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FOREWORD 

T h i s  r e p o r t  i s  t h e  t h i r d  i n  a s e r i e s  o f  Q u a r t e r l y  Technical  Progress 
Reports on ”Damage AmZysis and Fundmentat Studies” (DAFS) which i s  one 
element o f  t h e  Fusion Reactor M a t e r i a l s  Program, conducted i n  suppor t  o f  
t h e  Magnetic Fusion Energy Program o f  t h e  U. S .  Department o f  Energy. Other  
elements o f  t h e  M a t e r i a l s  Program are :  

e AZZoy Development for Irradiation Performance ( A D I P )  

Plasma-Materials Ii.teraction (PMI) 
SpeciaZ Purpose Materials (SPM) 

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 rom a number o f  n a t i o n a 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 organ ized by t h e  M a t e r i a l s  
and Rad ia t i on  E f f e c t s  Branch, O f f i c e  o f  Fusion Energy, DOE, and a Task Group 
on Damage Analysis and Fundamental Studies which operates under t h e  auspices 
o f  t h a t  Branch. 
t e c h n i c a l  r e c o r d  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  general ,  and f o r  t h e  Department o f  Energy. 

Th i s  r e p o r t  i s  o rgan ized 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  Sec t i on  11, 
Damage Ana lys i s  and Fundamental S tud ies  (DOE/ET-0032/2), o f  t h e  Fdsion 
Reactor  M a t e r i a l s  Program P lan  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 v e n  
l a b o r a t o r y  may appear throughout  t h e  r e p o r t .  Chapters 1 and 2 r e p o r t  t o p i c s  
which a r e  gene r i c  t o  a l l  o f  t h e  DAFS Program: 
and I r r a d i a t i o n  Tes t  F a c i l i t i e s ,  r e s p e c t i v e l y .  Chapters 3, 4 ,  and 5 r e p o r t  
t h e  work t h a t  i s  s p e c i f i c  t o  each o f  t h e  subtasks around which t h e  program 
i s  s t r u c t u r e d :  A .  Environmental Charac te r i za t i on ,  B .  Damage Produc t i on  and 
C. Damage M i c r o s t r u c t u r e  E v o l u t i o n  and Mechanical Behavior .  The Table o f  
Contents i s  annotated f o r  t h e  convenience o f  t h e  reader.  

Chairman o f  t h e  Task Group on Dmage Analysis  and FundamentaZ S tud ies ,  
D. G. Doran, Hanford Eng ineer ing  Development Labora tory ,  and h i s  e f f o r t s ,  
those o f  t h e  suppor 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 r e  g r a t e f u l l y  acknowledged. T. C .  Reuther, 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 c o u n t e r p a 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. 

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 r o v i d e  a work ing  

DAFS Task Group A c t i v i t i e s  

T h 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  

Klaus M. Zwi lsky ,  C h i e f  
M a t e r i a l s  and Rad ia t i on  

O f f i c e  o f  Fus ion  Energy 
E f f e c t s  Branch 
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I .  PROGRAM 

T i t l e :  I r rad ia t ion  Effects  Analysis 
Principal Invest igator :  D. G .  Doran 
Affi 1 i a t ion  : Hanford Engineering Development Laboratory 

11. OBJECTIVE 

The object ive  of t h i s  work i s  t o  coordinate the a c t i v i t i e s  of the 
DAFS Task Group. 

111. RELEVANT DAFS PROGRAM PLAN TASKWBTASK 

A1 1 tasks  

IV. SUMMARY 

Task Group a c t i v i t i e s  included review of plans f o r  neutron f i e l d  
character izat ion of FMIT, formulation of plans f o r  neutron f i e l d  charac- 
t e r i z a t i o n  of RTNS-11, implementation of the  microstructural  evolution 
program, and i n i t i a t i n g  a fundamental mechanical behavior program. The 
DAFS Program Plan was p u b l i s h e d .  

V .  ACCOMPLISHMENTS A N D  STATUS 

The DAFS Program Plan was p u b l i s h e d  and i s  ava i lab le  from the 
National Technical Information Service (address on f r o n t  cover) as  U. S .  
Department of Energy Report DOE/ET-0032/2, July  1978. 

Several Subtask Group meetings have been held th i s  quar te r  (see  below). 
A f u l l  Task Group meeting i s  scheduled for October 30-31, 1973 in  Germantown. 
Mary1 and. 
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SUBTASK GROUP ACTIVITIES 

Subtask Group A -- Environmental C h a r a c t e r i z a t i o n  (L .  R .  Greenwood, 

ANL, Chairman) 

The Fusion 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) i s  now be ing  

designed a t  HEDL f o r  o p e r a t i o n  i n  1983. A 100 m4 deuteron beam a t  Ed = 

35 MeV w i l l  be stopped i n  a f l ow ing ,  l i q u i d  l i t h i u m  t a r g e t  t o  produce a 

f l u x  o f  about  1015 n/cm2-s near t h e  source. The FMIT Dosimetry P lan  was 

rev iewed b y  t h e  Subtask Group a t  ANL i n  March and a t  HEDL i n  May. Addi-  

t i o n a l  d iscuss ions  were h e l d  d u r i n g  June and J u l y ,  e s p e c i a l l y  d u r i n g  t h e  

ASTM meet ing i n  Richland,  Washington, J u l y  10-11, 1978. 
p l a n  emphasizes t h e  need f o r  pass ive  i n - s i t u  dosimetry,  w i t h  a c t i v e  and 

c a l c u l a t i o n a l  techniques used t o  augment t h e  measurements and t o  p rov ide  

a t ime  h i s t o r y  f o r  i r r a d i a t i o n s .  I n i t i a l  FMIT c h a r a c t e r i z a t i o n  w i l l  i n -  

c lude  a c t i v e  measurements performed v i a  var ious  s e r v i c e  p lugs  o r  d i r e c t l y  

i n s i d e  t h e  t e s t  c e l l  a t  low beam c u r r e n t s .  

The dos imet ry  

Discussions a r e  now be ing  h e l d  t o  p l a n  t h e  dos imet ry  c h a r a c t e r i z a t i o n  

o f  RTNS-11, a T(d,n) source n e a r l y  completed a t  LLL w i t h  an expected f l u x  
o f  about  l O I 3  n/cm*-s. 

p r i n c i p a l l y  u s i n g  t h e  93Nb(n,2n)q2mNb r e a c t i o n  t o  map f l u x  contours .  More 

d e t a i l e d  mapping us ing  a v a r i e t y  o f  r e a c t i o n s  and he l i um mon i to rs  w i l l  be  

conducted once t h e  f a c i l i t y  reaches a s t a b l e  c o n f i g u r a t i o n ,  m a i n l y  by L.  

Greenwood (ANL), M. Guinan (LLL) ,  and H. Fa r ra r ,  I V  ( A I ) .  L a t e r  measure- 

ments w i l l  i n c l u d e  room r e t u r n  spec t ra ,  t h e  f l u x- s p e c t r a  f a r  f rom t h e  

source, and c ross- sec t i on  t e s t i n g .  

I n i t i a l  c h a r a c t e r i z a t i o n  w i l l  be done by LLL, 

Subtask Group C -- C o r r e l a t i o n  Methodology ( G .  R. Odet te,  UCSB, 

Chairman) 

Subtask Group C, consu l tan ts  and guests,  met on J u l y  13  and 14, 1978 

The purpose 

i n  Richland,. Washington i n  c o n j u n c t i o n  w i t h  t h e  9 t h  ASTM I n t e r n a t i o n a l  

Symposium on t h e  E f f e c t  o f  I r r a d i a t i o n  on S t r u c t u r a l  Metals .  
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of the meeting was t o  1 )  review the s t a t u s  o f  the microstructural  evolution 
program and i n i t i a t e  implementation of the next c r i t i c a l  s t e p s ;  and 2 )  
f i n a l i z e  plans f o r  and begin implementation of a fundamental mechanical 
behavior program. 

R .  W .  Powell chaired the subgroup  on cor re la t ion  methodology for mi- 
cros t ructure .  Topics considered a t  the  meeting included: d isposi t ion of 
the MFE-I t e s t  specimens with recommendations t o  be forthcoming from an 
ad hoc committee (MFE-I was discharged i n  July 1978), reviewof the dual- 
ion  program and f u r t h e r  planning of an in te rcor re la t ion  experiment, a 
review of "hot" helium preinject ion c a p a b i l i t i e s  t o  soon be in place a t  
A N L ,  and discussion of a workshop on microstructural  examination techniques 
t o  take place w i t h i n  the next year .  
and mater ia ls  were a l s o  discussed. Final ly ,  an indicat ion of upcoming 
i s sues ,  including the u t i l i z a t i o n  o f  RTNS-I1 and a scoping t e s t  matrix 
f o r  FMIT were noted. 

Future f i s s i o n  reactor  t e s t  matrices 

J .  J .  Holmes chaired the subgroup on mechanical propert ies.  Following 
u p  on an informal meeting i n  San Francisco on April 2 1 ,  1978, a general 
s t ra tegy  and i n i t i a l  assignments f o r  the Fundamental Mechanical Behavior 
Program were developed. 
property maps f o r  Path A,  B and C a l l o y s ;  i n i t i a l  review of hydrogen 
e f f e c t s ;  a review of potent ia l  s t r e s s  s t a t e  e f f e c t s  on f a i l u r e ;  i n i t i a l  
scoping of a surface  analysis-helium embrittlement f a c i l i t y  f o r  DAFS; and 
appropr ia te  mechanical t e s t  procedures. The RTNS-I1 Uti l i za t ion  Plan and 
the need for a scoping test matrix f o r  FMIT were b r i e f l y  discussed. 
the c r i t i c a l  need f o r  reactor  t e s t s  was re-emphasized and a preliminary 
recommendation formulated on general space and t e s t  specimen requirements. 
Spec i f i ca l ly ,  i t  was recommended t h a t  about 20% of reac to r  space from ADIP 
i r r a d i a t i o n s  be made ava i lab le  t o  DAFS t o  b u i l d  an inventory of i r r a d i a t e d  
mechanical t e s t  specimens. 

