  i s  now scheduled f o r  October  1980. 
mu la ted  t o  m o n i t o r  t h e  f i r s t  exper iments  (Hanford- Livermore)  i n  Omega West. 

The ORR-MFE3 i r r a d i a t i o n  i s  now b e i n g  p lanned w i t h  t h e  Naval Research 

Labo ra to ry .  The ORR-MFE2 dos imeters  shou ld  be r e t u r n e d  t o  ANL d u r i n g  

October.  

The s p e c t r a l  measurement i n  Omega West (Los Alamos S c i e n t i f i c  

P lans a r e  a l s o  b e i n g  fo r-  
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Tab le  I .  S t a t u s  o f  Reactor  Exper iments 

F a c i l  i ty/Exper iment  

ORR - MFEl 

- MFE2 

- MFE3 

- MFE4A,B 

- TBC07 

- 

HFIR - CTR 30,31,32 - 
- Tl,T2 

- RB1 

Omega West - S p e c t r a l  Run 

- HEDL 1 

EBR I 1  - 287 

S t a t u s  and Comments 

A n a l y s i s  complete. 

Samples en r o u t e  t o  ANL. 

P lann ing  i n  progress.  

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

Ana lys i s  complete. 

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

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

P lann ing  i n  progress.  

I r r a d i a t i o n  p lanned 10/80. 

P lann ing  i n  progress.  

A n a l y s i s  i n  progress.  
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Dosimetry  has been completed f o r  t h e  ORR-TBC07 exper iment  a t  t h e  poo l -  

s i d e  f a c i l i t y .  
o r d e r  t o  s imu la te  t r i t i u m  breed ing  f o r  a f u s i o n  r e a c t o r  b l anke t .  

a n a l y s i s  o f  thermocouple w i r e s  showed a t o t a l  f l u e n c e  o f  9.6 x lo2' n/cm 
2 19 w i t h  a thermal  component o f  4.35 x lo2' n/cm and a va lue  o f  3.17 x 10 

2 n/cm above 1 MeV. 

than 10%. 

l i t h i u m  atom p e r  second. 

be i n c l u d e d  and we es t ima te  t h a t  14-20% o f  t h e  l i t h i u m  was burned-up and 

conve r ted  t o  t r i t i u m .  

t i u m  a n a l y s i s  o f  t h e  capsule.  

A smal l  capsu le  o f  L i7Pb2 was i r r a d i a t e d  f o r  698 hours i n  

2 
Gamma 

The g r a d i e n t s  a long  t h e  capsu le  appeared t o  be l e s s  
T r i t i u m  p r o d u c t i o n  was es t ima ted  t o  be 1.43 x lom7 atoms pe r  

However, t ime-dependent s e l f - s h i l e d i n g  shou ld  

More p r e c i s e  c a l c u l a t i o n s  may be done pending tri- 

V I .  REFERENCES 

None. 

V I I .  FUTURE WORK 

Some o f  t h e  i r r a d i a t i o n s  l i s t e d  i n  Tab le  I w i l l  con t i nue  f o r  severa l  

yea rs  and many more w i l l  be added. 

n a t i o n a l )  a r e  a l s o  i n c l u d e d  i n  most o f  t h e  i r r a d i a t i o n s .  

Hel ium measurements (Rockwel l  I n t e r -  

VIII.PUBLICATIONS 

A paper e n t i t l e d  "The Use o f  U n c e r t a i n t y  Data i n  Neutron Dosimetry"  

was p resen ted  a t  t h e  Workshop on E v a l u a t i o n  Methods and Procedures a t  
Brookhaven Na t i ona l  Laboratory ,  September 22-25, 1980, and t h e  t e x t  w i l l  

be p u b l i s h e d  i n  t h e  proceedings.  
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I .  PROGRAM 

T i t l e :  Dos imet ry  and Damage A n a l y s i s  

P r i n c i p a l  I n v e s t i g a t o r :  L. R .  Greenwood 
A f f i l i a t i o n :  Argonne N a t i o n a l  Labora tory  

11. OBJECTIVE 

To e s t a b l i s h  t h e  b e s t  p r a c t i c a b l e  dos imet ry  f o r  h igh- energy neu t ron  

f a c i  1 i t i e s .  

111. RELEVANTS DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I .A.2.2 F l u x- s p e c t r a l  d e f i n i t i o n  i n  RTNS 11. 

I V .  SUMMARY 

P r e l i m i n a r y  r e s u l t s  a r e  presented f o r  t h e  j o i n t  c h a r a c t e r i z a t i o n  w i t h  

R I E S  and LLL. Thermal and room- re turn  neut rons  a r e  c l e a r l y  ev iden t .  

V .  ACCOMPLISHMENTS AND STATUS 

L. R. Greenwood (ANL), D. K n e f f  (RIES), M. Guinan (LLL)  

P r e l i m i n a r y  dos imet ry  r e s u l t s  a r e  a v a i l a b l e  f rom t h e  c h a r a c t e r i z a t i o n  

exper iment  per formed a t  RTNS I1  d u r i n g  June 23 - J u l y  3, 1980. A more 

complete d e s c r i p t i o n  o f  t h e  exper imenta l  arrangement can be found i n  o u r  

p rev ious  r e p o r t  (DOE/ER-0046/2) and i n  t h e  c o n t r i b u t i o n  by R I E S  i n  t h i s  

r e p o r t .  A n a l y s i s  o f  t h e  Au, Co, Ag, T i ,  Mn, Cu, and Z r  r a d i o m e t r i c  

dos imeters  has now been completed a t  ANL. 

counted a t  LLL and He samples a t  R I E S .  

gamma counted. 

The remain ing  f o i l s  a r e  b e i n g  

Most o f  t h e  He specimens were a l s o  
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Se lec ted  c o u n t i n g  r e s u l t s  a r e  p resen ted  i n  Tab le  I .  Several  impor- 

t a n t  conc lus ions  can be drawn frm t h e  data, as f o l l o w s :  

2 1. The f a s t  (14.8 MeV) f l u x  f o l l o w s  a 1 / R  dependence beyond 5 cm 

f rom t h e  source. C loser  i n ,  f i n i t e  s i z e  e f f e c t s  reduce t h e  f l u x  

as expected. 

2. The thermal  f l u x  appears t o  be nea r l y  i s o t r o p i c  w i t h  remarkably 

l i t t l e  v a r i a t i o n  th roughout  t h e  t a r g e t  room. 

3 .  Beyond 1 meter f rom t h e  source t h e  thermal  f l u x  becomes compar- 

a b l e  t o  t h e  f a s t  f l u x  and i t  equals  t h e  f a s t  f l u x  a t  t h e  back 

w a l l  o f  t h e  t a r g e t  room. I f  ep i therma l  neut rons a r e  cons idered,  

t hen  t h e  f l u x  below 1 MeV i s  much l a r g e r  t h a n  i n d i c a t e d  by t h e  

thermal  values. 

4. The 59Co(n,p)/(n,2n) a c t i v i t y  r a t i o  c l e a r l y  shows an i nc rease  
beyond 1 meter  f rom t h e  source, i n d i c a t i n g  t h e  presence o f  room- 

r e t u r n  neutrons i n  t h e  2-10 MeV energy range. These l ower  energy 

neutrons account  f o r  about 20-40% o f  t h e  14 MeV f l u x .  Close t o  
t h e  t a r g e t  t h e  r a t i o  i s  h i g h e r  s i n c e  t h e  f o i l s  subtend a l a r g e r  

angu la r  range and t h e  extended source (".1 cm d iameter )  i nc reases  
t h e  average ang le  w e l l  beyond Oo where t h e  59Co(n,2n) c ross  sec- 

t i o n  d e c l i n e s  due t o  decreas ing  neu t ron  energy. 

The above a n a l y s i s  i s  o n l y  p r e l i m i n a r y  s i n c e  more da ta  w i l l  be 

i n c l u d e d  l a t e r  f rom R I E S  and LLL. More r e a c t i o n s  and n e u t r o n i c  c a l -  
c u l a t i o n s  w i l l  be used t o  d e f i n e  t h e  room- return f l u x  i n  t h e  2-10 

MeV energy reg ion .  The a n a l y s i s  o f  t h e  thermal  f l u x  i s  e s p e c i a l l y  

d i f f i c u l t  s i nce  o n l y  t h r e e  r e a c t i o n s  a r e  a v a i l a b l e  and t h e  ep i therma l  

f l u x  i s  unknown. I n  f a c t ,  t h e  p resen t  data s t r o n g l y  i n d i c a t e s  t h e  

presence o f  a s i g n i f i c a n t  ep i therma l  f l u x .  However, more measure- 

ments may be needed t o  u n f o l d  t h e  low-energy neu t ron  spectrum. 
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Table  I .  P r e l i m i n a r y  Fluence Measurements a t  RTNS I 1  
June 23 - J u l y  3, 1980 

I r r a d i a t i o n  Time = 251.62 h (115.85 h L i v e )  

0" P o s i t i o n a  

(cm f rom source)  

0.2tia 

0.93 

5. 

15. 

30. 

120. 

380.a 

d 
Fluence (n/cm ) ___ R a t i o  __ R a t i o  

2 

14.8 MeVb Thermal' Thermal 59Co(n,p)/( n,2n) 

( x  1012) - F a s t  ( x  

6.09 

5.79 

1.55 x 1 0 l 6  2.9 1.9 5.70 

8.30 I O ~ ~  --- --- 
1.91 I O ~ ~  --- --- 

1.57 1015 3.1 2.0 5.77 

4.02 x 1014 3.1 7.7  5.75 
.^  

2.50 x 10'' 2.9 0.12 6.09 

2.44 x 1 0 l 2  3.0 1.2 7.09 

aApproximate p o s i t i o n s .  The f i r s t  e n t r y  i s  immedia te ly  beh ind t h e  
t a r g e t .  
room. 

The l a s t  e n t r y  corresponds t o  t h e  back w a l l  o f  t h e  t a r g e t  

b14.8 MeV va lues  deduced f rom t h e  197Au(n,2n) r e a c t i o n  assuming a 
c r o s s  s e c t i o n  o f  2.12 b. 

'Thermal va lues  deduced f rom 5 9 C o ( n , ~ )  r e a c t i o n  assuming a pu re  
Maxwell i a n  spectrum, t h e  thermal  c o b a l t  c r o s s  s e c t i o n  (37.3 b )  
and neu t ron  s e l f - s h i e l d i n g  c o r r e c t i o n s .  
(see  t e x t ) .  

Values have l a r g e  e r r o r s  

dThis r a t i o  c l e a r l y  i n d i c a t e s  room- return neut rons  a t  t h e  f a r  
p o s i t i o n s .  
t h e  t a r g e t  (see t e x t ) .  

Angular  e f f e c t s  e x p l a i n  t h e  l a r g e  r a t i o s  c l o s e  t o  
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V I .  REFERENCES 

None. 

V I I .  FUTURE WORK 

More d e t a i l e d  f l u x  mapping w i l l  be perfonned as more data  becomes 
I n  order  t o  e l u c i d a t e  t h e  low energy f l u x ,  p lans a r e  being a v a i l a b l e .  

made t o  measure cadmium r a t i o s  f o r  several  reac t ions .  

VIII.PUBLICATIONS 

None. 
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I. PROGRAM 

T i t l e :  Hel ium Generat ion i n  Fus ion 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. Knef f  and Har ry  F a r r a r  I V  

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

11. OBJECTIVE 

The o b j e c t i v e s  o f  t h i s  program a r e  t o  measure he l ium gene ra t i on  r a t e s  

o f  m a t e r i a l s  f o r  Magnet ic  Fus ion Reactor a p p l i c a t i o n s  i n  t h e  v a r i o u s  

neu t r on  environments used f o r  f u s i o n  r e a c t o r  m a t e r i a l s  t e s t i n g ,  t o  charac-  

t e r i z e  these neu t ron  t e s t  environments, and t o  deve lop he l ium accumulat ion 

neu t ron  dos imeters  f o r  neu t ron  f l u e n c e  and energy spectrum dos imet ry  i n  
these t e s t  environments.  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

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

SUBTASK I I . A . 4 . 2  T(d,n) Hel ium Gas Produc t ion  Data 

I V .  SUMMARY 

A two-week i r r a d i a t i o n  t o  c h a r a c t e r i z e  t h e  RTNS-I1 neu t ron  f i e l d  was 

completed d u r i n g  t h e  r e p o r t  p e r i o d .  The o b j e c t i v e s  o f  t h i s  i r r a d i a t i o n ,  

which was conducted j o i n t l y  w i t h  L. R. Greenwood (ANL) and M .  W .  Guinan 

(LLNL), were t o  c h a r a c t e r i z e  i n  d e t a i l  t he  h i g h - f l u x  r e g i o n  o f  t h e  R T N S - I 1  

neu t r on  f i e l d ,  f u r t h e r  deve lop neu t ron  dos imet ry  f o r  l ong- te rm T(d,n) 

exper iments,  and measure t o t a l  he l ium gene ra t i on  c ross  sec t i ons  o f  

numerous f u s i o n  r e a c t o r  m a t e r i a l s ,  pu re  elements, and i s o t o p e s .  

ana lyses and c ross  s e c t i o n  de te rm ina t i ons  have been completed f o r  t h e  

separated i s o t o p e s  o f  i r o n  p r e v i o u s l y  i r r a d i a t e d  i n  RTNS-I. Rockwell 

personnel  p a r t i c i p a t e d  i n  t h e  September 1980 Fus ion M a t e r i a l s  I r r a d i a t i o n  

Tes t  F a c i l i t y  (FMIT) Dos imetry  Workshop a t  HEDL. 

Hel ium 
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V .  ACCOMPLISHMENTS AND STATUS 

A .  C h a r a c t e r i z a t i o n  o f  the  RTNS- I1  Neutron F i e l d  -- D. W .  Knef f ,  
B. M. O l i v e r ,  M. M. Nakata, and Har ry  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) 

A j o i n t  Rockwell  I n t e r n a t i o n a l - A r g o n n e  N a t i o n a l  Labora to ry  (ANL)- 

Lawrence L ivermore N a t i o n a l  Labora to ry  (LLNL) neu t ron  c h a r a c t e r i z a t i o n  

i r r a d i a t i o n  was completed a t  the  R o t a t i n g  Target  Neutron Source- I1 

(RTNS-11) d u r i n g  the  c u r r e n t  r e p o r t i n g  p e r i o d .  

exper iment  were t o  ( 1 )  c h a r a c t e r i z e  i n  d e t a i l  t he  p r imary  i r r a d i a t i o n  
volume o f  t h e  RTNS- I1  neu t ron  f i e l d  f o r  smal l  t a r g e t  exper iments;  

( 2 )  f u r t h e r  develop neu t ron  dos ime t ry  f o r  l ong- te rm i r r a d i a t i o n  exper i  - 
ments a t  t h i s  f a c i l i t y ;  ( 3 )  measure the  t o t a l  he l ium genera t i on  c ross  

s e c t i o n s  o f  severa l  m a t e r i a l s  o f  d i r e c t  i n t e r e s t  t o  the  magnet ic  f u s i o n  

r e a c t o r  development program; and ( 4 )  c r o s s - c a l i b r a t e  R T N S - I 1  a c t i v e  

n e u t r o n  d e t e c t o r s  and measure RTNS- I1  t a r g e t  room r e t u r n  neut rons.  The 

i r r a d i a t i o n  accumulated a t o t a l  i n t e g r a t e d  beam c u r r e n t  o f  929,000 nC and 

a maximum neu t ron  f l u e n c e  o f - 9  x n/cm . 

The o b j e c t i v e s  o f  t h i s  

2 

The exper imenta l  geometry f o r  t h i s  i r r a d i a t i o n  i s  shown s c h e m a t i c a l l y  
i n  F i g u r e  1, and the  i r r a d i a t i o n  assembly i s  shown i n  i t s  exper imenta l  
c o n f i g u r a t i o n  i n  F i g u r e  2. The assembly c o n s i s t e d  o f  a s e t  o f  t h r e e  
s t a i n l e s s  s t e e l  a rcs  mounted c o n c e n t r i c a l l y  w i t h  t he  RTNS-I1 neu t ron  

source a t  source d i s tances  o f  5, 15, and 30 cm, and a smal l  s t a i n l e s s  

s t e e l  capsu le  mounted i n  t h e  h i g h - f l u x  r e g i o n  ad jacen t  t o  t h e  f r o n t  o f  the  
r o t a t i n g  t a r g e t  assembly. 
mounted a t  source angles o f  Oo, 1 5 O ,  30°, 45O, and 60' on the  t h r e e  a rcs .  

A d d i t i o n a l  f o i l  s e t s  were mounted along t h e  source a x i s  1.2 m f rom t h e  

r o t a t i n g  t a r g e t  face,  on t h e  back w a l l  o f  t h e  t a r g e t  v a u l t ,  and on t h e  
faces o f  t h e  p r o t o n  r e c o i l  and i o n i z a t i o n  chamber neu t ron  m o n i t o r s .  

S i n g l e  c r y s t a l s  Of 'OB were a l s o  mounted a t  some o f  these l o c a t i o n s  t o  

determine t h e  low-energy neu t ron  f l u e n c e  by he l ium accumula t ion  neu t ron  
dos ime t ry  . 

Sets o f  r a d i o m e t r i c  dos ime t ry  f o i l s  were 
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The high-flux i r r a d i a t i o n  capsule i s  shown schematically i n  Figure 3.  
I t  contained a t o t a l  of 90 pure elements, separated isotopes,  a l l o y s ,  
compounds, and helium accumulation neutron dosimeters,  sandwiched between 
laye r s  of radiometric dosimetry f o i l s .  
included a s  mult iple  specimens for t o t a l  helium production cross sec t ion  
measurements and a r e  l i s t e d  i n  Table 1. Several of the mate r i a l s ,  inc lud-  
ing  powdered compounds and other  mater ia ls  t h a t  could po ten t i a l ly  lose  
helium, were vacuum-sealed i n  miniature platinum capsules.  Measurement o f  
the helium i n  the compounds wil l  provide t o t a l  helium production cross  
sec t ions  f o r  the elements Li,  N ,  0, F, and S, and the two separated i so-  
topes of l i thium. 

Most of these mater ia ls  were 

Analyses of the mater ia ls  i r r ad ia ted  i n  t h i s  experiment have been 
i n i t i a t e d .  
counting a t  ANL and LLNL. 
mens were a l s o  counted t o  determine o ther  cross sec t ions  of i n t e r e s t  i n  
these mater ia ls .  The mater ia ls  wil l  be shipped t o  Rockwell i n  October, a t  
which time the helium accumulation neutron dosimetry wire rings wil l  be 
segmented, and the analyses of the helium generation specimens by h i g h-  
s e n s i t i v i t y  gas mass spectrometry wil l  begin. The analyses of these 
mater ia ls  wil l  be supported j o i n t l y  by the Department of Energy's Offices 
of Magnetic Fusion Energy and Basic Energy Sciences. 

T h e  radiometric f o i l s  were segmented a f t e r  the i r r a d i a t i o n  f o r  
Several of the separated isotope helium speci- 

6. Helium Production Cross Sections f o r  the Separated Isotopes of 
- Iron -- 0. W. Kneff, 6. M. Oliver ,  and Harry Farrar  IV (Rockwell In te r-  
na t iona l ,  Energy Systems Group) 

The helium analyses have been completed f o r  the three separated 
isotopes of i ron which were incorporated i n  the second Rockwell Interna-  
t ional  RTNS-I i r r a d i a t i o n .  Cross sect ion values have been derived by 
combining the helium results w i t h  the fluence map constructed f o r  this 
i r r ad ia t ion . ( ' )  The r e s u l t s  a r e  presented in Table 2. 
an average incident neutron energy of 14.8 f 0.1 MeV. 

They correspond t o  
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Be 

B, B-10,11 

C (diamond, g r a p h i t e )  

A1 

S i  
T i ,  Ti-46,48,49,50 
V 

C r ,  Cr-50,52,53,54 
Mn 

Fe, Fe-54,56,57,58 

co 

N i ,  Ni-58,60,61,62,64 

CU, C~-63,65 

Y 
Z r  

Nb 

Mo, M0-92,94,95,96,97,98,100 

Sn, Sn-116,117,118,119,120,122,124 
A9 

30 

Ta 

W, W-182,183,184,186 

P t  

Au 

Pb, Pb-204,206,207,208 

ZrN (for N) 
Nb205 ( f o r  0) 
PbO (for 0) 
PbF2 ( f o r  F) 
PbS (for S )  

LiF,6LiF,7LiF (for L i  ,Li-6,7) 

316 s t a i n l e s s  s t e e l  

HT-9 

9 C r - 1  Mo 



TABLE 2 

F e ( n , t o t a l  he1 ium) CROSS SECTIONS FOR 14.8-MeV NEUTRONS 

Present  M a t e r i a l  

88 i 6 

45 * 4 

57Fe 
20 ? 2 

48 i 3a 

Cross Sec t i on  (mb) 

Charged-Part i  c l e  
Measurementsb Eva lua t i on  

~ 

43 * 7 39 

aKne f f ,  -- e t  a l . ,  Reference 1 
bGrimes, -- e t  a l . ,  Reference 2 
'Ar thur  and Young, Reference 3 

These c r o s s  s e c t i o n s  were eva lua ted  by f i r s t  de te rm in ing  t h e  c r o s s  
s e c t i o n s  f o r  t h e  i s o t o p i c a l l y  en r i ched  he l ium specimens. 

i s o t o p i c  c r o s s  s e c t i o n s  were then  d e r i v e d  by s o l v i n g  a m a t r i x  o f  equa t ions  
t o  c o r r e c t  t h e  specimen c ross  s e c t i o n s  f o r  t h e  c o n t r i b u t i o n  f rom t h e  o t h e r  

i r o n  i s o t o p e s  p resen t .  The i s o t o p e  57Fe was n o t  i n c l u d e d  i n  t h i s  i r r a d i -  
a t i o n ,  so t h e  m a t r i x  was completed by u s i n g  t he  p r e v i o u s l y  measured c r o s s  

s e c t i o n  o f  n a t u r a l  i r on . " )  A l though  t h e  subsequent m a t r i x  gave an 

es t ima ted  ( n , t o t a l  he l ium)  c ross  s e c t i o n  f o r  57Fe, i t  i s  n o t  r e p o r t e d  
because o f  t h e  r e l a t i v e l y  l a r g e  u n c e r t a i n t i e s  r e s u l t i n g  f rom t h e  v e r y  

sma l l  abundance o f  t h i s  i s o t o p e  i n  t h e  analyzed samples. T h i s  i s o t o p e  has 
s i n c e  been i n c l u d e d  i n  t h e  RTNS-I1 i r r a d i a t i o n  desc r ibed  above, and i t s  

c r o s s  s e c t i o n  w i l l  be measured d i r e c t l y  as p a r t  o f  t h e  a n a l y s i s  o f  t h a t  

exper iment .  

The i n d i v i d u a l  
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Table 2 a l s o  compares the present r e s u l t s  w i t h  previously reported 
charged-particle measurements of Grimes, e t  - a l .  , ( * )  and a recent cross 
sect ion evaluation by Arthur and Young. (3T- The agreement i s  within the 
quoted uncer ta in t i es ,  although the re  appears t o  be a small systematic 
d i f ference.  I t  i s  a l s o  of i n t e r e s t  t o  compare the present 54Fe(n , to ta l  
helium) cross  sect ion (88 mb) with radiometric measurements of the 

51 54Fe(n,a)  Cr cross sect ion.  This i s  poss ible  because the (n,a) react ion 
channel i s  expected t o  account for about 98% of the  ( n , t o t a l  helium) cross 
sect ion a t  t h i s  energy. ( 3 )  
group around -100 m b ,  which i s  not inconsis tent  w i t h  the present value. 

The radiometric  measurement^(^) generally 

V I .  R E F E R E N C E S  

1. 

2. 

3 .  

4. 

D .  W.  Kneff, B. M .  Oliver,  M .  M .  Nakata, and H. Farrar IV,  
"Helium Generation Cross Sections f o r  Fast Nelitrons," Symposium 
on Neutron Cross Sections froili 10 t o  50 MeV, Brooknaven National 
Laboratory, N . Y . ,  May 1980 ( t o  be published).  

S .  M .  Grimes, R .  C .  Ha igh t ,  K .  R .  Alvar, H .  H. Barschall ,  and 
R .  R .  Borchers, "Charged-Particle Emission in Reactions of 
15-MeV Neutrons w i t h  Isotopes of Chromium, Iron,  Nickel, and 
Copper," Phys. Rev. C - 19 ,  2127 (1979). 

E .  D. Arthur and P. G .  Youn "Evaluation o f  Neutron Cross 
Sections t o  40 MeV f o r  54352k?," Symposium on Neutron Cross 
Sections from 10 t o  50 MeV, Brookhaven National Laboratory, N . Y . ,  
May 1980 ( t o  be published).  

See. f o r  examole. 0 .  I .  Garber and R .  R .  Kinsev. Neutron Cross , .  
Sect ions ,  Volume 11, Curves, BNL 325, Third Ed:tion, National 
Neutron Cross Section Center, Brookhaven National Laboratory, 
January 1976. 

V I I .  FUTURE WORK 

Analyses of the helium accumulation dosimetry mater ia ls  and  separated 
isotopes from the  RTNS-I1 charac te r iza t ion  i r r a d i a t i o n  wil l  begin during 
the  next quar te r .  The helium analyses of the RTNS-I and Be(d,n)-irradiated 
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separated isotopes o f  molybdenum, which require special analysis proce- 
dures, have been initiated. Work on obtaining helium production cross 
sections for the Be(d,n) neutron environment will continue. 
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T i t l e :  

Principal Investigators: A. N. @land and D. F. Ce l l  

Affiliation: Brookhaven National Laboratory 

Damage Analysis and C o s h t r y  Radiation Damage Analysis 

11. OBJECTIVE 

Radiation damge analysis studies associated with the use of 

electrical insulators i n  fusion reactors. 

111. RELEVANT D E  PRXZHl PLAN TFSK/SUBTSK 

SUBTASK II.A.2.4 Flux Spectral Cefinition in FMIT 

SUBTASK I I . B . l  Calculation of D i s p l a c m t  Cross Sections 

IV . S r n Y  

Damage parameters for a selected group of ceramics have been cal- 

The relative importance of neutron, g m - r a y ,  and ionization- culated. 

induced damge has been estimated, and directions for future investigations 

have been identified. 

period. 

The program terminated at the end of this reporting 

V. ACCOM?LISEiMENTS AND STIITUS 

The long-term objective of this program has been to provide a 

theoretical fr-rk for evaluating the effects of energetic neutrons and 

g m  rays on the properties of nomtals, especially ceramics. To ensure 

its k d i a t e  relevance t o  fusion materials research, and to the goals of 

the DAFS program plan, the prcgram has focussed u p n  radiation effects  in 

the FMIT e n v i r u m t  and in other sources of current interest to the 
Materials and Radiation Effects Branch of the OFE. 
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The f i r s t  s tep i n  this study w a s  to evaluate the n m r o u s  processes 

by which permanent damage can be produced i n  insulators by radiation. 

Insulators of in teres t  are multicomponent solids, and the existing calm- 
lational mthods for evaluating radiation-damage parameters i n  metals had 

to be adapted to this new class of materials. 

Damage functions analogous to those for mtals had to be generated, 

and therefore, the research e f for t  has been closely mupled to t h a t  of 

Parkin and Coulter a t  LPSL who have been developing this formalism. 

t m  program essentially have constituted t k  DAFS-supported theoretical 

e f for t  on insulators. 

natural e n m i n t  inasmuch as it has produced a comparison of the relative 

importance of various d i s p l a m t  cross sections, and has identified 

areas of basic research that require further attention i f  better estimates 

of the displacement processes are to be made. 

w i l l  be te-ated a t  the close of FY 80. 

These 

The Brmkhaven portion of the program has reached a 

Therefore, the BNL proqram 

In  brief the acoanplishmsnts of the research e f fo r t  have been: 

1. Characterization of the spectral and spat ia l  dependence of the 

FMTT neutron and g--ray enviromt.  

2. 

ceramics. 

Calculation of damage parameters for  a selected group of 

3 .  Ccmparison of the relative importance of neutron-induced, g m -  

ray induced and ionization-assisted recoil *ge  in s a  ceramics. 

-hasis has been placed on multicarrponent n o m t a l s  that are can- 
didate materials for  use as insulators in  fusion reactors. 

damage parameters have been evaluated for C, A1203, S i  N 

expsed to neutron spectra f m  the EBRII, Om, or IPT2 reactors, to a 

hypothetical first-wall fusion spectrum, to a 14-WV neutron spectnrm or 

to a neutron spectrum fran the Fusion Materials Irradiation Test Facil i ty 

@WIT) now being b u i l t  a t  the Hanford mgineering Developt?nt Laboratory 

Therefore, 

and W 2 O 4  3 4  

(HEDL). 
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1 The damage analysis program has been used in  conjunction w i t h  
2 

Coulter and Park in  

ampnen t  systems to evaluate dimage parameters. 

placenwts produced by neutrons, those caused by ionization-assisted 

processes have been investigated. 

by the paucity of experimental ionization cross-section data, and the 

resultant d i s p l a m t  cross sections should be regarded as tentative. 

The spectrumaveraged cross sections for  A1203, Si3N4 and FgA1204 are 
l i s ted  i n  T a b l e s  I, I1 and 111, respectively. Evaluations w e r e  mde for 

the s i x  neutron spectra mentioned earlier. 

exposed to a first-wall  fusion spectrum and to a preliminary FT4IT spctrum 

were published p r e v i o ~ s l y ; ~  they are included here for  rompleteness. I t  

should be noted tha t  these calculations were carried out using the total 
displacement functions n .  . rather than the mre recently available net 

1 J  
d i s p l a c m t  functions g . .  deduced by Coulter and Parkin. 

=I] 

damage energy and displacement functions for  multi- 

In addition to the dis- 

The latter investigation was  hampered 

The results for  A1203 and Si3N4 

1. D. M. Parkin and A. N. Goland, Bdiat ion E f f e c t s  28, 31 (1976).  - 

2. C. A. Coulter and D. M. Parkin, J. Nucl. Mater .  88, 249 (1980) - 

3. G. F. Dell, H. C. Berry, A. N. Goland and 0. W. Lazareth, J. Nucl. 

Mater. __ 85/86, 373 (1979).  

In the course of these investigations a n m b r  of areas requiring 

further research were identified: 
1. High energy neutron cross sections (>20 WV) need to be calcu- 

lated for a numker of ehwrrts, and ompared w i t h  a f e w  experimental 

results. E x p e r h t a l  work in  this area needs to be encouraged. 
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2. Very  few cross sections for K- and L-shell ionization are knm 

so that it is d i f f icu l t  to assess ionization-assisted damage processes. 

Here again as in  the neutron case, further attention to expriments and 

theory is required. 

3. The relationships between defect production and physical proper- 

ties are di f f icu l t  to establish. This f ie ld  has hardly been explored for 

imperfect solids, especially nonmetals. ScSue progress has been made with 

respect to mschanical properties. I n  general, however, -is should be 

placed upon changes induced i n  a l l  properties of significance to fusion 

r e a c t x  operation - electrical ,  Iwchanical and theml. 

VTIII. PUBLICATIONS 

S a w  results of these investigations are suitmnrized in:  

1. 

2. 

3.  

Calculation of Wdiation Damage i n  Insulators for  Fusion Reactors, 

G. F. Bll, H. C. B e r n ,  A. N. Goland and 0. W. Lazareth, J. Nucl. 

Mat .  85/86, 373 (1979). __ 

Damage P a r a t e r s  for Nonmetals in a High-Energy Neutron Environment, 

G. F. B11, H. C. Berry, 0. W. Lazareth and A. N. Goland. Proc.  Symp. 

Neutron Cross Secticns f r o m  10-50 @V, BNL, %y 12-14, 1980. (To be 
published) 

A manuscript i n  preparation w i l l  s m r i z e  a l l  the results of the 

research program. 
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I .  PROGRAM 

Ti t l e :  I r radia t ion Effects Analysis (AKJ) 
Principal Investigator:  D. G .  Doran 
Aff i l i a t ion :  Hanford Engineering Development Laboratory ( H E D L )  

11. OBJECTIVE 

The objective of t h i s  work i s  t o  extend our knowledge of the energy 
dependence of damage by making use of available charged pa r t i c l e  data. 
This i s  done by applying the damage function analysis method t o  deduce 
the primary recoil energy dependence of charged par t ic le  and neutron 
i r rad ia t ion  e f fec t s  data. 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

SUBTASK ll .B.2.3 Cascade Production Methodology 

IV. SUMMARY 

Primary recoil  damage functions for  production of Frenkel pairs in 
copper, silver, molybdenum, and  tungsten were deduced from changes in  
r e s i s t i v i t y  a f t e r  i r rad ia t ion  with neutron o r  charged par t ic les  and 
from computer simulation data on displacement cascade production. 
In  general a l inear  function o f  damage energy above approximately 1 keV 

gives a good correla t ion of Frenkel pair  production in copper, s i l v e r ,  

molybdenum, and tungsten for  charged pa r t i c l e  and neutron i r rad ia t ions .  
T h e  damage energy constant i s  inversely proportional t o  the square root 
of the ta rge t  mass. 
energies i s  adequate for  most applications.  

A logarithmic recoil energy dependence a t  low 
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V. ACCOMPLISHMENTS AND STATUS 

The C o r r e l a t i o n  o f  I r r a d i a t i o n  E f f e c t s  Data  Us ing  P r i m a r y  R e c o i l  

S p e c t r a  - R. L. Simons (HEDL) 

1. INTRODUCTION 

The low f l u x  and sma l l  t e s t  volumes o f  n e u t r o n  i r r a d i a t i o n  f a c i l i t i e s  

o t h e r  than f i s s i o n  r e a c t o r s  make i t  i m p e r a t i v e  t h a t  e f f i c i e n t  u t i l i z a t i o n  b e  
made o f  a v a i l a b l e  charged p a r t i c l e  i r r a d i a t i o n  e f f e c t s  data .  Whether the  

o b j e c t i v e  o f  a charged p a r t i c l e  i r r a d i a t i o n  i s  t o  s t u d y  a damage mechanism 

o r  t o  s i m u l a t e  d i r e c t l y  some aspect  o f  a n e u t r o n  i r r a d i a t i o n ,  t h e  prob lem o f  

r e l a t i n g  charged p a r t i c l e  and n e u t r o n  i r r a d i a t i o n  i s  p r e s e n t .  Consequent ly,  
i t  would be d e s i r a b l e  t o  have a s i m p l e  f u n c t i o n  which c o r r e l a t e s  the  macro- 

s c o p i c  p r o p e r t y  changes o f  a m a t e r i a l  due t o  charged p a r t i c l e  and n e u t r o n  
i r r a d i a t i o n .  I n  o r d e r  t o  de te rm ine  t h i s  f u n c t i o n  we need a common charac-  

t e r i s t i c  o f  each t y p e  o f  r a d i a t i o n  t h a t  accounts  f o r  d i f f e r e n c e s  between t h e  
d e p o s i t i o n  o f  t h e  energy o f  the  r a d i a t i o n  p a r t i c l e s .  

t e r i s t i c  which depends on t h e  energy o f  t h e  r a d i a t i o n  p a r t i c l e s  i s  t h e  p r i -  
mary r e c o i l  spectrum. One p o s s i b l e  means o f  deduc ing  the  dependence o f  a 

p a r t i c u l a r  r a d i a t i o n  e f f e c t  on t h e  p r i m a r y  r e c o i l  spect rum i s  b y  a method 

analogous t o  the  damage f u n c t i o n  a n a l y s i s  (DFA). The damage f u n c t i o n ,  i . e . ,  
t h e  n e u t r o n  energy dependence o f  i r r a d i a t i o n  induced p r o p e r t y  change, has 

s u c c e s s f u l l y  c o r r e l a t e d  macroscop ic  p r o p e r t y  changes due t o  the  d i f f e r e n c e s  

between t h e  n e u t r o n  s p e c t r a  i n  which t h e  m a t e r i a l  was i r r a d i a t e d  [1,2]. 
damage f u n c t i o n  i s  deduced by  l e a s t  square f i t t i n g  o r  some o t h e r  comparable 

method. 

One common charac-  

The 

The o b j e c t i v e  o f  t h i s  work i s  t o  use the  method o f  DFA t o  deduce the  
p r i m a r y  r e c o i l  energy dependence o f  t h e  p r o d u c t i o n  o f  F r e n k e l  p a i r s  f r o m  

measurements o f  change i n  r e s i s t i v i t y  induced b y  charged p a r t i c l e s  and 

n e u t r o n  i r r a d i  a t i  ons. 
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Odet te  e t  a1 [3] f i r s t  a p p l i e d  DFA t o  t ry t o  deduce the r e c o i l  energy 

dependence, as w e l l  as the  neu t ron  energy dependence, o f  s p u t t e r i n g  y i e l d s  

i n  p o t e n t i a l  neu t ron  i r r a d i a t i o n  environments. From s imu la ted  exper iments 

they  concluded tha t ,  even w i t h  r e l a t i v e l y  l a r g e  d a t a  e r r o r s ,  i t  should  be 
p o s s i b l e  t o  d e t e c t  the ex i s t ence  o f  and deduce the fo rm o f  the energy depen- 

dence o f  s p u t t e r i n g  y i e l d s .  

t i c l e  data .  
They d i d  n o t  cons ide r  t h e  use o f  charged par-  

Averback, Benedek and Merk le  [4,5] measured the change i n  r e s i d u a l  

e l e c t r i c a l  r e s i s t i v i t y  i n  t h i n  f i l m  specimens o f  Cu and Ag a f t e r  i r r a d i a t i o n  
b y  charged p a r t i c l e s  w i t h  energ ies  below 1 MeV a t  temperatures below 10K. 

They found t h a t  the apparent e f f i c i e n c y  o f  F renke l  p a i r  p roduc t ion ,  d e f i n e d  
as the r a t i o  o f  measured t o  t h e o r e t i c a l  values,  decreased f r om  near 1.0 t o  

about 0.3 as the r e c o i l  spectrum was s h i f t e d  t o  h i g h e r  energ ies  ( b y  i n c r e a-  

s i n g  the p r o j e c t i l e  mass o r  energy o r  bo th ) .  

f a v o r a b l e  w i t h  values deduced f rom neu t ron  i r r a d i a t i o n s  i n  moderated f i s s i o n  

spect ra ,  and 

T h e i r  e f f i c i e n c i e s  compared 

Be(d.n) and T(d,n) s p e c t r a  [6]. 

Merk le  e t  a1 [7], who i n c l u d e d  the  r e s i s t i v i t y  d a t a  f r om  h i g h  energy 
p r o t o n  and deuteron i r r a d i a t i o n s  o f  Anderson and Sorenson [ 8 ]  i n  t h e i r  

ana lys is ,  suggested t h a t  the decrease i n  damage e f f i c i e n c y  occurs i n  t h e  

p r ima ry  r e c o i l  energy r e g i o n  o f  1- 3 keV. T h e i r  m o d i f i c a t i o n  t o  the d i s -  

placement model (K-P) was a r a t h e r  sharp d e v i a t i o n  f rom the  l i n e a r  f o r m  
between 1 and 3 keV. 

The m a t e r i a l s  analyzed i n  t h i s  work i n c l u d e  copper, s i l v e r ,  molybdenum, 
and tungsten. The re fe rences  and types o f  i r r a d i a t i o n  sources are  sum- 

mar ized i n  Tab le  I .  
t i c l e s  r ang ing  from p ro tons  t o  bismuth, and neut rons;  i n  some cases, com- 

p u t e r  s i m u l a t i o n  d a t a  were used a lso .  

The r a d i a t i o n  sources i n c l u d e  e l e c t r o n s ,  charged par-  
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TABLE I 

RADIATION SOURCES AND REFERENCES FOR DATA USED IN THIS ANALYSIS 

Material Radiation Sources References 

Copper Charged p a r t i c l e s  (0.7 keV c Tmax <900 keV) 435 
Fiss ion and fusion neutrons* 9 
Thermal neutron (n,y) reco i l  11 
Computer simulation 12 

Electrons (Tmax < 60eV) 10 
Fission neutrons* 9 
Thermal neutron (n,y) reco i l  11 

S i 1  ver Charged p a r t i c l e s  ( 0 . 7 ~  < Tmax < 800 e") 4,5,7,a 

Molybdenum Electrons (Tmax < 0.3 keV) 
Thermal neutron (n,u) reco i l  
Fission and fusion neutrons* 

Tungsten Electrons (Tmax < 77 keV) 
Thermal neutron (n,v) recoi l  
Computer simulation 

13 
14 
9 

15,16 
11 
17 

*Fission neutron sources include: 

. Pure $35 f i s s i o n  spectrum . CP5 reac tor  a t  Argonne National Lab. . Livermore pool Type Reactor (LPTR)  

Fusion neutron sources include: . B e ( d , n )  source . T ( d , n )  source 
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2. METHOD OF ANALYSIS 

The damage a n a l y s i s  method i n v o l v e s  s o l v i n g  a s e t  o f  i n t e g r a l  equa t ions  
o f  the  f o rm  

where Ni i s  the number o f  F renke l  p a i r s  i n  the ith r e c o i l  spectrum d i v i -  

ded by the p a r t i c l e  f l u e n c e ,  Pi(T) i s  the p r i m a r y  r e c o i l  spectrum f o r  an 
i n c i d e n t  p a r t i c l e  o f  t y p e  i, and v ( T ) ,  the  f u n c t i o n  t o  be deduced, i s  the 

number o f  F renke l  p a i r s  per p r ima ry  knock-on atom (PKA). 
a t  the minimum energy, To, r e q u i r e d  t o  d i s p l a c e  an atom f rom i t s  normal 

l a t t i c e  s i t e .  The p r i m a r y  r e c o i l  spec t ra  P(T) are  zero above Tm, the  max- 

imum energy t h a t  the bombarding p a r t i c l e  can impar t  t o  a l a t t i c e  atom. 

Thus, the l i m i t s  o f  i n t e g r a t i o n  are  bounded by To and Tm f o r  a l l  r a d i a t i o n  

p a r t i c l e s .  The a n a l y s i s  r e q u i r e s  the measurement o f  N .  i n  a v a r i e t y  o f  

p r i m a r y  r e c o i l  spec t r a  produced by neut rons o r  charged p a r t i c l e s  w i t h  d i f -  
f e r e n t  i n c i d e n t  energy o r  mass o r  both .  The f o rm  o f  the energy dependence 

o f  r e c o i l  damage, v ( T ) ,  i s  then deduced by l e a s t  square f i t t i n g  o r  some 
o t h e r  comparable a n a l y s i s .  I n  t h i s  work b o t h  l i n e a r  and non l i nea r  l e a s t  

square f i t t i n g  codes were used t o  deduce v ( T )  f r om  the  s e t  o f  i n t e g r a l  

equat ions.  

"(T) goes t o  zero 

1 

2.1 PKA SPECTRA 

2.1.1 Charged p a r t i c l e s  

The p r i m a r y  r e c o i l  s p e c t r a  f o r  the charged p a r t i c l e  d a t a  are  based on 

L i ndha rd ' s  f o r m u l a t i o n  o f  e l e c t r o n i c  and n u c l e a r  s t opp ing  o f  atoms i n  
s o l i d s .  

stopped i n  t h e  t a r g e t ,  and (2 )  charged p a r t i c l e  passed through the  t a r g e t  
a f t e r  making one c o l l i s i o n .  

There were two types o f  charged p a r t i c l e  exper iments:  (1) p a r t i c l e  
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When the  i n c i d e n t  p a r t i c l e  i s  stopped i n  the  t a r g e t ,  t h e  number o f  

d e f e c t s  produced pe r  i n c i d e n t  i o n  i s  g i v e n  by  t h e  e x p r e s s i o n  

d 
dT where "(E,T) i s  the  c o l l i s i o n  c ross  s e c t i o n  f o r  the  i n c i d e n t  p a r t i c l e ,  S ( E )  

i s  the  sum o f  the  e l e c t r o n i c  and n u c l e a r  s t o p p i n g  powers, and u ( T )  i s  the  

number o f  d e f e c t s  pe r  p r i m a r y  knock-on atom. The i n t e g r a t i o n  l i m i t s  on T 
r u n  f r o m  the  minimum energy r e q u i r e d  t o  c r e a t e  a d i s p l a c e d  atom To t o  the  

maximum energy yE an i o n  o f  energy E can t r a n s f e r  t o  a l a t t i c e  atom i n  an 

e l a s t i c  c o l l i s i o n  y = 4 M1M2/(M1 + M2) . Since the  i n c i d e n t  charged 

p a r t i c l e  i s  stopped i n  t h e  t a r g e t ,  t he  i n t e g r a t i o n  l i m i t s  on E r u n  f r o m  z e r o  

t o  the i n i t i a l  charged p a r t i c l e  energy Eo. 

[ '1 

I f  we change t h e  o r d e r  o f  i n t e g r a t i o n ,  and consequen t l y  the  l i m i t s  of 
i n t e g r a t i o n ,  Equa t ion  ( 2 )  i s  reduced t o  a s i n g l e  i n t e g r a t i o n  as i n  E q u a t i o n  
(1). Thus, 

The e f f e c t i v e  p r i m a r y  r e c o i l  spectrum, d e f i n e d  i n d e p e n d e n t l y  o f  where i n  t h e  

specimen a p r i m a r y  i s  produced, i s  then  

The L i n d h a r d  c o l l i s i o n  c r o s s  s e c t i o n  was used f o r  g ( E , T )  [18,19]. The 

s t o p p i n g  power f u n c t i o n  S ( E )  i s  t h e  sum of L i n d h a r d ' s  e l e c t r o n i c  s t o p p i n g  
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power f u n c t i o n  and n u c l e a r  s t opp ing  power f u n c t i o n  based on the Thomas-Fermi 

model o f  the  atom [ZO]. 

For  the d a t a  [7,8]  based on the passage o f  a l i g h t  charged p a r t i c l e  
through the  t a r g e t  the  p r i m a r y  r e c o i l  spectrum was d e f i n e d  as 

P(T)=  (E,T) 

do where m(E,T) i s  determined f o r  the average energy o f  the  p a r t i c l e  i n  the 

t a r g e t .  
s topp ing  power data, and the  th i ckness  o f  the  t h i n  f i l m  t a r g e t  [7].  

work i t  was assumed t h a t  n o n e l a s t i c  nuc l ea r  r e a c t i o n s  were n e g l i g i b l e  f o r  

the  h i g h  energy deuteron and p r o t o n  da ta  (E<10 MeV). 

The average energy was determined f rom the i n c i d e n t  energy, t o t a l  
I n  t h i s  

2.1.2 (n,y) R e c o i l  

Severa l  methods o f  c h a r a c t e r i z i n g  (n,u) r e c o i l  damage by r e c o i l  energy 

The gamma s p e c t r a  were tabu- 
were t r i e d .  The p r ima ry  r e c o i l  spec t r a  due t o  (n,Y) r e c o i l s  were c a l c u l a t e d  
w i t h  the g a m a  s p e c t r a  o f  Orphan e t  a l .  [ Z l ] .  
l a t e d  i n  30 t o  38 energy groups w i t h  g a m a  y i e l d s  f o r  each group. 

most e l abo ra te  procedure, r e c o i l  s p e c t r a  were determined by the r e l a t i o n s h i p  
I n  the 

P(T) = x Pi(T) Yi 

i 

where Yi i s  the g a m a  y i e l d  f o r  the ith g a m a  energy group, and P. (T)  

i s  the r e c o i l  spectrum f o r  the ith g a m a  energy group. Pi(T) was d e t e r-  

mined f r om  equa t i on  ( 4 )  w i t h  the  i n c i d e n t  i o n  energy E g i v e n  by 

1 

E = mc2. ( 7 )  

47 



Ey i s  the average g a m a  energy f o r  the ith group. However, t h i s  method 

d i d  n o t  produce a success fu l  c o r r e l a t i o n  o f  t h e  (n,y) r e c o i l  data.  The 
(n,y) r e c o i l  d a t a  dev i a t ed  f r om  the r e s t  o f  the d a t a  by  amounts r a n g i n g  f r om  

+35% f o r  Cu t o  severa l  o rders  o f  magnitude ( l o w )  f o r  W. I t  was apparent 
f rom t h i s  a n a l y s i s  t h a t  gama-gama  c o r r e l a t i o n s  and decay schemes f o r  the 

a c t i v a t e d  nuc leus are  needed t o  c o r r e c t l y  determine the r e c o i l  spectrum. I n  
the i n t e r i m  the maximum r e c o i l  energ ies  c a l c u l a t e d  by Coltman e t  al.[11] 

were used as monoenerget ic spect ra .  
datum p o i n t ,  t he  measured and c a l c u l a t e d  number o f  F renke l  p a i r s  agreed 

w i t h i n  20% o r  l e s s .  An a l t e r n a t e  method o f  de te rm in ing  mean r e c o i l  energ ies  
was dev ised which p rov ided  an improved c o r r e l a t i o n  o f  the d a t a  b u t  i t  was 

not  used i n  t h i s  work (see Appendix A). 

With the excep t i on  o f  the s i l v e r  ( n , r )  

2.1.3 E l e c t r o n s  

I t  was necessary to  use e l e c t r o n  i r r a d i a t i o n  d a t a  near  the d isp lacement  

t h r e s h o l d  i n  order  t o  e s t a b l i s h  a c c u r a t e l y  the  t h r e s h o l d  energy. E l e c t r o n  

i r r a d i a t i o n  d a t a  f o r  r e c o i l  energ ies  above the t h r e s h o l d  were i n c l u d e d  i n  

the a n a l y s i s  o f  t h e  Ag, Mo, and W data.  

f rom the M o t t  s c a t t e r i n g  c ross  s e c t i o n  f o r  e l e c t r o n s  which was determined 

frm the  work o f  Oen 1221. 
measurements a t  the  average damage energy. The average r e c o i l  energy was 

d e f i n e d  as 

The PKA spec t r a  were c a l c u l a t e d  

The e l e c t r o n  d a t a  were p l o t t e d  as p o i n t w i s e  



where “,(T, 

e ’  energy E 

the t a r  ge t  

Ee) i s  the M o t t  s c a t t e r i n g  c ross  s e c t i o n  f o r  an e l e c t r o n  o f  

i s  the maximum energy t h a t  the e l e c t r o n  can impar t  t o  

atom. Tmax i s  g i ven  by 
Tmax 

2 where A i s  the  atomic mass and E= Ee/mec . 
loss  c o r r e c t i o n  was a p p l i e d  t o  the r e c o i l  energy t o  c o n v e r t  i t  t o  damage 
energy . 

The app rop r i a t e  e l e c t r o n i c  

2.1.4 Computer S imu la t i on  Data 

F u l l y  dynamical computer s i m u l a t i o n  d a t a  were used w i t h  the i r r a d i a t i o n  

da ta  f o r  copper and tungsten. I n  f a c t ,  t he  tungsten a n a l y s i s  was based 

almost e n t i r e l y  on s i m u l a t i o n  data.  

l a t i o n  d a t a  i s  t h a t  the  i n t e r a t o m i c  p o t e n t i a l s ,  on which they are  based, 

were c a l i b r a t e d  w i t h  a number o f  macroscopic i n t e g r a l  q u a n t i t i e s  such as the 

e l a s t i c  constants .  The de te rm ina t i on  o f  v ( T )  was done w i t h  and w i t h o u t  the  

s i m u l a t i o n  d a t a  f o r  copper i n  o rder  to  t e s t  how the s i m u l a t i o n  d a t a  m igh t  

b i a s  the s o l u t i o n .  

The j u s t i f i c a t i o n  f o r  u s i n g  the simu- 

2.2 v ( T )  FUNCTION 

I n  t h i s  work the r e c o i l  damage f u n c t i o n  v ( T )  was determined by l i n e a r  

or non l i nea r  l e a s t  squares a n a l y s i s .  
v (T)  was needed. The r e c o i l  damage f u n c t i o n  v(T) f o r  p roduc t i on  o f  secon- 

d a r y  d i sp l aced  atoms by the  p r ima ry  r e c o i l  atom i s  g e n e r a l l y  expressed i n  a 
mod i f i ed  K i n c h i n  and Pease fo rm 

Consequent ly a f u n c t i o n a l  f o r m  f o r  

v ( T )  = 0 < Ed 
v ( T )  = 1 Ed 5 T 2 2Ed 
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where Ed i s  the e f f e c t i v e  d isp lacement  energy, 

0.8) i s  a c o r r e c t i o n  f a c t o r  t o  account f o r  the  so f tness  o f  r e a l  p o t e n t i a l s  
and TDAM i s  the r e c o i l  damage energy. The cons tan t  k i s  a f u n c t i o n  o f  the 

charge and mass o f  t h e  t a r g e t  atom and E i s  a d imens ion less r e l a t i v e  

energy. 
L i n d h a r d ' s  energy l o s s  c o r r e c t i o n  due t o  e l e c t r o n  e x c i t a t i o n .  M e r k l e ' s  

comparison o f  measured and c a l c u l a t e d  F renke l  p a i r  p roduc t i on  due t o  h i g h  

energy r e c o i l s  (>lo keV) shows an e f f i c i e n c y  (<1) t h a t  i s  independent o f  

energy[7]. 

p r o p o r t i o n a l  t o  the  damage energy. 

B (genera l1y  taken t o  be 

Robinson [8] determined an e m p i r i c a l  r ep resen ta t i on ,  g(E), o f  

Thus, a t  h i g h  r e c o i l  energ ies  the damage f u n c t i o n  should  be 

As the energy i s  decreased, the e f f i c i e n c y  r i s e s  t o  u n i t y .  A v e r y  low 

energy behav ior  was found by examin ing the s i m u l a t i o n  d a t a  on copper. 

d a t a  are  shown i n  a sem i- l oga r i t hm ic  p l o t  i n  F i g u r e  1. 
These 

The form adopted f o r  t h e  composi te r e c o i l  damage f u n c t i o n  combines t h e  
h i g h  and low energy b e h a v i o r :  

v (T)  = (A I n  T + BT + C )  ToAM/T. ( 1 1 )  

Equat ion (11) corresponds t o  the m o d i f i e d  Kinchin-Pease model w i t h  8/2Ed 
rep laced  by an energy dependent e f f i c i e n c y  f u n c t i o n  o f  the  f o rm  

Both Robinson [23] and Beeler  [24] dev ised  non l i nea r  f u n c t i o n s  o f  TDAM t o  

desc r i be  the  depar tu re  o f  t h e i r  two-body c o l l i s i o n  t h e o r y  d a t a  f r om  Equa t ion  

10. The n o n l i n e a r i t y  a r i s e s  f rom recomb ina t ion  o f  d e f e c t s  i n  ove r l app ing  

branches o f  t h e  e v o l v i n g  cascade. Rob inson 's  f u n c t i o n ,  analogous t o  a r a t e  
t h e o r y  o f  recomb ina t ion  o f  d e f e c t s ,  i s  i n  terms o f  the damage energy. 
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where a and B are f i t t e d  constants.  

B e e l e r ' s  f u n c t i o n  was e n t i r e l y  e m p i r i c a l  i n  f o rm and was a f u n c t i o n  o f  

r e c o i l  energy 

v(T)  = y o T  - ulT I n  T, 0.5 =< T 5 20 keV ( 1 4 )  

where yo and y1 a re  f i t t e d  cons tan ts .  

the damage energy r e g i o n  0.5 5 T Z  20 keV. 

>lo0 keV energy range shows t h a t  these f u n c t i o n s  d e v i a t e  f rom one another  by 

a f a c t o r  o f  f o u r  o r  more. 

These f u n c t i o n s  a re  a p p l i c a b l e  t o  

However e x t r a p o l a t i o n  t o  t he  

I n  o rde r  t o  account f o r  the p o t e n t i a l  depa r tu re  o f  the h i g h  energy 

damage f u n c t i o n  f rom the TDAM p r o p o r t i o n a l i t y  as p r e d i c t e d  by the  work o f  

Robinson and Beeler ,  t he  BT term i n  equa t i on  ( 1 1 )  was rep laced  b y  f u n c t i o n s  
s i m i l a r  t o  Equat ions ( 1 3 )  and (14). Thus two a d d i t i o n a l  f u n c t i o n s  f i t  t o  

t he  da ta  are 

+ c ]  T~~~ A I n  T + aT + 

and 

I t  i s  noted t h a t  as l o n g  as l a T l  < < 181 Equations(l5)and(l6)reduce t o  t he  

same form. 

I n  t h i s  work the cons tan ts  o f  Equat ions (ll), (E), and (16) were f i t  

t o  t he  da ta  u s i n g  e i t h e r  l i n e a r  or n o n l i n e a r  l e a s t  squares methods [25,26]. 
The number o f  F renke l  p a i r s  ranged f rom l e s s  than 1 t o  over  1000. Under 
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these ci rcumstances the l a r g e  va lues of the dependent v a r i a b l e  c o n t r o l  the  

f i t t i n g  o f  the  parameters. To bypass t h i s  problem the non l i nea r  code was 
r u n  i n  a lognormal mode, t h a t  i s ,  t he  r e s i d u a l s  were i n  terms o f  the d i f -  

f e rence  between logar i thms.  For  the  l i n e a r  l e a s t  squares a p p l i c a t i o n  t h e  
f i t t e d  f u n c t i o n  was d i v i d e d  by the  dependent v a r i a b l e .  The r e s i d u a l  then 

became the  d i f f e r e n c e  between 1.0 and the r a t i o  o f  c a l c u l a t e d  t o  measured 
i n t e g r a l  damage. Both methods were found t o  g i v e  n e a r l y  the  same r e s u l t s  i n  

comparable cases. 

3. RESULTS AND D I S C U S S I O N S  

3.1 Copper 

F i g u r e  2 shows the th ree  f u n c t i o n s  deduced f o r  copper. Equat ion (11)  

(K-P f u n c t i o n )  and Equat ion (16)  (B f u n c t i o n )  are  n e a r l y  i d e n t i c a l .  A t  

TDAM = 1 MeV, the B f u n c t i o n  d i f f e r s  f rom the K- P f u n c t i o n  by l e s s  than 

3%. Below TDAM = 200 keV, Equat ion (15 )  ( R  f u n c t i o n )  f o l l o w s  the o t h e r  

two f u n c t i o n s  v a r y  c l o s e l y .  Above 200 keV the  R f u n c t i o n  curves down f a i r l y  

a b r u p t l y .  Sharp c u r v a t u r e  f rom the K-P f u n c t i o n s  i s  n o t  expected. The 

behav io r  o f  t h e  R f u n c t i o n  around 1 MeV i s  p robab l y  due t o  a l a c k  o f  damage 

response by the PKA s p e c t r a  i n  t h a t  energy range. For example, the  hardes t  

PKA spectrum, Be(d,n), has o n l y  5% o f  i t s  damage response abovs 220 keV. 

The lowest  energy datum p o i n t  o f  S h i f f g e n ' s  ( F i g u r e  2 )  was used i n  t h i s  

a n a l y s i s  to  e s t a b l i s h  the t h r e s h o l d  f o r  the  f i t t e d  f u n c t i o n s .  The rema in ing  

computer s i m u l a t i o n  d a t a  o f  S h i f f g e n ' s  ( a l t h o u g h  n o t  used i n  t h i s  a n a l y s i s )  
are  i n  g o d  agreement w i t h  the  f i t t e d  curves. The agreement occurs i n s p i t e  

o f  the l a r g e  u n c e r t a i n t y  i n  h i s  d a t a  due t o  the a n i s o t r o p i c  n a t u r e  o f  the  
p roduc t i on  o f  F renke l  p a i r s  near the t h r e s h o l d  energy To ( i . e . ,< lOTo) .  

Both t h e  (n,v) and copper s e l f  i o n  d a t a  shown i n  F i g u r e  2 were used as mono- 
e n e r g e t i c  d a t a  i n  t h i s  a n a l y s i s .  

From a eng inee r i ng  p o i n t  o f  view the most i m p o r t a n t  a p p l i c a t i o n s  are  

f o r  neu t ron  i r r a d i a t i o n s .  A comparison o f  the  d e v i a t i o n s  f o r  the  neu t ron  
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54 



spec t r a  used i n  the a n a l y s i s  i s  shown i n  Table  11. The o v e r a l l  s tandard 
d e v i a t i o n s  show l i t t l e  d i f f e r e n c e  among the t h r e e  f u n c t i o n s .  The R f unc-  

t i o n  shows the s m a l l e s t  d e v i a t i o n s  f o r  i n d i v i d u a l  neu t ron  sources. However, 

the  i n d i v i d u a l  d e v i a t i o n s  f o r  each neut ron source show sys temat i c  t rends  
which depend on the hardness o f  the neut ron spectrum. For example, u s i n g  
t h e  K- P  f u n c t i o n  and the hardes t  neu t ron  spectrum, 

va lue i s  22% h i g h ;  f o r  the n e x t  hardest  spectrum, f i s s i o n ,  measured and c a l -  

c u l a t e d  values agree; and f o r  the  s o f t e s t  spectrum, CP5, t he  c a l c u l a t e d  

va lue i s  17% low. Th is  sys temat i c  t r e n d  may be due t o  u n c e r t a i n t y  i n  the  

PKA spec t r a  or  damage energy, b u t  i t  a l s o  suppor ts  the d e v i a t i o n  o f  the  R 
f u n c t i o n  below the l i n e a r  K- P f u n c t i o n  a t  h i g h  PKA energ ies.  

Be(d,n), t he  c a l c u l a t e d  

Tab le  I11 shows the measured d a t a  f o r  copper f o r  each r a d i a t i o n  source, 
the percen t  d e v i a t i o n ,  and the 5% (TL)  and 95% (TU) damage response 

l i m i t s  f o r  the K- P f u n c t i o n .  For the  charged p a r t i c l e s  TL changes v e r y  

s l o w l y  w i t h  p a r t i c l e  energy and mass. T h i s  occurs because most o f  the  

charged p a r t i c l e  damage response i s  i n  the v e r y  low energy end o f  the 90% 
response range. I n  the  neu t ron  spect ra ,  on the  o t h e r  hand, 95% o f  the 

damage response occurs above 1 keV. Thus neu t ron  and charged p a r t i c l e  d a t a  

p r o v i d e  complementary coverage i n  the damage energy range between the  t h r e s-  

h o l d  energy and about 500 keV. 

The d a t a  f rom the s e l f - i o n  bombardment o f  the copper t a r g e t  can be 
t r e a t e d  i n  two ways: as a s i n g l e  mono-energet ic p o i n t  o r  b y  i n t e g r a t i n g  

over the PKA spectrum. Both methods were used s imu l taneous ly  i n  t h i s  

a n a l y s i s  by  e n t e r i n g  the  d a t a  as two p ieces  o f  i n f o r m a t i o n .  A s  a mono- 

e n e r g e t i c  p o i n t  the measured number o f  F renke l  p a i r s  was entered a t  a damage 
energy o f  240 keV. A s  an i n t e g r a l  over t h e  PKA spectrum 90% o f  the  damage 

response was between 86 eV and 199 keV. I n  the  fo rmer  case the  c a l c u l a t e d  

va lue i s  13% low and i n  the l a t t e r  case the  c a l c u l a t e d  va lue i s  8% h igh .  