Assignments included developing mechanical 

Finally 

Other DAFS a c t i v i t i e s  d u r i n g  the  qua r t e r  include a preliminary formu- 
l a t i o n  of  a materials  bank and an experimental t e s t  matrix policy f o r  DAFS 
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which w i l l  be c i r c u l a t e d  f o r  rev iew.  The MFE-I1 t e s t  aimed a t  s tudy ing  

he l ium e f f e c t s  was i n s e r t e d  i n t o  ORR and the subtask group and i t s  r ep re-  

sen ta t i ves  con t inued t o  p a r t i c i p a t e  i n  var ious  MFE p lann ing  a c t i v i t i e s .  
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CHAPTER 2 

I R R A D I A T I O N  T E S T  F A C I L I T I E S  
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I .  PROGRAM 

T i t l e :  I r r ad ia t ion  Effects Analysis 
Principal Inves t iga tor :  D. G. Doran 
Affi 1 .i at ion  : Hanford Engineering Development Laboratory 

11. OBJECTIVE 

The objec t ive  of t h i s  work i s  t o  develop a national program plan f o r  
the e f f e c t i v e  u t i l i z a t i o n  of the RTNS-I1 and  other high energy neutron 
fac i  1 i t i e s .  

111, RELEVANT DAFS PROGRAM PLAN TASK/SUBTASKS 

All tasks  a r e  relevant  i n  t h a t  the u t i l i z a t i o n  of high energy neutron 
sources i s  an integral  par t  of the DAFS Program s t ra t egy .  
pected t o  be af fec ted  most d i r e c t l y  a r e :  

The tasks ex- 

TASK II.A.2 High Energy Neutron Dosimetry 
II.A.4 Gas Generation Rates 
I I .A .5  Dosimetry Technique Development 
I I .B .3  Experimental Characterization of Primary Damage S t a t e  
II.B.4 Damage Production in Insula tors  
II .C.l  Effect  of Material Parameters on Microstructure 
I I . C . 2  
II.C.6 
II.C.7 
II .C.8 Effect  of Helium and Displacements on Fracture 
I I .C. i l  Effects of Cascades and Flux on Flow 
II.C.18 Relating Low and High Exposure Microstructures 

Effect  of Helium on Microstructure 
Effect  of Damage Rate and Cascade St ruc ture  Microstructure 
Effect of Helium and Displacements on Flow 
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IV. SUMMARY 

The RTNS-I1 Uti l i za t ion  Plan was completed, pr in ted,  and i s  cur ren t ly  
being d i s t r ibu ted .  ( 1 )  

V. REFERENCES 

1. RTNS-I1 Uti l i za t ion  Plan, U .  S .  Department o f  Energy Report DOE/ 
ET-0066, September 1978. 
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CHAPTER 3 

SUBTASK A: ENVIRONMENTAL CHARACTERIZATION 
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I.  PROGRAM 

T i t l e :  Dosimetry and Damage Analys is  

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 iona l  Laboratory  

11. OBJECTIVE 

To determine t he  f l ux- spec t rum a t  va r ious  l o c a t i o n s  i n  t h e  Oak Ridge 

Research Reactor (ORR) and t o  p rov ide  dos imet ry  and damage a n a l y s i s  f o r  

MFE i r r a d i a t i o n  e f f e c t s  experimenters. 

111. RELEVANT OAFS PROGRAM TASK/SUBTASK 

SUBTASK 11. A. l . l  F lux- spec t ra 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 .  

I V .  SUMMARY 

The f i r s t  MFE i r r a d i a t i o n  i n  DRR (MFE1) was completed i n  J u l y ,  

1978. The second run  (MFE2) was s t a r t e d  i n  September and should con t inue  

f o r  about one year.  

t he  same l o c a t i o n  as MFE2 t o  measure t he  f lux- spect rum.  A l l  i r r a d i a t i o n s  
c o n t a i n  dos imet ry  m a t e r i a l s  from ANL and Atomics I n t e r n a t i o n a l  ( A I ) .  

A low power i r r a d i a t i o n  i s  scheduled i n  October i n  

V. ACCOMPLISHMENTS AND STATUS 

Experiments a t  ORR -- L. R. Greenwood and R. R. H e i n r i c h  

Dosimetry has been p rov ided  f o r  t h r e e  i r r a d i a t i o n s  i n  t h e  Oak Ridge 

Research Reactor (ORR). 

and ended i n  Ju l y .  

ORR-MFE1 i n  co re  p o s i t i o n  C3 s t a r t e d  i n  February 

The capsules inc luded  dos imet ry  w i res  and he l ium 
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monitors from Atomics International (AI). Due to gamma heating problems 
the irradiation was ended prematurely. The capsules were allowed to cool 
at ORNL and were disassembled in September. Dosimetry materials are 
now being shipped to ANL and AI for analysis. 

A second irradiation (ORR-MFE2) was started in core position E7 in 
September and should continue for about 1 year. 
Ni, Co-A1, and Ti) in small packages measuring about 0.050" in diameter 
by 0.25" long were included with each of the 16 heaters used to keep a 
variety of tensile specimens at constant temperatures between 250-550'C. 
Additional wires and helium capsules were placed in aluminum tubes running 
the entire length of the irradiation capsule. 

Dosimetry wires (Fe, 

A low power spectral mapping study has also been planned, and should 
be done the week of October 23. The test was originally scheduled for 
July but had to be postponed due to unforeseen problems at ORR. 
spectral test will be in core position E7, thus necessitating the tem- 
porary removal of the ORR-MFE2 capsule. 
being made to mock-up a nearby experiment which should perturb the spec- 
trum. This will guarantee that the measured spectrum is identical to 
that seen by ORR-MFE2; however, the spectrum may be significantly differ- 
ent from that seen by ORR-MFE1. 

The 

Oumy graphite cylinders are also 

The spectral test requires low power (- 3 kW) so that cadmium covers 
and fissile monitors can be safely included; log and 6Li helium monitors 
are also included. 
after the irradiation so that samples with short half-lives can be 
counted quickly at ANL. 

We plan to disassemble the capsule at ORNL shortly 

V I .  REFERENCES 

None 

14 



V I I .  FUTURE WORK 

Ana lys i s  o f  t he  dos imet ry  samples by ANL and AI w i l l  con t inue  i n t o  
Plans f o r  i r r a d i a t i o n  o f  MFE3 a re  now b e i n g  formula ted.  FY 1980. 

VIII. PUBLICATIONS 

None 
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I .  PROGRAM 

T i t l e :  Dosimetry and Damage Ana lys 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 tory  

11. OBJECTIVE 

To develop dos imet ry  techniques and p r o v i d e  dos imet ry  and damage 

a n a l y s i s  f o r  MFE exper imenters i n  Be(d,n) i r r a d i a t i o n  f a c i l i t i e s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK 11. A.2.1 F lux- spec t ra l  d e f i n i t i o n  i n  Be(d,n) f i e l d .  

I V .  SUMMARY 

Resu l t s  a r e  presented f o r  i r r a d i a t i o n s  conducted f o r  B a t t e l l e  P a c i f i c  

Northwest Labo ra to r i es  (PNL) a t  t h e  U. C. Davis c y c l o t r o n  u s i n g  t h e  

Be(d,n) f i e l d  a t  Ed = 40 MeV d u r i n g  February, 1978. 

t i o n s  were a l s o  conducted d u r i n g  September, 1978. 

A d d i t i o n a l  i r r a d i a -  

V. ACCOMPLISHMENTS AN0 STATUS 

Experiments a t  U. C. Davis, Be(d,n), Ed = 40 MeV -- L. R. Greenwood 

and R. R. H e i n r i c h  

Two i r r a d i a t i o n s  were conducted f o r  0. S t y r i s  and R. Jones (PNL) 

a t  t h e  U. C. Davis c y c l o t r o n  us ing  t h e  Be(d,n) r e a c t i o n  a t  Ed = 40 MeV. 

A l a r g e  number of t e n s i l e  specimens (10  m i l  w i r e s )  and dos imet ry  f o i l s  

were i r r a d i a t e d  a t  two l o c a t i o n s ,  about 6 and 26 mm f rom t h e  es t imated 

c e n t e r  o f  t h e  neu t ron  source. 
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The f i r s t  r un  was conducted i n  February w i t h  a t o t a l  charge o f  2.1 

coulombs over about 23 hours. The dos imet ry  packets,  l a b e l e d  3 and 4, 
c o n s i s t e d  o f  N i ,  Co, Nb, Au, Fe, I n ,  and A1 f o i l s  measuring about 8 mn x 

13 nun. The A1 and I n  f o i l s  were sent  t o  L ivermore (LLL) f o r  count ing,  

however, t h e  I n  f o i l s  c o u l d  n o t  be shipped i n  t i m e  due t o  t h e  h i g h  

r e s i d u a l  a c t i v i t y  i n  t h e  t a r g e t  room a t  U. C. Davis. The remain ing f o i l s  

were counted a t  ANL. 

t h e  packets t o  measure geometry and absorp t ion  e f f e c t s .  As expected, 

i n  c l o s e  geometry ( 6  mm), t he  geometr ic  e f f e c t  i s  n e a r l y  1/R, whereas 
f u r t h e r  f rom the  source (26 mn) t he  e f f e c t  i s  about 1/R2. 

N i cke l  f o i l s  were placed on t h e  f r o n t  and r e a r  o f  

The f o i l s  were c u t  i n t o  s i x  s t r i p s  (A-G) about  1.5-2.0 m wide and 

about 8 mm long  w i t h  t h e  t e n s i l e  specimens p a r a l l e l  t o  t h e  longer  d i -  

mension. The average f lux- spect rum on a g i ven  f o i l  is thus about  t h e  

same as t h a t  on t h e  wires,  a l though  t he  f l ux- spec t rum v a r i e s  s i g n i f i -  

c a n t l y  a long a g i ven  wi re .  

each o f  t h e  s i x  s t r i p s  was used t o  u n f o l d  t he  f lux- spect rum us ing  t h e  

SAND11 and SANDANL codes. The r e s u l t s ,  i n c l u d i n g  a Monte Car lo  e r r o r  

a n a l y s i s ,  a r e  g i ven  i n  Tables I and 11. 

f l u x  r e g i o n s  a t  t h e  two d is tances f rom t h e  source a re  shown i n  F igures 1 

and 2. 
t h i s  r un  u s i n g  a newly developed computer l i b r a r y .  

i n  t he  c o n t r i b u t i o n  f o r  Subtask I I .A .3 .1 .  

A c t i v a t i o n  data  f o r  e leven r e a c t i o n s  f o r  

Spectra r e p r e s e n t i n g  t h e  h i g h e s t  

P r e l i m i n a r y  damage c a l c u l a t i o n s  have a l s o  been performed f o r  
The r e s u l t s  a r e  g i ven  

I n  o r d e r  t o  f u r t h e r  i n v e s t i g a t e  t h e  f l u x - s p e c t r a l  g rad ien ts ,  t h r e e  

o f  t h e  n i c k e l  f o i l s  (F, E, and A) a t  t h e  6 mn p o s i t i o n  were f u r t h e r  sub- 

d i v i d e d  i n t o  f i v e  pieces, each p iece  be ing l e s s  than 2 mm square. 

computer program was then w r i t t e n  t o  c a l c u l a t e  t h e  average r a d i a l  d i s -  

placement o f  each sub- sect ion  f rom the  beam ax is .  

f i e l d  i s  c y l i n d r i c a l l y  symmetric, t h e  r e s u l t s  should f a l l  on a smooth 

cu rve  d e f i n i n g  t h e  r a d i a l  f l u x - s p e c t r a l  g r a d i e n t  w i t h i n  t he  l i m i t s  o f  

o u r  r e s o l u t i o n .  The r e s u l t s  a re  shown i n  F i g u r e  3. As can be seen, t h e  

A 

Since t he  neut ron 
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FIGURE 1. Be(d,n) spectrum un fo lded  a t  t h e  U. C. Davis c y c l o t r o n  f o r  
PNL. The dashed and d o t t e d  l i n e s  represent  p l u s  and minus 
one s tandard dev ia t i on .  
9, mn and were l o c a t e d  on t h e  beam a x i s  about 6 mm f rom t h e  
neu t ron  source. 

The f o i l s  measured about 1.8 mm by 
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FIGURE 2. Be(d,n) spectrum un fo lded  a t  t h e  U. C. Davis c y c l o t r o n  f o r  
PNL. The dashed and d o t t e d  l i n e s  rep resen t  p l u s  and minus 
one s tandard dev ia t i on .  
8 mm and were l o c a t e d  about 26 n from t h e  neu t ron  source. 

The f o i l s  measured about 1.6 mm by 
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f i e l d  i s  indeed cy l indr i ca l ly  symmetric about the beam a x i s  and the beam 
center can be eas i ly  located t o  within about t 0.2 mn by t h i s  technique. 

The second i r r ad ia t ion  f o r  PNL was conducted i n  September and a c t i -  
vation f o i l s  a r e  now being counted a t  ANL and LLL. 
labeled 5 and 6, were placed a t  about 6 and 26 m from the source and 
consisted of Ni, Co, Nb, Au,  Zr, and A1 f o i l s .  
and Zr was added t h i s  time. 
cyclotron vaul t  and Fe react ion cross- sect ions a r e  known t o  have l a rge  
e r r o r s  from our in tegra l  t e s t i n g  program. 

Two dosimetry packets, 

The Fe and In were omitted 
Indium cannot be re t r ieved in time from the 

We should a l s o  note t h a t  r e s u l t s  given previously (DOE/ET-0065/1) f o r  
PNL ( R u n  2 )  were a lso  a t  E d  = 40 MeV, n o t  30 MeV as  s t a t e d .  
s u l t s  from t h a t  run are  about 78% higher than Run 4 (given i n  Table I )  due 
t o  s l i g h t  differences i n  posi t ioning and beam spot diameter. 
d i f ference  underscores the f a c t  t h a t  passive i n - s i t u  dosimetry i s  a neces- 
sity in these close geometry i r r a d i a t i o n s .  

The f lux re- 

This enormous 

VI. REFERENCES 

None 

VII. FUTURE WORK 

Analysis of the dosimetry .sr the PNL i r r a d i a t i o n  
be completed during the f i rs t  quarter o f  FY 1979. 

VIII. PUBLICATIONS 

Ser mber should 

An a b s t r a c t  concerning this work has been accepted and a paper wil l  
be presented a t  the F i r s t  Topical Meeting on Fusion Reactor Materials ,  
January 29-31, 1979, in Miami Beach, Florida. 
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I .  PROGRAM 

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

P r i n c i p a l  I n v e s t i g a t o r s :  0. W .  Knef f ,  H a r r y  F a r r a r  I V  

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

I I. OBJECTIVE 

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

o f  m a t e r i a l s  f o r  Magnet ic f u s i o n  Reactor a p p l i c a t i o n s  i n  t h e  broad-band 

Be(d,n) neu t ron  environment, t o  c h a r a c t e r i z e  t h e  Be(d,n) neutron f l uence  

and neu t ron  energy d i s t r i b u t i o n s  as a f u n c t i o n  o f  p o s i t i o n  r e l a t i v e  t o  

t h e  neu t ron  source, p a r t i c u l a r l y  i n  t h e  h i g h - f l u x  reg ion ,  and t o  develop 

he l i um accumulat ion f l uence  mon i to rs  f o r  neu t ron  f l uence  and energy spec- 

t rum dos imet ry  f o r  fus ion-program neut ron  i r r a d i a t i o n s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I . A . 2 . 1  F lux- Spec t ra l  D e f i n i t i o n  i n  t h e  Be(d,n) F i e l d  

SUBTASK I I . A . 4 . 3  Be(d,n) Helium Gas Produc t ion  D a t a  

SUBTASK I I . A . 5 . 1  Hel ium Accumulat ion Mon i t o r  Oeveloment  

I V .  SUMMARY 

Hel ium analyses have been completed f o r  23 a d d i t i o n a l  pure element 

specimens i r r a d i a t e d  i n  t h e  Be(d,n) neu t ron  f i e l d  us ing  30-MeV deuterons. 

These specimens a r e  f rom t h e  e leven  A l ,  Fe, N i ,  Cu, and Au w i r e  r i n g s  

i nco rpo ra ted  i n  t h e  experiment f o r  both c ross  s e c t i o n  and hel ium accumula- 

t i o n  neu t ron  dos imetry  a p p l i c a t i o n s .  

m e t r i c a l  l y- counted  dos imetry  f o i l  segments from t h e  i r r a d i a t i o n  capsule 

has a l s o  been i n i t i a t e d .  

The weigh ing o f  t h e  -300 r a d i o -  

24 



V.  ACCOMPLISHMENTS A N D  STATUS 

Helium Analyses of Be(d,n)-Ir radiated Pure Elements -- D .  W .  Kneff, 
Harry Farrar IV, and M .  M .  Nakata (Energy Systems Group, Rockwell 
Internat ional  ) 

The analysis  i s  continuing of the pure element wire r ings i r r ad i a t ed  
i n  the E e ( d , n )  neutron environment us ing  30-MeV deuterons. The primary 
object ives  of t h i s  i r r ad i a t ion  experiment were t o  measure the spectrum- 
integrated helium-generation cross  sect ions of a la rge  number o f  pure 
elements, separated isotopes,  and a l loys  of potent ia l  fusion reactor  
design i n t e r e s t ;  t o  character ize  the posi t ion-sensi t i v e  neutron fluence 
and energy spectra  of the Be(d,n) neutron environment in d e t a i l ;  and t o  
evaluate  and use helium accumulation mater ia ls  as  neutron fluence and 
energy dosimeters. The experiment was undertaken j o i n t l y  w i t h  personnel 
from Argonne National Laboratory ( A N L )  and  Lawrence Livermore Laboratory 
( L L L ) .  
cribed in d e t a i l  i n  previous Rockwell Internat ional  reports. 

The experiment and the i n i t i a l  analysis  r e su l t s  have been des- 
( 1 5 2 )  

During the repor t  period, helium analyses were completed fo r  23 
addi t ional  pure element specimens from the eleven Al, Fe, N i ,  C u ,  and Au 
wire r ings incorporated in the experiment fo r  bo th  cross  sect ion and 
helium accumulation dosimetry appl icat ions.  The analyses were made u s i n g  
the  Rockwell Internat ional  h igh- sens i t iv i ty  gas mass spectrometer system. 
The r e s u l t s ,  presented i n  Table 1, b r i n g  the  t o t a l  number of  Be(d,n) 
helium analyses t o  date  t o  52. 
loca t ions  around seven o f  the eleven helium dosimetry r i n g s ,  whose i r r a d i -  
a t i o n  geometry i s  shown schematically i n  the previous DAFS quar te r ly  
progress report .  (2 )  The smooth var ia t ion  i n  the helium concentration 
results f o r  each dosimetry r i n g  corresponds t o  the non-symmetric r ing 
or ien ta t ion  r e l a t i v e  t o  the neutron source a x i s ,  and t h u s  t o  the changing 
neutron fluence w i t h  source angle. 

The analyzed segments represent various 

The  e f f ec t ive  appl icat ion of helium 
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TABLE 1 

ADDITIONAL MEASUREMENTS OF 
HELIUM CONCENTRATIONS I N  Be(d,n)-IRRADIATED PURE ELEMENT R I N G  SEGMENTS 

Segment Meas ured He1 i um 
00s ime t r y  Segment Angular  Mass Number o f  Concent ra t ion 

Ring Number O r i e n t a t i o n *  (mg) 4He Atoms (appb )+ 

A1 
Layer  3 

N i  
Layer 3 

cu 
Layer 2 

Outer  Cu 
Layer 3 

GAL-W2A 
GAL-W2C 
GAL-W2E 
GAL-W2G 
GAL-W2I 
GAL-W2K 

GNI-W2C 
GNI-W2G 
GNI-W2W 

GCU-W1A 
GCU-W1C 
GCU-W1K 
GC U- W 1M 
GCU-W1S 

GCU-W2A 
GCU-W2C 
GCU-W2E 
GCU-W2G 
GCU-W2I 
GCU-W2K 
GCU-W2M 
GCU-W20 
GCU-W2Q 

72: 1.0271 
0..7912 
0.9454 

255 1.0994 
194: 1.2745 
134 1.322 

3180 2O 

11 2.935 x lol1 2.310 x lol1 3.277 x lol1 
5.919 x lol1 
5.093 x 10 

4.887 x lol1 

11 
3480 2.631 4.052 x lol1 
122 2.173 3.776 x 10 

46: 3.080 4.345 x lol1 

83' 2.946 
53; 2.471 

287. 3.039 
253: 3.381 
162 2.458 

75; 2.173 
36. 2.134 

353: 2.737 
3120 3.054 
273, 2.490 
2 30- 2.819 

10 7.277 x lolo 
5.710 x lol1 

1.302 x lolo 
8.811 x 10 

10 8.126 x lolo 
7.578 x lolo 
9.956 x lol1 
1.396 x lol1 
1.343 x lol1 
1.684 x 10,. 