The t o t a l  d i f f e r e n c e  o f  21% c o u l d  be due i n  p a r t  t o  the  f u n c t i o n a l  f o rm  o f  

v (T )and  i t  c o u l d  a l s o  r e f l e c t  the u n c e r t a i n t y  i n  t h e  L indhard  s c a t t e r i n g  

c ross  s e c t i o n  used i n  c a l c u l a t i n g  the PKA spectrum. A 20% u n c e r t a i n t y  i n  
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TABLE I 1  

COMPARISON OF NEUTRON DATA FOR COPPER FOR THREE FUNCTIONS 

Spectrum 

(n,-O 

Moderated F i s s i o n  
(CP5 r e a c t o r  ANL) 

Pure F i s s i o n  

Be(d,n) 

A l l  da ta  

Ca lcu la ted R e l a t i v e  t o  Neasured 
I n t e g r a l  Values (%)* 

K-P R B 

18 18 15 

-17 -14 -20 

-1 1 -3 

22 14  17  

12  12 13 

C * t a b l e  e n t r y  = (m -1) x l 0 0  
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TABLE 111 

I n p u t  Data (Frenkel  pairs/PKA), Dev ia t i on  Between Calcu la ted (I(- 
P func t ion)  and Measured Data, and Damage Response Range f o r  Copper 

Rad ia t ion  Source 

S e l f  Ion  (500 eV) 

( n r Y )  

30 keV H 

15 keV H 

20 keV D 

40 keV 3He 

40 keV 4He 

60 keV 4Ne 

225 keV Ne 

500 keV Cu 

560 keV K r  

560 keV Ag 

850 keV B i  

Be(d,n) 

C P 5  

23511 F i s s i o n  

k 
1059. 

2.5 

7.1 

5.6 

15.4 

37.8 

48.5 

47.5 

389. 

1059. 

1399. 

1419. 

2276. 

1050. 

212. 

369. 

%Dev . * 
-13. 

18. 

-15. 

-13. 

-0.6 

-3.7 

-1.9 

16. 

5.1 

7.6 

-4.5 

-0.9 

-3.3 

22. 

-17. 

-1.2 

90% Damage Response L i m i t s  
TI (eV) TU(eV) 

240000 

315 

23 

23 

26 

29 

29 

29 

47 

86 

105 

122 

149 

40200 

1100 

9920 

- 
- 
405 

331 

603 

1340 

2000 

2450 

49200 

199000 

243000 

243000 

297000 

220000 

163000 

199000 

* e n t r y  = (m C -1) xl00 
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the  PKA spectrum based on L i ndha rd ' s  s c a t t e r i n g  c ross  s e c t i o n  would n o t  be 

unreasonable. No a t tempt  has y e t  been made t o  s t u d y  the  s e n s i t i v i t y  o f  the  
s o l u t i o n  v(T) t o  u n c e r t a i n t i e s  i n  the PKA spect ra .  

3.2 S i l v e r  

The curves deduced f r om  the s i l v e r  d a t a  are  shown i n  F i g u r e  3. The 

spread i n  the  t h r e e  f u n c t i o n s  i s  o b v i o u s l y  g r e a t e r  than t h a t  f o r  copper. 

The R f u n c t i o n  curves upward a t  h i g h  energ ies .  On p h y s i c a l  grounds, t h i s  

c u r v a t u r e  i s  n o t  expected and i t  p robab l y  i s  due t o  a l a c k  o f  h i g h  energy 
neu t ron  data, such as f rom a Be(d,n) i r r a d i a t i o n .  The B f u n c t i o n  a l s o  

curves upward f r om  the  K-P f u n c t i o n .  T h i s  i s  n o t  c o n s i s t e n t  w i t h  t h a t  found  
i n  B e e l e r ' s  computer s i m u l a t i o n  work i n  copper, i r o n  and tungste$24]. 

s i m u l a t i o n  work i m p l i e s  t h a t  the  recomb ina t ion  models should  show t h a t  
damage f a l l s  below the l i n e a r  t rend  o f  the K- P  model as the damage energy 
inc reases .  The t r e n d  shown by the  R and B f u n c t i o n s  i s  p robab l y  a r e s u l t  o f  

a l a c k  o f  d a t a  a t  h i g h  energ ies .  

The 

There were two types o f  charged p a r t i c l e  d a t a  f o r  s i l v e r :  ( 1 )  i o n s  

stopped i n  the  t a r g e t  and ( 2 )  i o n s  passed through the  t a r g e t  w i t h  l i t t l e  
l o s s  o f  energy. I n  the l a t t e r  case, the d a t a  were c o r r e c t e d  by the exper-  

imenters  f o r  m u l t i p l e  s c a t t e r i n g .  T h i s  d a t a  s e t  was found t o  d i sag ree  w i t h  
the i o n  s topp ing  d a t a  by  as much as 40% a t  low p a r t i c l e  energ ies  ( T <  

0.1 MeV). 
f i t t i n g  c a l c u l a t i o n  w i t h  l i t t l e  e f f e c t  on the  r e s u l t i n g  s o l u t i o n .  T h i s  was 

due t o  the  redundancy i n  damage response and the  l a r g e  number o f  d a t a  p o i n t s  
f o r  s i l v e r  (30 degrees o f  freedom). 

The low p a r t i c l e  energy d a t a  were l e f t  o u t  o f  the  l e a s t  square 

The (n,y) r e c o i l  and CP5 i r r a d i a t i o n  exper iments p r o v i d e  the  o n l y  neu- 

The (n,y)  

t r o n  d a t a  a v a i l a b l e .  The d e v i a t i o n  f o r  t h e  CP5 spectrum was 1% w i t h  the  K- P  
f u n c t i o n ,  and 7 and 11% f o r  the R and B f u n c t i o n s ,  r e s p e c t i v e l y .  

r e c o i l  was a f a c t o r  o f  two lower  than the  f i t t e d  curve.  However, i t  i s  

noted t h a t  i n  1968 Coltman e t  a1 r e p o r t e d  0.61 Frenke l  p a i r s  by  (n,y) r e c o i l  

i n  Mo, b u t  more r e c e n t  measurements r e p o r t e d  i n  a 1975 paper gave 
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nearly 1 .2  Frenkel pa i rs .  I n  l i g h t  of the general ly good agreement among 
the r e s t  of the data,  the s i l v e r  ( n , y )  recoil  datum point i s  suspected t o  be 
in error. 

The electron data near the threshold are seen t o  f i t  the curve f a i r l y  
well even though  only the lowest energy point was used in the analysis  to 
e s t ab l i sh  the threshold. Without t h i s  point the solut ions were highly var i-  
able in the threshold region. 

Table IV shows the measured d a t a  f o r  each radia t ion  source, the percent 
deviat ion,  and the 5% and 95% damage response l imi t s  f o r  the K- P function 
f o r  s i l v e r .  One point of i n t e r e s t  i s  tha t  a l l  the data from experiments 
allowing the charged p a r t i c l e  to pass th rough  the target  have negative devi- 
at ions on the order of 2-13%. This systematic d i f ference  i s  probably r e l a -  
ted to  the primary recoil  spect ra  used. However, Merkle [7] found that  the 
L i n d h a r d  cross sect ion gave be t t e r  agreement than the Rutherford sca t t e r ing  
cross sect ion f o r  t h i s  s e t  of p a r t i c l e  i r r a d i t i o n  data. 

3.3 Molybdenum 

The curves f i t  to  the molybdenum data are shown in Figure 4. The K- P 

and B funct ions are e s s e n t i a l l y  the same. T h e  R function shows a physical ly 
u n r e a l i s t i c  upward turn. Both the electron data and the ( n , v )  recoi l  points 
co r re la t e  well with these funct ions.  The electron data were n o t  t reated as 
pointwise data as shown in Figure 4. PKA spect ra  were calculated using the 
McKinley-Feshbach theory corrected by the work of Oen [22]. The calculated 
number of Frenkel pa i rs  was then determined by in tegra t ing  v ( T )  with the PKA 

spectrum. 

Table V shows the measured data f o r  each radia t ion  source, the percent 
deviat ion,  and the 5% and 95% damage response l imi t s  f o r  the K- P funct ion 
f o r  Mo. The electron data shown in Figure 4 are p l o t t e d  a t  the mean damage 
energy. The d a t a  in Table V f o r  the e lec t ron  i r r ad ia t ion  were converted t o  
Frenkel pa i rs  per unit  f luence by dividing by the Mott s c a t t e r i n g  cross 
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TABLE I V  

I n p u t  Data (Frenkel  p a i r s / U n i t  f l uence ) ,  D e v i a t i o n  Between Ca l cu la ted  
(I(-P f u n c t i o n )  and Measured Data, and Damage Response Range f o r  S i l v e r  

Rad ia t i on  Source 

3.9 MeV H 
4.5 " 

5.6 " 

7.5 " 

7.6 " 

8.6 " 

9.5 " 

10.0 I' 

11.0 " 

3.4 MeV D 
4.3 " 

5.4 " 

6.4 " 

7.5 " 

8.9 " 

9.3 " 

10.0 " 

11.0 " 

20 keV H 
20 keV D 
40 keV 3He 
40 keV 4He 
30 keV 4He 
50 keV 4He 
70 keV L i  
90 keV B 
150 keV 0 
180 keV Ne 
290 keV A r  
540 keV Ag 
720 keV B i  
CP5 

k 
1.80 
1.82 
1.85 
1.84 
1.90 
1.86 
1.88 
1.84 
1.87 
1.92 
1.87 
1.93 
1.93 
1.92 
1.95 
1.95 
1.87 
1.85 
3.38 
9.22 

22.4 
29.9 
28 .O 
28.0 
59.0 

116.0 
182.0 
236 
4 98 

1253 
1533 

140 

%Dev .* 
-7.7 
-7.3 
-7.8 
-7.7 

-10.0 
-8.2 
-9.8 

-10.0 
-13.0 
-8.1 
-6.4 
-7.8 
-8.6 
-8.2 
-9.0 
-8.3 
-9.7 
-7.4 
29. 
-8.2 

2.4 
7.8 
2.6 

21. 
22. 

19. 
19. 
11. 
-6.4 

7.5 
-1.5 

9.8 

90% Damage Response L i m i t s  
TI (eV) T i l (  eV) 

43 60000 
43 73300 
43 89500 
43 10900 
43 10900 
43 134000 
43 135000 
43 163000 
43 163000 
43 109000 
43 134000 
43 163000 
43 163000 
43 199000 
43 199000 
43 243000 
43 243000 
43 297000 
35 330 
35 600 
39 1340 
43 1640 
43 1340 
43 2000 
47 4460 
52 9920 
64 22000 
70 329000 

105 109000 
220 297000 
270 363000 

1100 109000 

* e n t r y  = (i;i C -1) ~ 1 0 0  
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TABLE V 

I n p u t  Data (Frenkel/PKA), D e v i a t i o n  Between C a l c u l a t e d  ( K  - P f u n c t i o n )  and 
Measured Data and Damage Response L i m i t s  f o r  Molybdenum 

R a d i a t i o n  Source !€ 

(n,v) 

0.85 MeV E l e c t r o n  

0.95 MeV E l e c t r o n  

1.15 MeV E l e c t r o n  

1.35 MeV E l e c t r o n  

1.55 MeV E l e c t r o n  

1.85 MeV E l e c t r o n  

2.15 MeV E l e c t r o n  

2.45 MeV E l e c t r o n  

2.75 MeV E l e c t r o n  

3.05 MeV E l e c t r o n  

CP5 

14 MeV 

LPTR 

F i s s i o n  

1.18 

.032 

.87 

.17 

.23 

.27 

.32 

.38 

.44 

.49 

.50 

153. 

791. 

186. 

283. 

90% Damage Response L i m i t s  
%Dev. * TI (eV) Tlj(eV) 

3.8 

9.5 

-39. 

-19. 

-7.1 

-0.7 

6.0 

5.3 

3.2 

2.2 

7.1 

6.5 

1.7 

-28. 

5.6 

110. 

34.9 

34.9 

34.9 

38.6 

38.6 

38.6 

38.6 

42.6 

42.6 

42.6 

737. 

27000. 

1340. 

5400 

- 
36. 

38.6 

52.1 

70.3 

77.7 

94.9 

122. 

149. 

182. 

222. 

109000. 

444000. 

109000. 

134000. 

* e n t r y  = (i;i C -1) x l 0 0  
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s e c t i o n  f o r  the app rop r i a t e  e l e c t r o n  energy. The va lues p l o t t e d  i n  F i g u r e  4 

d e v i a t e  frm the  c a l c u l a t e d  cu rve  more than the d e v i a t i o n s  l i s t e d  i n  Tab le  V. 
T h i s  i s  p robab l y  due t o  the use o f  mean damage energy which i s  v a r y i n g  l e s s  

r a p i d l y  than the a c t u a l  v (T )  curve. 

The neu t ron  spec t r a  show e x c e l l e n t  c o r r e l a t i o n  w i t h  the excep t ion  o f  

the  LPTR datum p o i n t .  The CP5 spectrum, which i s  s i m i l a r  t o  t h e  LPTR spec- 
trum, shows good agreement w i t h  the c a l c u l a t e d  value.  There was a measure- 

ment i n  a Be(d,n) spectrum [17] t h a t  was n o t  used i n  t h i s  a n a l y s i s  because a 

PKA spectrum was n o t  a v a i l a b l e .  
p l a c e  o f  the  molybdenum PKA spectrum a 40% d e v i a t i o n  f r om  the  r e s t  o f  the  

d a t a  r e s u l t e d .  

When a n iob ium PKA spectrum was used i n  

3.4 Tungsten 

The r e s u l t s  f o r  tungsten are  shown i n  F i g u r e  5. The exper imenta l  d a t a  
f o r  t h i s  m a t e r i a l  a re  l i m i t e d  t o  a few e l e c t r o n  i r r a d i a t i o n s  and a (n,u) 

r e c o i l  p o i n t .  A l l  a re  a t  low energ ies .  The b u l k  o f  d a t a  are  f r om  computer 
s i m u l a t i o n  o f  cascades i n  tungsten. Consequently, the a n a l y s i s  o f  t h e  tung-  

s t e n  d a t a  i s  somewhat academic. However, i t  does enable  one t o  compare how 
the  va r ious  f u n c t i o n s  f i t  the s i m u l a t i o n  d a t a  which was meant t o  model a 

r e a l  m a t e r i  a1 . 

Most o f  the d a t a  were c a l c u l a t e d  by Guinan [17] w i t h  a f u l l y  dynamical  

computer code. S ince he used two d i f f e r e n t  p o t e n t i a l s  the  d a t a  showed two 

d i f f e r e n t  t h r e s h o l d  energ ies .  The d a t a  were normal ized t o  a common damage 

energy t h r e s h o l d  o f  37 eV energy b y  mu1 t i p l y i n g  the r e p o r t e d  damage energy 
by 37 eV and d i v i d i n g  by the r e p o r t e d  damage energy th resho ld .  Beeler  

s imu la ted  cascades a t  2.5 and 20 keV u s i n g  a two-body c o l l i s i o n  model. 
These d a t a  were normal ized t o  Guinan 's  p o i n t  a t  2.5 keV thus g i v i n g  one 

a d d i t i o n a l  " d a t a  p o i n t "  a t  20 keV. The n o r m a l i z a t i o n  o f  B e e l e r ' s  d a t a  i s  
a d m i t t e d l y  a r b i t r a r y  ( n o r m a l i z a t i o n  i s  0.4) i n  l i g h t  o f  d i f f e r e n c e s  i n  

i n t e r a t o m i c  p o t e n t i a l ,  c o l l i s i o n  model, and, e s p e c i a l l y ,  d isp lacement  c r i -  
t e r  i a. 
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TABLE V I  

I n p u t  Data, (Frenkel  pairs/PKA), Dev ia t i on  Between Ca lcu la ted  ( K -  P func t ion)  
and Measured Data and Damage Energy f o r  Tungsten 

Rad ia t ion  Source 

1.65 MeV E lec t ron  

2.0 MeV E lec t ron  

2.1 MeV E lec t ron  

( n , u )  Reco i l  
Guinan 

Guinan 
Guinan 
Gui nan 
Guinan 

Guinan 
Guinan 

Guinan 
Guinan 

Gui nan 
Guinan 

Guinan 
Guinan 

Gui nan 
Guinan 

Bee1 e r  

NF 
~ 

0.045 
.20 
.23 
.23 
.073 
.163 
.216 
.291 
.364 
.430 
.549 
.649 
.854 

1.000 
1.62 
3.30 
2.00 
5.80 

25.0 
41.0 

%Dev.* 

18.1 
2.4 

-3.1 
-2.6 
-2.0 

-30.9 
-24.4 
-32.6 
-38.7 

3.6 
7.7 

10.0 
8.4 
9.8 
3.6 

20.8 
10.6 
-0.6 

-29.6 
-13.3 

TDAM ( eV 1 

39.6 
50.6 
52.1 
50.8 
40.7 
44.4 
48.1 
51.8 
55.5 
74.0 
92.5 

111. 
148. 

185. 
342. 
142. 
541. 

2260. 
10000. 
20000. 

C * e n t r y  = (i;i -1) xl00 
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The e l e c t r o n  and (n,y) r e c o i l  d a t a  show good agreement w i t h  t he  simu- 

l a t i o n  data. 
f u n c t i o n  used i n  the low energy r e g i o n .  However, depa r tu re  f rom the loga-  

r i t h m i c  f u n c t i o n  between 45 and 60 eV i s  noted. Above 20 keV the re  i s  a 

wide d i s p e r s i o n  among the th ree  models due t o  a l a c k  o f  data.  The R f unc-  

t i o n  shows a r a p i d  upward t u r n  which i s  p h y s i c a l l y  u n r e a l i s t i c .  The B f unc-  
t i o n  f i t s  the d a t a  bes t  b u t  the p o s i t i v e  depa r tu re  above the  K- P  f u n c t i o n  i s  

ques t ionab le .  Below 20 keV the th ree  f u n c t i o n s  are i n  reasonab ly  good 
agreement. 

The s i m u l a t i o n  d a t a  agree i n  general w i t h  t h e  l o g a r i t h m i c  

Tab le  V I  shows the measured da ta  used i n  the a n a l y s i s  and the percent  

d e v i a t i o n  between measured and c a l c u l a t e d  values f o r  t he  K- P f u n c t i o n .  The 
l a r g e s t  d e v i a t i o n s  are i n  the energy range 45 t o  60 eV where the s i m u l a t i o n  

da ta  shows a more complex energy dependence than the  l o g a r i t h m i c  f u n c t i o n .  

3.5 Func t i on  Parameters 

Tab le  V I 1  sumnarizes the c o e f f i c i e n t s  f o r  the th ree  f u n c t i o n s  and f o u r  
m a t e r i a l s .  The K-P f u n c t i o n  has two se ts  o f  c o e f f i c i e n t s  f o r  each mater-  

i a l .  

The second a re  f rom the l i n e a r  f i t .  I t  i s  apparent t h a t  the n o n l i n e a r  and 

l i n e a r  approaches g i v e  n e a r l y  i d e n t i c a l  r e s u l t s .  

an o u t s t a n d i n g l y  lower  pe rcen t  d e v i a t i o n .  I n  a l l  cases (except  W) t he  per-  
cent d e v i a t i o n  i s  i n  the 10-15% range. The R f u n c t i o n  g i v e s  p h y s i c a l l y  
u n r e a l i s t i c  r e s u l t s  f o r  Ag, Mo, and W i n  t h a t  t he  nega t i ve  values o f  a a l l o w  

the  s o l u t i o n  t o  go i n f i n i t y .  Th i s  may n o t  be e n t i r e l y  t he  f a u l t  o f  the 
f u n c t i o n  b u t  more due t o  t he  l a c k  o f  a p p r o p r i a t e  da ta  which determines 

p h y s i c a l l y  r e a l i s t i c  va lues o f  a and B .  I t  i s  a l s o  noted t h a t  Robinson used 

h i s  recombinat ion  model to  desc r i be  d isp lacement  p r o d u c t i o n  i n  t h e  1 t o  10 

keV energy range. 

The f i r s t  are f rom the n o n l i n e a r  f i t  o f  a log-normal d i s t r i b u t i o n .  

None o f  the f u n c t i o n s  g i v e  

For the B f u n c t i o n  the  y1 c o e f f i c i e n t s  f o r  Cu and Mo a r e  so smal l  

t h a t  they  do n o t  s i g n i f i c a n t l y  a f f e c t  the s o l u t i o n  below TDAM o f  1 MeV. 

Thus, t he  K- P and B f u n c t i o n s  are e s s e n t i a l l y  t he  same. The Ag and W 
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TABLE VI1 

COEFFICIENTS FOR THE THREE FUNCTIONS 

K- P Func t ion  (Equat ion  11) 

M a t e r i a l  % D e v i a t i o n  A B C 

cu  12.0 .699 3.85 10-3 -2.04 
12.2 .690 3.76 10-3 -2.01 

Mo 

12.1 
12.7 

13.9 
12.8 

.601 

.581 
3.41 10-3 
3.36 10-3 

-2.02 
-1.96 

.877 2.80 10-3 -3.18 

.872 2.74 10-3 -3.16 

.595 1.75 10-3 -2.25 

.583 1.67 10-3 -2.21 

R F u n c t i o n  (Equa t ion  15) 

M a t e r i a l  % D e v i a t i o n  A a 8 C 

cu 

Mo 
W 

Ag 
12.0 
11.5 
15.6 

.680 5.27 10-5 248. -1.99 

.944 -4.52 10-3 641. -3.37 

.650 -1.75 10-4 326. -2.17 

18.8 .637 -9.45 x 10-3 723. -2.40 

B Func t ion  (Equat ion  16)  

M a t e r i a l  % D e v i a t i o n  A YO Y1 C 

cu 12.7 .679 4.02 10-3 -2.26 10-5 -1.98 
10.6 .835 -2.18 x 10-3 5.16 10-4 -2.69 
13.3 .878 +2.55 x 10-3 1.68 10-5 -3.17 

W 15.8 .751 -2.85 x ZO-3 4.90 10-4 -2.73 

A9 
Mo 
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r e s u l t s  have negative yo and pos i t ive  y1 causing the solut ion t o  have a 
slope greater  than the K-P funct ion f o r  these materials .  I t  i s  a l s o  noted 
tha t  the standard deviat ions f o r  Ag and W are lower f o r  the B function than 
f o r  the K-P funct ion.  The steeper slope implies tha t  recombination decreases 
as the cascade energy increases or the calculated damage energy i s  in e r ro r .  

3.6 Uncertainty Analysis 

Uncertainty in the coeff ic ients  was determined in accordance with the 
l inear  l e a s t  squares method of Brown [24], and data were equally weighted. 
T h u s ,  the r e su l t ing  uncer ta in t ies  are r e l a t i v e  to the s c a t t e r  about the 
f i t t e d  curve. If the uncertainty in the input data were known the absolute 
uncertainty would be grea ter  than the r e l a t i v e  uncertainty.  The uncertainty 
in the integral  measurement i s  generally considered to  be small (+lo%). The 
PKA spectra based on Lindhard's model have grea ter  uncertainty (poss ib ly  in 
the 20-40% range) which i s  not well defined. 

T a b l e  VI11 shows the coe f f i c i en t s ,  the i r  uncer ta in t ies ,  and the 
variance-covariance matrix f o r  the ti-P function and B function f i t  t o  the 
s i l v e r  data.  The uncertainty in the coe f f i c i en t s  f o r  the ti-P function are 
less than 10%. This i s  typical f o r  the other mater ia ls .  The coe f f i c i en t s  
f o r  the B function have higher uncer ta in t ies .  
has a r e l a t i v e l y  small uncertainty (5-10% 510) because of corre la t ions  
between the coe f f i c i en t s  i n  the covariance m a t r i x .  
f i c i e n t s  in the B function control the nonlineari ty a t  high energies.  The 
high uncertainty in these coe f f i c i en t s  makes the s igni f icance  of the non- 
1 i neari t y  i n  t h i s  function questionable. 

However, the v ( T )  function 

The yo and y1 coef- 

3.7 GENERALIZATION 

Final ly  one would l i k e  t o  general ize the r e s u l t s  so tha t  the number of 
Frenkel pa i rs  could be calculated f o r  any material or radia t ion  p a r t i c l e .  
The coe f f i c i en t s  s h o u l d  be e i t h e r  constants f o r  a l l  conditions or re la ted  to  
known material parameters. 
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TABLE VI11 

ERROR ANALYSIS FOR K- P FUNCTION [EQUATION (11)] FIT TO SILVER DATA 

V a r i  ance/Covari ance Matr ix**  
C oef  f i c i en t % Unce r t a i n t y *  1 2 3 
A .581 8.2 2.24 -8.32 x -7.12 x 
B .00336 6.5 -4.80 x 2.59 x 

C -1.96 7.6 2.26 x lo-' 

* Standard e r r o r  o f  a l l  d a t a  i s  12.7% 

* Symnetr ic m a t r i x  

ERROR ANALYSIS FOR 8 FUNCTION [EQUATION (16)] F I T  TO SILVER DATA 

V a r i  ance/Covari ance Ma t r i x * *  
C o e f f i c i e n t  % Unce r t a i n t y *  1 2 3 4 

A .E35 9.2 5.93 -1.01 -1.75 x lo-' 8.88 x 

C -2.69 8.5 5.17 x lo-' -2.55 x 
TI 5.16 26. 1.80 x 

'0 .00218 67. 2.10  IO-^ 2.91 -1.93 

* Standard e r r o r  o f  a l l  d a t a  i s  10.6% 

* Symnetr ic  m a t r i x  
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A s imp le  g e n e r a l i z a t i o n  i s  t h a t  the C c o e f f i c i e n t s  f o r  a l l  the func-  

t i o n s  are r e l a t e d  t o  the t h r e s h o l d  energy. 

BT,) f o r  the K- P  f u n c t i o n .  
(and To) r e l i e s  on the use o f  e l e c t r o n  d a t a  near t he  t h r e s h o l d  energy. 

The response f o r  heav ie r  p a r t i c l e s  such as low energy p r o t o n s  g e n e r a l l y  l i e s  

w e l l  above the t h r e s h o l d  and consequent ly  does n o t  e s t a b l i s h  t he  t h r e s h o l d  

behav ior .  Recast ing  the K- P  f u n c t i o n  i n  terms o f  A, B, and To reduces the 

damage f u n c t i o n s  t o  two fitted c o e f f i c i e n t s  and a m a t e r i a l  parameter known 

f o r  a number o f  mater ia ls [27 ] .  

For example, C =  - (A I n  To + 

The accura te  d e t e r m i n a t i o n  o f  the va lue  o f  C 

The K- P  model would take  the fo rm 

F i g u r e  6 shows the  K- P  f u n c t i o n  f o r  a l l  f o u r  m a t e r i a l s  p l o t t e d  as a 
f u n c t i o n  o f  r e c o i l  energy d i v i d e d  by the t h r e s h o l d  energy, T/T The da ta  

shown are f o r  p r o d u c t i o n  o f  Frenke l  p a i r s  by (n,y) r e c o i l .  

me ta l s  f a l l  below the curves f o r  Cu, Ag, and W, w h i l e  the bcc and f c c  da ta  

f a l l  w i t h i n  t he  f a m i l y  o f  s o l u t i o n s .  

t he  f a m i l y  o f  curves are f o r  Ag and Pd. 

band o f  s o l u t i o n s  f o r  t he  o the r  m a t e r i a l s  even though the  (n,v) datum p o i n t  

f a l l s  w i t h i n  the band. 

w i t h i n  t h e  range 0.6-0.7, one m igh t  in fe r .  t h a t  most f c c  and bcc me ta l s  would 

have a s i m i l a r  va lue f o r  the A c o e f f i c i e n t  ( 0.65). I n  o rde r  t o  be con- 
c l u s i v e ,  however, one would need to  do a s i m i l a r  a n a l y s i s  on a wide range o f  
m a t e r i a l s .  

0' 
The da ta  f o r  hcp 

The two f c c  da ta  p o i n t s  f a l l i n g  below 

The s o l u t i o n  f o r  Mo l i e s  above the 

Since the A c o e f f i c i e n t  f o r  Cu, Ag, and W f a l l  

The B c o e f f i c i e n t s  f o r  the K- P model appear t o  be dependent on t he  mass 
o f  the t a r g e t  m a t e r i a l  as expected s ince  they  i n c o r p o r a t e  Ed. 

s u b s t a n t i a t e  t h i s  t he  da ta  compiled by K i r k  and Greenwood 191 were used t o  
determine approximate values o f  B f o r  o t h e r  m a t e r i a l s .  The use o f  t h i s  d a t a  

t o  determine B i s  a f a i r l y  good approx imat ion  s ince  95% o f  t he  damage i n  t h e  
neut ron  s p e c t r a  occurs above 1 keV and the K-P f u n c t i o n  i s  l i n e a r  i n  TDAM 

above about 1 keV. 

To f u r t h e r  
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B =  

where && i s  the 
d + t  

s p e c i f i c  F renke l  
i n i t i a l  r e s i s t i v i t y  change per u n i t  f l uence ,  AP ~p i s  t he  
d e f e c t  r e s i s t i v i t y  and <UT") i s  the neu t ron  spectrum - 

averaged damage energy c ross  sec t i on .  F o r a  m a t e r i a l  w i t h  severa l  measure- 
ments the average value o f  B was used. The B c o e f f i c i e n t s  are shown as a 

f u n c t i o n  o f  mass i n  F i g u r e  7. The ends o f  t he  bars  show the  ac tua l  va lues 
o f  B found i n  t h i s  a n a l y s i s  f o r  the f o u r  m a t e r i a l s  Cu, Ag, Mo, and W .  The 

symbols are t he  values found by Equat ion  (17) .  The da ta  range f rom A1 w i t h  
mass 27 t o  P t  w i t h  mass 195. The B c o e f f i c i e n t  i s  e m p i r i c a l l y  descr ibed by 

a r e c i p r o c a l  square r o o t  o f  t a r g e t  mass law. 

B= (29.3fi+ 0.133) 

The standard d e v i a t i o n  o f  t he  da ta  f i t  t o  equa t i on  (18)  i s + l O %  

4. CONCLUSIONS 

I n  genera l  the 

energy, which shows 

K- P f u n c t i o n  [Equat ion (ll)] o f  p r i m a r y  r e c o i l  damage 

a l i n e a r  dependence above 1 keV, g i ves  a good c o r r e l -  

a t i o n  o f  F renke l  p a i r  p r o d u c t i o n  i n  copper, molybdenum, s i l v e r ,  and tungs ten  
f o r  charged p a r t i c l e  and neut ron  i r r a d i a t i o n  exper iments r u n  a t  l i q u i d  
h e l i u m  temperatures. The c o e f f i c i e n t s  are presented i n  Tab le  V I I .  

The l o g a r i t h m i c  r e c o i l  energy dependence a t  low energ ies  appears t o  be 
adequate f o r  most a p p l i c a t i o n s .  However, because the t h r e s h o l d  su r face  i s  

a n i s o t r o p i c ,  t he  l o g a r i t h m i c  f u n c t i o n  i s  n o t  as accura te  as o the r  methods o f  
t r e a t i n g  the t h r e s h o l d  r e g i o n  and may be inadequate f o r  d e s c r i b i n g  e l e c t r o n  

i r r a d i a t i o n s .  Except f o r  Mo, t he  c o e f f i c i e n t  o f  t he  l o g a r i t h m i c  term i s  
0.65 - + .05. 

damage i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t he  square r o o t  o f  t a r g e t  mass f o r  
m a t e r i a l s  r a n g i n g  f rom aluminum t o  p la t i num.  

The c o e f f i c i e n t  i n  the K-P f u n c t i o n  t h a t  c o n t r o l s  h i g h  energy 
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The B f u n c t i o n  [Equat ion (16) ]  shows some improvement over  the K-P 

f u n c t i o n  f o r  s i l v e r  and tunqsten.  The B f u n c t i o n  f o r  s i l v e r  and tunas ten  
d e v i a t e  i n  a p o s i t i v e  sense f rom the K-P f u n c t i o n  a t  h i g h  energ ies .  T h i s  i s  
p robab ly  due t o  a l a c k  o f  h i g h  energy da ta  such as Be(d,n) r a t h e r  than 

hav ing  any p h y s i c a l  s i g n i f i c a n c e .  For copper and molybdenum no s i g n i f i c a n t  
d i f f e r e n c e s  were found between the  K- P and B f u n c t i o n s .  

The R f u n c t i o n  [Equation (15)]  gave a p h y s i c a l l y  u n r e a l i s t i c  f i t  t o  the 

data. Th i s  was a l s o  due, i n  p a r t ,  t o  a l a c k  o f  h i g h  energy response f r o m  
such PKA spec t ra  as Be(d,n). 
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APPENDIX A 

An average r e c o i l  energy was determined f o r  each i so tope  us ing  the b i nd ing  
energy o f  the l a s t  neutron added t o  the t a rge t  nucleus. Thus 

Ti = Ng (E)2/2mc2 

where N 

element as repor ted by Orphan [Zl]. 
emi t ted the average number o f  gamnas measured f o r  the element. 
b i nd i ng  energy d i v i ded  by the average number o f  gammas emit ted;  mc2 i s  the 

r e s t  mass o f  a photon. 
weighted average f o r  a l l  the isotopes. 

i s  the average number o f  gamnas emi t ted per r e a c t i o n  f rom the 
9 

I t  was assumed t h a t  each i so tope  

E i s  the 

The average r e c o i l  energy f o r  the element was the 

N 
2 TiYi iPi 

- i=i 
T =  

2 YiUi P. i =1 1 

where Yi i s  the abundance o f  each isotope, ai i s  the (n,y) r e a c t i o n  

cross sec t ion  f o r  thermal neutrons, and Pi i s  the p r o b a b i l i t y  t ha t  the 

r e c o i l  w i l l  produce a d isp laced atom. The Pi was taken f rom the paper by 
Lucasson [27]. 
i so tope  r e c o i l  energy was near the threshold  energy. Without i t ,  some o f  
the element r e c o i l  energies were below the th resho ld  values summarized by 

L ucasson. 

The f a c t o r  Pi was impor tant  o n l y  i n  the cases where the 

F igure  A - 1  shows the r e c o i l  data  as a f u n c t i o n  o f  reduced r e c o i l  energy 

(i.e., T/To). The curves shown are f o r  the f i t  t o  the copper data ( s o l i d  

curve) and computer s imu la t ion  data  f o r  tungsten [17] represented by the 
dashed curve. Comparing t h i s  f i g u r e  w i t h  F igure  6 shows some improvement i n  

the al ignment o f  the data w i t h  the  Cu curve. Th is  may be f o r t u i t o u s .  
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I .  PROGRAM 

Ti t le :  I r rad ia t ion  Effects  Analysis (AKJ) 
Pr inciple  Invest igator :  D. G .  Doran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory ( H E D L )  

11. OBJECTIVES 

1 .  Determine defect  s u r v i v a b i l i t y  i n  copper a l loys  i r rad ia ted  a t  
25°C and  the influence of so lu te  addi t ions  and neutron fluence.  

2 .  Determine the  v a l i d i t y  of u s i n g  TEM and microhardness measure- 
ments t o  study the  dependence of s u r v i v a b i l i t y  on neutron energy 
and so lu te  addi t ions .  

3. Study the  nature of microstructural  evolution d u r i n g  14 MeV neutron 
i r r a d i a t i o n s  f o r  l a t e r  comparison t o  f i s s i o n  reac to r  data .  

111. RELEVANT DAFS PROGRAM PLAN TASWSUBTASK 

SUBTASK II.B.3.2 Experimental Characterization of Primary Damage 
S t a t e ;  Studies of Metals 

Effects  of Damage Rate and Cascade Structure  on 
Microstructure ; Low-Energy/H igh-Energy Neutron 
Corre la t ions  

II.C.6.3 

IV. SUMMARY 

Microscopy and microhardness measurements have been performed on pure 
copper and copper w i t h  5% of e i t h e r  Al, Ni o r  Mn, a l l  i r r a d i a t e d  
i n  RTNS-I1 a t  25°C t o  f luences a s  l a rge  a s  7.5 x 1017 n/cm2. 
ana lys i s  shows t h a t  a substant ia l  f r a c t i o n  of the defects a r e  below 
the resolut ion l imit  of the microscope and account for a l a rge  

The 
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; i inount  of t.hi: hartien-ing that, r e s u l t s  f ro i i i  i r r ad i a t i on .  
t h a t  each cascade event a n d  i t s  subsequent .internal rearrangements 
may be considered a t  t h i s  f lux a n d  f-luence t o  be a separate  event ,  
both i n  time and space. I t  a l so  appears t h a t  some so lu tes  such as  
A 1  may lead t o  subs tan t ia l  differences i n  c lu s t e r ing  o f  point defec ts  
within the cascade and thus af.fect the  subsequent v i s i b r l i t y  o f  the  
c lu s t e r s .  There does n o t  appear t o  be any subs tan t ia l  e f f e c t  of any 
so lu te  studied on the  number of t o t a l  defects  surviving the cascade. 
The f r ac t ion  o f  defects  surviving the or ig ina l  cascade event appears 
t o  be a t  l e a s t  9%. 

I t  a l so  appears 

V .  _ _ ~  ACCOMPLISHMENTS AN0 STATUS 

A .  &Lostructural D e m m e n t  f o r  Copper Alloys I r rad ia ted  i n  RTNS-I1 - 
H .  R .  Brager, F .  A .  Garner, and  N .  F .  Panayotou (HEDL) 

1 .  Introduction _____ 

The following a l l oys  were examined by e i t h e r  microscopy or microhardness 
measurements. 

TABLE I 

A1 1 oys TEM Specimens 
(atomic % )  Neutron F1 uence He1 i u m  

cu 2 . 7  x 1017 0.001 0.01 
C u  + 5% Mn 7.4 x 1017 0.003 0.04 
Cu + 5% Ni 7.6 x 1017 0.003 0.04 

C u  + 5% A1 7.1 x lOI7  0.003 0.04 

(n/cmZ) ( a i m )  

Microhardness 
Measurements 
F1 uence Ranqe 

( n/ cm2 ) 
o t o  3 . 0  x i o i 7  
o t o  7.1 x 1017 
o t o  7.3 x io1 ’  
0 t o  6.8 x 1017 

The experimental techniques employed were standard microhardness and  micro- 
scopy t?chniques reported previously.  ( lY2)  
ha!-c!rwss data f o r  a l l  al’loys a r e  l i nea r  w i t h  the square root of fluence 
(111:1 er t .rapolate Lack t o  the  or ig in .  The microstructural  data  extracted 

I n  Figure 1 ,  note t h a t  the  micro- 
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by transmission microscopy a r e  shown in Table 11. Note t h a t  f o r  a l l  a l loys  
except C u  + 5% A1 there  a r e  s l i g h t l y  more than two v i s i b l e  c l u s t e r s  per 
calculated PKA. 

the Al-modified a l loy .  
There a r e  approximately f i v e  v i s i b l e  c l u s t e r s  per PKA in 

Typical micrographs of each a l loy  examined are a l so  shown in Figure 1 ,  a l o n g  
with an indica t ion  o f  the associated hardness measurement. Figure 2 shows 
t h a t  the s i z e  d i s t r ibu t ion  of defects  in each of the various a l loys  i s  not 
very d i f f e r e n t ,  even though the pure copper specimen was i r r ad ia ted  t o  a 
much lower fluence t h a n  was the o ther  a l loys .  

2 .  Discussion 

For fluences approaching 10’’ n/cm2 (0.004 d p a )  a t  cur rent  peak f lux l eve l s  
of a b o u t  2 x lo1’ n/cm2 a t  RTNS-11, the PKA-cascade damage events and  t h e i r  
subsequent in ternal  rearrangements can be considered t o  be e s s e n t i a l l y  i so la ted  
events ,  b o t h  in space and time. 
i s  t h a t  the v i s i b l e  c l u s t e r  densi ty i s  l i n e a r  with f luence,  the mean s i z e  
of these c l u s t e r s  i s  independent of f luence,  and  the hardness measurements 
vary l i n e a r l y  with ( 4 t ) ” 2  with a zero incubation period. This conclusion 
i s  s ign i f i can t  in t h a t  no conclusion concerning the magnitude of defec t  
su rv ivab i l i ty  can be  made i f  a s i g n i f i c a n t  f r ac t ion  of the p o i n t  defec ts  
created by each cascade are  erased by subsequent cascades. 

The evidence supporting t h i s  conclusion 

There are  several s ign i f i can t  observations t o  be made concerning the s i z e  
of the  c l u s t e r s .  F i r s t ,  the c l u s t e r s  are  s i g n i f i c a n t l y  l a rge r  t h a n  predicted 
by current ly  avai lable  cascade/cluster ing models. Second, the hardness 
ca lcula t ions  indica te  t h a t  the t o t a l  hardening i s  independent of the a l loy  
while the v i s i b l e  cluster densi ty i s  s i g n i f i c a n t l y  l a rge r  in the copper- 
aluminum al loy .  This suggests t h a t  a subs tant ia l  f r ac t ion  of the defec ts  
are below the resolut ion l i m i t  of the microscope. 
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A lower-bound e s t i m a t e  o f  t he  number o f  i n v i s i b l e  c l u s t e r s  can be  made u s i n g  
t h e  f o l l o w i n g  l o g i c .  
i d e n t i c a l  harden ing  then t h e  d e n s i t y  ( p )  and d iameter  ( d )  o f  t h e  i n v i s i b l e  

( i )  and v i s i b l e  ( v )  c l u s t e r s  shou ld  obey t h e  f o l l o w i n g  r e l a t i o n s h i p .  

I f  t h e  copper and copper p l u s  5% aluminum a l l o y s  e x h i b i t  

COPPER COPPER + 5% ALUMINUM 

A1 A1 A1 A1 
pvcu dvCU t picu diCU - - p V  dv + p i  d i  

Rearranging t h i s  express ion  l eads  t o  

A1 A1 cu cu A1 A1 

cu cu cu cu cu cu 
P i  d i  

pv dv pv dv p v  dv 

p i  d i  - - pv dv + 1 +  

where t h e  f i r s t  te rm on t h e  r i g h t  hand s i d e  i s  a known q u a n t i t y  and t h e r e f o r e  

cu cu A1 d A l  
= 0.84 + d i  'i 1 

pv v pv v 
cu dcu cu dm ( 3 )  

The above express ion  d e f i n e s  t h e  l ower  l i m i t  o f  t h e  harden ing  due t o  t h e  

i n v i s i b l e  c l u s t e r  p o p u l a t i o n  i n  copper i f  one assume t h a t  c l u s t e r s  

a r e  i n v i s i b l e  i n  t he  5% aluminum a l l o y .  S ince t h e  r e s o l u t i o n  l i m i t  o f  t h e  
microscope i n  these s t u d i e s  i s  -1.0 nlii i t  i s  n o t  unreasonable t o  assume 

t h a t  t h e  i n v i s i b l e  c l u s t e r s  l i e  i n  t h e  range 0.5 I - I =  dcu< 1.0 nm where a t y p i c a l  

a tomic  d iameter  i s  Q 0.2nm. S ince t h e  mean v i s i b l e  c l u s t e r  d iameter  i s  about  

2.5nm, t h e r e f o r e  
dFU 
c u " 3  
dV 

( 4 )  

Us ing  t h i s  r e l a t i o n s h i p  and assuming t h a t  t h e  c l u s t e r s  a r e  c i r c u l a r  loops,  

the f o l l o w i n g  q u a n t i t i e s  can be  c a l c u l a t e d .  
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F r a c t i o n  o f  hardening due t o  unreso lved  d e f e c t  c l u s t e r s  

cu cu 

pv  v + p i  d i  

p i  d i  Ir 
> 46% cu dcu cu cu 

F r a c t i o n  o f  unreso lved  d e f e c t  c l u s t e r s :  

" C U  
?1 
> 72% pi 

V pi 
pcu + cu 

F r a c t i o n  o f  d e f e c t s  i n  t he  form o f  unreso lved  c l u s t e r s  

The t o t a l  d e f e c t s  i n  t he  v i s i b l e  c l u s t e r s  a t  7.5 x lo1 '  n/cm2 i s  

which means t h a t  t h e  v i s i b l e  and i n v i s i b l e  c l u s t e r s  can account  f o r  a t  

l e a s t  4.4 x 1019 defects /cm2.  

Assuming 8.42 x 
and two de fec t s  pe r  d isp lacement  leads t o  t h e  conc lus ion  t h a t  4 .7  x l o z o  
defects /cm3 were o r i g i n a l l y  c rea ted .  

% i s  a lower  bound es t ima te  i n  t h a t  some c l u s t e r s  i n  t h e  5% aluminum a l l o y  

must a l s o  be i n v i s i b l e .  

I t  i s  i m p o r t a n t  t o  n o t i c e  t h a t  t h e  above a n a l y s i s  assumes t h a t  t h e  s o l u t e  

hardening and d e f e c t  c l u s t e r  hardening a r e  d i r e c t l y  a d d i t i v e .  

Table 111, the  d i f f e r e n c e s  i n  measured hardness o f  t h e  a l l o y s  i n  t h e  u n i r r a d i a -  
t e d  c o n d i t i o n  a r e  q u a l i t a t i v e l y  c o n s i s t e n t  w i t h  t h a t  expected on t h e  b a s i s  o f  

an i nc rease  o r  a decrease i n  t h e  l a t t i c e  parameter ( F i g u r e  3 ) .  Q u a n t i t a t i v e l y ,  

t he  c o n c e n t r a t i o n  o f  t h e  s o l u t e  atoms (24 x l o z 1  atoms/cm3) i s a b o u t 1 0 0  t imes 

l a r g e r  than t h a t  es t ima ted  f o r  t he  d e f e c t  c l u s t e r s .  
s o l u t e  hardening i s  comparable t o  o r  l e s s  than t h a t  o f  t he  d e f e c t  c l u s t e r  

hardening, t h e  hardening pe r  s o l u t e  atom would be about  two o rde rs  o f  magni- 

tude s m a l l e r  than t h a t  due t o  d e f e c t  c l u s t e r s  and c o u l d  be  cons idered  separable 
and a d d i t i v e .  

atoms/cm3, a d isp lacement  c ross  s e c t i o n  o f  3690 barns,  

A t  l e a s t  9% now s u r v i v e .  (Remember t h a t  

As shown i n  

S ince the  magnitude o f  
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TABLE I11 
ROOM TEMPERATURE HARDNESS OF UNIRRADIATED ALLOYS 

Alloy Hardness (DPH) Solute hardening (DPH) 
pure copper 56 0 
copper + 5% nickel 58 2 
copper + 5% aluminum 66 10 
copper + 5% manganese 73 1 7  

The data presented in t h i s  repor t  a l s o  appear t o  ind ica te  t h a t  so lu tes  such 
as nickel and manganese have no s i g n i f i c a n t  e f f e c t  on the damage production 
and recombination process in copper. 
atomic weight of each element i s  not too d i f f e r e n t .  
an important determinant of the amount of energy t r ans fe r red f romthe  neutron. 
The d i f ference  in atomic weight of so lu te  and solvent  atoms a l s o  a f f e c t s  
atomic replacement sequences and energy propagation in the l a t t i c e .  The 

magnitude and sign of the d i f ference  i n  l a t t i c e  parameter (See Figure 3) 
does not appear t o  be a decisive fac to r  e i t h e r .  

This i s  not surpr is ing  in t h a t  the 
The atomic weight i s  

The aluminum atom has only 43$ of the weight of the average copper atom 
however. This means t h a t  per co l l i s ion  the aluminum atom wil l  receive a 
g rea te r  share of the neutrons energy. There w i l l  a l so  be a %15% i ne f f i -  
ciency of energy t r a n s f e r  between an energet ic  aluminum atom and the copper 
atoms which compose 95% of the a l loy  however. 
t a n t  consequences i n  the spa t i a l  dis trubution of damage. T h i s  p o s s i b i l i t y  
wil l  be t r ea ted  i n  more dep th  in the next report ing period. 
however, i t  appears t h a t  so lu tes  such as  aluminum lead t o  subs tant ia l  d i f -  

ferences i n  the in-cascade c lus te r ing  of point  defects  and therefore  a f f e c t  
the subsequent v i s i b i l i t y  of such c l u s t e r s .  I t  i s  a l s o  expected t h a t  there  
may exist subs tant ia l  in t e rac t ions  between vacancies and elements such a 
s i l i c o n  o r  aluminum. These in te rac t ions  would t h u s  a f f e c t  the defect  c lus-  
ter ing  and recombination processes. 

These fac to r s  may have impor- 

For the present 
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2 .  H. R .  Brager, H. L.  Heinisch and N .  F .  Panayotou, "Microstructural 
Development in Copper I r rad ia ted  in RTNS-11," 9th OAFS Quar t e r ly  Tech- 
nical  Progress Report (May 1980) DOE/ER-0046/1, p .  76. 

3. M. Hansen, "Constitution o f  Binary Alloys",  McGraw-Hill, 1958, pg. 597. 

VII. FUTURE WORK 

A s imi l a r  ana lys i s  wil l  proceed on the nickel-5% so lu te  s e r i e s  i r r ad i a t ed  
i n  RTNS-I1 t o  7.5 x 10'' n/cm2 a t  25°C. The considerat ions of so lu te  
s i z e ,  weight, and in t e r ac t ion  with point  defec ts  wi l l  a l s o  be t r ea t ed  
i n  depth. 
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LATTICE 
PARAMETER 

0 2 4 

i SOLUTE (ATOM Yo) 

HEDL 8009266.2 

Figure 3 .  Latt ice  parameter o f  copper al loys ( 3 )  . 

92 



CHAPTER 3 

FUNDAMENTAL MECHANICAL BEHAVIOR 
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I .  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 :  0. G .  Doran 
A f f i l i a t i o n :  Hanford  Eng ineer ing  Development L a b o r a t o r y  (HEDL) 

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  es t ima te  t h e  e f f e c t s  o f  i r r a d i a t i o n  
p u l s i n g  on i r r a d i a t i o n  creep, and t o  m o d i f y  c o r r e l a t i o n s  developed 

f rom f a s t  breeder r e a c t o r  da ta  f o r  f u s i o n  r e a c t o r  a p p l i c a t i o n s .  

111. RELEVANT OAFS PROGRAM PLAN TASWSUBTASK 

TASK 1 I . C .  5 E f f e c t s  o f  C y c l i n g  on M i c r o s t r u c t u r e  

TASK 1 I . C .  14 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  

I V .  SUMMARY 

For  t h e  temperatures and p u l s i n g  c o n d i t i o n s  a n t i c i p a t e d  i n  t h e  Engin-  

e e r i n g  Tes t  F a c i l i t y  i t  has been found t h a t  b o t h  t h e  s t ress- induced  
p r e f e r e n t i a l  a b s o r p t i o n  (SIPA) and c l  imb-gl i d e  c reep mechanisms a r e  
e s s e n t i a l l y  u n a f f e c t e d  by t h e  p u l s i n g  o f  t h e  i r r a d i a t i o n .  It i s  

t h e r e f o r e  n o t  necessary t o  add c o r r e c t i o n s  based on p u l s i n g  t o  c reep 

c o r r e l a t i o n s  developed f rom breeder  r e a c t o r  da ta .  

V .  ACCOMPLISHMENTS AND STATUS 

A. E f f e c t  o f  I r r a d i a t i o n  P u l s i n g  on t h e  SIPA Creep Mechanism - 
H. Gurol  (UCSB) and F. A .  Garner  (HEDL) 
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1 .  I n t r o d u c t i o n  

The des ign o f  p r o j e c t e d  f u s i o n  r e a c t o r s  r e l i e s  s t r o n g l y  on accura te  p r e d i c -  

t i o n s  o f  d imensional  changes i n  s t r u c t u r a l  m a t e r i a l s  due t o  i r r a d i a t i o n  

creep and s w e l l i n g .  

s teady s t a t e  modes, t h e r e  i s  a need f o r  s t u d y i n g  t h e  e f f e c t s  o f  p u l s i n g  

on these processes. 
addressed e a r l i e r .  1 ’ 2  

e v o l u t i o n  a p p l i c a b l e  t o  t h e  environment o f  t h e  Engineer ing Tes t  F a c i l i t y  

(ETF), enhancement o f  t h e  c l i m b - g l i d e  process was found t o  be n e g l i g i b l e .  

There may be a two t o  t h r e e - f o l d  i n c r e a s e  i n  t h e  creep r a t e  a t  l o w  f l uences  

where t h e  obs tac l es  t o  c l i m b  a r e  r a t h e r  sma l l .  

S ince f u s i o n  r e a c t o r s  a r e  a n t i c i p a t e d  t o  r u n  i n  non- 

S w e l l i n g  and t h e  c l i m b- g l i d e  model o f  creep have been 

Under t h e  range o f  scenar ios  o f  m i c r o s t r u c t u r a l  

There a r e  b a s i c a l l y  two w i d e l y  accepted models o f  i r r a d i a t i o n  c r e e p  however: 

n o t  o n l y  t h e  c l  i m b - c o n t r o l l e d  g l i d e  m e ~ h a n i s m ~ ’ ~ ’ ~  b u t  a l s o  t h e  s t r e s s -  

induced p r e f e r e n t i a l  a b s o r p t i o n  o f  t h e  p o i n t  d e f e c t s  (SIPA) .  6,7’8 
i s  cons i de rab le  con t r ove rsy  ove r  which creep mechanism i s  t h e  dominant one 

i n  a g i v e n  s e t  o f  c o n d i t i o n s .  
mechanism a r e  p robab ly  o p e r a t i n g  s imu l taneous ly .  

dominant and o p e r a t i n g  a lone  o n l y  under c e r t a i n  cond i t i ons ,  such as i n  

so lu t ion- annea led  m a t e r i a l  a t  l o w  neu t ron  f l uences .  

There 

I n  genera l ,  b o t h  t h e  c l i m b - g l i d e  and S I P A  

The S I P A  c reep  may be 

9 Simonen and Hendr i ck  have measured t h e  i r r a d i a t i o n  creep o f  deuteron-  

i r r a d i a t e d  n i c k e l  s u b j e c t  t o  repeated sequences o f  1000 seconds i r r a d i a t i o n ,  

f o l l o w e d  b y  100 seconds o f  anneal ing.  

p u l s i n g  which i s  approx imate ly  t h r e e  t imes  t h e  creep r a t e  ob ta i ned  by s teady 

i r r a d i a t i o n ,  and conc lude t h a t  t h e  c l i m b - g l i d e  process i s  t h e  dominant c reep  

mechanism under these  c i rcumstances.  

i n v e s t i g a t e d  t h e o r e t i c a l l y  t h e  e f f e c t s  o f  p u l s i n g  on t h e  c l i m b- g l i d e  creep 

mechanism. Depending on t h e  m a t e r i a l ,  temperature and p u l s i n g  c o n d i t i o n s ,  

t h e y  f i n d  t h a t  p u l s i n g  can enhance t h e  c l i m b- g l i d e  creep by as much as a 

f a c t o r  o f  two o r  t h r e e .  G rea te r  enhancements were found f o r  c o n d i t i o n s  

t y p i c a l  o f  p r o j e c t e d  I n e r t i a l  Confinement Fus ion Reactors ( ICFR). 

They measured a c reep  r a t e  under 

Recent ly ,  Guro l  and Ghoniem2 have 
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The purpose of t h i s  e f f o r t  i s  t o  inves t iga te  the response of the SIPA creep 
mechanism when the  i r r a d i a t i o n  i s  pulsed under proposed ETF conditions (30 - 
50 seconds on-time, 10 - 15 seconds off- time, 50 - 300°C). 
we shal l  confine our analysis  t o  ca lcula t ing  the r a t i o  of the pulsed t o  the 
steady i r r a d i a t i o n  creep r a t e .  
employed i s  used th roughou t . '  '2 

Spec i f i ca l ly ,  

The r a t e  theory formulation previously 

2 .  Theory 

10 The SIPA creep r a t e  can be wri t ten as  

V 
L 

where 0 i s  the s t r e s s ,  G the shear modulus, N,  and p d  the d is locat ion  l o o p  
and  edge dislocat ion dens i t i e s ,  and  f v  i s  the average vacancy sink e f f i -  
ciency. cQ and cd are the bias contr ibut ions of the loops and  dislocat ions,  
respect ively,  and  of course Di and  C i  a r e  the i n t e r s t i t i a l  diffusion coe f f i -  
c i e n t  and concentration. 
the SIPA mechanism under pulsing i s  the time dependence o f  C i ( t ) .  
d i fferences between the pulsed and steady i r r ad ia t ion  creep ra tes  must be 
due t o  the differences in C i ( t ) .  I t  i s  assumed here t h a t  the pulsing i t s e l f  
does n o t  produce any changes in the normally evolving microstructure. This 
should be a val id assumption under low frequency pulsing, b u t  i s  expected 
t o  break down f o r  example under ICFR condit ions.  

The quanti ty of i n t e r e s t  f o r  the purpose o f  studying 

Any 

11 

I t  has been previously found2 t h a t  f o r  a given microstructure the time- 
dependence of the point defect  concentrations i s  c r i t i c a l l y  sens i t ive  t o  
the r e l a t i v e  magnitude of the mean vacancy d i f fus ion  time t o  s inks T~ and  

the duration of the pulse on-time Ton. 
divided with respect  t o  the point-defect  k ine t i c s .  

We now consider the following cases,  

2.1 Sink-Dominant Case 

The sink-dominant case i s  character ized by a microstructure and  temperature 
where d i r e c t  recombination of vacancies and i n t e r s t i t i a l s  i s  negligible.  
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T h i s  i s  s a t i s f i e d  when 

where a i s  t h e  recomb ina t ion  c o e f f i c i e n t ,  P i s  t h e  average damage r a t e  and 

T. The i n t e r s t i t i a l s  reach 

t h e  s t eady- s ta te  concen t ra t i on  a lmost  i n s tan taneous l y  when t h e  p u l s e  i s  

t u r n e d  on, and r a p i d l y  d e c l i n e  t o  thermal e q u i l i b r i u m  va lues when t h e  p u l s e  

i s  t u r n e d  o f f .  Therefore,  a f t e r  a d j u s t i n g  t h e  damage r a t e  P f o r  dose e q u i -  

valence, t h e  S I P A  creep r a t e  w i l l  be i d e n t i c a l  f o r  b o t h  pu lsed  and s teady 

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

s t e e l s ,  E v  = 1.3eV, Ei = 0.2eV, Dio = 0.001 cm I s ,  D v o  = 0.5 cm / s ,  

(-) = P = 10 dpa/s, t h e  s ink- dominant  case w i l l  f a l l  i n  t h e  tem-  

p e r a t u r e  range T 300°C f o r  t o t a l  s i n k  d e n s i t i e s  between I O 1 ’  and 10 

i s  t h e  p o i n t - d e f e c t  d i f f u s i o n  t i m e  t o  s i n k s .  
1 ,v 

Us ing  t h e  f o l l o w i n g  values,  c h a r a c t e r i s t i c  o f  s t a i n l e s s  
m m 2 2 

0 .  12 2 
a -6 

/cm . 

2.2  T r a n s i e n t  I n t e r s t i t i a l  Behav io r  f o r  A l l  Pu lses:  T~ > I r r a d i a t i o n  

Time 

The vacancy and i n t e r s t i t i a l  concen t ra t i ons  w i l l  a lways be i n  a t r a n s i e n t  

( f o r  b o t h  pu lsed  and s teady i r r a d i a t i o n ) ,  f o r  va lues o f  T~ g r e a t e r  

than  t h e  i r r a d i a t i o n  t ime.  
on t h e  o r d e r  o f  10 /cm , t h i s  corresponds t o  temperatures l e s s  than  app rox i -  

ma te l y  100°C. 

Us ing  t h e  above parameters,  f o r  s i n k  d e n s i t i e s  
11 2 

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

by2 

-ll2 , on- t ime ( k ) ( t )  = (-) a h .  [ t - ( k - l ) ( T f - T o n ) l  
P 112 

( 3 )  
‘i 1 

C i ( k ) ( t )  = o , o f f - t i m e  

where Tf i s  t h e  p e r i o d  o f  t h e  p u l s i n g .  Under s teady 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 s  w i l l  e x h i b i t  t h e  same t -l” dependence as under pu lsed  i r r a d i a t i o n .  

Hence, one f i n d s  t h a t  S I P A  creep i s  v i r t u a l l y  u n a f f e c t e d  by p u l s i n g  f o r  
v e r y  l a r g e  va lues  o f  T ~ .  
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2.3 Steady-State  Achieved Dur ing  t h e  On-Time: T,, < Ton 

11 2 F o r  s i n k  d e n s i t i e s  on t h e  o r d e r  o f  10 /cm , and temperatures T: 200°C, 

one f i n d s  t h a t  T,, Therefore,  under these c o n d i t i o n s  t h e  p o i n t -  

d e f e c t  concen t ra t i ons  w i l l  be a b l e  t o  reach t h e i r  s t eady- s ta te  va lues i n  

one pu lse .  The behav io r  o f  t h e  i n t e r s t i t i a l  c o n c e n t r a t i o n  w i l l  be repeated 

i n  every  pu lse.  However, d u r i n g  p a r t s  o f  t h e  i r r a d i a t i o n  pulse,  t h e  i n t e r -  

s t i t i a l s  w i l l  be i n  a t r a n s i e n t .  The i n t e r s t i t i a l  c o n c e n t r a t i o n  f o r  t h e  

k t h  p u l s e  i s  g i v e n  by 

5 
50 seconds. 

2 

1/2 -1/2 
( k ) ( t )  = (P) ax. [ t - (  k - 1  ) (  T f - t * ) ]  , ( k - l ) T f  < t < ( k - l ) T f  + 

'i 1 

( 4 )  
( k ) ( t )  = Cis' , ( k - l ) T f  + T ~ '  < t < ( k -1 )T f  + Ton 

'i 

where t* s T~ exp[ -2hv( Tf-Ton)], 

and T * T - t* 
V V 

Us ing equat ions ( 4 )  and ( l ) ,  t h e  r a t i o  of the  creep s t r a i n  p e r  p u l s e  f o r  
pu lsed  i r r a d i a t i o n  t o  steady i r r a d i a t i o n  can be eva lua ted  f o r  t h e  SIPA 

mechanism. The r e s u l t  i s :  

A E  ss Ci/" Tf 
( 5 )  

where Cipss i s  ' t h e  s teady- s ta te  c o n c e n t r a t i o n  u s i n g  t h e  dose- equ iva len t  

damage r a t e  P' = P(-). Ton The g r e a t e s t  d i f f e r e n c e  between pu lsed  and s teady 
Tf 

99 



i r r a d i a t i o n  can be expected f o r  T~ = Ton, f o r  which equa t ion  ( 5 )  becomes 

We f i n d  t h a t  t h i s  r a t i o  i s  a lways c l o s e  t o  u n i t y .  

seconds, Tf = 65 seconds, t h e  r a t i o  i s  0.97. 

1100 seconds (wh ich  corresponds t o  t h e  p u l s i n g  c o n d i t i o n s  o f  Simonen and 

H e n d r i c k ' s  exper iment  ) i t  i s  0.95. 

cannot  g i v e  r i s e  t o  t h e  enhancement observed i n  t h e i r  exper iment .  

F o r  example f o r  Ton = 50 

For  Ton = 1000 seconds, T f  = 

9 . .  T h i s  means t h a t  t h e  S I P A  mechanism 

For  i n t e r m e d i a t e  T~ va lues ( tempera tu re  between 100°C and 20OoC), t h e  i n t e r -  
s t i t i a l  c o n c e n t r a t i o n  w i l l  e x h i b i t  t r a n s i e n t  behav io r  i n i t i a l l y  ( a s  i n  

s e c t i o n  2 . 2 ) .  T h e r e a f t e r  one f i n d s  a r epea tab le  i n t e r s t i t i a l  p r o f i l e  f o r  

every  p u l s e  ( a s  i n  t h i s  s e c t i o n ) .  S ince t h e  i n t e r s t i t i a l  behav io r  w i l l  have 

t h e  elements o f  b o t h  cases, no enhancement w i l l  occur  over  s teady i r r a d i a t i o n .  