1.020 x lol1 

189u 2.702 1.619 x 10;; 
148: 2.676 1.311 x lolo 
113 1.660 5.603 x 10 

12.80 
13.08 
15.53 
19.91 
20.80 
17.26 

13.75 
15.01 
16.94 

2.61 
2.44 
3.54 
4.07 
3.78 

3.95 
3 .75  
3.84 
4.82 
5.69 
6.30 
6.32 
5.17 
3.56 

*Average angu lar  o r i e n t a t i o n  o f  segment about  t h e  i r r a d i a t i o n  capsule 
a x i s  i n  t h e  p lane  o f  t h e  r i n g .  

tHel ium concen t ra t ions  i n  atomic p a r t s  pe r  b i l l i o n  ( l o - '  atom f r a c t i o n ) .  
The v a r i a t i o n  i n  t h e  r e s u l t s  f o r  each r i n g  r e f l e c t s  t h e  neut ron f l uence  
v a r i a t i o n  w i t h  source angle (see t e x t ) .  
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accumulat ion dos imet ry  t o  t he  d e t a i l e d  f l u e n c e  mapping o f  an i r r a d i a t i o n  

exper iment was demonstrated r e c e n t l y  f o r  t he  T(d,n) neut ron env i ron -  
ment. (334) 

The weigh ing o f  t he  Be(d,n) r a d i o m e t r i c  dos imet ry  f o i l  segments 

counted by LLL was a l s o  i n i t i a t e d  d u r i n g  t he  r e p o r t  pe r i od .  The weigh ing 

procedure used f o r  b o t h  t he  f o i l  and he l ium a n a l y s i s  segments, which pro-  

v ides  absol  Ute mass values t o  eo. 5 p g  (-0.02%) , uses a s u b s t i t u t i o n  

weigh ing scheme w i t h  mass standards t r a c e a b l e  t o  t he  Na t iona l  Bureau o f  

Standards. 

V I .  REFERENCES 

1. 

2. 

3. 

4. 

0. W .  Knef f  an H. F a r r a r  I V ,  Hel ium Generat ion i n  Fusion 
Reactor  M a t e r i a l s ,  Techn ica l  Progress Report  f o r  Per iod  A p r i l  - 
September 1977, AI-DOE-13219, Atomics I n t e r n a t i o n a l ,  Canoga 
Park, CA, January 1978. 

0. W .  Knef f .  H. F a r r a r  I V ,  and M. M. Nakata, "Helium Generat ion 
i n  Fusion Reactor Mater ia ls ,"  i n  Damage Ana lys i s  and Funda- 
mental Stud ies ,  Q u a r t e r l y  Progress Report  Apr i l - June  1978, 
U.S. Department of Energy ( i n  p ress ) .  

H. F a r r a r  I V ,  0. W. Knef f ,  R. A. B r i t t e n ,  and R. R. H e i n r i c h ,  
"Flupnce MaDDinO o f  RTNS- I  bv Hel ium Accumulat ion and F o i l  . - -  
A c t i v a t i o n  Methids," Proc. Simp. on Neutron Cross-Sections f rom 
10 t o  40 MeV, M. R. Bhat  and S. P e a r l s t e i n ,  eds., pp. 175-184, 
Brookhaven Na t iona l  Laboratory ,  NY, J u l y  1977. 

0. W .  K n e f f  and H. F a r r a r  I V ,  ' 'Helium Generat ion i n  Fusion 
Reactor Ma te r ia l s , "  i n  Damage A n a l y s i s  and Fundamental Stud ies ,  
Q u a r t e r l y  Proqress Report  January-March 1978, DOE/ET-0065/1, 
U.S. Department o f  Energy, August 1978. 

V I I .  FUTURE WORK 

The he l i um analyses o f  t h e  pure  element w i r e  r i n g  segments w i l l  
cont inue.  The r e s u l t s  w i l l  be combined w i t h  t he  r a d i o m e t r i c  f o i l  r e s u l t s  

t o  map t h e  Be(d,n) neu t ron  f l u e n c e  and energy p r o f i l e s  as a f u n c t i o n  o f  
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posi t ion  in the high-flux region of the Be(d,n) neutron environment. 
o the r  pure elements, a l loys ,  and separated isotopes i r r ad ia ted  in t h i s  
experiment will  be analyzed f o r  helium, and the r e s u l t s  wil l  be combined 
with the neutron mapping r e s u l t s  t o  determine the helium-generation cross 
sec t ions  f o r  t h i s  neutron environment. The r e s u l t s  of  the combined 
Rockwell-ANL-LLL neutron dosimetry f o r  t h i s  experiment wil l  have s i g n i f i -  
cant  impact on the dosimetry techniques t o  be applied t o  the L i ( d , n ) -  
based Fusion Materials I r r ad ia t ion  Test F a c i l i t y  (FMIT), now in the 
design stages a t  the Hanford Engineering Development Laboratory ( H E D L ) .  

The 

VIII.PUBLICATIONS 

Two papers have been accepted f o r  presentat ion a t  the F i r s t  Topical 
Meeting on Fusion Reactor Materials,  t o  be held a t  Miami Beach, Florida 
i n  January 1979: 

1. D .  W .  Kneff and Harry Farrar IV, "Helium Accumulation Fluence 

2 .  F .  W. Wiffen, E .  J .  Allen ( O R N L ) ,  Harry Farrar IV (Rockwell), 

Dosimetry f o r  Fusion Reactor Materials I r r ad ia t ions . "  

E. E .  Bloom, T. A .  Gabriel ,  H .  T .  Kerr, and F. G .  Perey ( O R N L ) ,  
"The Production Rate of Helium During I r rad ia t ion  o f  Nickel in 
Thermal Spectrum Fission Reactors. " 
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I.  PROGRAM 

Ti t le :  
Principal  Invest igator :  A.  N .  Goland 
A f f i l i a t i o n :  Brookhaven National Laboratory 

Damage Analysis and Dosimetry Radiation Damage Analysis 

11. OBJECTIVE 

Radiation damage ana lys i s  s tud ies  associated w i t h  the  use of 
e l e c t r i c a l  insu la to rs  i n  fusion reactors .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.A.2.4 F l u x  Spectral  Definit ion i n  FMIT. 

SUBTASK II.B.l Calculation of Displacement Cross Sect ions .  

IV. SUMMARY 

The neutron f l u x  produced i n  an FMIT f a c i l i t y  wil l  vary rapidly  w i t h  
posi t ion i n  the  h i g h  f l u x  region near the  l i t h i u m  t a r g e t .  
in t roduct ion of t e s t  samples wi l l  a l t e r  the  f l u x  d i s t r i b u t i o n  a s  wil l  
neutron s c a t t e r i n g  w i t h i n  the walls  of the  i r r a d i a t i o n  cave. 
liminary t o  est imating damage i n  mater ia ls  t h a t  could be used a s  insula-  
t o r s  i n  fus ion reac to rs ,  ca lcu la t ions  a r e  being made t o  charac te r ize  the  
energy and s p a t i a l  dependence of the neutron f l u x  i n  a typical  i r r a d i a t i o n  

cave containing tes t  samples. 

In addi t ion,  

As a pre- 

Neutrons a r e  generated by a Monte Carlo source subroutine and a r e  
transported using the MORSE t ranspor t  code having p r o b a b i l i s t i c  f l u x  
es t imators .  The t o t a l  f lux ,  consis t ing of the  uncollided and col l ided 
contr ibut ions ,  i s  used a s  i n p u t  t o  the damage program DON developed a t  
Brookhaven!’) In this way the damage induced by primary knock-on atoms of 
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aluminum i n  A1203 has been evaluated.  

f l u x  i s  dominant i n  p roduc ing  damage near t h e  l i t h i u m  t a r g e t  b u t  t h a t  i t  
decreases i n  r e l a t i v e  importance as t h e  depth w i t h i n  t h e  t e s t  sample 

increases.  I t  i s  a l s o  found t h a t  t h e  f l u x  of neutrons s c a t t e r e d  f rom t h e  

w a l l s  o f  t h e  cave i s  un impor tant  i n  producing damage w i t h i n  t h e  t e s t  

m a t e r i a l .  

I t  i s  found t h a t  t h e  u n c o l l i d e d  

V.  ACCOMPLISHMENTS AND STATUS 

A computer sub rou t i ne  t h a t  generates neutrons a r i s i n g  f rom (d,n) 

r e a c t i o n s  i n  l i t h i u m  has been w r i t t e n  f o r  use w i t h  t h e  neu t ron  t r a n s p o r t  

code MORSE. 

i n  t h e  source r o u t i n e .  The energy o f  a neu t ron  emerging f rom t h e  t a r g e t  

i s  determined by combining t h e  momentum o f  t h e  neu t ron  due t o  t h e  t r a n s -  

l a t i o n a l  mot ion  o f  t h e  deuteron w i t h  t h e  momentum o f  t h e  neu t ron  r e s u l t i n g  
e i t h e r  f rom i n t e r n a l  mot ion  w i t h i n  t h e  deuteron o r  f rom the  evapora t ion  o f  
a neu t ron  f rom t h e  compound nucleus. 

Both s t r i p p i n g  and compound nucleus r e a c t i o n s  a r e  i nc luded  

A t  p resent  the  t o t a l  r e a c t i o n  c ross  s e c t i o n  f o r  deuterons i n  l i t h i u m  

i s  assumed t o  be independent o f  deuteron energy. The p r o b a b i l i t y  o f  

i n t e r a c t i o n  i s  thus un i f o rm  w i t h  depth i n  t h e  t a r g e t .  

a c t i o n  i s  se lec ted  randomly a long  t h e  range o f  t h e  deuteron, and the  

corresponding deuteron energy a t  t h a t  depth i s  determined f rom t h e  range- 

energy r e l a t i o n .  

A depth o f  i n t e r -  

The v e l o c i t y  o f  t h e  deuteron a t  t h e  p o i n t  o f  i n t e r a c t i o n  i s  assumed 

t o  be p a r a l l e l  t o  t h e  beam a x i s ;  s c a t t e r i n g  o f  t h e  deuteron p r i o r  t o  t h e  

(d,n) i n t e r a c t i o n  i s  ignored.  

leaves t h e  t a r g e t  w i t h o u t  be ing  sca t t e red .  The source r o u t i n e  i s  s e t  t o  

c u t  o f f  emiss ion f o r  neutrons hav ing energ ies l e s s  than  1 MeV. 

S imi lar ly  i t  i s  assumed t h a t  t h e  neu t ron  

The type  o f  i n t e r a c t i o n ,  s t r i p p i n g  o r  compound nucleus, i s  se lec ted  

randomly, event  by event, w i t h  t h e  r a t i o  o f  70% s t r i p p i n g  and 30% compound 
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nucleus. 

w i t h  exper imental  data.  

Th is  r a t i o ,  though probab ly  n o t  optimum, g i ves  a reasonable f i t  

S t r i p p i n g  React ions 

When t he  s t r i p p i n g  r e a c t i o n  i s  se lec ted,  a va lue o f  t he  n e u t r o n ' s  

momentum w i t h i n  t he  deuteron i s  se lec ted  randomly f rom t h e  momentum 

p r o b a b i l i t y  d i s t r i b u t i o n  as determined f rom S e r b e r ' s  t r a n s p a r e n t  nucleus 

model. (*)  The o r i e n t a t i o n  w i t h i n  t he  deuteron o f  t h i s  i n t e r n a l  momentum 

i s  assumed t o  be i s o t r o p i c ,  so t he  p o l a r  angle 0 r e l a t i v e  t o  t he  d i r e c t i o n  

o f  mo t ion  o f  the  deuteron i s  s e l e c t e d  u n i f o r m l y  w i t h  s o l i d  angle. 

azimuthal  ang le  9 i s  se lec ted  u n i f o r m l y  i n  t he  i n t e r v a l  0 - < 9 5 2n. The 
energy and d i r e c t i o n  o f  t he  emerging neut ron a re  determined by combining 

t he  momentum o f  t he  neut ron due t o  the  mot ion o f  t he  i n c i d e n t  deuteron 

and t h e  momentum o f  t he  neut ron w i t h i n  t he  deuteron. 

The 

Compound Nucleus React ions 

For evapora t ion  r e a c t i o n s  an energy o f  t he  evaporated neut ron i s  
s e l e c t e d  randomly i n  accordance w i t h  t h e  d i s t r i b u t i o n :  ( 3 )  

N(E)dE = CEe -'I0 dE, 

w i t h  0 be ing  t he  temperature o f  t h e  r e s i d u a l  nucleus eva luated a t  i t s  
maximum r e s i d u a l  e x c i t a t i o n  energy. 
o f  t h e  compound nucleus i s  assumed t o  be i s o t r o p i c .  

e m i t t e d  neut ron i n  t h e  compound nucleus frame i s  se lec ted  randomly, and 

i t s  momentum i s  combined w i t h  t h e  momentum due t o  t he  t r a n s l a t i o n a l  

mo t ion  o f  t he  i n c i d e n t  deuteron t o  g i v e  t h e  energy and ang le  o f  t he  emi t-  

t e d  neut ron i n  t h e  l a b  frame. 

Emission o f  the neut ron i n  t he  frame 
The d i r e c t i o n  o f  t h e  

I n  t h e  f o l l o w i n g  c a l c u l a t i o n s  t he  l i t h i u m  t a r g e t  has dimensions o f  

10 cm x 1 cm x Rd, w i t h  Rd, t he  t a r g e t  th i ckness ,  be ing t he  range o f  the  
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deuteron i n  l i t h i u m .  The deuteron energy used i s  30 MeV, and Rd i s  1.15 cm. 

The i n t e n s i t y  o f  the  deuteron beam i s  assumed t o  be cons tan t  a long 
t he  10 cv w i d t h  o f  t he  t a r g e t ,  and i t  a proximates a Gaussian d i s t r i b u t i o n  
across the  1 cm h e i g h t  of the  t a r g e t .  (47 

P r o b a b i l i s t i c  F lux  Est imators  

Due t o  the  smal l  p r o b a b i l i t y  t h a t  a g i ven  neut ron w i l l  h i t  a g i ven  

d e t e c t o r ,  a p r o b a b i l i s t i c  approach has been used t o  es t ima te  t he  neut ron 

f l u x  a t  each d e t e c t o r  p o s i t i o n .  The t o t a l  f l u x  i s  t he  sum o f  t he  unco l -  

l i d e d  f l u x  and t he  c o l l i d e d  f l u x .  The u n c o l l i d e d  f l u x  i s  es t imated by 

de te rm in ing  t he  p r o b a b i l i t y  t h a t  a neut ron from the  l i t h i u m  t a r g e t  w i l l  
reach a g i ven  d e t e c t o r  on i t s  f i r s t  f l i g h t .  

the  non- absorp t ion  p r o b a b i l i t y  o f  the  neut ron as  i t  passes f rom the  source 

p o i n t  t o  the  d e t e c t o r  as w e l l  as t he  angu lar  d i s t r i b u t i o n  i n f o r m a t i o n  o f  

t he  s t r i p p i n g  r eac t i on .  The s t a t i s t i c a l  we ight  o f  each source neut ron i s  

s e t  equal t o  one. 

I n c l u d e d  i n  t he  es t ima te  i s  

The c o l l i d e d  f l u x  i s  determined a t  each c o l l i s i o n  p o i n t  by computing 

the  p r o b a b i l i t y  t h a t  t he  neut ron on i t s  nex t  f l i g h t  c o u l d  reach a p a r t i c u -  

l a r  d e t e c t o r .  
c l o s e  t o  a t e s t  p o i n t  a re  avoided by t e s t i n g  each f l u x  c o n t r i b u t i o n  and by 
l i m i t i n g  i t s  maximum va lue t o  t he  weight  o f  t he  neut ron - i . e .  t o  t he  

p r o b a b i l i t y  t h a t  the  neut ron e x i s t s .  The s t a t i s t i c a l  we ight  o f  t he  

neut ron i s  reduced a f t e r  each f l i g h t  by a f a c t o r  equal t o  t he  non-absorp- 

t i o n  p r o b a b i l i t y  f o r  t h a t  f l i g h t .  

becomes smal l ,  and i t s  c o n t r i b u t i o n  t o  the  c o l l i d e d  f l u x  tends towards 

zero. Inc luded  i n  t he  c o l l i d e d  f l u x  d e t e r m i n a t i o n  i s  t he  neut ron weight ,  

t he  non- absorpt ion  p r o b a b i l i t y ,  and the  s c a t t e r i n g  angu la r  d i s t r i b u t i o n .  

The present  c a l c u l a t i o n s  i n c l u d e  cross s e c t i o n s  through t he  P3 term. 

Exceedingly l a r g e  c o n t r i b u t i o n s  r e s u l t i n g  f rom c o l l i s i o n s  

A f t e r  many f l i g h t s  t he  neut ron weight  
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As mentioned above, t he  t o t a l  f l u x  i s  t he  sum o f  t he  c o l l i d e d  and 
u n c o l l i d e d  f l u xes .  

p a r i n g  t he  p r o b a b i l i s t i c  r e s u l t s  f rom MORSE w i t h  t h e  a n a l y t i c  r e s u l t s  

f rom ANISN f o r  t he  problem o f  de te rm in ing  t he  r a d i a l  dependence o f  t h e  

neut ron f l u x  i n  a l ong  g r a p h i t e  c y l i n d e r  having an i s o t r o p i c  l i n e  source 

a long i t s  ax i s .  

agreement. 

p r o b a b i l i s t i c  approach used i n  MORSE. 

A t e s t  o f  t he  p r o b a b i l i s t i c  approach was made by com- 

The r e s u l t s  ob ta ined  w i t h  the  two programs showed good 

Th is  agreement i s  taken as suppor t  f o r  t he  v a l i d i t y  o f  t h e  

Neutron Spect ra  

Neutron spec t ra  were determined by us ing  MORSE t o  t r a n s p o r t  neutrons 

generated i n  the  L i (d ,n)  t a r g e t .  The t y p i c a l  i r r a d i a t i o n  cave s t u d i e d  had 

dimensions o f  5 ' x 6 ' x 8 '  and had one meter t h i c k  w a l l s  o f  h i gh  d e n s i t y  con- 

c re te .  Neutron spec t ra  were c a l c u l a t e d  f o r  t he  case o f  an empty cave as 
3 w e l l  as f o r  t he  case o f  a t y p i c a l  sample volume w i t h  3 0 x 2 0 ~ 2 0  cm dimen- 

s ions l o c a t e d  i n  t he  cave ad jacen t  t o  t he  l i t h i u m  t a r g e t ,  F ig .  1. 
spec t ra  were determined a t  seven p o i n t s  w i t h i n  an empty cave, a t  seven 

p o i n t s  w i t h i n  a 3 0 x 2 0 ~ 2 0  cm b l o c k  o f  g r a p h i t e  l o c a t e d  w i t h i n  a cave, a t  
3 34 p o i n t s  w i t h i n  a 3 0 x 2 0 ~ 2 0  cm b l o c k  o f  i r o n  l o c a t e d  w i t h i n  a cave, and a t  

seven p o i n t s  w i t h i n  3 0 x 2 0 ~ 2 0  cm b locks o f  g r a p h i t e  and o f  i r o n  l o c a t e d  

i n  a vo id .  The c o l l i d e d  and u n c o l l i d e d  f l u x e s  were determined separa te l y  

and were then combined t o  y i e l d  t he  t o t a l  f l u x .  Wi th  t he  geometr ies used 

and w i t h  t h e  separa t ion  o f  c o l l i d e d  and u n c o l l i d e d  f l u x e s ,  t he  r e l a t i v e  
importance o f  t he  u n c o l l i d e d  f l u x  f rom the  t a r g e t ,  o f  t he  c o l l i d e d  f l u x  
f rom the  t e s t  sample, and o f  t he  c o l l i d e d  f l u x  f rom t h e  cave can be d e t e r -  

m i  ned . 

Neutron 

3 

3 

Cross Sect ions 

The i n i t i a l  runs o f  MORSE were made u s i n g  100 group neut ron cross 
s e c t i o n s  i n  ANISN fo rmat  as s u p p l i e d  by t h e  R a d i a t i o n  S h i e l d i n g  Informa-  

t i o n  Center a t  Oak Ridge N a t i o n a l  Laboratory .  For these runs t he  w a l l s  o f  
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the i r r ad ia t ion  cave were e i t h e r  graphite  or  i ron.  
greater t h a n  14.92 MeV were assigned t h a t  energy. 

Neutrons having energy 

Recently cross sec t ions  consist ing of ENDF/B- IV  information below 
20 MeV and of theore t ica l  estimates between 20 and 60 MeV have been com- 
piled f o r  several mater ia ls ,  including high densi ty concrete,  by Alsmiller 
and  Barish"). 
material comprising the walls of the cave has been changed t o  high densi ty 
concrete. 
p o r t  of a l l  neutrons produced by 30 MeV deuterons on a thick li thium 
ta rge t .  

These cross sec t ions  are now being used with MORSE. The 

Use of the Alsmiller-Barish cross sec t ions  permits the trans- 

A comparison of the col l ided  spectra obtained a t  a point within an 
empty cave having graphite  walls when the RSIC 100 group cross sec t ions  
a r e  used and when the 47 g roup  cross sec t ions  of Alsmiller and Barish are 
used i s  made i n  Fig. 2. 

a l l  neutrons having energy g rea te r  t h a n  14.92 MeV were assigned t h a t  
energy. 
exception the two sets of cross sec t ions  y ie ld  s imi la r  spectra.  