3. Conc lus ions 

F o r  t h e  temperatures and p u l s i n g  c o n d i t i o n s  a p p r o p r i a t e  t o  t h e  env i ronment  

a n t i c i p a t e d  i n  t h e  ETF, i t  has been found t h a t  t h e  S I P A  creep mechanism i s  

v i r t u a l l y  u n a f f e c t e d  by p u l s i n g .  S ince a s i m i l a r  conc l us i on  was reached 
f o r  t h e  c l i m b - g l i d e  mechanism under most c o n d i t i o n s  i t  i s  n o t  a n t i c i p a t e d  

t h a t  t h e  pu lsed  n a t u r e  o f  t h e  i r r a d i a t i o n  i n  ETF w i l l  l e a d  t o  s u b s t a n t i a l  

changes i n  t h e  i r r a d i a t i o n  creep behav ior .  
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V I I .  FUTURE WORK 

Th is  a n a l y s i s  has proceeded on the  assumption t h a t  the  r a t e  theo ry  

approach y i e l d s  an adequate d e s c r i p t i o n  o f  t h e  t ime-dependent p o i n t  
d e f e c t  concen t ra t i ons .  As sensed by  t h e  i n d i v i d u a l  d i s l o c a t i o n  

however, the  p o i n t  d e f e c t  c o n c e n t r a t i o n s  e x h i b i t  c o n s i d e r a b l e  v a r i a t i o n  
i n  t i m e  and space, r e s u l t i n g  f rom the  d i s c r e t e  n a t u r e  o f  t h e  d i s p l a c e-  

ment cascade. There e x i s t s  a p o s s i b i l i t y  t h a t  t h e  cascade- induced 

v a r i a b i l i t y  w i l l  l e a d  t o  a s u b s t a n t i a l  i nc rease  i n  t h e  amount o f  
c l imb  exper ienced by each d i s l o c a t i o n  ove r  i t s  obs tac les .  

p o s s i b i l i t y  w i l l  be examined i n  t h e  n e x t  r e p o r t i n g  p e r i o d .  

Th is  
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I .  PROGRAM 

T i t l e :  Effects  of I r r a d i a t i o n  on Fusion Reactor Materials 
Principal  Invest igators :  F. V .  Nolfi ,  J r .  and A. P.  L. Turner 
A f f i l i a t i o n :  Argonne National Laboratory 

11. OBJECTIVE 

The ob jec t ive  of t h i s  work i s  t o  es tab l i sh  the  e f f e c t s  of f lux ,  
s t r e s s ,  a l loying elements and s o l u t e  r e d i s t r i b u t i o n  on the creep- 
deformation behavior of various c lasses  of mater ia ls  d u r i n g  l igh t- ion  
i r r a d i a t i o n .  

I 1  I .  RELEVANT OAFS PROGRAM P L A N / S U B T A S K  

SUBTASK I I . C . l l . l  L i g h t  P a r t i c l e  I r rad ia t ions  

IV. SUMMARY 

Experiments were performed on Ni-4 a t .  % Si t o  examine s t r e s s  de- 
pendence and f l u x  dependence of the  i r r a d i a t i o n  creep i n  t h i s  model a l l o y .  
The s t r e s s  dependence of the i r r a d i a t i o n  creep r a t e  showed a t r a n s i t i o n  
from l i n e a r  t o  s t ronger  than l i n e a r  with increasing s t r e s s .  A l i n e a r  
dependence of creep- rate  on damage r a t e  was observed i n  t he  l i n e a r  s t r e s s  
dependence regime. The i r r a d i a t i o n  creep of t h i s  a l loy  appears t o  be 
control led by the  SIPA-driven climb and by the  dis locat ion g l i d e  enabled 
by the  SIPA-climb a t  low and h i g h  s t r e s s e s ,  respect ively .  

V .  ACCOMPLISHMENTS A N D  STATUS 

A. I r r a d i a t i o n  Creep of Hi-4 % Si -- J .  Nagakawa and V .  K. Sethi  

I n  recent progress repor ts  i t  has been shown t h a t  the  presence 
of s o l u t e  atoms causes considerable i r r a d i a t i o n  hardening i n  Ni-4 a t .  % S i  
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a l l o y  (1,2). I t  was concluded t h a t  t h i s  harden ing  e f f e c t  i s  assoc ia ted  

w i t h  r a d i a t i o n- i n d u c e d  seg rega t i on  (RIS) and concomitant  p r e c i p i t a t i o n /  

d e c o r a t i o n  o f  Frank l oops  (2 ) .  The i r r a d i a t i o n  harden ing  s a t u r a t e s  

n e a r l y  a t  a low dose (% 0.01 dpa) and f u r t h e r  i r r a d i a t i o n  reduces t h e  

thermal  creep r a t e  o n l y  s l i g h t l y ,  suggest ing  an e a r l y  f o r m a t i o n  o f  a 

r a t h e r  s t a b l e  m i c r o s t r u c t u r e  i n  t h e  a l l o y .  I n - s i t u  HVEM i r r a d i a t i o n  

s tudy  i n d i c a t e s  t h a t  even a f t e r  t h e  i r r a d i a t i o n  t o  % 0.15 dpa o n l y  a 

f r a c t i o n  o f  s o l u t e  atoms a r e  p r e c i p i t a t e d  on Frank l oops  and a s u b s t a n t i a l  

f r a c t i o n  a r e  s t i l l  i n  t h e  m a t r i x  ( 2 ) .  

Th i s  r e p o r t  p resents  s t r e s s  dependence and damage r a t e  de- 
pendence o r  i r r a d i a t i o n  c reep i n  N i- 4  a t .  % S i  a l l o y  a f t e r  s a t u r a t i o n  

o f  i r r a d i a t i o n  hardening, i . e .  a f t e r  a pseudo- stable m i c r o s t r u c t u r e  has 

been a t t a i n e d .  
exper iments on t h e  s t r e s s  and damage r a t e  dependence were per formed us ing  

t h e  same specimen (N i -4S i -9 ) ,  which had been i r r a d i a t e d  p r e v i o u s l y  t o  

0.031 dpa m a i n l y  f o r  t h e  measurements o f  p o s t i r r a d i a t i o n  c reep r a t e  as 

a f u n c t i o n  o f  i r r a d i a t i o n  dose (F ig .  6 i n  r e f .  2 ) .  Thermal c reep d a t a  

ob ta ined  w i t h  t h i s  specimen conf i rmed t h e  s t r e s s  exponent o f  3 f o r  t h e  

p o s t i r r a d i a t i o n  c reep r a t e  p r e v i o u s l y  r e p o r t e d  f o r  another  specimen 

( N i - 4 3 - 3 )  a t  a h i g h e r  dose (0.075 dpa) (1) as shown i n  F ig .  1. The 

agreement o f  t h e  thermal  c reep da ta  f o r  t h e  two samples demonstrates t h e  
r e p r o d u c i b i l i t y  o f  t h e  experiment. A l l  exper iments were per formed w i t h  

21 MeV deuterons and a t  a specimen tempera ture  o f  350°C. 

I n  o r d e r  t o  e l i m i n a t e  sample t o  sample v a r i a t i o n s ,  a l l  

S t ress  Dependence 

F i g u r e  2 shows i r r a d i a t i o n  c reep curves  o f  N i- 4  % S i  a t  va r i ous  
-1 s t r e s s e s  and a damage r a t e  o f  1 .3  x dpa s . The i r r a d i a t i o n  

c reep s t r a i n  ( i r r a d i a t i o n- e n h a n c e d  component) was eva lua ted  by s u b t r a c t i n g  

t h e  thermal  c reep s t a i n ,  es t ima ted  f rom t h e  p o s t i r r a d i a t i o n  c reep r a t e  

( a t  
d u r i n g  t h e  i r r a d i a t i o n .  

da ta  l o g g e r  newly i n s t a l l e d  t o  t h e  t o r s i o n a l  c reep system. 

15  hours a f t e r  each i r r a d i a t i o n ) ,  f r o m  t h e  t o t a l  creep s t r a i n  

S t r a i n  da ta  were a q u i r e d  eve ry  minute  by a d i g i t a l  

The i r r a d i a -  
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t i o n  creep r a t e s  i n d i c a t e d  i n  F i g .  2 were ob ta i ned  by f i t t i n g  a smooth 

cu rve  th rough  t h e  d i g i t a l  d a t a  ( c . f .  d a t a  p o i n t s  shown a t  t h e  t o p )  by a 
l e a s t  square method. The s t r e s s  i n d i c a t e d  f o r  each cu rve  i s  t h e  maximum 
shear s t r e s s .  

The s t r e s s  dependence o f  t h e  i r r a d i a t i o n  creep r a t e  ( i r r a d i a t i o n -  
enhanced component) i s  shown i n  F ig .  3. 

-1 6 f o r  1.3 x dpa . s shown i n  F i g .  2 and o t h e r  da ta  f o r  2.0 x 10- 

dpa s - l  and 0.5 x dpa . s a r e  summarized i n  t h i s  f i g u r e .  The 

i r r a d i a t i o n  creep r a t e s  f o r  1.3 x dpa . s gave a l i n e a r  s t r e s s  

dependence below 

s t r o n g e r  dependence on s t r e s s .  

regime appears t o  i n c rease  smoothly t o  3 o r  h i g h e r  w i t h  i n c r e a s i n g  s t r e s s .  
A l though  the  number o f  da ta  p o i n t s  f o r  o t h e r  damage r a t e s  i s  n o t  adequate 
t o  make a c o n c l u s i v e  statement,  t h e  t rends  i n  F i g .  3 appear s i m i l a r .  The 

r e g i o n  w i t h  t h e  l i n e a r  dependence appears t o  ex tend  t o  a h i g h e r  s t r e s s  

w i t h  i n c r e a s i n g  damage r a t e ,  b u t  a g a i n  t h e  d a t a  a r e  i n s u f f i c i e n t  t o  s t a t e  

t h i s  c o n c l u s i v e l y .  

The i r r a d i a t i o n  creep r a t e  d a t a  

-1 

-1 

50 MPa, w h i l e  above 2, 70 MPa t h e  c reep- ra te  showed a 

The s t r e s s  exponent i n  t h e  h i g h  s t r e s s  

A change i n  s t r e s s  exponent s i m i l a r  t o  t h e  p resen t  r e s u l t  has been 

r e p o r t e d  f o r  cold-worked Type 321 ( 3 )  and 316 ( 4 )  s t a i n l e s s  s t e e l .  
Schwaiger, Jung and U l l m a i e r  ( 4 )  argued t h a t  t h e  t r a n s i t i o n  f r o m  l i n e a r  
t o  q u a d r a t i c  i n  t h e  co ld-worked Type 316 s t a i n l e s s  s t e e l  c o u l d  be e x p l a i n -  

ed by Mansur's model ( 5 ) .  Accord ing t o  t h i s  model t h e  i i n e a r  s t r e s s  
dependence a t  low s t r e s s e s  i s  caused by t h e  s t ress- induced  p r e f e r e n t i a l  

a b s o r p t i o n  (SIPA) o f  p o i n t  d e f e c t s  (PA - c reep)  and t h e  q u a d r a t i c  de- 

pendence a t  h i g h e r  s t r esses  r e s u l t s  f rom t h e  c l imb- enabled g l i d e  (bow-out)  

o f  network  d i s l o c a t i o n s  due t o  S I P A  (PAG - c reep) .  

d e n s i t y  enhances PA-creep more than  PAG-creep and s h i f t s  t h e  t r a n s i t i o n  

t o  a h i g h e r  s t r e s s  because o f  t h e  d i f f e r e n t  dependences on t h e  d i s -  

l o c a t i o n  d e n s i t y  (5 ) .  

H igher  d i s l o c a t i o n  

A l though  t h e  N i- 4  % S i  specimen i n  t h e  p resen t  i n v e s t i g a t i o n  was 

n o t  cold-worked, t h e  v e r y  h i g h  d e n s i t y  o f  decora ted  Frank loops  suppress 
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t h e  g l i d e  c o n t r i b u t i o n  t o  t h e  i r r a d i a t i o n  c reep and consequent ly  t h e  S I P A-  
d r i v e n  c l i m b  overwhelms t h e  c l i m b- g l i d e  c o n t r i b u t i o n  a t  l ow  s t resses .  
Frank l oops  may c o n t r i b u t e  t o  t h e  i r r a d i a t i o n  c reep by t h e  SIPA- dr iven 

c l i m b  (g row th )  i n  a d d i t i o n  t o  t h e  c l i m b  o f  o t h e r  d i s l o c a t i o n s  i n t r o d u c e d  
d u r i n g  t h e  thermal  c reep p r i o r  t o  t h e  i r r a d i a t i o n  ( u s u a l l y  f o r  Q, 60 hours) .  

A t  h i g h e r  s t resses  t h e  c l imb- enabled g l i d e  c o n t r i b u t i o n  appears t o  

become dominant w i t h  a g r e a t e r  than l i n e a r  s t r e s s  dependence as suggested 

by Mansur ( 5 ) .  
and t h e  s t r e s s  exponent appeared t o  i nc rease  t o  t h r e e  o r  h i g h e r  w i t h  

i n c r e a s i n g  s t ress .  More s o p h i s t i c a t e d  c l imb- enab led  g l i d e  medels based 

on t h e  h i g h  tempera ture  thermal  c reep mechanisms a r e  expected t o  g i v e  a 

g r e a t e r  than q u a d r a t i c  s t r e s s  dependence. 

The observed s t r e s s  dependence d i d  n o t  remain q u a d r a t i c  

Damage Rate Dependence 

F i g u r e  4 shows t h e  damage r a t e  dependence o f  t h e  i r r a d i a t i o n  

creep r a t e  ( i r r a d i a t i o n- e n h a n c e d  component) f o r  N i- 4  a t .  % S i  i r r a d i a t e d  
w i t h  21 MeV deuterons a t  350°C under t h e  maximum shear s t r e s s  o f  34.5 MPa. 

Th is  f i g u r e  c l e a r l y  shows t h a t  t h e  c reep component due t o  i r r a d i a t i o n  has 

a l i n e a r  dependence on t h e  damage r a t e .  
dpa . 5-l appears t o  show a g r e a t e r  than l i n e a r  f l u x  dependence. 

t h i s  may be due t o  t h e  f a c t  t h a t  s t r o n g  f o c u s i n g  was r e q u i r e d  f o r  t h e  
c y c l o t r o n  beam t o  o b t a i n  t h e  h i g h  damage r a t e .  T h i s  inc reases  t h e  

u n c e r t a i n t y  o f  measurement o f  t h e  beam i n t e n s i t y  on t h e  sample. 

q u i t e  p o s s i b l e  t h a t  t h e  damage r a t e  o f  2.0 x dpa s 1 s  an under-  
e s t i m a t e  f o r  t h i s  p a r t i c u l a r  datum. 

6 

However, 
The i r r a d i a t i o n  a t  2.0 x 10- 

I t i s  
-1 . 

F i g u r e  5 shows t h e  damage r a t e  dependence o f  t h e  i r r a d i a t i o n  
c reep a t  a h i g h e r  s t r e s s  (103 MPa) and a t  a l ower  s t r e s s  (23 NPa) i n  

a d d i t i o n  t o  t h e  da ta  shown i n  F ig .  4 on a l o g a r i t h m i c  sca le .  

s t r e s s ,  wh ich  i s  above t h e  l i n e a r  s t r e s s  dependence range, t h e  damage 

r a t e  dependence appears t o  be weaker than l i n e a r  (exponent * 2 / 3 ) .  

ever,  c o n f i r m a t i o n  o f  a 2/3 dependence i n  t h e  h i g h  s t r e s s  regime w i l l  
r e q u i r e  more exper iments.  

A t  t h e  h i g h e r  

How- 
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Effect of Sol Utes 

Solute atoms in the matrix a re  expected t o  a f f ec t  the i r rad ia t ion  
creep by the following mechanisms: i )  Point defect trapping a t  solute  
atoms reduces the f ree  i n t e r s t i t i a l  concentration by an enhanced vacancy- 
i n t e r s t i t i a l  recombination (6,7). i i )  I f  the solute  atom i s  undersized so 
as t o  form mobile i n t e r s t i t i a l - so lu t e  complex, the bias factor  would be 

a l te red  owing t o  a reduced s i ze  e f f ec t  contribution and t o  a change in 
modulus of the i n t e r s t i t i a l  dumbbell ( 6 ) .  i i i )  Composition gradients o r  
precipi ta t ion a t  defect  sinks t h r o u g h  RIS may modify the bias fac tor  fo r  
defects (7 ) .  In general solute  atoms a re  expected t o  reduce the i r rad ia-  
t ion creep. 

I t  is d i f f i c u l t  t o  make a c lear  comparison of the i r rad ia t ion  
creep behavior between pure Ni and  Ni-4 % Si because of the  difference in 
microstructure and o f  the uncertainty of i r rad ia t ion  creep mechanism in 
pure Ni. 
creep of the two materials a t  the s t resses  which give the same post- 
i r rad ia t ion  creep ra te .  
pure Ni and a t  34.5 Mpa for  Ni-4 % Si as shown in Fig. 1 .  A t  these s t r e s s-  
es the  a l loy and, probably, the pure Ni a re  the l i enar  s t r e s s  dependence 
range, and the simple SIPA mechanism may be operational in b o t h  materials. 
The i r rad ia t ion  creep ra tes  a t  2 x dpa s are 3.7 x 10- 
and 2.2 x 10- 
t ive ly .  Solute atoms seem to  reduce the i r rad ia t ion  creep r a t e  of Ni by 
about  40 % w h i c h  appears t o  be a reasonable amount f o r  any combination o f  
the  mechanisms mentioned above. 

For a crude approximation one might compare the i r rad ia t ion  

This condition can be attained a t  20 MPa for  

-1 9 ,-1 

s-l f o r  pure Ni ( r e f .  1 )  and Ni-4 % Si (Fig. 5 ) ,  respec- 
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VII. FUTURE WORK 

The temperature dependence of  the i r r a d i a t i o n  enhanced creep of Ni-4 % 

Si wil l  be invest igated.  
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Figure 1 .  Comparison o f  the s t r e s s  dependence o f  the thermal creep r a t e  
for N i - 4  a t .  % S i  and pure Ni. 
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Figure 2. Irradiation creep curves (irradiation-enhanced creep strain 
-1 vs.  time) of Ni-4 at. % Si at 1.3 x dpa s for various 

stresses. 
creep component and by shifting back to the origin. 

Each curve was obtained by subtracting the thermal 

109 



T 7 350'C 
21 MeV DEUTERONS 

4 

10- 500 I( 
lo- 10 50 100 '0 

Figure 3 .  Stress  dependence o f  the i r rad ia t ion  creep ( i r rad ia t ion-  
enhanced component) for Ni-4 a t .  % Si. 
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Figure 4. Irradiation creep rate (irradiation-enhanced component) as a 
function o f  damage rate (ion f l u x )  for Ni-4 at. % Si at 34.5 
MPa . 
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Figure 5. Damage rate dependence o f  the irradiation creep (irradiation- 
enhanced component) for Ni- 4 at. % S i  at 23 MPa, 34 .5  MPa and 
103 MPa. 
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I .  PROGRAM 

T i t l e :  S i m u l a t i n g  t h e  CTR Environment i n  t h e  HVEM 

P r i n c i p a l  I n v e s t i g a t o r s :  W .  A. Jesser  and R. A.  Johnson 

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

I I .  OBJECTIVE 

The 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  t h e  i n f l u e n c e  o f  a 

r a d i a t i o n  produced m i c r o s t r u c t u r e  i n  t h e  f r a c t u r e  o f  h e l i u m  i r r a d i a t e d  

t y p e  316 s t a i n l e s s  s t e e l  a t  room temperature.  

I l l .  RELEVANT DAFS PROGRAM TASWSUBTASK 

Task l l .C.14.2  Fundamental r e l a t i o n s  between m i c r o s t r u c t u r e  and 

f r a c t u r e  mechanisms. 

I V .  SUMMARY 

Two h e l i u m  i r r a d i a t e d  samples o f  t y p e  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  

t o  t h e  same f luence ,  b u t  each aged a t  a d i f f e r e n t  temperature  t o  produce 

d i s s i m i l a r  m i c r o s t r u c t u r e s ,  were b o t h  t e n s i l e  t e s t e d  a t  room temperature  

i n  an HVEM. Embr i t t l ement  o c c u r r e d  i n  t h e  sample w i t h  no v i s i b l e  c a v i t i e s ,  

i n  c o n t r a s t  t o  t h e  more d u c t i l e  f a i l u r e  of t he  sample w i t h  l a r g e  c a v i t i e s .  

V .  ACCOMPLISHMENT AN0 STATUS 

Room Temperature Hel ium E m b r i t t l e m e n t  i n  316 Type S t a i n l e s s  S t e e l  
J. I .  Bennetch and W .  A .  Jesser ,  M a t e r i a l s  Science Department, 
U n i v e r s i t y  o f  V i r g i n i a ,  C h a r l o t t e s v i l l e ,  V i r g i n i a  22901. 

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

The e f f e c t  o f  t h e  presence o f  h e l i u m  i n  t h e  f i r s t  w a l l  cand ida te  

m a t e r i a l s  f o r  t h e  f u s i o n  program has been and i s  b e i n g  e x t e n s i v e l y  i nves-  

t i g a t e d  at h i g h  temperatures.  Less emphasis has been p laced  on h e l i u m ' s  

e f f e c t s  on these  m a t e r i a l s  at l o w  temperatures,  e.g. room temperature ,  
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e s p e c i a l l y  under c o n d i t i o n s  when a v o i d  p o p u l a t i o n  i s  not  p resen t .  

s t a b i l i t i e s  i n  t h e  plasma, however, can cause l a r g e  amounts o f  h e l i u m  t o  

be  i n j e c t e d  i n  a s h o r t  t i m e  i n t o  t h e  f i r s t  wall, b e f o r e  a c a v i t y  popula-  

t i o n  has developed. The i n t e n t  o f  t h i s  research  i s  t o  demonstrate t h a t  

h e l i u m  e m b r i t t l e m e n t  i n  316 SS i s  p o s s i b l e  a t  room temperature ,  when 

no v i s i b l e  c a v i t i e s  a r e  p resen t .  

In-  

2 .  Exper imenta l  D e t a i l s  

E l e c t r o p o l i s h e d  e l e c t r o n  t r a n s p a r e n t  s o l u t i o n  annealed r ibbons  o f  

316 t y p e  s t a i n l e s s  s t e e l  were f i r s t  h e l i u m  ion i r r a d i a t e d  i n - s i t u  i n  an 

HVEM-ion a c c e l e r a t o r  l i n k  t o  f l u e n c e s  Q, IO1* cm-= a t  an i r r a d i a t i o n  tem- 

p e r a t u r e  o f  % 250 C .  A t  a dep th  o f  100 nm, t h i s  f l u e n c e  cor responds t o  

Q, 0.01 He atoms d e p o s i t e d  per  atom (l0,OOO appm), i f  one assumes t h a t  no 

h e l i u m  escaped d u r i n g  i r r a d i a t i o n .  A f t e r  t h e  i r r a d i a t i o n  was completed,  

Sample A was aged a t  400' C f o r  2 minutes and Sample B was aged a t  900 

f o r  IO minutes ( b o t h  i n  a c l e a n  vacuum o f  about  Pa). Then, t h e  

samples were t e n s i l e  t e s t e d  t o  f a i l u r e  a t  room temperature  i n  an HVEM. 

0 

0 C 

3 .  R e s u l t s  

a .  M i c r o s t r u c t u r e  

A f t e r  t h e  comp le t ion  o f  t h e  a g i n g  t r e a t m e n t  a t  400 
0 C ,  Sample A had 

a h i g h  d e n s i t y  o f  b l a c k  s p o t  ( i n t e r s t i t i a l  d i s l o c a t i o n  loop)  damage. 

S ince  no bubbles were v i s i b l e  when viewed a t  a m a g n i f i c a t i o n  o f  100,000, a 

maximum b u b b l e  d iamete r  was e s t i m a t e d  t o  be  l e s s  than 2 nm. However, a 

h i g h  tempera tu re  a g i n g  t r e a t m e n t  (900' C )  f o r  Sample B produced i n  t h e  

t h i c k e r  r e g i o n s  v e r y  l a r g e  bubbles o r  c a v i t i e s ,  b o t h  i n  t h e  g r a i n  i n t e r i o r  

(150 nm < d iamete r  < 400 nm) and i n  g r a i n  boundar ies  (300 nm e d iamete r  < 
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800 nm) .  Even l a r g e r  c a v i t i e s  were observed on occas ion  i n  b o t h  l o c a t i o n s ;  

however, as bubb le  d iameters  approach t h e  f i l m  t h i c k n e s s  (< % 700 nm), 

t h e  bubbles l i k e l y  become penny shaped i n  appearance. 

b. Crack Propaga t ion  C h a r a c t e r i s t i c s  

D e s p i t e  t h e  f a c t  t h a t  b o t h  aged samples l i k e l y  con ta ined  s i m i l a r  

amounts o f  h e l i u m  (% 10,000 appm a t  a depth  o f  100 nm), t h e  r e s p e c t i v e  

c racks  propagated i n  q u i t e  d i f f e r e n t  manners as t h e  two samples were t e s t -  

ed t o  f a i l u r e  a t  room temperature .  Cracks advancing i n  Sample A ( c o n t a i n-  

i n g  no v i s i b l e  bubbles o r  c a v i t i e s )  were o f  a mixed i n t e r g r a n u l a r  and 

t r a n s g r a n u l a r  mode. On t h e  o t h e r  hand, c racks  i n  Sample B ( c o n t a i n i n g  

l a r g e  bubbles i n  t h e  m a t r i x  and on g r a i n  boundar ies)  propagated i n  a 

p u r e l y  t r a n s g r a n u l a r  mode. F u r t h e r ,  these  l a r g e  h e l i u m  f i l l e d  c a v i t i e s ,  

i n s t e a d  o f  a c t i n g  as e m b r i t t l i n g  agents i n  t h e  m a t e r i a l ,  were observed t o  

behave i n  t h e  o p p o s i t e  fash ion ,  e l o n g a t i n g  i n  f r o n t  o f  t h e  c rack  t i p  i n  a 

d u c t i l e ,  n o t  b r i t t l e ,  f a s h i o n .  T h i s  same d u c t i l e  i n f l u e n c e  o f  c a v i t i e s  on 

c r a c k  p ropaga t ion  has been observed i n  n e u t r o n  i r r a d i a t e d  specimens t e s t e d  

a t  600° C [ I ] .  

Other  TEM measures o f  d u c t i l i t y  i n c l u d e  c r a c k  a n g l e  and p l a s t i c  zone 

w i d t h  p e r p e n d i c u l a r  t o  c r a c k  f l a n k s .  I t  has been shown, for  ins tance ,  

t h a t  c racks  p ropaga t ing  i n  an u n i r r a d i a t e d  s o l u t i o n  annealed sample o f  

316 S S  t e s t e d  a t  25' C t y p i c a l l y  have c rack  ang les a t  % l o o  and zone w i d t h s  

o f  1- 2 pm [ 2 ] .  An examina t ion  of t hese  c r i t e r i a  i n  Sample A revea led  t h a t  

c r a c k  ang les ranged f rom 3 

0.2 pm. The va lues  o f  these  parameters i n  Sample B were ~r IO f o r  t h e  

c r a c k  a n g l e  and 0.3 to  0.9 pm fo r  a range o f  va lues  for  t h e  zone w i d t h .  

0 
t o  6' and zone w i d t h s  ranged f rom 0.05 t o  

0 
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One can c l e a r l y  see the d r a m a t i c  loss of  d u c t i l i t y  o v e r  u n i r r a d i a t e d  316 SS 

as demonstrated i n  Sample A (which l l k e l y  con ta ined  IO4 appm He i n  t h e  

t h i n n e r  r e g i o n s  b u t  no v i s i b l e  c a v i t i e s ) .  In  comparison, Sample B (which 

con ta ined  a s i m i l a r  c o n c e n t r a t i o n  o f  He b u t  had v e r y  l a r g e  c a v i t i e s )  showed 

o n l y  a s l i g h t  r e d u c t i o n  i n  d u c t i l i t y ,  as shown by a decrease i n  zone w i d t h ,  

b u t  no change i n  c r a c k  ang le .  I t  i s  no s u r p r i s e  then t h a t  Sample A had 

b r i t t l e  i n t e r g r a n u l a r  and t r a n s g r a n u l a r  c racks  w h i l e  Sample B had o n l y  

more d u c t i l e  t r a n s g r a n u l a r  c racks.  As an i l l u s t r a t i o n  o f  these f e a t u r e s  

d iscussed  i n  t h e  t e x t ,  F i g u r e s  i and 2 show micrographs o f  t y p i c a l  c racks  

i n  Samples A and B. Note t h e  long narrow c r a c k  from Sample A i n  F i g u r e  1 

showing t h e  v e r y  sma l l  p l a s t i c  zone w i d t h .  In  comparison, t h e  c r a c k  i n  

Sample B i n  F i g u r e  2 opened t o  a much l a r g e r  ang le .  The l i g h t  areas 

p a r a l l e l  t o  t h e  main c r a c k  i n  F i g u r e  2 a r e  t h i n n e d  reg ions  opening i n  

f r o n t  o f  t h e  c rack .  T h e i r  w i d t h s  a r e  a measure o f  t h e  s i z e  o f  t h e  p l a s t i c  

zone, much l a r g e r  than  those  w i d t h s  i n  Sample A.  

4. D i s c u s s i o n  

A t  f i r s t  g lance ,  t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  appear t o  be i n  

d i r e c t  c o n f l i c t  t o  those  f i n d i n g s  by F i s h  and Hunter  [3] and Bloom 

e t  a l .  [41 .  They r e p o r t e d  o n l y  t r a n s g r a n u l a r  f r a c t u r e  for  room tempera- 

t u r e  de fo rmat ion  o f  n e u t r o n  i r r a d i a t e d  s t a i n l e s s  s t e e l ,  independent o f  

f l u e n c e  and hence independent o f  h e l i u m  c o n c e n t r a t i o n .  However, Raw1 

e t  a l .  [51 and West and Raw1 [61 have r e p o r t e d  r o o m  temperature  e m b r i t t l e -  

ment o f  s t a i n l e s s  s t e e l  c o n t a i n i n g  3He. 

paradox may be  found i n  an examina t ion  o f  t h e  m i c r o s t r u c t u r e .  

t h e  f a s t  n e u t r o n  i r r a d i a t e d  samples o f  F i s h  and Hun te r  [3] and o f  

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

A l though  
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Bioom e t  al. [41 do n o t  have a c a v i t y  s i z e  quoted, F i s h  and H u n t e r ' s  

samples were damaged i n  t h e  EBR-II r e a c t o r .  S ince  t he  f a s t  neu t ron  

i r r a d i a t e d  samples t e s t e d  a t  t h e  U n i v e r s i t y  o f  V i r g i n i a  were also damaged 

a t  t h a t  same r e a c t o r  f a c i l i t y ,  t h e  m i c r o s t r u c t u r e s  o f  t he  samples a r e  

presumed t o  be s i m i l a r .  These samples, hav ing  c a v i t i e s  w i t h  d iameter  

- < 20 nm, f a i l e d  i n  a t r a n s g r a n u l a r  mode a t  room tempera ture  and i n  an 

i n t e r g r a n u l a r  mode a t  600 C [ I ,  71. A s i m i l a r  p a t t e r n  was found f o r  a 

c e r t a i n  sample h e l i u m  i r r a d i a t e d  a t  t h i s  f a c i l i t y .  A 316 SS r i b b o n  i r -  

r a d i a t e d  t o  IO1' cm-* (p robab ly  cor respond ing  t o  a IO3 appm c o n c e n t r a t i o n  

o f  He a t  a depth o f  100 nm), aged a t  900' C f o r  38 minutes t o  produce 

% 3 . 5  nm d iameter  c a v i t i e s ,  con ta ined  b o t h  t r a n s g r a n u l a r  and i n t e r g r a n u l a r  

c racks  t h a t  were c r e a t e d  by t h e  ag ing  process a t  t he  e l e v a t e d  temperature.  