For the ca lcula t ion  w i t h  the RSIC cross sec t ions ,  

This d i s t o r t s  the 100 group spectrum i n  t h i s  region. With t h i s  

I n  Fig. 3 the uncollided neutron spectrum i s  compared with the t o t a l  
3 neutron spectrum a t  a point within a 30x20~20 cm block of iron. The 

so l id  l i n e  represents  a sp l ine  f i t  t o  the t o t a l  f lux  i n  each neutron 
g r o u p ,  while the uncollided f lux  i s  indicated by points.  The d i f ference  
between the uncollided and to ta l  f lux  in the in terval  1 t o  6 MeV r e s u l t s  
from col l ided  f lux  from within the sample block and not  from the walls of 
the cave. 

Damage Calculations 

Damage energy and damage cross sec t ions  have been evaluated using 
the program DON incorporating a Lindhard damage energy function of the 
Robinson type b u t  having coe f f i c i en t s  appropriate  f o r  a primary knock-on 
atom of A1 i n  A1203 as evaluated by Coulter and  Parkin . (6)  Unlike MORSE, 
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cross s e c t i o n s  used i n  DON a r e  obta ined from t he  ENDF/B data  f i l e s .  For 

energ ies  above 20 MeV the  cross sec t ions  i n  DON have been equated t o  t he  

values a t  20 MeV. 

The cross s e c t i o n s  eva luated above 20 MeV by A l s m i l l e r  d i d  n o t  

i n c l u d e  oxygen, and thus i t  was n o t  p o s s i b l e  t o  use MORSE t o  determine 

t he  i n f l u e n c e  on the  neut ron spec t ra  i n  a l a r g e  t e s t  b lock  o f  A1203. 

Ins tead,  t h e  f l u x  de te rm ina t ions  were made f o r  a t e s t  volume f i l l e d  e i t h e r  
w i t h  i r o n  o r  g r a p h i t e .  The damage produced by an aluminum pr imary  knock- 

on atom i n  a smal l  sample o f  A1203 l o c a t e d  w i t h i n  t he  t e s t  sample o f  i r o n  

o r  g r a p h i t e  was then determined by u s i n g  the  ENDF/B cross sec t ions  w i t h  

DON. 

The dependence o f  t he  damage energy/source neut ron upon t he  depth 

w i t h i n  t he  sample volume i s  shown i n  F ig .  4. 
dominant near t he  l i t h i u m  t a r g e t  b u t  decreases i n  r e l a t i v e  importance as 

t he  depth w i t h i n  t he  sample i s  increased.  

a t  f i r s t  w i t h  i n c r e a s i n g  depth, Th is  i s  thought  t o  r e s u l t  f rom the  f o r -  
ward peaked angu lar  d i s t r i b u t i o n  o f  t he  s t r i p p i n g  r eac t i on .  

near t he  t a r g e t  o n l y  a l i m i t e d  p o r t i o n  o f  t he  t a r g e t  c o n t r i b u t e s  t o  t h e  
f l u x .  As t he  depth i n  t he  t e s t  b lock  increases,  neutrons from a l a r g e r  

p o r t i o n  o f  t he  t a r g e t  can c o n t r i b u t e  t o  t he  f l u x .  

The u n c o l l i d e d  f l u x  i s  

The damage i s  seen t o  i nc rease  

For p o s i t i o n s  

I t  i s  found t h a t  the  neut ron f l u x  f rom t h e  w a l l s  o f  t h e  cave c o n t r i -  
butes  p r a c t i c a l l y  n o t h i n g  t o  t he  damage energy ( l e s s  than 1%). 
neutrons have a spectrum t h a t  i s  peaked a t  low energ ies .  

c a l c u l a t i o n s  u s i n g  DON, a low energy c u t o f f  o f  22.5 eV has been p laced  on 
t he  r e c o i l  energy. 

neut ron o f  energy E i n t e r a c t i n g  w i t h  an atom hav ing mass M i s :  

These 
I n  t he  p resen t  

Since t he  maximum r e c o i l  energy Tmax a r i s i n g  f rom a 

= 4 M E  , 

a neu t ron  must have an energy g r e a t e r  than 160 eV be fo re  i t  can t r a n s f e r  

35 



22.5 eV of energy t o  an aluminum atom. Hence most o f  t h e  neu t ron  f l u x  
o r i g i n a t i n g  from the  w a l l s  o f  t h e  cave cannot produce displacements i n  

t h e  sample m a t e r i a l .  S ince by f a r  t h e  l a r g e s t  p o r t i o n  o f  t h e  computer 
t ime i s  spent f o l l o w i n g  neutrons w i t h i n  the  w a l l s  o f  t h e  cave, these 

f i n d i n g s  suggest t h a t  f l u x  de te rmina t ions  can be g r e a t l y  s i m p l i f i e d  by 

t r e a t i n g  t h e  problem o f  t h e  t e s t  m a t e r i a l  i n  a vo id .  
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V I I .  FUTURE WORK 

Fu tu re  work i n  t h i s  s tudy w i l l  i n c l u d e :  

1. r e f i n i n g  c e r t a i n  assumptions such as t h a t  o f  assuming t h e  (d,n) 

r e a c t i o n  i n  l i t h i u m  t o  be independent o f  energy, 

2. comple t ing  t h e  necessary p rocess ing  o f  ENDF/B-IV c ross  sec t i ons  

needed f o r  use w i t h  t h e  damage program DON, 
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3 .  i n c l u d i n g  gama r a y  genera t ion  i n  MORSE-(MORSE has been r u n  

s u c c e s s f u l l y  f o r  gamma rays  on l y ,  b u t  runs w i t h  coupled neutrons and gama 

rays  have been p r o h i b i t i v e l y  long. 

o f f s  should improve t h e  s i t u a t i o n . ) ,  

S e l e c t i o n  o f  app rop r i a te  energy c u t -  

4. c o n t i n u i n g  t h e  work on f o r m u l a t i n g  a method o f  e s t i m a t i n g  damage 

induced i n  i n s u l a t o r s  by f l u x e s  o f  neutrons and gama  rays .  

VI11 .PUBLICATIONS 

A paper e n t i t l e d  "Rad ia t ion  Damage i n  CTR I n s u l a t o r s "  has been accept-  

ed f o r  p r e s e n t a t i o n  a t  t h e  F i r s t  Top ica l  Meet ing on Fusion Reactor Mater-  

i a l s ,  Miami Beach, F la . ,  January 1979. 
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PROGRAM I .  

I 1  

T i t l e :  I r r a d i s t i o n  E f f e c t s  Ana lys i s  (IrlHO11) 

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 Eng ineer ing  Development Labora tory  

OBJECT1 VE 

The o b j e c t i v e  o f  t h i s  work i s  t o  p r e d i c t  t h e  s p a t i a l  v a r i a t i o n s  o f  

r a d i a t i o n  damage parameters w i t h i n  t h e  t e s t  volume o f  t h e  Fusion M a t e r i a l s  

I r r a d i a t i o n  Tes t  (FMIT) f a c i l i t y ,  and t h e  s e n s i t i v i t y  o f  these parameters 

t o  c ross  s e c t i o n  and spectrum u n c e r t a i n t i e s .  

I I I .  RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I .A .2 .4  F lux  Spectrum D e f i n i t i o n  i n  FMIT 

SUBTASK 11.5.1.5 C a l c u l a t i o n  o f  Displacement Cross Sect ions  

I V .  SUMMARY 

The microscop ic  neut ron  y i e l d  model used i n  the  pe r tu rbed  and un- 

pe r tu rbed  f l u x  and spectrum c a l c u l a t i o n s  has been improved t o  b e t t e r  agree 

w i t h  measured s p e c t r a l  shapes, as w e l l  as  w i t h  r e c e n t l y  ob ta ined  da ta  f rom 

a HEDL-UC Davis d- L i  neut ron  y i e l d  exper iment .  
v a r i a t i o n s  i n  damage parameters a r e  much g r e a t e r  than those presented p re-  

v i o u s l y .  

As a r e s u l t ,  t h e  s p a t i a l  

V .  ACCOMPLISHMENTS AND STATUS 

A.  FMIT Damage Parameter S e n s i t i v i t y  Study - J. 0. Sch i f f gens ,  R .  L. 
Simons, F. M. Mann, and L .  L. Ca r te r .  
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1. Resu l t s  

I n  o r d e r  t o  p rov ide  guidance f o r  f a c i l i t y  design, an FMIT 

damage para rw te r  s e n s i t i v i t y  study i s  i n  progress.  

t he  s t a t u s  o f  e f f o r t s  aimed a t  improv ing t he  model ing codes used t o  p r e-  

d i c t  neut ron spec t ra  and f l u x  maps w i t h i n  t he  i r r a d i a t i o n  c e l l .  

Th is  r e p o r t  reviews 

The microscop ic  neut ron y i e l d  model used i n  t h e  unper turbed 

f l u x  and spectrum c a l c u l a t i o n s  o f  Mann ("*)and as t he  source t e r n  i n  t he  

pe r tu rbed  and unper turbed f l u x  and spectrum c a l c u l a t i o n s  o f  Car te r ( * )has  

been improved t o  b e t t e r  agree w i t h  measured spec t r a l  shapes, as w e l l  as 

w i t h  r e c e n t l y  ob ta ined  data  from a HEDL-UC Davis d- L i  neut ron y i e l d  e x p e r i -  
ment. By f i t t i n g  t o  t he  ORNL t i m e - o f - f l i g h t  data r a t h e r  than us ing  t he  

ORNL dosimetrv-weiohted r e s u l t s . ( 3 )  t h e  asreement between c a l c u l a t e d  and 
measured neut ron y i e l d s ,  i n t e g r a t e d  over  energ ies  g r e a t e r  than 2 MeV, i s  
b e t t e r  than 30 percen t  a t  most o f  t he  angles considered by ORNL (Ed = 40 

MeV) and HEDL ( E d  = 35 MeV). 

F igure  1 shows spec t ra  w i t h  t he  improved model, f o r  a deuteron 

energy o f  35 MeV, a t  two p o s i t i o n s  i n  t he  i r r a d i a t i o n  c e l l ,  where t he  o r i g i n  

o f  t he  coord ina te  system i s  a t  t he  c e n t e r  o f  t he  back su r face  o f  the  source. 

The spec t ra  a t  these p o s i t i o n s  rep resen t  approx imate ly  the  hardest  and s o f t -  

e s t  spec t ra  i n  t he  t e s t  r eg i on  f o r  which t he  f l u x  i s  g r e a t e r  than 10'4n/cn?.s. 
Note t h a t  t h e  neut ron f l u x  below 2 MeV i s  a l l owed  t o  f o l l o w  the  evaporat ion  
m d e l  t o  zero. Note a l s o  t h a t ,  whereas p rev ious  c a l c u l a t i o n s  were f o r  u n i -  

form and gaussian sources 10 cm wide, these c a l c u l a t i o n s  a re  f o r  a u n i f o r m  
3 an wide source. P repara t ions  a re  i n  progress t o  make d e t a i l e d  y i e l d  

measurements i n  t h e  neut ron energy regime below 2 MeV t o  b e t t e r  f i x  the  

low energy components o f  the  spec t ra  and more a c c u r a t e l y  determine t he  

t o t a l  y i e l d s .  

Some spect ra l- averaged damage parameters c a l c u l a t e d  w i t h  the  

The s i g n i f i c a n t  r e s u l t  i s  improved y i e l d  model a re  presented i n  Table 1. 

t h a t  t he  s p a t i a l  v a r i a t i o n s  i n  the  damage parameters a re  much g r e a t e r  than 
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those presented p rev ious l y ." )  For  example, w h i l e  t h e  spect ra l- averaged 

he1 ium-to-dpa r a t i o s  f o r  copper and n iob ium were p r e v i o u s l y  c a l c u l a t e d  t o  
vary  by l e s s  than 7 and 11 percent ,  r e s p e c t i v e l y ,  c u r r e n t  c a l c u l a t i o n s  pre-  

d i c t  v a r i a t i o n s  as l a r g e  as 85 and 150 percent .  

I n  a d d i t i o n ,  work i s  c o n t i n u i n g  on t h e  Monte Car lo  model which 

i s  t o  be used t o  generate unperturbed and pe r tu rbed  neu t ron  spec t ra  and 

f l u x  maps th roughout  t h e  i r r a d i a t i o n  c e l l .  Wi th  t h i s m o d e l ,  s p a t i a l  d e t a i l  

i s  ob ta ined  by t a l l y i n g  t h e  s c a l a r  f l u x  on smal l  sur face  elements and us ing  

an i n t e r p o l a t i o n  scheme i n  an a u x i l i a r y  program t o  determine t h e  f l u x  a t  

any p o i n t  w i t h i n  t h e  empty o r  a s s e m b l y - f i l l e d  t e s t  reg ion .  

pendence o f  t h e  f l u x  i s  c a l c u l a t e d  i n  a s i m i l a r  iiianner except  t h a t  a 

coa rse r  mesh o f  su r face  elements i s  necessary i n  o r d e r  t o  o b t a i n  acceptab le  

s t a t i s t i c a l  p r e c i s i o n  w i t h  a reasonable expend i tu re  o f  computer resources.  

I n  t h e  c a l c u l a t i o n s  r e p o r t e d  p r e v i o u s l y ,  however, t h e  mesh f o r ,  t h e  energy 
dependence was t o o  coarse and t h i s  l e d  t o  some downsh i f t  i n  t h e  p r e d i c t e d  

spec t ra .  A technique i s  now be ing  i nco rpo ra ted  which w i l l  p r o v i d e  f l e x i -  

b i l i t y  i n  t h e  cho ice  o f  an adequate g r i d  f o r  t h e  neut ron  energy dependence. 

The energy de- 
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V I I .  FUTURE WORK 

C a l c u l a t i o n s  t o  d e f i n e  t h e  e f f e c t  o f  da ta  u n c e r t a i n t i e s  f o r  FMIT w i l l  

be cont inued,  i n c l u d i n g  analyses o f  spec t ra l- averaged damage parameters f o r  
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I .  PROGRAM 

T i t l e :  Dosimetry and Damage Ana lys is  

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  Laboratory  

11. OBJECTIVE 

To determine damage parameters and t h e i r  s e n s i t i v i t y  t o  u n c e r t a i n t i e s  

i n  t h e  neu t ron  f l u x - s p e c t r a  i n  va r i ous  neu t ron  f i e l d s .  

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

SUBTASK 11. A.3.1 Eva lua te  damage parameter s e n s i t i v i t y  t o  f l u x /  
spec t ra  u n c e r t a i n t i e s .  

TASK 11. B.l C a l c u l a t i o n  o f  d e f e c t  p roduc t i on  c ross  sec t ions .  

I V .  SUMMARY 

The ANL damage c ross  s e c t i o n  f i l e s  have been extended t o  44 MeV 

f o r  copper us i ng  nuc lea r  c ross  sec t i ons  c a l c u l a t e d  a t  ORNL up t o  32 MeV. 

Damage parameters f o r  copper can now be computed i n  Be(d,n) f i e l d s  up 

t o  Ed = 40 MeV w i t h  a complete e r r o r  a n a l y s i s  due t o  u n c e r t a i n t i e s  i n  
t h e  f lux- spec t rum f rom f o i l  a c t i v a t i o n  dos imetry .  The copper f i l e  was 

f u r t h e r  e x t r a p o l a t e d  t o  100 MeV t o  pe rm i t  c a l c u l a t i o n s  f o r  s p a l l a t i o n  

neu t ron  sources. Examples a r e  g iven  f o r  a dos imet ry  r u n  f o r  PNL a t  

U. C. Davis (Be(d,n), 40 MeV) and t h e  I P N S- I  f a c i l i t y  be ing designed 

a t  ANL. 
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V. ACCOMPLISHMENTS AND STATUS 

E x t r a p o l a t i o n  o f  Damage Cross Sect ions f o r  Copper -- L. R. Greenwood 

We have p r e v i o u s l y  developed t he  computer codes D I S C S ,  SPECTER, and 

SANDANL t o  p r o v i d e  r o u t i n e  damage a n a l y s i s  f o r  DMFE experimenters. Damage 

parameters such as displacements-per-atom (DPA), pr imary  knock-on atom 

(PKA) d i s t r i b u t i o n s ,  and gas and t ransmutant  p roduc t ion  r a t e s  can be 

computed f o r  21 d i f f e r e n t  elements f o r  any neut ron spectrum (En < 20 MeV). 

I f  we have measured t h e  spectrum by m u l t i p l e  f o i l  dosimetry,  then a corn- 

p l e t e  e r r o r  a n a l y s i s  i s  a l s o  p rov ided  g i v i n g  t h e  e r r o r s  i n  t h e  damage 

parameters due t o  d o s i m e t r i c  u n c e r t a i n t i e s .  

The major  l i m i t a t i o n  o f  our  codes a t  p resent  i s  t h a t  neut ron c ross  

s e c t i o n s  a re  unknown above 20 MeV s ince  they a re  taken from ENDF/B-IV. 
Exper imenters a t  Be(d,n) and s p a l l a t i o n  sources have expressed i n t e r e s t  

i n  ex tend ing these c a l c u l a t i o n s .  

ou r  f i l e s .  

Consequently, we have s t a r t e d  t o  extend 

Cross sec t ions  f o r  copper have been c a l c u l a t e d  by C. Y. Fu and F. G. 
1 Perey up t o  32 MeV neut ron energy. These c a l c u l a t i o n s  were e x t r a p o l a t e d  

smoothly t o  44 MeV f o r  use a t  Be(d,n) sources and a few broad groups were 

added up t o  100 MeV f o r  s p a l l a t i o n  sources. 
da ta  i s  shown f o r  a Be(d,n) spectrum measured a t  Ed = 40 MeV a t  t he  U. C. 

Davis c y c l o t r o n  f o r  D. Styris and R. Jones (PNL), as presented elsewhere i n  

t h i s  r e p o r t .  Table I g i v e s  t he  spec t r a l  averaged damage parameters. The 

r e s u l t s  a re  found t o  agree q u i t e  w e l l  w i t h  va lues i n  t he  l i t e r a t u r e ,  

except  t h a t  ou r  spectrum extends downwards t o  thermal energ ies  whereas a l l  
l i t e r a t u r e  c a l c u l a t i o n s  c u t - o f f  i n  t h e  2-4 MeV range. Damage ra tes ,  

ob ta ined  by m u l t i p l y i n g  t he  spec t r a l  averaged q u a n t i t i e s  t imes t h e  f l u x ,  
do n o t  depend on t he  c u t - o f f  ve ry  much s i n c e  neutrons below 100 keV cause 

very  l i t t l e  damage. 

A c a l c u l a t i o n  us ing  t h i s  

For t he  data  i n  Table I we would p r e d i c t  7.9 x 
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TABLE I :  SPECTRAL AVERAGED DAMAGE PARAMETERS FOR COPPER. A 
LINDHARD CUT-OFF OF 40 eV WAS ASSUMED. 

F1 ux 
<aD>, b 
<uoAM>, keV-b 

<aH>, mb 

<aHe>, mb 

<TDAM>, keV 

< E ~ ~ ~ ~ ~ ~ ’ *  keY 

Energy, keV 

0.04 - 0.1 
0.1 - 1.0 

1 - 5  

5 - 10 
10 - 50 
50 - 100 

100 - 200 

200 - 300 

300 - 500 

500 - 750 

750 - 1000 
>1 MeV 

Be(d,n), Ed = 40 MeVa 

3.53 2 0.19 x 1012 n/cm2-s 

2243 2 81 
224 i 8 

83.4 t 3.4 

39.4 ?: 1.6 
69.1 ? 2.8 

116.8 _+ 5.0 

Pr imary Knock-on Atoms (PKA) 

% o f  Reco i ls  

0.5 t 0.1 
4.5 ?: 1.0 

10.9 ? 2.2 

9.3 i 1.3 

29.5 t 3.0 

11.0 i 0.8 

12.5 ? 0.9 

7.5 t 0.4 
8.5 t 0.4 

3.9 2 0.2 

1.2 t 0.1 
0.7 t 0.1 

IPNS I ,  A N L ~  

9.51 /p ro ton  

470 
47 

8.2 

2.1 

8.6 

11.9 

% o f  Reco i l s  

6.2 
29.2 

26.1 

13.2 

20.4 

2.9 
1.4 

0.3 
0.2 

0.1 
0.05 

0.08 

aSpectrum measured f o r  PliL a t  U.  C .  Davis. 

bPre l im ina ry  spectrum prov ided by M. K i r k  (ANL). 

E r r o r s  a r e  due t o  dosimetry 
only and do n o t  i n c l u d e  displacement c ross s e c t i o n  e r r o r s .  
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displacements per  second (6.6 x lom4 t o t a l )  and 1.4 x lo-’ appm He per  

second (1.2 x appm He t o t a l )  f o r  copper. 