Only t r a n s g r a n u l a r  c racks  con t i nued  t o  grow when t h e  sample was t e s t e d  a t  

room tempera ture  [8 ] .  

no ted  a s i m i l a r  tempera ture  dependent f r a c t u r e  behav io r  fo r  304L and 3095 

s t a i n l e s s  s t e e l  samples c o n t a i n i n g  3He w i t h  c a v i t i e s  whose d iameter  

averaged a l a r g e r  4.5 nm d iameter .  

0 

i n  suppo r t  o f  these  f i n d i n g s ,  A .  W. Thompson [ g ]  

I n  c o n t r a s t ,  when Rawi e t  a l .  and West and Raw1 found t h a t  t r i t i u m  

0 
charged s t a i n l e s s  s t e e l  was aged a t  low temperatures (-20' C and 0 

r e s p e c t i v e l y )  and then  t e n s i l e  t e s t e d ,  loss o f  d u c t i l i t y  (and o f t e n  i n t e r -  

g r a n u l a r  f a i l u r e )  o c c u r r e d  a t  room temperature.  They l i n k e d  t h i s  loss o f  

d u c t i l i t y  t o  a supposed l a c k  o f  3He f i l l e d  bubb les  i n  t h e i r  samples. 

(Even though no TEM examinat ions  were a c t u a l l y  c a r r i e d  o u t  on t h e i r  

samples, i t  was f e l t  t h a t  3He would n o t  c l u s t e r  i n to  bubbles a t  T = 0 

or -20 C . )  They suggested he l ium,  t rapped i n  t h e  l a t t i c e ,  cou ld  then  

C ,  

0 
C 

0 
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s e r v e  as p i n n i n g  s i t e s  for d i s l o c a t i o n s ,  c r e a t i n g  t h e  e m b r i t t l i n g  e f f e c t  

observed a t  25' C .  

V I .  CONCLUSIONS 

I n  t h e  p r e s e n t  work, room temperature  e m b r i t t l e m e n t  o c c u r r e d  i n  a 

sample w i t h  no v i s i b l e  c a v i t i e s .  S ince ano ther  sample w i t h  t h e  same 

amount o f  h e l i u m  b u t  w i t h  l a r g e  bubbles f a i l e d  i n  a t r a n s g r a n u l a r  mode a t  

room temperature ,  i t  can be concluded t h a t  t h e  e x i s t e n c e  of h e l i u m  i n  t h e  

sample i s  n o t  s u f f i c i e n t  t o  cause e m b r i t t l e m e n t ,  as has been r e p o r t e d  

p r e v i o u s l y  [IO]. F u r t h e r ,  a c r i t i c a l  parameter fo r  h e l i u m  e m b r i t t l e m e n t  

a t  room temperature  appears t o  be  a maximum c a v i t y  d iamete r  which i s  

a p p a r e n t l y  l e s s  than 3.5 nm. 
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Figure 1 :  TEM micrograph o f  an in tergranular  crack propagating i n  Sample A ,  
which was helium i r r a d i a t e d  t o  a f luence o f  % l 0 l 8  cm 
(% j 0 4  appm of He a t  a depth o f  100 nm) aged f o r  2 minutes a t  
400 C and tested a t  room temperature. 
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I .  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  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 :  A.  P. L. Tu rner  and F. V. N o l f i ,  Jr .  

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  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  de te rm ine  t h e  e x t e n t  and c h a r a c t e r -  

i s t i c s  o f  s o l u t e  r e d i s t r i b u t i o n  d u r i n g  i r r a d i a t i o n  i n  cand ida te  c lasses  o f  

MFR a l l o y s ,  and i t s  concomi tant  e f f e c t  on phase s t a b i l i t y  and m a t e r i a l s  

p r o p e r t i e s .  

111. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I . C . l  .l. Phase S t a b i l i t y  Mechanism Exper iments 

I V .  SUMMARY _- 

Radia t ion- induced  s e g r e g a t i o n  (RIS) o f  a l l o y i n g  elements t o  t h e  

s u r f a c e  d u r i n g  3 MeV 58Ni+ i o n  bombardment was i n v e s t i g a t e d  i n  a l l o y s  
o f  Fe-20Cr-12Ni ( a t .  % )  c o n t a i n i n g  c o n t r o l l e d  a d d i t i o n s  o f  S i  and Mo. 

The s e g r e g a t i o n  p r o f i l e s ,  determined by Auger e l e c t r o n  spect roscopy,  show 

t h a t  N i  and S i  a r e  enr iched,  w h i l e  C r  and Mo a r e  d e p l e t e d  a t  t h e  i r r a d i a t e d  

sur faces.  The d a t a  i n d i c a t e s  t h a t  t h e  R I S  o f  N i  and C r  a r e  a f f e c t e d  by 

t h e  presence o f  Mo and S i  i n  t h e  a l l o y .  However, no obv ious t r e n d s  a r e  

observed as a f u n c t i o n  o f  t h e  m inor  s o l u t e  c o n c e n t r a t i o n .  The tempera- 

t u r e  dependence o f  t h e  R I S  o f  t h e  a l l o y i n g  elements was a l s o  i n v e s t i g a t e d .  

A l o c a l  maximum o f  s e g r e g a t i o n  a t  ?i 500°C i s  observed f o r  S i  f o l l o w e d  by 

a sharp  i n c r e a s e  i n  s e g r e g a t i o n  a t  h i g h e r  temperatures.  The tempera tu re  

dependence of  s e g r e g a t i o n  f o r  C r ,  N i  and Mo shows con t inuous  i n c r e a s e  w i t h  

temperature  i n  t h e  temperature  reg ime i n v e s t i g a t e d .  
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The v o i d  s w e l l i n g  da ta  on these a l l o y s  i s  a l s o  presented as a 

f u n c t i o n  o f  temperature and composit ion. 
by a f f e c t i n g  both t h e  nuc lea t i on  and t h e  growth o f  t h e  voids. 

i n g  temperature f o r  a l l  t h e  a l l o y s  con ta in ing  minor so lu tes  a r e  found t o  
be lower (- 5OOC) than t h a t  o f  t h e  base a l l o y  (peak s w e l l i n g  temperature - 660°C). 

Add i t ions  o f  S i  reduce the  s w e l l i n g  

The swe l l -  

V. ACCOMPLISHMENTS AND STATUS 

A. E f f e c t s  o f  Minor Elements on t h e  R I S  and Swel l ing  i n  Type 316 SS 

A l l oys  -- V. K. Se th i  

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

Radiat ion- induced segregat ion (RIS) o f  a l l o y i n g  elements t o  

and away f rom d e f e c t  s i nks  du r i ng  displacement producing i r r a d i a t i o n s  i s  

a comronly observed phenomenon. 

mental observat ions have been made on var ious  b i n a r y  a l l o y s  (1-16), w h i l e  
t he  number o f  i n v e s t i g a t i o n s  t h a t  d e a l t  w i t h  t h e  understanding and charac ter-  

i z a t i o n  o f  t he  R I S  i n  complex a l l o y s  i s  l i m i t e d  (17-21). 
a l l o y s ,  t h e  composi t ional  mod i f i ca t i ons  caused by R I S  can have a 

d e l e t e r i o u s  e f f e c t  on t h e  a l l o y  performance w i t h  respec t  t o  t h e  v o i d  swe l l -  

ing ,  mechanical p rope r t i es ,  and co r ros ion  res is tance.  An understanding 

o f  R I S  and i t s  ex ten t  i n  these a l l o y s  i s  thus o f  cons iderab le  importance 

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

Over t he  pas t  few years, numerous expe r i -  

I n  engineer ing 

We r e p o r t  here r e s u l t s  on Fe-2OCr-12Ni (a t .  %) a l l o y s  w i t h  

minor a d d i t i o n s  o f  Mo and S i .  Segregat ion o f  t h e  a l l o y i n g  elements, and 

v o i d  s w e l l i n g  o f  t h e  a l l o y s  were determined as a f u n c t i o n  o f  temperature 
and composit ion, i n  o rder  t o  e s t a b l i s h  a c o r r e l a t i o n  between t h e  two 

phenomenon. 
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2. Experimental 

Samples i n  the form of  3mm disks were punched ou t  from t h e  
r o l l e d  s tock  of Fe-2OCr-1PNi; Fe-2OCr-12Ni-1Si; Fe-ZOCr-lZNi-ZSi; 
Fe-2OCr-12Ni-1Mo; Fe-ZOCr-12Ni-ZMo;. Fe-20Cr-12Ni-1Mo-1Si; and Fe-2OCr-12Ni- 
2Mo-2Si ( a t .  % )  a l l o y s .  The a l l o y s  were prepared from h i g h  p u r i t y  s t a r t -  
i n g  ma te r i a l s  by vacuum a r c  melt ing,  and were homogenized by l e v i a t i o n .  
Samples were s o l u t i o n  annealed i n  an i n e r t  atmosphere f o r  2 h a t  1O5O0C, 
followed by an 8 h aging t reatment  a t  800°C. P r i o r  t o  i r r a d i a t i o n ,  one 
su r face  of  each sample was meta l lographica l ly  pol ished o p t i c a l l y  f l a t  and 
then e l ec t ropo l i shed  t o  remove any cold-worked su r face  ma te r i a l .  

I r r a d i a t i o n s  were performed a t  t h e  Argonne National Laboratory 

Dual-Ion I r r a d i a t i o n  F a c i l i t y  w i t h  3.0 MeV 58Nit ions i n  
vacuum. An in f r a red  pyrometer was used t o  monitor the individual  sample 
temperatures d u r i n g  i r r a d i a t i o n .  
various temperatures t o  21 2 x dpa . s . The r a t e  a t  t h e  su r face  of 
t h e  sample was 21 30% of t h e  peak r a t e .  
Brice codes RASE3 and OAMG2 ( 2 2 )  using a displacement energy of 40 eV. 

t o r r  

Alloy samples were i r r a d i a t e d  a t  
-1 

The doses were ca l cu la t ed  by t h e  

The i r r a d i a t e d  su r faces  were composition depth p ro f i l ed  by 
Auger e l ec t ron  spectroscopy u s i n g  a primary e l ec t ron  beam of 5 kV. 
Sput te r ing  w i t h  1 kV argon ions was in t e r rup ted  p e r i o d i c a l l y  t o  record 
Auger spectra. The concent ra t ions  of major a1 loying elements were 
ca l cu la t ed  u s i n g  s e n s i t i v i t y  f a c t o r s  determined from the  s tandard a l l o y s  
of  Fe-Cr-Ni. For minor elements t h e  s e n s i t i v i t y  f a c t o r s  used were those 
a v a i l a b l e  i n  the l i t e r a t u r e  (23) .  

Void swel l ing  measurements were made by t ransmission e l e c t r o n  
I r r a d i a t e d  specimens, a f t e r  AES depth p r o f i l i n g ,  were microscopy. 

e lec t rochemica l ly  sectioned t o  t h e  peak damage region and back-thinned 
for  TEM observat ions.  
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3. Results 

The composit ion depth p r o f i l e s  f o r  var ious a l l o y s  a r e  shown 

i n  Figs. 1-7. Each f i g u r e  shows depth p r o f i l e s  o f  specimens i r r a d i a t e d  

a t  430°, 540", 600" and 675' (?  5")C. Considerable s o l u t e  r e d i s t r i b u t i o n  
i s  obvious (no s i g n i f i c a n t  composit ional v a r i a t i o n s  a r e  observed i n  un- 

i r r a d i a t e d  c o n t r o l  specimens, except f o r  a s l i g h t  enrichment o f  C r  a t  the 

sur face caused by ox ida t i on ) .  I n  a l l  the  a l l o y s  and a t  a l l  t h e  temperatures, 

R I S  o f  the  c o n s t i t u e n t  elements i s  cons i s ten t  w i t h  the  p r e d i c t i o n s  o f  the  
s i z e - e f f e c t  (18). N i  and S i  a r e  undersize so lu tes  and a r e  enr iched i n  
the  near sur face reg ion ,  w h i l e  C r  and Mo are  overs ize  so lu tes  i n  these a l l o y s  

and a r e  depleted. 

observed c lose  t o  the  surface. A c a r e f u l  ana lys i s  o f  t h e  Auger spectra 
obta ined from the  near sur face reg ion  i n d i c a t e d  t h a t  t h e  sur face reg ion  

(% 2 nm) conta ined an appreciable amount o f  oxygen, i n d i c a t i n g  t h a t  t h e  

excess C r  cou ld  be r e l a t e d  t o  t h e  s l i g h t  o x i d a t i o n  t h a t  occurs e i t h e r  du r ing  

i r r a d i a t i o n  o r  du r ing  subsequent storage. 

I t  should be noted t h a t  f requen t l y  a narrow C r  peak i s  

Comparison o f  t h e  N i  p r o f i l e s  i n  var ious a l l o y s  shows t h a t  

i n  S i  con ta in ing  a l l o y s  i n  F i g s .  2, 3, 6 and 7, a t  temperatures where 
considerable S i  segregat ion occurs, t h e  maximum N i  concent ra t ion  i s  observed 

n o t  a t  the  i r r a d i a t e d  sur face b u t  a t  depths where S i  concent ra t ion  f a l l s  

t o  ?i 15 a t .  %. I n  add i t i on ,  a l though t h e  enrichment o f  N i  i n  t h e  near  
sur face  reg ion  va r ies  and can be as l a r g e  as 45 a t .  %, the  concent ra t ion  

o f  N i  i n  t h e  under ly ing  depleted zone i s  always % 10 a t .  %. Maximum S i  

concent ra t ion  i s  always observed a t  t h e  i r r a d i a t e d  surface, and i n  some 
cases i s  as l a r g e  as 50 a t .  %. 

For q u a n t i t a t i v e  comparison o f  t h e  R I S  o f  C r ,  N i ,  Si and Mo 

as a f u n c t i o n  o f  composit ion and temperature, a measure o f  segregat ion was 

de f i ned  as the  amount o f  s o l u t e  t ranspor ted  t o  o r  away from t h e  surface. 

Th is  q u a n t i t y  i s  determined by i n t e g r a t i n g  t h e  excess ( o r  d e f i c i t )  o f  
t h e  concent ra t ion  above ( o r  below) t h e  concent ra t ion  CB from t h e  su r face  



t o  the appropriate d e p t h  where C = CB ( the  b u l k  concentration).  

The segregation of Ni and  Cr as a function of S i  and  Mo 

Clearly, the content of the alloy a r e  shown in Figs. 8 ( a )  and 8 ( b ) .  
minor solute  additions a f f ec t  the segregation of the  major alloying 
elements. The data shows t h a t  in general, Si additions a f f ec t  the segrega- 
t i o n  of Ni and Cr more than do the  Mo additions. No c lear  trends are 
observed as a function of minor solute  concentration. 

The temperature dependencies o f  the RIS of various elements 
in these a l loys  a re  shown in F i g .  10. I t  i s  evident t h a t  the segregation 
o f  N i ,  Cr, and Mo increases monotonically with increasing temperature 
in the temperature regime investigated. 
S i  segregation exhibits  a maximum a t  ?I 600"C, and a sharp increase a t  
higher temperatures. 

The  temperature dependence of 

The void swelling d a t a  obtained from the same specimens on 
which AES measurements were made i s  shown i n  Figs. 11-14, as a function 
of temperature and composition. The main features of the data a r e  

1 .  Si additions t o  the  a l loys  i nh ib i t  swelling by a f fec t -  
ing b o t h  the nucleation and the growth  o f  the voids. 

2. 
complex. 
swelling and then decrease. 
t o  the  S i  containing alloys.  

The e f f ec t s  o f  Mo addit ions on the swelling appear t o  be 
Increasing additions of Mo t o  the base a l loy f i r s t  increase the  

Similar behavior i s  observed when Mo i s  added 

3 .  The peak swelling temperature fo r  the base a l loy (Fe- 
20Cr-12Ni) i s  * 66OoC, and  s h i f t s  t o  lower temperatures with the addition 
of minor solutes.  

These observations are consistent w i t h  those of previous i n -  
vestigators on similar al loys (24-28). 
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4. Discussion 

Radiation-induced solute  segregation can be understood in 
terms of a preferential  migration of i n t e r s t i t i a l s  via undersize solute  
atoms, and of vacancies via oversize solute  atoms resul t ing in the transport  

of the undersize solutes  t o  the sinks (enrichment), and  the transport  of the 
oversize solutes  away from the sinks (depletion) (18) .  However, since 
during i r rad ia t ion  the mass transport  occurs via the vacancy as well as via 
the i n t e r s t i t i a l  f lux.  The transport  of any given alloying component by 
the i n t e r s t i t i a l  f lux t o  the sink,  and  by the vacancy f lux away from the 
sink compete against  each other.  
co-workers ( 2 9 )  have shown tha t  the depletion of a component occurs a t  the 
sinks when the preferent ia l  transport  of the component atoms by vacancies 
outweighs t h a t  by i n t e r s t i t i a l s .  Conversely, enrichment of the component 
occurs. 
the atoms dif fuse  exclusively via an  i n t e r s t i t i a l  (vacancy) mechanism. I t  
appears l ike ly  t ha t  transport  by i n t e r s t i t i a l s  dominates f o r  undersize 
elements and by vacincies fo r  oversize elements. 
depletion of Cr and Mo and the enrichment o f  Ni and  Si near the surface a re  
consistent  with t h i s  in terpreta t ion.  

For a concentrated a l loy Wiedersich and 

Maximum enrichment (depletion) of the al loying element occurs when 

As s ta ted  e a r l i e r ,  the 

For d i l u t e  solutes  the mobile defect-solute complexes concept 
may a l so  be important. Solute atoms in te rac t  with vacancies and/or s e l f  
i n t e r s t i t i a l s  t o  form mobile defect- solute complexes t ha t  undergo pro- 
t racted random walks before thermally dissocia t ing.  I n  i n i t i a l l y  homo- 
geneous a l loys ,  the flow of i n t e r s t i t i a l - s o l u t e  complexes, and strongly 
bound vacancy solute  complexes can cause solute  enrichment a t  sinks. 
For small binding energies ( <  0.1 -0.2 eV) between solute  atoms and va- 
cancies, theoretical  calculations fo r  d i l u t e  binary a l loys  show t h a t  
depletion can occur a t  the sinks (30 ) .  The observed depletion of Mo 
a t  the surface indicates t h a t  the binding energy between Mo atoms and 

vacancies must be small a n d ,  hence, vacancy complex formation i s  

unimportant f o r  Mo. 
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The defec t- so lu te  complexes are  l i k e l y  t o  be more important  

f o r  an undersize s o l u t e  l i k e  S i  t h a t  t raps  i n t e r s t i t i a l s  more s t r o n g l y  

than do overs ize  solutes.  

a l l o y s  t o  the  surface cou ld  be described as S i - i n t e r s t i t i a l  complex 

migra t ion .  S t rong ly  bound S i - i n t e r s t i t i a l  complexes a r e  cons i s ten t  w i t h  
the  e f fec t iveness  o f  S i  i n  reducing s w e l l i n g  i n  these a l l oys ,  presumably 

by i n t e r s t i t i a l  t rapp ing .  The observat ion t h a t  the  maximum i n  the  N i  
concent ra t ion  i n  the Si- bear ing a l l o y s  i s  d i s t i n c t l y  d isp laced from the  

sur face can be r e l a t e d  t o  the  very s t rong coup l ing  o f  the  S i  t o  the  
de fec t  f l uxes  which i s  a l so  apparent from the steep d rop- o f f  o f  t h e  S i  

concent ra t ion  p r o f i l e .  

The t ranspor t  o f  S i  i n  Fe-Cr-Ni base a u s t e n i t i c  

The temperature dependence o f  S i  segregat ion shows a l o c a l  

maximum a t  r e l a t i v e l y  low temperatures, f o l l owed  by a minimum and then a 

sharp r i s e  f o r  temperatures > 600°C. The behavior  cou ld  be due t o  e i t h e r  a 

change i n  segregat ion mechanism o r  due t o  a change i n  the  s i n k  s t r u c t u r e  i n  

t h e  v i c i n i t y  o f  the  i r r a d i a t e d  surface. 

segregat ion occurs i n  the  temperature reg ine  where y' phase has been 

observed i n  neutron i r r a d i a t e d  annealed and 20% cold-worked 316 s t a i n l e s s  

s t e e l  (31). 

The low temperature maximum i n  S i  

Void s w e l l i n g  i s  s i m i l a r  t o  R I S  i n  t h a t  i t  i s  caused by the 
f l o w  o f  vacancies and i n t e r s t i t i a l s  t o  s inks.  
expected t o  occur i n  a comparable temperature regime, and t o  e x h i b i t  

s i m i l a r  temperature dependences. I n  b ina ry  a l l o y s  the re  i s  evidence t h a t  
such a c o r r e l a t i o n  does e x i s t .  

showed t h a t  i n  Ni-1 % S i  a l l o y ,  maximum segregat ion i s  observed a t  560"C, 
approximately the  maximum s w e l l i n g  temperature f o r  pure N i  (32). Even 
though we f i n d  swe l l i ng  maxima i n  a l l  our a l l o y s  between % 600' and 

650°C, t h e  amount o f  segregat ion o f  N i ,  C r ,  and Mo increases monotonical ly  

w i t h  temperature throughout t h e  range inves t iga ted .  

out t h a t  the  q u a n t i t a t i v e  d e s c r i p t i o n  o f  segregat ion used i n  t h i s  work 

i s  d i f f e r e n t  from t h e  one used by Rehn e t  a l .  (10). 

Therefore bo th  phenomena a r e  

For example, Rehn and co-workers (10) 

It should be po in ted  
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V I I .  FUTURE WORK 

No f u r t h e r  experiments a r e  planned t o  s tudy t h e  e f f e c t  o f  minor s o l u t e  
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elements on the RIS behavior or void swelling behavior o f  Type 316 
s t a in l e s s  s tee l  al loys.  
MFR al loys i s  currently be ing  investigated. 

The extent o f  RIS in other candidate c lasses  o f  
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Figure 7.  Composition depth prof i les  of the solute  elements in the 
Fe-20Cr-12Ni-2Mo-2Si alloy. 
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Figure  10. Temperature dependence o f  v o i d  s w e l l i n g  i n  var ious a l l o y s  

i r r a d i a t e d  t o  % 6 dpa w i t h  3 MeV 58N i f  ions. 

F igure  11. The v o i d  diameter i n  3 MeV 58Ni+ i o n  i r r a d i a t e d  a l l o y s  as a 

f u n c t i o n  o f  temperature. To ta l  dose ‘L 6 dpa. 
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Figure 1 2 .  The void density in 3 MeV 58Ni+ ion i r radiated a l loys  as 
a function o f  temperature. Total  dose 2. 6 dpa .  

SOLUTE CONCENTRATION (Olm %I 

Figure 13. The void swelling data of  Figure 10 p lo t t ed  as a function 

o f  minor solute  concentration in Fe-ZOCr-1ZNi base a l loy.  
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I. PROGRAM 

T i t l e :  I r r a d i a t i o n  Response o f  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 :  S. Wood, J .  A. S p i t z n a g e l  and W.  J .  Choyke 

A f f i l i a t i o n :  Westinghouse Research and Development Center  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  assess t h e  phenomenology and mecha- 

nisms o f  m i c r o s t r u c t u r a l  e v o l u t i o n  i n  m a t e r i a l s  exposed t o  s imul taneous 
h e l i u m  i n j e c t i o n  and c r e a t i o n  o f  a tomic  d i sp lacement  damage by  a second 

i o n  beam. 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

SUBTASK I I . C . l ,  I I .C.2,  I I .C.3,  I I . C . 5 ,  I I . C . 9 ,  I I . C . 1 8  

I V .  SUMMARY 

M i c r o s t r u c t u r a l  e v a l u a t i o n  o f  d u a l - i o n  bombarded t i t a n i u m- m o d i f i e d  

316 SS f r o m  t h e  same h e a t  o f  m a t e r i a l  used i n  p r e v i o u s  HFIR s t u d i e s  has 
been completed. 
mechanism opera tes  a t  He:dpa r a t i o s  o f  0.2:1, 1 2 : l  and 70: l  cor respond ing  

t o  EBR-11, Tokamak and HFIR c o n d i t i o n s  when MI: c a r b i d e  p a r t i c l e s  p r e c i p i -  

t a t e .  

observed i n  unmod i f i ed  316 SS a t  i d e n t i c a l  He:dpa r a t i o s ,  bombardment 
tempera tu res  and dpa r a t e s .  
" s t r i n g e r s "  leads  t o  n o n r e p r o d u c i b l e  r e s u l t s  and s p a t i a l l y  inhomogeneous 

s w e l l i n g  b e h a v i o r .  

The r e s u l t s  demonst ra te  t h a t  _ _ ~  t h e  same h e l i u m  t r a p p i n g  

When t h e  MC p a r t i c l e s  do n o t  form, s w e l l i n g  can be as g r e a t  as t h a t  

Inhomogeneous d i s t r i b u t i o n s  o f  T i  and C i n  
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V.  ACCOMPLISHMENTS AND STATUS 

A. Microstructural Analysis of Simultaneously Bombarded Ti-Modified 
316 SS 

Some recent work by Maziasz and Bloom") has shown that dramatic 
reductions in swelling in Ti-modified 316 SS can be obtained with respect 
to a standard SA 316 SS. Figure 1 illustrates the reason for this change 
in the cavity volume. After irradiation in HFIR at 610°C to 57 dpa and 
3400 appm He, TEM analysis revealed that MC carbides had nucleated and 
grown in the austenite matrix, and that the carbide/austenite interface 
appeared to be a very effective collection site for helium and vacancies. 
This resulted in the encrustation of the carbides by numerous small helium 
bubbles, as shown in Fig. 1. (Note that the scale of both micrographs is 
such that the length of the rod-shaped precipitate is -100 nm). Two pre- 
cipitate morphologies were observed: namely, cube-on-cube and rod-li ke. 
Both appear to be equally effective in stabilizing small bubbles. 
swelling in this material is a direct result of the vacancy and helium 
trapping at the interface since the bubbles remain small in size (-10 nm 

The low 

after 57 dpa) and do not reach the bias driven growth regime. (2) 

These results by Maziasz and Bloom suggested the need to further 
investigate the helium trapping mechanism and its dependence upon such 
parameters as temperature, helium injection and damage rates. Dual ion 
bombardment is an efficient way of performing such an investigation since 
it provides a rapid means of accurately and independently changing the 
variables of interest. The dual-ion results presented here encompassed a 
matrix o f  specimens irradiated between 550 to 700°C and with appm He/dpa 
ratios of 70:1, 12:l and 0.2:l corresponding to HFIR, anticipated first 
wall fusion and EBR-I1 conditions, respectively. All specimens were dually 
bombarded with a damage rate of dpa/s (and, therefore, helium injec- 
tion rates corresponding to the appm He/dpa ratios). Most microstructural 
analyses, to date, have been performed at a section depth corresponding to 
a fluence o f  -3 dpa. 
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Table 1 compares t h e  composition of the  Ti-modif ied 316 SS u t i l i zed  
i n  the inves t iga t ion  w i t h  t h a t  of the  SA 316 SS from t h e  FIFE heat which 
was s tudied  e a r l i e r  i n  t h e  program. The pr inc ipa l  d i f f e rence  between the 
two i s  the  higher Ti and Mo and lower Mn content  of the  Ti-modified mate- 
r i a l .  As mentioned i n  a previous r e p o r t , ( 3 )  which presented prel iminary 
da ta  on t h e  Ti-modified s t e e l ,  t h e  f i n a l  thermomechanical h i s t o r y  of the  
material  was a 50% reduct ion in area of the  rod by cold swaging followed 
by a so lu t ion  anneal f o r  l h  a t  1050°C. The anneal was performed i n  vacuum 
and followed by an argon quench. T h i s  t reatment  y ie lded  an i n i t i a l  inhomo- 
geneous MC carbide d i s t r i b u t i o n  of -3 x 1013 par t ic les /cm w i t h  an average 
diameter of 30-40 nm. 

3 .  

P S N 

0.044 316 SS 

0.005 316 SS 

TABLE 1 - COMPOSITION OF 316 SS USE0 IN DUAL ION BOMBARDMENT STUDIES 

B 

<.0030 

~~ 

0.0007 

* 
Balance Fe 

The  f i r s t  dual ion experiment on t h e  316 SS + T i  was performed a t  
Microstructural  da ta  from 600°C and w i t h  an appm He/dpa r a t i o  of 70: l .  

t h i s  specimen a r e  presented in F i g s .  2 and 3. Figure 2 revea ls  two very 
i n t e r e s t i n g  developments. First ,  as shown by the DF micrograph, copious 
MC carb ide  p r e c i p i t a t i o n  was induced during bombardment. I t  i s  e n t i r e l y  of 
the cube-on-cube morphology and the rod-shaped p a r t i c l e s  observed by 
Maziasz i n  HFIR i r r a d i a t e d  samples were not  seen i n  th i s  specimen (even 
u t i l i z i n g  the optimum g = [ Z Z O ] ) .  

swel l ing  is  very low compared t o  SA 316 SS i r r a d i a t e d  under the same con- 
d i  t i o n s .  (4) 
the bubbles /cavi t ies  and  precipitates r evea l s  t h a t ,  i n  a d d i t i o n  t o  the few 

The second important r e s u l t  is  t h a t  the  

Close inspec t ion  of t h e  absorpt ion c o n t r a s t  micrograph showing 
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heterogeneous ly  d i s t r i b u t e d  " l a r g e "  c a v i t i e s ,  t h e r e  a r e  numerous sma l l  
( $ 3  nm d iamete r )  bubbles a s s o c i a t e d  w i t h  t h e  c a r b i d e  p a r t i c l e s .  

i s  apparent  t h a t  t h e  h e l i u m  t r a p p i n g  mechanism a t  t h e  c a r b i d e / a u s t e n i t e  

i n t e r f a c e  i s  a l s o  e f f e c t i v e  a t  these  h i g h e r  damage and h e l i u m  i n j e c t i o n  

r a t e s .  

Thus, i t  

F i g u r e  3 compares t h e  c a v i t y  and d i s l o c a t i o n  m i c r o s t r u c t u r e s  wh ich  

developed a t  1 2 : l  and 7 0 : l  appm He/dpa r a t i o s  ( a t  600°C). I t  must be n o t e d  

t h a t  t h e  apparent  c a v i t i e s  p r e s e n t  i n  t h e  1 2 : l  specimen were shown b y  
s t e r e o  o b s e r v a t i o n s  t o  be p o l i s h i n g  a r t i f a c t s  developed d u r i n g  t h e  t h i n  

f o i l  p r e p a r a t i o n  procedure.  I n  f a c t ,  no v i s i b l e  bubbles were d e t e c t e d  i n  
t h i s  f o i l  wh ich means t h a t  aga in  t h e  s w e l l i n g  was v e r y  much reduced com- 

pared t o  SA 316 SS bombarded under t h e  same exper imen ta l  c o n d i t i o n s .  
SA m a t e r i a l  f rom t h e  MFE hea t  e x h i b i t e d  t h e  anomalous c a v i t y  growth 
phenomenon w i t h  concomi tan t  h i g h  s w e l l i n g  a t  t h i s  tempera tu re  and 

f l ~ e n c e . ' ~ ) ]  The absence o f  a v i s i b l e  c a v i t i e s  i n  t h e  316 SS + T i  
suggests  t h a t ,  d e s p i t e  t h e  l a c k  o f  DF ev idence,  He was aga in  b e i n g  e f f e c -  

t i v e l y  t r a p p e d  on a v e r y  f i n e  s c a l e .  Close i n s p e c t i o n  o f  t h e  d i s l o c a t i o n  
m ic rograph  i n d i c a t e s  t h e  presence o f  a low No. d e n s i t y  o f  M C  c a r b i d e s  wh ich  

a r e  though t  t o  be t h e  o r i g i n a l  t h e r m a l l y  produced p r e c i p i t a t e s .  Compari- 

son of t h e  two d i s l o c a t i o n  s t r u c t u r e s  r e v e a l s  a h i g h e r  number d e n s i t y  o f  
f a u l t e d  l o o p s  a t  1 2 : l .  

w e l l - d ~ c u m e n t e d ( ~ )  e f f e c t  o f  h e l i u m  on l o o p  f o r m a t i o n  o r  i s  s i m p l y  a mani-  

f e s t a t i o n  of t h e  m a t e r i a l  inhomogenei ty.  T h i s  l a t t e r  p o i n t  w i l l  be 

d i scussed  f u r t h e r  l a t e r .  

[Our 

I t i s  n o t  known whether  t h i s  t r u l y  r e f l e c t s  t h e  

As m i g h t  be expected, a t  an appm He/dpa r a t i o  o f  0.2:1, a t  t h e  same 

bombardment tempera tu re ,  n o  v i s i b l e  bubbles were observed (apparen t  c a v i -  

t i e s  a r e  due t o  specimen p r e p a r a t i o n  [F ig .  41).  The d i s l o c a t i o n  m i c r o -  

s t r u c t u r e  shows some sma l l  f a u l t e d  loops  and p o s s i b l y  a few MC c a r b i d e s  
(wh ich  may have been t h e r m a l l y  produced) .  

t h e  MC c a r b i d e s  due, presumably,  t o  t h e  low number d e n s i t y .  

DF microscopy f a i l e d  t o  image 
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A t  700°C ( F i g .  5 )  l o w  s w e l l i n g  was aga in  observed f o r  b o t h  1 2 : l  and 

70 : l  appm He/dpa r a t i o s .  

smal l  rod-shaped p a r t i c l e s  a s s o c i a t e d  w i t h  c a v i t i e s  which may be t h e  second 

v a r i a n t  o f  MC c a r b i d e  found  by Maziasz ( F i g .  1 ) .  
on-cube p a r t i c l e s  a long  d i s l o c a t i o n s  i s  a l s o  shown i n  t h e  h i g h e r  h e l i u m  

c o n c e n t r a t i o n  specimen. However, i t  i s  suspected t h a t  i n v i s i b l e  MC c l u s t e r s  

may be p r o v i d i n g  t h e  b u l k  o f  t h e  h e l i u m  t r a p p i n g  s i t e s  b u t  c o n s i d e r a b l e  

search ing  w i t h  DF microscopy f a i l e d  t o  r e v e a l  such sma l l  p r e c i p i t a t e s .  The 
d i s l o c a t i o n  s t r u c t u r e  i n  t h e  h i g h  h e l i u m  specimen was composed a lmost  

e n t i r e l y  o f  l i n e  d i s l o c a t i o n s  sugges t ing  aga in  t h a t  h e l i u m  was n o t  a c t i n g  

as a l o o p  growth i n h i b i t o r .  ( 5 )  

c a t i o n  s t r u c t u r e  i s  obscured b y  t h e  s t r o n g l y  d i f f r a c t i n g  i o n  m i l l i n g  damage 

which c o u l d  n o t  be avo ided under 2-beam dynamical  d i f f r a c t i n g  c o n d i t i o n s .  

The most common form o f  p r e c i p i t a t e s  were t h e  

Some ev idence f o r  cube- 

A t  t h e  l o w e r  appm He/dpa r a t i o ,  t h e  d i s l o -  

I n  c o n t r a s t  t o  t h e  p r e v i o u s  r e s u l t s ,  d a t a  o b t a i n e d  a t  550°C show 

some s t a r t l i n g  d i f f e r e n c e s  ( F i g .  6 ) .  F i r s t ,  f o r  b o t h  c o n d i t i o n s ,  t h e  
s w e l l i n g  i s  now comparable w i t h  t h a t  observed i n  t h e  I4FE SA 316 S S .  ( 6 )  

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

m a t e r i a l ,  w i t h  a f a i r l y  l a r g e  f a u l t e d  l o o p  component. 

found f o r  MC c a r b i d e  f o r m a t i o n  i n  e i t h e r  specimen, a l t h o u g h  t h e r e  i s  some 

i n d i c a t i o n  o f  a v e r y  low number d e n s i t y  a t  t h e  l o w e r  h e l i u m  l e v e l .  

L i t t l e  ev idence was 

It appears t h a t  a t  t h i s  l o w e r  i r r a d i a t i o n  tempera tu re  t h e  k i n e t i c s  

o f  MC p r e c i p i t a t i o n  a r e  s low r e l a t i v e  t o  those  o f  bubble  n u c l e a t i o n  and 

growth.  Thus, p a r t i c u l a r l y  s i n c e  t h e  c r i t i c a l  r a d i u s  f o r  t h e  t r a n s i t i o n  
f rom gas- dr i ven  t o  b i a s - d r i v e n  growth i s  sma l l  a t  t h i s  temperature ,  (') t h e  

bubbles a r e  a b l e  t o  reach t h i s  s i z e  r e l a t i v e l y  q u i c k l y  and hence become 
t h e  dominant vacancy s i n k .  T h i s  would  f u r t h e r  i n h i b i t  MC p r e c i p i t a t i o n  

because t h e  l a r g e  p o s i t i v e  m i s f i t  ( + 7 0 % )  o f  t h i s  phase i n  t h e  a u s t e n i t e  

m a t r i x  n e c e s s i t a t e s  a ready  vacancy f l u x  . i f  g rowth i s  t o  proceed. 

k i n e t i c  f a c t o r s  a r e  o b v i o u s l y  a l s o  r e l a t e d  t o  t h e  damage r a t e  and l o w e r  

damage r a t e  exper iments  a r e  needed t o  de te rm ine  i f  bubb le  n u c l e a t i o n  and 

growth can be suppressed i n  f a v o r  o f  c a r b i d e  p r e c i p i t a t i o n .  

The 
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It was ment ioned e a r l i e r  t h a t  c e r t a i n  m i c r o s t r u c t u r a l  r e s u l t s  m i g h t  

be r e l a t e d  t o  m a t e r i a 1  inhomogenei ty .  T h i s  s u s p i c i o n  arose because a v e r y  

r e c e n t  exper imen t  pe r fo rmed  i n  an a t t e m p t  t o  d u p l i c a t e  t h e  m i c r o s t r u c t u r e s  

shown i n  F i g .  2 f a i l e d  t o  do so.  The r e s u l t s  a r e  p resen ted  i n  F i g .  7 .  
F o r  t h i s  r e p e a t  specimen, i r r a d i a t e d  under  c o n d i t i o n s  i d e n t i c a l  t o  those  

o f  t h e  p r e v i o u s  one, t h e  cop ious c a r b i d e  p r e c i p i t a t i o n  was n o t  observed 

and t h e  d i s l o c a t i o n  s t r u c t u r e  shows a s i g n i f i c a n t  l o o p  component. 

a l t h o u g h  some c a v i t i e s  a r e  p r e s e n t ,  t h e  s w e l l i n g  i s  s t i l l  l ow  compared t o  

a c o n v e n t i o n a l  SA 316 SS sample and s u b c r i t i c a l  MC p a r t i c l e s  may be p r e -  

s e n t .  Never the less ,  i t  i s  obv ious  t h a t  l a r g e  d i s c r e p a n c i e s  e x i s t  between 

t h e  two specimens and i t  i s  b e l i e v e d  t h a t  l o c a l  i nhomogene i t i es  i n  T i ,  Mo 
and perhaps C c o n c e n t r a t i o n s  a r e  r e s p o n s i b l e  f o r  such d i f f e r e n c e s .  The 

second s e t  o f  d a t a  p r e s e n t e d  i n  t h i s  f i g u r e ,  f r o m  a specimen bombarded t o  
5 dpa, bu t  a t  t h e  same damage r a t e ,  shows a m i c r o s t r u c t u r e  which suggests  

t h a t  no h e l i u m  t r a p p i n g  (and t h u s  no MC p r e c i p i t a t i o n )  has o c c u r r e d .  

However, 

I t  i s  now known t h a t  t h i s  m a t e r i a l  can be r a t h e r  heterogeneous w i t h  

r e s p e c t  t o  T i  c o n c e n t r a t i o n  on a sma l l  s c a l e  because m i c r o s t r u c t u r e s  

deve loped d u r i n g  HFIR i r r a d i a t i o n  a l s o  r e f l e c t  t h i s  p rob lem ( F i g .  8 ) .  
T h i s  m ic rog raph  shows t h a t  a l t h o u g h  some MC p a r t i c l e s  a r e  p r e s e n t ,  gene- 

r a l l y  i n  t h e  fo rm o f  s t r i n g e r s ,  t h e  m a t r i x  r e g i o n s  u n a f f e c t e d  by  MC-helium 

t r a p p i n g  have g ross  s w e l l i n g .  I t  i s  suggested t h a t  t h e  m i c r o s t r u c t u r e  
observed i n  t h e  p r e v i o u s  f i g u r e ,  a t  5 dpa, i s  a m a n i f e s t a t i o n  o f  t h i s  

problem. U n f o r t u n a t e l y ,  t h e  h e t e r o g e n e i t y  i n  chemica l  c o m p o s i t i o n  was 

i n t r o d u c e d  d u r i n g  e a r l y  s tages  o f  t h e  thermomechanical  p r o c e s s i n g .  The 5 
dpa m i c r o s t r u c t u r e  shown i n  F i g .  7 may s i m p l y  be a r e g i o n  between s t r i n g e r s  

wh ich  c o n t a i n e d  l i t t l e  r e s i d u a l  T i  p r i o r  t o  bombardment. Exper imen ta l  

f a c t o r s  a r e  c e r t a i n l y  n o t  r e s p o n s i b l e  f o r  t h e  observed l a c k  o f  r e p r o d u c i -  

b i  l i t y  s i n c e  s i m i l a r  exper imen ts  pe r fo rmed  o v e r  a t h r e e - y e a r  p e r i o d  on 

b o t h  316 SS ( u n m o d i f i e d )  and 304 SS have shown a remarkab le  r e p e a t a b i l i t y .  

A summary o f  t h e  m i c r o s t r u c t u r a l  o b s e r v a t i o n s  i s  i n c l u d e d  i n  T a b l e  2. 
An i m p o r t a n t  c o n c l u s i o n  f r o m  t h e  i n v e s t i g a t i o n  i s  t h a t ,  under  t h e s e  e x p e r i -  

menta l  c o n d i t i o n s ,  MC c a r b i d e s  e f f e c t i v e l y  suppress s w e l l i n g  when t h e y  
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TABLE 2 - 316 SS + T i  - MICROSTRUCTURAL OBSERVATIONS 

T"C 

- 
550 

550 

600 

600 
600* 

600 

600 
600t 

700 

700 

appm He/dpa 

1 2 : l  

70 : l  

0 .2 : l  

1 2 : l  
1 2 : l  

70 : 1 

70:l 
7 0 : l  

1 2 : l  

70: l  

__ 

dPa - 
3 

3 

3 

3 
3 

3 

5 
3 

3 

I r r a d i a t i o n -  
Induced MC 

P r e c i p i t a t i o n  

P o s s i b l e  

No 

P o s s i b l e  

P o s s i b l e  

P o s s i b l e  

Copious 

No 

P o s s i b l e  

A c i c u l a r  
P r e c i p i t a t e s  

Some + A c i c u l a r  1 P r e c i p i t a t e s  

A V / V O  

Q u i t e  
h i g h  

Q u i t e  
h i g h  

None 

None 

Q u i t e  
h i g h  

Very 
1 ow 

H igh  

Q u i t e  
h i g h  

Very 
1 ow 

Low 

O r i g i n a l  
MC . . _  

P r e c i p i t a t i o n  

No 

No 

P o s s i b l e  

P o s s i b l e  

No 

Yes 

No 

No 

No 

P o s s i b l e  

Repeat exper iment  per formed a t  a l a t e r  date .  

+Low damage r a t e  exper iment  - 3 x 10-5 dpa/s. 

* 

p r e c i p i t a t e .  

t a t e s  ( o f  t h e  " N i - S i "  v a r i e t y ) ,  Laves phase and M23C6 c a r b i d e s ,  were n o t  
observed a t  l ow doses i n  t h i s  T i - m o d i f i e d  a l l o y .  I t  i s  apparent  t h a t  

STEM/EDS ana lyses a r e  r e q u i r e d  t o  de te rm ine  t h e  chemical  compos i t i ons  o f  

t h e  a u s t e n i t e  m a t r i x  on a submicron s c a l e  t o  f u r t h e r  i l l u m i n a t e  t h e  chemi- 

c a l  h e t e r o g e n e i t y  prob lem and i t s  r e l a t i o n s h i p  t o  t h e  r e s u l t s  p resen ted  

here.  F u t u r e  exper iments  aimed a t  f u r t h e r  i n v e s t i g a t i o n s  o f  t h e  h e l i u m  

t r a p p i n g  mechanism w i l l  r e q u i r e  t h e  more homogeneous and b e t t e r  c h a r a c t e r-  

i z e d  Path A PCA m a t e r i a l .  

Other  forms o f  phase i n s t a b i l i t y ,  such as a c i c u l a r  p r e c i p i -  

149 



V I .  REFERENCES 

1. P.  J.  Maziasz and E .  E. Bloom, A D I P  Q u a r t e r l y  Report, OoE/ET/ 

2. M. R .  Hayns and M. H. Wood, J. Nucl. Mater. - 87, No. 1, p.  97 

3.  J.  A. Spi tznagel ,  Susan Wood and W .  J .  Choyke, DAFS Quar te r ly  

4 .  S .  Wood, J .  A.  Spitznagel and W.  J .  Choyke, DAFS Q u a r t e r l y  

5. W.  J .  Choyke, J.  A. Spi tznagel ,  S. Wood, N. J. Doyle, 

0058/1, August 1978. 

(1979). 

Report No. 10, Apr i l- June (1980). 

Report No. 8, October-December (1979). 

J. N. McGruer and J .  R .  Townsend, " Imp lan ta t i on  Rate Effects on 
Microstructure,"  Proceedings o f  the Symposium on Ion  Beam 
M o d i f i c a t i o n  o f  Mater ia ls ,  Albany, NY, J u l y  (19801, t o  be 
publ ished i n  J .  Nucl. I n s t r .  8, Methods. 

J.  N. McGruer and J. R. Townsend, " M ic ros t ruc tu ra l  Development 
i n  Dual- Ion Bombarded 316 SS," t o  be publ ished i n  t h e  Proceed- 
ings o f  the  10th ASTM Symposium on E f f e c t s  o f  Rad ia t ion  on 
Ma te r ia l s ,  J u l y  1980, Savannah, GA. 

6. S .  Wood, J .  A. Spi tznagel ,  W .  J .  Choyke, N. J .  Doyle, 

VI1 . FUTURE WORK 

Dual i o n  s tud ies  on the  T i-modi f ied  316 SS used i n  prev ious HFIR 

i r r a d i a t i o n s  w i l l  be d iscont inued because o f  the inhomogeneous nature  o f  

the  m a t e r i a l .  F i n a l  experiments on t h e  c u r r e n t  program w i l l  a i m  a t  over-  
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DF of MC carbides 

appm He/dpa= 

Bubbles and Precipitates 

Fig. 2 TEM micrographs showing copious MC carbide p rec ip i t a t i on  and 
bubble nucleation on those carbides i n  Ti-modif ied 316 SS dua l l y  
bombarded a t  60OOC t o  3 dpa and 210 appm helium. 
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316 SS +Ti 6OO0C, 3dpa 

appm He/dpa= 0.2 :1 

Fig. 4 Microstructures developed i n  316 SS t T i  after  dual bombardment 
a t  600°C (apparent cav i t i es  a re  polishing a r t i f a c t s ) .  
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316 SS + Ti SSO'C, 3dpa 

s_= coo21 z = C3101 

appm He/dpa = 12 :1 

g =[1111 - 2 =[1101 - 
appm He/dpa = 70 : 1 

Fig. 6 Typical microstructures developed in Ti-modified 316 SS at 
550°C. Note that swelling is comparable with SA 316 SS. 
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REGIONS UNAFFECTED BY K - H E L I U M  TRAPPING WILL HAVE GROSS 

PHASE I N S T A B I L I T Y  AND CONSIDERABLE SWELLING 

J 

3600appm He 

Fig.  8 H F I R  i r r a d i a t e d  316 SS + T i ;  micrograph ind icates  the e f fects  
o f  heterogeneous MC carbide formation p r i o r  t o , i r r a d i a t i o n .  
Ma t r i x  regions between MC str ingers  e x h i b i t  high swel l ing and 
phase i n s t a b i l i t y .  

158 



I. PRO GRAM 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G. Doran 
Affiliation: Hanford Engineering Development Laboratory (HEDL) 

II. OBJECTIVE 

The objective o f  this effort is to develop procedures for predicting 
swelling in fusion reactor applications. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

TASK II.C.2 Effects o f  Helium on Microstructure 

IV. SUMMARY 

The difficulties involved in the development of swelling correlations 
for AIS1 316 in fusion environments are discussed. A set of void 
and bubble-swelling correlations has been developed which incorporates 
the limited available data from EBR-I1 and HFIR irradiations. It 
appears that at high fluences he l ium may play a minor role in the 
determination o f  total swelling over a considerable temperature range. 

V. ACCOMPLISHMENTS AND STATUS 

A. Development of a Swelling Equation for 20%-CW 316 in a Fusion Device- 
F. A. Garner (HEDL), P. J. Maziasz (ORNL), and W .  G. Wolfer (U. of Wisc.) 

6 
1. Introduction 

The development of a swelling equation for any given environment would nor- 
mally proceed with a data base on the material of interest in the antici- 
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pated environment. Unfortunately,  no such da ta  base exists  for AISI 316 
s t a i n l e s s  s t e e l  t h a t  can be applied d i r e c t l y  t o  t h e  environment a n t i c i p a t e d  
i n  the  Engineering Tes t  F a c i l i t y  ( E T F ) ,  where t h e  temperatures a r e  expected 
t o  range from 50" t o  300°C. 
e x i s t  only above 270°C, the  core i n l e t  temperature of the  D F R  f a s t  r e a c t o r  
in  B r i t a i n .  
U.S. Breeder program and has a lower temperature l imit  of only 37OoC, the  
core i n l e t  temperature of the  EBR-I1 f a s t  r eac to r .  There is  a l s o  some data 
which spans the  temperature range 285-780°C from the  mixed spectrum r e a c t o r  
designated HFIR ( H i g h  Flux Isotope Reactor) .  

Data f o r  the  swell ing of AISI 316 genera l ly  

The most comprehensive data  base has been developed i n  the  

Neither  t h e  f a s t  r eac to r s  nor HFIR match the  atom-displacing and helium- 
producing c h a r a c t e r i s t i c s  o f  the  ETF neutron spectrum. While both types 
of f i s s i o n  r e a c t o r s  possess much s o f t e r  neutron spec t r a  than t h a t  of fus ion  

devices ,  the f a s t  r eac to r s  produce helium a t  much lower r a t e s  than  w i l l  
ETF, and t h e  HFIR r e a c t o r  produces more helium ( i n  n icke l- conta in ing  a l l o y s  
such as  316).  

I n  o rder  t o  provide the  b e s t  es t imate  o f  the  swelling a n t i c i p a t e d  i n  ETF 
and o the r  fus ion  dev ices ,  one must determine both the inf luence  of  neutron 
spectrum on displacement r a t e  and the  e f f e c t  of helium on swel l ing ,  and 
then ex t r apo la t e  i n  some cases  t o  a temperature regime devoid of da t a .  
t a sk  i s  f u r t h e r  complicated by the  f a c t  t h a t  AISI 316 has shown a very s t rong 
dependence of swell ing on a range of environmental parameters,  a s  well a s  
minor compositional v a r i a t i o n s  and p r e i r r a d i a t i o n  thermal-mechanical t r e a t -  
ment. 
e s s e n t i a l l y  i d e n t i c a l  s t e e l s  i r r a d i a t e d  i n  the  breeder  r e a c t o r  program. 

The 

Figure 1 demonstrates the  v a r i a b i l i t y  of swell ing behavior i n  two 

I t  is  poss ib l e  t h a t  the s t e e l  used in cons t ruc t ion  of e a r l y  fus ion  devices 
w i l l  be s i m i l a r  tb t h a t  developed f o r  the  U.S. Breeder program although 
o t h e r  steels such as Ti-modified 316 a r e  being considered. A r e l a t i o n  f o r  
the  swelling of t h i s  steel c u r r e n t l y  e x i s t s ," )  b u t  this  steel i s  d i f f e r e n t  
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in composition from tha t  employed in the HFIR i r rad ia t ions .  
the DO-heat i r radia ted in HFIR possesses a larger  level of s i l icon than 
does the breeder s t e e l ,  and t h i s  element has been shown t o  have a large 
e f f ec t  on swelling. 
i s  nominally similar t o  f i r s t  core breeder s t e e l ,  b u t  exhibi ts  a much longer 

For instance, 

A swelling equation a lso ex i s t s  fo r  N- lot  s t e e l ,  which 

incubation period for  swelling. ( 2 )  

For the purposes of t h i s  study, i t  will be assumed tha t  the spectral  d i f f e r -  
ences between f iss ion and fusion neutron spectra can be adequately described 
by the use of standardized displacement calculations.  ( 3 )  
assumed t h a t  the range of operational variables in fusion devices will not 
be s ign i f ican t ly  d i f fe ren t  from those of the breeder reactor ,  and the swell- 
ing will therefore be identical  in the two devices. (While the f i r s t  assumption 
i s  probably val id ,  the l a t t e r  most l ike ly  i s  n o t ,  b u t  t h i s  issue will be 
addressed e l  sewhere). 

I t  will a lso  be 

The most important question i s  whether the higher helium/displacement r a t i o  
found in HFIR leads t o  s ignif icant ly  d i f fe ren t  levels  of swelling t h a n  would 
occur in the breeder reactors.  
concluded t h a t  swelling increased with helium leve l ,  ( 4 y 5 )  t h i s  conclusion 
i s  now considered t o  be incorrect ,  par t icular ly  a t  fluences great ly  above 
the incubation dose. As shown in Figures 2 and 3 ,  the only heat of AIS1 
316 for  which b o t h  HFIR and E B R - I 1  d a t a  e x i s t  i s  the  DO-heat. T h i s  i s  an  

exceptionally sparce d a t a  s e t .  
which a re  j u s t  above o r  below the incubation fluence while the HFIR data 
e x i s t  a t  displacement levels  well above the incubation fluences. The swelling 
ra tes  necessary t o  bridge the two data f i e l d s  and normalize the swelling 
f a l l  a t  o r  under t ha t  specified in the current design equation." ) In addi- 
t i on ,  the density measurements shown in  Figure 1 are thought t o  be too high, 
par t i cu la r ly  those i n  the v ic in i ty  of 600-700°C: 

subject t o  very large uncertainties and are not  supported by microscopy 
measurements). 

Although previous analyses of HFIR d a t a  

The EBR-I1 d a t a  e x i s t  a t  displacement levels  

(These measurements a re  
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Note t h a t  the da ta  i n  Figure 3 suggest a double-peaked ( o r  p la teau)  swell ing 
behavior w i t h  a minimum in the  v i c i n i t y  of  500°C. 

typ ica l  of t h a t  of f i r s t  core heats of t h i s  a l l o y ,  b u t  has been observed 
in o the r  hea ts  of AIS1 316, p a r t i c u l a r l y  i n  the  annealed condi t ion .  

T h i s  behavior i s  not  

Table I conta ins  a compilation of  t h e  micros t ruc tura l  and swell ing da ta  
accumulated f o r  DO-heat i r r a d i a t e d  in HFIR. 
of the  swell ing da ta  f o r  20% cold-worked DO-heat w i t h  two d i f f e r e n t  swell ing 
c o r r e l a t i o n s  shown t o  f i t  t h e  f i r s t - c o r e  s t e e l  data  equal ly  we l l .  Note 
t h a t  a t  460, 550 and 600°C t h e  equat ions p red ic t  g r e a t e r  swelling than ind i-  
ca ted  by the  da ta .  A t  o the r  temperatures,  the  da ta  a re  l a r g e r  than t h e  
p red ic t ions .  
r e f l e c t  the  heat- to- heat  v a r i a b i l i t y  of swelling r a t h e r  than only t h e  i n f l u -  
ence o f  h e l i u m  on swell ing.  
examination of HFIR i r r a d i a t e d  s t e e l s  . )  

Table 11 presents  a comparison 

There i s  a strong ind ica t ion  here t h a t  t h i s  data  f ie ld  may 

( T h i s  p o s s i b i l i t y  wi l l  be checked i n  ORNL 

I n  an at tempt t o  provide i n s i g h t  on the r o l e  of helium on swel l ing ,  add i t iona l  
f a s t  r e a c t o r  da ta  were sought.  As shown i n  Table I11 and Figures 4 and 
5 ,  two new data  po in t s  were secured from DO-heat which o r i g i n a l l y  i r r a d i a t e d  
t o  6.6 x lo2’ n/cmz i n  one experiment and c a r r i e d  t o  higher  f luence  i n  another  
experiment. These da ta  suggest t h a t  the r o l e  of  he l ium i n  determining the  

t o t a l  swell ing may not  be as  l a r g e  as previously suggested. 
o f  helium i n  the HFIR- irradiated material  leads  t o  e a r l i e r  void nuclea t ion  
and s u b s t a n t i a l l y  l a r g e r  vo id  d e n s i t i e s  a t  a l l  f luences  t h a n  observed in 
EBR-I1 i r r a d i a t i o n s .  however. 

The l a r g e r  amount 

2. Volume Contr ibut ion of E q u i l i b r i u m  Bubbles 

The p o s s i b i l i t y  may e x i s t  t h a t  t h e  swell ing observed ou t s ide  the 400-600°C 

range may be due t o  bubbles r a t h e r  than voids. I n  o rder  t o  a s ses s  t h i s  
p o s s i b i l i t y ,  i t  i s  useful  t o  develop an expression for  the  swelling expected 
when a l l  the helium produced i s  assumed to  be i n  equi l ibr ium bubbles f i l l e d  
w i t h  e i t h e r  an ideal  o r  non-ideal gas. Therefore, according t o  the gas 
law, t h e  pressure  i n  each bubble o f  volume V i s  
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p = -  ZnRT 
v 

TABLE I1 

COMPARISON OF SWELLING PREDICTIONS AN0 00-HEAT DATA FROM HFIR 

Total Cavity 
Volume, % 

28 5 

380 
3 75 

460 
550 
600 
680 

7.7 
8.5 
49 
54 
42 
60 
61 

0.43 
0.12 
2 . 2  
2.0 
1.43 
3.3 
8.0 

AP --, % 
P O  

0.04 
0.0 
1.6 
0.8 
0.0 
3.3 
16.8 

PREDICTIONS* 
MK-8 R=2.92 

0.0 0.0 
0.0 0.0 
0.014 0.009 
4.33 4.57 
5.72 4.61 
12.27 11.96 
0.92 3 .O 

*The MK-8 equation i s  the current breeder swelling equation;(') the R=2.92 
equation fits the data just as well but has been reformulated for later 
incorporation of history effects on swelling. 

TABLE I11 

NEW SWELLING DATA FROM EBR-I1 IRRADIATIONS 

T ("C) +It/ 1 OLL dPa -Ap/p, ,  % avlv,, % 

500* 6 . 6  33 -0.1 -0.1 
51 0 13.8 69 9.9 11 .o 
600* 6.6 33 0.3 0.3 
620 15.0 75 6.4 6.8 

*These data are rechecks which confirm the original density measurements 
reported in reference 2. 
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where Z i s  the compressibility fac tor ,  n i s  the number of moles of gas, 
R i s  the gas constant and T i s  the absolute temperature, and  a l so  

p = l  2 
r 

where y i s  the surface energy and r i s  the bubble radius. 
moles can a l so  be defined as 

The number of 

n = -  LH e 
No 

3 where CHe i s  the helium concentration in atoms/cm , No i s  Avogadro's number 
3 and  N i s  the number of bubbles per cm . 

expressed as Nok, where k i s  the Boltzmann constant. 
The gas constant R can also be 

The void volume fract ion i s  defined as 

5 NV = N(? 4 3  Tr ) .  
Vf 

Combining expressions 1 through 4 leads t o  the following expression 

( 4 )  

2 If we assume y t o  be 1000 ergs/cm and convert CHe t o  uni ts  o f  appm then 

- _  A V  - 2.20  x ( Z C i E p m  T) 3 /2  
Vf  JN 

Remember t ha t  t h i s  re la t ion assumes a l l  of the helium t o  be in bubbles and 
N i s  in u n i t s  of bubbles/cm . 3 
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3. Evaluation of Swelling Data a t  285°C and  7.7 dpa  

I f  i t  i s  assumed tha t  the cav i t i e s  are bubbles and tha t  Z = l . O ,  then E q n .  6 

predicts = 3.74 x or  ~ 0 . 0 4 %  based on the data of Table 11. There- 

fo re ,  these cav i t i es  are e i t he r  void-like in character or an unrea l i s t i ca l ly  
large compressibil i ty(6) of Z = 4.2 i s  required. 
the 0.04% measured by immersion density and  the cavity volume measurements 
of 0.43% i s  n o t  unusual in t ha t  a precipi ta te- rela ted densification on the 
order of several tenths of a percent usually occurs in these s t e e l s . )  

A V  

f 

(The d i spar i ty  between 

I t  should a l so  be noted t h a t  the cavity density fo r  t h i s  da tum i s  ra ther  
low, since densi t ies  greater  than 1 x 10l6 cm-3 were observed a t  375-380°C. 

This i s  b u t  one i l l u s t r a t i o n  of the problems inherent in  making comparisons 
w i t h i n  t h i s  d a t a  s e t .  

4 .  Evaluation of Data a t  375 and 38OOC 

A t  these conditions the s teel  exhibi ts  bimodal cav r dis t r ibu t ions  a s  shown 
in Table I .  I f  we assume tha t  a l l  helium i s  in  the smaller bubbles a t  375°C 

and  8.5 d p a ,  then fo r  ideal gas behavior 
t h a n  the observed swelling of 0.12%. 
any helium i s  in the large voids. 
t o  be void-like in character.  

= 0.01% swelling, much l e s s  
This ignores the poss ib i l i ty  t h a t  

Therefore, we must assume the cav i t i e s  

v f 

A t  the higher fluence o f  49 dpa, a s imilar  calculation leads t o  the conclusion 
t h a t  the smaller bubbles would contribute only 0.5% swelling if  they alone 
contained a l l  of the helium under ideal gas conditions. Once again, the 
cav i t i e s ,  b o t h  large and small, must be considered t o  be void-like i n  
character. These two data imply a swelling r a t e  on the order o f  0.5%/dpa. 

While the current U . S .  Breeder corre la t ion predicts essen t ia l ly  zero swelling 
a t  these conditions, Bri t ish  s teel  M316 ( a  nominally s imilar  s t e e l )  shows ten 
swelling values a t  45 dpa ranging from 0.6-2.1% swelling a t  400°C. ( 7 )  
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This suggests t h a t  the low temperature swelling of AISI 316 i s  as variable 
as t ha t  a t  higher temperatures. 

5.  Evaluation of Data a t  680 and  780°C 

A t  680°C cold-worked DO-heat was measured t o  have experienced 16.8% density 
change b u t  only 6-8% cavity volume. 
associated with the ear ly  density measurements however.) Equilibrium gas 
calculations show tha t  21% volume would be occupied by the gas bubbles 
( Z  = 1.0) i f  they contained a l l  of the gas. 
cav i t i es  may indeed be gas bubbles. 
the annealed d a t a  a t  780°C. 

(There i s  considerable uncertainty 

I t  therefore appears t ha t  the 
A similar conclusion was reached for  

6. Summary of Swelling Data 

The available HFIR data cannot be employed t o  def in i t ive ly  demonstrate a 
large o r  c lear ly  observable role  of helium in enhancement of swelling, par- 
t i cu l a r ly  a t  higher fluences. Therefore, an even smaller ro le  fo r  helium 
would be expected in ETF. I t  appears t ha t  as l o n g  as suf f ic ien t  cav i t i es  
are avai lable ,  the helium can eas i ly  be accommodated in the cav i t i es .  

ventional wisdom h o l d s  t ha t  v o i d  swelling i s  confined t o  some temperature 
range however, and the helium will eventually agglomerate in to  bubbles, 
although the bubbles need n o t  be a t  equilibrium gas conditions. 
some estimate must be made of the maximum swelling anticipated below 300°C 
in the ETF and a t  temperatures above 700°C in  other fusion devices. 

Con- 

Therefore, 

7 .  Recommended Nominal Swellinq Correlation a t  a l l  Temperatures 

I t  i s  recommended tha t  the swelling equation employed in the breeder program 
fo r  the U.S .  Breeder heats o f  AISI 316 be used a t  a l l  temperatures, providing 
i t  predicts more swelling than t h a t  expressed in Equation (6 ) .  
Equation (6)  should be used as i l l u s t r a t ed  in  Figure 6. 
estimate of the cavity number density N i t  i s  recommended t h a t  breeder data 

Otherwise, 
To obtain a lower 
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be used. 

on low  f l u e n c e  b reeder  da ta .  

W o l f e r  and Conn(8) have p r o v i d e d  t h e  f o l l o w i n g  e x p r e s s i o n  based 

N = C exp[Q/kT] ( 7 )  

7 where C = 4.16 x 10 

i n  "K. 

o r  h e l i u m  l e v e l .  I t  a l s o  u n d e r p r e d i c t s  t h e  number o f  v o i d s  observed i n  

HFIR i r r a d i a t i o n s  o f  00- heat by  a f a c t o r  o f  5-10. 
v a r i e s  as  N -l/' t h e  use o f  t h i s  e x p r e s s i o n  l e a d s  t o  a c o n s e r v a t i v e l y  l a r g e  

e s t i m a t e  o f  s w e l l i n g  by  a f a c t o r  o f  2-3. 
t h i s  e x p r e s s i o n  p r e d i c t s  u n r e a l i s t i c a l l y  l a r g e  v o i d  number d e n s i t i e s  and 

i t  i s  recommended t h a t  N be h e l d  c o n s t a n t  a t  5 x 1 0 l 6  cmT3. 

c ~ n - ~ ,  Q = 1.05 eV, k = 8.6167 x eV/"K and T i s  

T h i s  e x p r e s s i o n  does n o t  i n c o r p o r a t e  any dependence on n e u t r o n  f l u e n c e  

S ince  bubb le  s w e l l i n g  

For  ETF a p p l i c a t i o n s  below 300°C, 

W o l f e r  has p r o v i d e d  c a l c u l a t i o n s  o f  t h e  c o m p r e s s i b i l i t y  f a c t o r  2 f o r  h e l i u m  

gas a t  h i g h  d e n s i t i e s . ( 6 )  

be de te rm ined  f rom e s t i m a t e s  o f  t h e  p a c k i n g  f r a c t i o n  o f  t h e  gas i n  t h e  v o i d s .  

The upper  l i m i t  o f  t h i s  q u a n t i t y  i s  s i m p l y  t h e  h e l i u m  a tomic  volume (assuming 

a l l  h e l i u m  t o  be i n  t h e  c a v i t i e s )  ove r  t h e  measured c a v i t y  volume. I n  a l l  

cases i n v e s t i g a t e d  i n  t h i s  s t u d y  t h e  p a c k i n g  f r a c t i o n  was l e s s  t h a n  0.1 

and t h e  c o m p r e s s i b i l i t y  f a c t o r  was 1 .3  o r  l e s s .  

As shown i n  F i g u r e  7 t h e  c o m p r e s s i b i l i t y  can 

8. Conc lus ions  

The DO-heat s w e l l i n g  d a t a  canno t  be c o n c l u s i v e l y  shown t o  demonst ra te  a 

l a r g e  r o l e  o f  h e l i u m  on enhanc ing t h e  t o t a l  amount o f  s w e l l i n g ,  p a r t i c u l a r l y  

a t  h i g h e r  f l u e n c e s .  
c o r e  FFTF s t e e l  t o  f u s i o n  env i ronments  i s  t h e r e f o r e  p r o b a b l y  v a l i d .  

t h o s e  tempera tu re  reg imes where no s w e l l i n g  i s  p r e d i c t e d  w i t h  t h a t  c o r r e l a t i o n ,  

a c o n s e r v a t i v e  bubb le  s w e l l i n g  model has been assumed. 

i n  t h e  a v a i l a b l e  d a t a  r e q u i r e  t h a t  a d d i t i o n a l  a n a l y s i s  proceed on m a t e r i a l s  

i r r a d i a t e d  i n  H F I R  and EBR-11. 

A p p l i c a t i o n  o f  t h e  c u r r e n t  b reeder  e q u a t i o n  f o r  f i r s t  

Fo r  

The problems i n h e r e n t  
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VII. FUTURE WORK 

The void and bubble swelling correlations developed in this study will be 
revised as new data or insight become available. The effect of stress on 
void and bubble swelling will also be studied and stress-affected swelling 
correlations developed. 
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I .  PROGRAM 

T i t l e :  Mechanical P rope r t i es  

Pr incpa l  I n v e s t i g a t o r :  R. H. Jones 

A f f i l i a t i o n :  P a c i f i c  Northwest Laboratory 
Operated by B a t t e l l e  Memorial I n s t i t u t e  

I I .  OBJECTIVE 

The purpose o f  t h i s  ana l ys i s  was t o  evaluate t he  m ic ros t ruc tu re- f l ow  

s t ress  r e l a t i o n s h i p  f o r  T(d,n) and Be(d,n) neutron and 16 MeV pro ton  

i r r a d i a t e d  n i c k e l  and niobium. 

I I I .  RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I .C .6 .1  E f f e c t s  o f  Damage Rate and Cascade S t ruc tu re  on 
Microstructure-Charged Par t i c le /Neut ron  Cor re la t i ons  

SUBTASK I I . C . l l . l  E f f e c t s  o f  Cascades and F lux  on Flow-Light 
II.C.11.4 p a r t i c l e  i r r a d i a t i o n s  and h i g h  energy neutron 

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

I V .  SUMMARY 

The f l o w  s t ress  increase o f  T(d,n) and Be(d,n) neutron and 16 MeV pro-  

ton  i r r a d i a t e d  n i c k e l  and n iobium was shown t o  be r e l a t e d  t o  the c l u s t e r  

d e n s i t y  and diameter us ing  the s t rong b a r r i e r  model. 

f i c i e n t  6 was determined t o  be 4 f o r  both n i c k e l  and niobium. 

compares favorab ly  w i t h  those repor ted  i n  t he  l i t e r a t u r e  f o r  f i s s i o n  

neutron i r r a d i a t e d  ma te r i a l s ,  thus g i v i n g  f u r t h e r  suppor t  t h a t  f u s i o n  and 

f i s s i o n  energy neutrons induce a s i m i l a r  type o f  displacement damage a t  

low f luences and 25°C. 

The hardening coef- 

Th is  value 



V .  ACCOMPLISHMENTS A N D  STATUS 

Comparison of the flow properties of i r radiated nickel and niobium 
reported previously'') with more recent microstructural data has been 
completed. Using the following hardening model 

where p i s  the shear modulus, b the burgers vector, (3 a constant and a the 
average in te rpar t ic le  spacing given by 

-1/2 - 
9. = (Nd) 

where N i s  the average c lus te r  density and d i s  the average c lus te r  dia- 
meter the values for B given i n  Table I were determined. The value o f  B 
i s  independent of i r radiat ing par t ic le  b u t  decreases s l i gh t ly  with increas- 
ing fluence. Also, values for  B were equal for  nickel and niobium. Values 
of B f o r  niobium were determined only for  fluences greater than about 
1 x 

ences where impurity-point defect complex hardening dominates, the simple 
hard bar r ie r  model does n o t  apply. 

cm-' which was in the c lus te r  hardening regime.. A t  lower f l u-  

Values f o r  B ranging from 2 to  4 have been reported (2-4) for  pris- 
matic loop hardening o f  various materials. 
value of 0.46 for  K1/K2 obtained from f iss ion neutron i r radiated niobium 
single  crysta ls  where 

Loomis and Gerber(5) report  a 

K2 equates the e f fec t ive  and average in te rpar t ic le  distances and i s  a 
constant close to  unity which incorporates geometrical considerations. 
For K2 = 1, Loomis and Gerber report a B = 2.2;  however, separate values 

179 



f o r  K1 and K2 were n o t  given. Tucker and Wechsler(6) repor ted  a value o f  

0.65 f o r  K1/K2 which corresponds t o  a B o f  1.5 a t  K2 = 1. 
Wechsler(7) found t h a t  K1/K2 o f  i r r a d i a t e d  vanadium ranged from about 0.36 

t o  0.45 a f t e r  an anneal a t  100°C f o r  vanadium conta in ing  60 and 640 w t  ppm 

oxygen, respec t i ve l y .  These values correspond t o  f3 values o f  2.8 and 2.2, 
r e s p e c t i v e l y  f o r  K2 = 1. Comparison o f  the  publ ished values f o r  B w i t h  
those obta ined f o r  T(d,n) and Be(d,n) neutrons and 16 MeV pro ton  i r r a d i a t e d  

n i c k e l  and niobium demonstrates t h a t  the hardening mechanism i s  s i m i l a r  i n  
these cases. 

B a j a j  and 
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TABLE 1. Microstructure-Yield Strength Comparison for T (d,n), Be (d,n) and 
16 MeV Proton Irradiated Material 

PARTICLE 

T (den) 

MATERIAL REFERENCE P FLUENCE 
c m 2  

2 1017 4.0 

NICKEL 

2 x 10’8 

1 x 1017 

7 x 1017 

2 x 10’8 

3 x 1019 

4 x 10’8 

NIOBIUM 

3.8 

3.4 

4.2 

3.4 

2.2 LOOMIS AND GERBER 

1.5 TUCKER A N D  WECHSLEF 

NIOBIUM 

NIOBIUM 

VANADIUM 

Be Id.n) 

16 MeV 
H +  

T (den) 

16 MeV 
H+ 

FISSION 

FISSION 

FISSION 
n 

n 

I 3 ~ 1 0 ’ ~  I 4.2 I 
6 x  1017 I 3.8 I 
1 x 10” 1 3.2 I 

I 

BAlTELLE 
6 x 10’’ 4.6 

1019 I 2.9 ~ B A J A J  AND WECHSLER 

POLYCRYSTAL Au= 2pb/$  j= ( N d ) - l l 2  
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I. 

11. 

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 :  Hanford  E n g i n e e r i n g  Development L a b o r a t o r y  

OBJECTIVE 

The purpose o f  t h i s  s t u d y  i s  t o  o b t a i n  t e n s i l e  p r o p e r t i e s  d a t a  on m e t a l s  

and a l l o y s  i r r a d i a t e d  w i t h  f u s i o n  neu t rons  f o r  compar ison w i t h  d a t a  o b t a i n e d  

w i t h  f i s s i o n  n e u t r o n s .  Data f rom m i c r o t e n s i l e  specimens w i l l  be c o r r e l a t e d  

w i t h  m i c r o s t r u c t u r a l  and mechanical  p r o p e r t i e s  d a t a  f rom TEM d i s c s .  

111. RELEVANT OAFS PROGRAM TASK/SUBTASK 

TASK I I . C . 6  E f f e c t s  o f  Rate and Cascades on M i c r o s t r u c t u r e s .  

I I . C . l l  E f f e c t s  o f  Cascades and F l u x  on Flow. 

I V .  SUMMARY 

T e n s i l e  t e s t s  have been comple ted on 316 SS m i c r o t e n s i l e  speciemns 

i r r a d i a t e d  a t  RTNS-I1 t o  a peak f l u e n c e  o f  1.1 x 10” n/cm2 a t  room tempera- 

t u r e .  Evidence was found  f o r  t h e  o n s e t  o f  i r r a d i a t i o n  h a r d e n i n g  f o r  t h e  two 

c o n d i t i o n s  o f  316 SS i n v e s t i g a t e d  i n  t h i s  exper iment .  

u n i r r a d i a t e d  t e n s i l e  p r o p e r t i e s  f o r  these  specimens was observed f o r  t h e  

specimens t e s t e d  wh ich  had t h e  l o w e s t  dose (0.6 x 10’’ n / cm2) .  

No change f rom t h e  

V .  ACCOMPLISHMENTS AND STATUS 

A. T e n s i l e  P r o p e r t i e s  Data on 316 SS I r r a d i a t e d  a t  RTNS-I1 - R. J .  
Pu igh  and N. F. Panayotou (HEDL) 

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

R a d i a t i o n  damage o f  s t r u c t u r a l  m a t e r i a l s  due t o  t h e i r  expo- 

su re  t o  h i g h  energy n e u t r o n s  i s  an i m p o r t a n t  c o n s i d e r a t i o n  i n  t h e  d e s i a n  

o f  f u s i o n  power p l a n t s .  Our c u r r e n t  u n d e r s t ? n d i n g  o f  r a a . i - i t i o n  damdge i s  



not suf f ic ien t  t o  extrapolate our broad base of f i s s ion  reactor i r radia ted 
data t o  the e f fec t s  of high energy neutron i r radiat ions  upon s t ructural  
materials .  Therefore, data involving high energy neutron i r rad ia t ions  i s  
required. 
t es t ing  have re la t ive ly  small i r radia t ion volumes and large flux gradients 
within t h i s  volume. 
mens in t h i s  limited volume, miniaturized specimens become necessary. 

Currently the only sources of high energy neutrons for  materials 

To i r r ad i a t e  a s t a t i s t i c a l l y  meaningful number of speci- 

2 .  Experiment 
Details of the specimen geometry and the miniature t ens i l e  

machine used for  t es t ing  have been reported previously. ( ' I  
composition of the 316 SS used in the fabrication of the specimens i s  given 
in  Table 1 .  Specimens of 316 SS in b o t h  the 20% cold worked and annealed 
(975"C/15 min/AC) conditions were included in the HEDL-4 experiment which 
was i r radia ted a t  room temperature in RTNS-11. 
t h i s  experiment i s  shown in Figure 1 .  
men holders contained 35 t ens i l e  specimens and 10 Marz grade niobium dosimetry 
wires. 
neutron fluence dis t r ibut ion within each microtensile specimen holder. 

The chemical 

The specimen holder fo r  
Each of the three microtensile speci- 

These dosimetry wires have been analyzed by L L L  t o  determine the 

N A1 C Mn P S Si Ni Cr Mo Nb Ti C u  B Fe 
0.006 0.01 0.05 1 . 5  0.01 0.009 0 .5  13.5 16.6 2.4 0.03 0.002 0.08 0.001~BAL. 

3. Experimental Results 
The resu l t s  of t es t ing  the 316 SS microtensile specimens are 

summarized in Table 2 .  
the unirradiated specimens are given fo r  zero fluence. 
quoted in Table 2 fo r  these unirradiated t ens i l e  properties i s  the standard 
deviation i n  the average value of these properties.  For the 20% cold worked 

316 SS the average values fo r  the t ens i l e  properties i s  based on 17 t ens i l e  
tests and fo r  the annealed 316 SS the average values for  the t ens i l e  properties 

The average values f o r  the t ens i l e  properties of 
The uncertainty 

183 



1 a4 



3 

m m ~ e  
m " l a W G - h h h a 7 a . 3 , n N  

0 0 0 0 - - - - - ~ h h 0  
. . . . . . . . . . . . .  - 

w 

YI 
c 
3 

185 



i s  based on 25 t e n s i l e  t e s t s .  The va lues  f o r  t h e  t e n s i l e  p r o p e r t i e s  f o r  

a g i ven ,  non-zero f l u e n c e  a r e  based on a s i n g l e  t e s t  and t h e  u n c e r t a i n t y  

f o r  a s p e c i f i c  t e n s i l e  p r o p e r t y  i s  e s t i m a t e d  t o  be e q u i v a l e n t  t o  t h e  percen-  

tage  u n c e r t a i n t y  f o r  t h i s  p r o p e r t y  wh ich  i s  g i v e n  f o r  ze ro  f l u e n c e .  

t e n s i l e  s t r e n g t h  f o r  20% c o l d  worked (CW) 316 SS as a f u n c t i o n  o f  n e u t r o n  

f luence.  

as a f u n c t i o n  o f  i n c r e a s i n g  f l u e n c e  and t h e  y i e l d  s t r e s s  inc reases  by a p p r o x i -  

m a t e l y  13% a t  t h e  h i g h e s t  f l u e n c e .  

change i n  e i t h e r  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  o r  t h e  y i e l d  s t r e s s  i s  observed. 

The y i e l d  s t r e s s  and u l t i m a t e  t e n s i l e  s t r e n g t h  a r e  i n d i c a t e d  a t  z e r o  f l u e n c e  
on t h e  f i g u r e .  

F i g u r e  2 shows t h e  change i n  t h e  y i e l d  s t r e s s  and u l t i m a t e  

For  20% CW 316 SS 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  inc reases  s l i g h t l y  

A t  t h e  f l u e n c e  o f  0.6 x 1017 n/cmZ no 

F i g u r e  3 shows t h e  change i n  t h e  y i e l d  s t r e s s  and u l t i m a t e  
t e n s i l e  s t r e n g t h  f o r  annealed 316 SS. 

s l i g h t l y  w i t h  i n c r e a s i n g  f l u e n c e  and t h e  y i e l d  s t r e s s  i n c r e a s e s  by a p p r o x i -  

m a t e l y  37% a t  t h e  h i g h e s t  f l u e n c e .  

no change i n  these  t e n s i l e  p r o p e r t i e s  i s  observed. 

l i s t e d  i n  Tab le  2. 

0.25 f o r  t h e  c o l d  worked and 0.18 f o r  t h e  s o l u t i o n  annealed m a t e r i a l .  

o f  these  l a r g e  u n c e r t a i n t i e s  we can o n l y  say t h a t  t h e  t o t a l  e l o n g a t i o n  f o r  

b o t h  t h e  20% CW and t h e  annealed 316 SS shows a genera l  decrease i n  i t s  

v a l u e  as a f u n c t i o n  o f  i n c r e a s i n g  f l u e n c e  as expected. 

The u l t i m a t e  t e n s i l e  s t r e n g t h  i n c r e a s e s  

Again  a t  t h e  f l u e n c e  0.6 x 1017 n/cm2 

The r e s u l t s  o f  measurements o f  t o t a l  e l o n g a t i o n  a r e  a l s o  
The f r a c t i o n a l  u n c e r t a i n t y  i n  these  measurements i s  

Because 

4. D i s c u s s i o n  

Jones et. a 1 ( 2 )  i n v e s t i g a t e d  t h e  t e n s i l e  p r o p e r t i e s  o f  
annealed 316 SS i r r a d i a t e d  w i t h  neu t rons  f r o m  t h e  Be(d,n) r e a c t i o n .  They 

observe no change i n  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  up t o  t h e  peak f l u e n c e  
o f  1 x 10'' n/cm2. 

e l o n g a t i o n  decreased by 26%. 
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  and t o t a l  e l o n g a t i o n .  

a s i g n i f i c a n t l y  l a r g e r  i n c r e a s e  i n  t h e  y i e l d  s t r e s s ,  37%. 

However, t h e  y i e l d  s t r e s s  i n c r e a s e d  by 16% and t h e  t o t a l  
Our r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e i r s  f o r  

However, we observe 
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Fluence for Annealed 316 SS. 
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5. Conc lus ions 

The o n s e t  o f  i r r a d i a t i o n  ha rden ing  i n  b o t h  t h e  20% CW and 

annealed c o n d i t i o n s  o f  316 SS occurs  f o r  f l u e n c e s  g r e a t e r  t h a n  0.6 x lo1 '  
n/cm2 f o r  14 MeV n e u t r o n  i r r a d i a t e d  specimens t e s t e d  and i r r a d i a t e d  a t  room 

temperature .  The changes i n  t h e  t e n s i l e  p r o p e r t i e s  produced i n  b o t h  c o n d i t i o n s  

o f  316 SS i r r a d i a t e d  t o  a f l u e n c e  o f  lo1* n/cm2 a r e  summarized be low:  

S l i g h t  i n c r e a s e  i n  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 ;  a. 

b.  S i g n i f i c a n t  i n c r e a s e  i n  t h e  y i e l d  s t r e s s  ; and 

c.  A sma l l  decrease i n  t h e  t o t a l  e l o n g a t i o n .  
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V I I .  FUTURE WORK 
A d e t e r m i n a t i o n  w i l l  be made o f  t h e  r e d u c t i o n  i n  area f o r  these  s p e c i -  

Microhardness t e s t i n g  o f  t h e  m i c r o t e n s i l e  specimens and c o r r e l a t i o n  mens. 

o f  hardness and t e n s i l e  d a t a  i s  a l s o  planned. 
c o n t a i n e d  Marz grade n i c k e l  specimens i n  t h e  annealed c o n d i t i o n ;  and r e s u l t s  

f r o m  t h e i r  t e s t i n g  w i l l  be  g i v e n  i n  t h e  n e x t  r e p o r t i n g  p e r i o d .  

The HEDL-4 exper imen t  a l s o  
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I .  PROGRAM 

T i t l e :  I r r a d i a t i o n  Ef fec t s  Analysis (AKJ) 
Pr inc ipa l  Inves t iga to r :  0. G .  Doran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory ( H E D L )  

11. OBJECTIVE 

The ob jec t ive  of th i s  e f f o r t  i s  t o  modify i r r a d i a t i o n  creep c o r r e l a -  
t i o n s  developed from f a s t  breeder  and thermal r eac to r  da ta  f o r  fus ion  
r e a c t o r  app l i ca t ions .  

111. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

TASK II.C.2.4 Modeling 
TASK II.C.2.14 Models of Flow and Frac ture  Under I r r a d i a t i o n  

IV. SUMMARY 

A c o r r e l a t i o n  has been developed descr ib ing  the  a n t i c i p a t e d  i r r a d i a t i o n  
creep behavior of 20% cold-worked AISI 316 i n  fusion environments. 
I t  incorpora tes  low temperature f a s t  breeder  and thermal r e a c t o r  da ta  
t o  extend t h e  e x i s t i n g  breeder  c o r r e l a t i o n  t o  the temperature range 
of t h e  proposed Fusion Energy Device. 
dence on displacement r a t e  not  c u r r e n t l y  incorporated i n  the corres-  
ponding breeder  c o r r e l a t i o n .  

I t  a l s o  includes a depen- 

V .  ACCOMPLISHMENTS AND STATUS 

A.  Development of an I r r a d i a t i o n  Creep Corre la t ion  f o r  20% Cold-Worked 
AISI 316 In Fusion Environments - E .  R .  G i l b e r t  and F. A.  Garner (HEDL) 
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1.  I n t r o d u c t i o n  

As shown i n  F igure  1 the  i r r a d i a t i o n  creep behavior o f  nominal ly  s i m i l a r  

s t e e l s  has been observed t o  be q u i t e  va r iab le .  

Fusion Energy Device (FED) and poss ib ly  o the r  e a r l y  f u s i o n  devices w i l l  
be constructed o f  20% cold-worked AISI 316 s t a i n l e s s  s tee l  o f  a composit ion 

and s p e c i f i c a t i o n  which are  i d e n t i c a l  t o  t h a t  c u r r e n t l y  employed i n  the con- 

s t r u c t i o n  o f  Fast F lux Test  F a c i l i t y  (FFTF) core components. 

assumed t h a t  the  c u r r e n t  creep c o r r e l a t i o n  f o r  t h i s  s tee l  can be mod i f ied  

and/or ex t rapo la ted  t o  the  cond i t ions  expected i n  such devices. 

I t i s  a n t i c i p a t e d  t h a t  the  

I t i s  t he re fo re  

Development o f  a fus ion- creep c o r r e l a t i o n  requ i res  t h a t  the  e x i s t i n g  breeder 

c o r r e l a t i o n  be extended t o  cover the  f u l l  range o f  a n t i c i p a t e d  temperatures 

and t h a t  co r rec t i ons  be made f o r  the  d i f f e rences  i n  both the  displacement 

and t ransmutat ion c h a r a c t e r i s t i c s  o f  the  breeder and fus ion  reac tors .  

2. Neutron Spectra l  E f f e c t s  

I n  the  development o f  the  fus ion- creep c o r r e l a t i o n  i t  has been assumed t h a t  

t ransmutat ion products o the r  than hel ium do n o t  i n f l uence  the i r r a d i a t i o n  

creep behavior.  There i s  no evidence t o  support o r  r e f u t e  t h i s  assumption. 
While there  i s  no data y e t  a v a i l a b l e  on the  e f f e c t  o f  hel ium on i r r a d i a t i o n  
creep, i t  i s  a n t i c i p a t e d  t h a t  the  l a r g e  l e v e l s  o f  hel ium generated i n  f u s i o n  

reac to r  m a t e r i a l s  may be a major  f a c t o r  i n  the  ma te r ia l  response. However, 
no dependence o f  creep on hel ium l e v e l  w i l l  be incorporated i n t o  the  cor re-  

l a t i o n  e f f o r t  u n t i l  data become a v a i l a b l e  from i r r a d i a t i o n  o f  creep tubes 

i n  mixed spectrum reac tors .  

The displacement c h a r a c t e r i s t i c s  o f  breeder and f u s i o n  r e a c t o r  neutrons are  

expected t o  be d i f f e r e n t .  

descr ibed by expression o f  the exposure dose i n  displacements per  atom, 
ca l cu la ted  i n  the  standard manner. ('I Therefore, 1.0 x n/cm 

( E  >0.1 meV) i n  EBR-I1 y i e l d s  50 dpa i n  AISI 316. 

I t i s  assumed t h a t  these d i f f e rences  are  adequately 

2 
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3. E x t r a p o l a t i o n  t o  FED Temperature Range 

Whereas t h e  d a t a  used t o  deve lop  t h e  c u r r e n t  b reeder  c o r r e l a t i o n  were d e r i v e d  

a t  tempera tu res  between 370 and 700"C, FED i s  expec ted  t o  o p e r a t e  i n  t h e  

range o f  50 t o  300°C. As shown i n  F i g u r e  2, G i l b e r t  had e a r l i e r  r e p o r t e d  

t h a t  i n  t h i s  tempera tu re  range i r r a d i a t i o n  c reep  would  e x h i b i t  an i n v e r s e  

dependence on temperature .  ( * )  
p e r a t u r e  range would  p r e d i c t  no dependence on tempera tu re . )  

has s i n c e  been c o n f i r m e d  by  s e v e r a l  groups on a wide v a r i e t y  o f  a l l o y s  and 

(Use o f  t h e  c u r r e n t  c o r r e l a t i o n  i n  t h i s  tem- 

T h i s  t r e n d  

m e t a l s .  ( 3 . 4 )  

The tempera tu re  dependence employed t o  deve lop  t h e  f u s i o n- c r e e p  e q u a t i o n  

i s  i d e n t i c a l  t o  t h a t  shown i n  F i g u r e  2. As shown i n  F i g u r e  3 t h e  low  and 

h i g h  tempera tu re  p o r t i o n  o f  t h e  e q u a t i o n  were j o i n e d  by n o r m a l i z i n g  t o  c reep  
d a t a  p u b l i s h e d  by  M ~ s e d a l e ' ~ )  on t h e  creep o f  co ld-worked M316 i n  t h e  DFR 

f a s t  r e a c t o r  a t  250°C. 

4. Flux-Dependence o f  Creee 

Lewthwa i te  and Mosedale (6 .7)  have p u b l i s h e d  c r e e p  d a t a  on 300 s e r i e s  s t a i n l e s s  

s t e e l s  and o t h e r  a l l o y s  wh ich  demonst ra te  a s t r o n g  dependence on d i sp lacement  

r a t e  i n  t h e  DFR f a s t  r e a c t o r  a t  tempera tu res  below 400°C. As shown i n  F i g u r e  

4 t h e  s t e a d y - s t a t e  c reep  r a t e  i n c r e a s e s  w i t h  dec reas ing  d i sp lacement  r a t e .  

T h i s  dependence has been i n c o r p o r a t e d  i n t o  t h e  f u s i o n- c r e e p  c o r r e l a t i o n .  

The e q u a t i o n  appears t o  a l s o  adequa te l y  d e s c r i b e  t h e  c reep  b e h a v i o r  o f  s e v e r a l  

a u s t e n i t i c  and o t h e r  s t e e l s  i r r a d i a t e d  i n  the rma l  r e a c t o r s  a t  v e r y  l ow  d i s -  

placement r a t e s .  

ments o f  r o u g h l y  a f a c t o r  o f  2.5, w h i l e  t h e  e q u a t i o n  p r e d i c t s  a f a c t o r  o f  

3.2. 

I n  t h i s  case F o s t e r  and B o l t a x ( 8 )  saw f l u x - r e l a t e d  enhance- 

Based on c o n c l u s i o n s  reached b y  Guro l  and Garner,(') no dependence has been 

i n c l u d e d  on t h e  f l u x  p u l s i n g  a n t i c i p a t e d  t o  be c h a r a c t e r i s t i c  o f  f u s i o n  

dev ices .  
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5. Equat ion Desc r i p t i on  

The recommended equat ion i s :  

+ C 2  { s i n h  (“)I3 ( F / i ) 3  + > n 2  En (cosh ( H ( i )  F / n ) ) Z  
O I H  2 

where - 
E = e f f e c t i v e  s t r a i n ,  % 

0 = e f f e c t i v e  s t ress  (MPa) 
F = displacement l e v e l  i n  dpa 

T = temperature, “ K  

A1 = 2 x 

A2  = 4 x 

Bo = 1.5 x 10 

%/MPa f o r  b i a x i a l  l oad ing  ( i  = 1 )  

%/MPa f o r  bending ( i  = 2) 
-4 

G(T) = EXP ( 2  - 0.003 T )  
H(i) = EXP [ a  - b(k / (6  x 

F = displacement r a t e  i n  dpa/s 

a = 1.22 

b = 1.46 
C1 = exp ( - 5 . 5  - 24000/T) 

C2 = exp (52.25 - 95000/T) 

B1 = exp (1.0 - 8052/T) 
B2 = 1 + exp ( 4 5  - 40,266/Tj 

sz = 45 dpa 
H = 1 + (F /5 )0 ’5  

o1 = 47.76 MPa 

With t h e  except ion o f  the H(F)  and G(T) terms, t h i s  equat ion i s  s i m i l a r  i n  
form t o  t he  breeder equat ion and inc ludes  terms f o r  t he  pr imary t r a n s i e n t ,  
steady s t a t e  creep(and i t s  eventual  accelerat ion)  and thermal creep. Due t o  
the s u b s t a n t i a l  u n c e r t a i n t i e s  i nvo l ved  i n  t he  development o f  t h i s  equation, 
no r e a l i s t i c  unce r ta in t y  l i m i t s  have y e t  been es tab l i shed.  
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Figures 5 and 6 demonstrate the predicted behavior of t h i s  al loys as a 
function of temperature, fluence and neutron f lux.  Figure 5 describes the  
ant ic ipated behavior with displacement level and closely resembles the pre- 
dict ions  of the breeder corre la t ion a t  breeder-relevant displacement ra tes .  
Figure 6 i l l u s t r a t e s  a potential problem a t  high temperatures (>450"C) however. 
Our current understanding of f lux e f f ec t s  would n o t  lead t o  the prediction 
t h a t  the magnitude of creep a t  intermediate temperatures would be qu i te  so 
sens i t ive  t o  temperature. 
dependency will have t o  be changed. This a l t e r a t i on  will be formulated and 
reported in the next reporting period. 

I t  i s  ant ic ipated t h a t  the form of the f lux 
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