Table I a l s o  inc ludes  a sample c a l c u l a t i o n  f o r  t h e  neut ron spectrum 

expected a t  t h e  I n t e n s e  Pulsed Neutron Source (IPNS I )  t o  be b u i l t  a t  

ANL. 
c a l c u l a t i o n s  above 30 MeV a re  ques t ionab le  s i n c e  t h e  cross sec t ions  a re  

e x t r a p o l a t i o n s  o f  c a l c u l a t e d  values and neutrons above 100 MeV energy 

were lumped i n t o  ou r  f i n a l  group from 75-100 MeV. 

damage parameters a re  f a i r l y  r e l i a b l e  s ince  l e s s  than 2% o f  t h e  neut ron 

f l u x  o r  16% o f  t h e  damage i s  produced above 15 MeV neut ron energy. 

Th is  work was done i n  c o l l a b o r a t i o n  w i t h  M. K i r k  (ANL/MSD). The 

Nevertheless,  t h e  

V I .  REFERENCES 

1. C. Y. Fu and F. G. Perey, 3 .  Nucl. Mater. - 61, 153 (1976). 

V I I .  FUTURE WORK 

We p l an  t o  i n c l u d e  more elements i n  t h e  f u t u r e .  Some c a l c u l a t i o n s  

a r e  a v a i l a b l e  f o r  niobium; however, most o t h e r  elements w i l l  have t o  be 

e x t r a p o l a t e d  f rom t h e  ENDF/B-IV f i l e s  which end a t  20 MeV. The codes can 

now be used t o  p rov ide  very accura te  damage parameter s e n s i t i v i t y  c a l c u-  

l a t i o n s  u s i n g  p o s i t i o n a l  dos imet ry  data  f rom Be(d,n) i r r a d i a t i o n s .  
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I. PROGRAM 

Title: Synergistic Helium Production by Boron Doping of Splat 

Cooled Alloys 

Principal Investigator: 0. K. Harling 

Affiliation: Nuclear Reactor Laboratory, Massachusetts Institute 

of Technology 

11. OBJECTIVE 

This work is directed toward the development of better simulation 

techniques for the synergistic production of helium and displacement 

damage in first wall structural materials. 

III. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

A number of tasks are relevant since adequate experimental simulation 

of fusion reactor irradiation effects is a major reason f o r  the DAFS 

program. Some of the tasks/subtasks which are significantly affected are: 

TASK II.A.4 Gas Generation Rates 

II.C.2 Effects of Helium on MicrOStruCtuKe 
II.C.8 Effects o f  Helium and Displacement on Fracture 
II.C.13 Effects o f  Helium and Displacement on Crack 

Initiation and Propagation 

IV. SUMMARY 

During this quarter a r o l l  quenching machine was rebuilt for use in 

producing larger amounts of rapidly quenched Fe-Ni-Cr alloys. Several 

one half-kilogram batches of rapidly solidified 316 SS were produced and 

some microstructurd characterization is reported here. 

The neutron flux in several assemblies in the MIT Research Reactor 
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(MITR-11) has been measured. Results are quoted here for the flux in the 

so-called "Controlled Thermonuclear Reactor Facility". It is found that 

the flux above 1.0 Mev peaks at 5 x 1013 n/cm s at a position 23 cm from 
the bottom of the assembly and the 2200 m/s thermal flux varies between 

2 x IOl3 and 3 x IOl3 n/cm s over the length of the assembly. 

results indicate that the MITR-I1 with its easily instrumented core pos- 

itions is well suited for CTR irradiation testing at low fluences. 

2 

2 These 

V. ACCOMPLISHMENTS AND STATUS 
A. Boron Doping of Stainless Steel by Rapid Quenching - S. West, 

G. Dansfield, 0. Harling, and K. Russell (M. I. T.) 

1. Introduction 

It is generally understood that existing irradiation 

facilities, i.e. accelerators and fission reactors, will have to be used 
for the initial irradiation testing of fusion reactor (FR) structural 

materials. Damage rates and helium production rates should simulate the 

expected rates in FR's. 

testing volumes with fast neutron fluxes which produce damage rates which 

equal :lr exceed those expected for near term FR's. 

rates, with the exception of nickel alloys in mixed spectrum reactors, 
cannot be reproduced by direct nuclear reaction on the alloy constituents. 
T h e  present studies are directed toward the development of techniques for 
the production of helium during fission reactor irradiations. Current 

efforts emphasize the doping of structural alloys with boron. To assure 
the uniform distribution of boron, the alloy is produced by rapid quench- 

ing from the melt. Cooling rates of 10 - 10 'C/sec offer the possibility 
of uniform boron concentrations which are much higher than those which 

can be maintained without segregation during normal solidification rates. 
The usefulness of this approach to boron doping will also depend upon the 

maintenance of a uniform boron distribution during thermo-mechanical con- 

solidatim'and during the use of the consolidated material in the temp- 

erature. stress and radiation environment of the fission reactor. Further- 

Only fission reactors offer the required large 

Helium production 

5 9 
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more, the effect of boron on the physical properties of the boron doped 

alloys, whether segregated to grain boundaries o r  uniformly distributed 

must be understood. 

This quarterly report deals with our efforts to produce 

rapidly quenched alloys containing homogeneously distributed boron and 

summarizes the status of o u r  work to characterize the neutron radiation 

fields of the MITR-11, which will be used for low fluence testing of the 

boron doped alloys. 

2.  _____ Production of Rapidly Quenched A l l o y s  Doped with Boron 

A method of characterizing the boron distribution i n  stain- 

less steel") has been previously reported. The resolution of this tech- 

nique is about 0 . 3  urn, making it useful for grain sizes below 2 um. When 
greater resolution is required, high resolution auger electron spectro- 

scopy will be examined. This equipment is now operating at MIT. For the 

techniques developed to be useful in fusion reactor materials testing, it 

must be demonstrated that reasonable quantities of uniform material can be 
produced. The primary emphasis in this area over the last quarter has  

been on the production of rapidly quenched alloys. 

Previous work with boron doped alloys has centered on 

piston and anvil type splats. This method was useful because it provided 

a variety of cooling rates within each sample, simplifying sample 

preparation. However, the piston and anvil method quenches material one 

drop at a time. This makes it impractical f o r  the quantity of material 

needed f o r  conventional mechanical property tests. A l s o ,  the consolidated 

product will not be uniform. To produce large quantities of splatted 

material, roll quenching was investigated. 

A roll quenching device was rebuilt to develop the capabil- 

ity of  producing kilogram amounts of splatted material. The machine 
consists of two high-speed rolls with high thermal conductivity, through 
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FIGURE 1. Optical Micrograph of Splat Cooled Type 316 Stainless Steel. 

The Figure Shows a Subgrain Structure Within the Dendrites of Sample 

F1 (Kalling's Reagent, 2 0 0 0 ~ ) .  
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neutron flux spectrum within the core is highly undermoderated. 

four fuel assemblies can be replaced with solid aluminum dummy elements or 

materials irradiation facilities. 

iation volume (approximately 0.5 1 /element) is thus available for var- 
ious types of radiation damage studies and general use. 

these irradiation facilities is provided by aluminum thimbles which extend 

from the reactor top to the bottom of the core, passing though the coolant 

water above the core. The assemblies of greatest interest for radiation 

damage projects are located in the A-ring. Of the A-ring facilities, an 

in-core sample assembly [which has been dubbed the "Controlled Thermo- 

nuclear Reactor Facility" (CTRF)] will be used for several fusion reactor 

related irradiation experiments in the near future. 

facility that the flux spectrum results in this study are presented. 

(Additional flux data for A-ring facilities can be found in Reference 4.) 
The CTRF houses an aluminum thimble (as described above) which has an 
inside diameter of 1.134 in. and which facilitates the insertion and 

removal of irradiation specimens and the handling of thermocouples and 
other instrumentation in this facility. Since this facility can be made 

vacuum tight, irradiations in the CTRF can be conducted in an inert gas 

atmosphere and the temperature can be controlled accurately by regulating 

Three or 

A relatively large and flexible irrad- 

Easy access to 

It is for this 

the gas flow within the thimble (5) . 

Five reactions were used to measure the flux over the 

length of the CTRF extending from the reactor bottom to a position 

approximately 4 cm above the top of the active core. 
cross sections used are shown in Table 1. (Details of the flux measuring 

experiments can be found el~ewhere'~) and so will not be described here.) 

For the calculations done in this study, the fission averaged cross 

section Of was defined as 

The reactions and 

- 

where tJf(E) is the fission spectrum. The effective spectrum averaged 
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TABLE 1. CROSS SECTIONS USED IN FLUX MEASUREMENTS 

Fission Averaged and Spectrum Averaged Cross Sections 
- 

Ei(Mev) o,(mb) 

1.0 31 

I Reaction 
- 
oEi(mb) Notes 

46.2 (to 58m~0) 58 58Ni(n,p) Co 

1.0 

1.5 

60 “Ni(n,p) Co 

5 8m 61 90.0 (to CO) 

68 134 

4.0 2.4 23.4 (total t o  6omCo and 

60c0) 

6.0 0.45 17.6 (total to 6omCo and , 
60c0) 1 

S 

2200 (b) o 

< 30 

5 1.4 x 10 

1650 

37.3 

100 

6 
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cross section was defined slightly differently, i.e. 

- 1: O ( E )  @(E) dE 
C l E  

Ei lzi$(E) dE 

where E. is the effective threshold energy and @ ( E )  is the differential 

neutron flux (in this case taken to be the fission spectrum). 

results of these fast and thermal flux measurements are shown in Figures 

3 and 4 .  The flux above 1.0 Mev rises and falls gradually, peaking at a 

1 
The 

position approximately27 cmabove the bottom of the CTRF. The behavior 

of the thermal flux, on the other hand, is more complex because of the 

flux peaking beneath the core as mentioned above. It should also be 

noted that an absolute measurement of the thermal flux was not made in 

the CTRF; rather the flux was calculated from the measured total 

reaction  rate^ in the 

the thermal to epithermal flux as calculated by CITATION(6). 
is a reactor physics code used by the Operations Staff of the MITR-I1 to 

calculate the neutron flux and power peaking factors for various operat- 
ing core configurations.) Agreement between the thermal flux as calcu- 

lated from the measured total reaction rate and as calculated by 

CITATION is only fair, the differences becoming as large as 25% at a 

distance 34 cm above the bottom of the assembly. 
discrepancy is not clear at this time, necessitating an absolute 

measurement of the thermal flux in the future to resolve this question. 

59 Co thermal flux monitor, and from the ratio of 
(CITATION 

The reason for this 

Prior to the measurements in the CTRF, considerable 

confidence in the experimental techniques used in this study was estab- 

lished by an experiment run in the MITR-I1 A-ring facility known as the 

"Steel Irradiation Facility" (SIF). Fast and thermal flux measurements 

in this facility were made independently but concurrently with flux 

measurements sponsored by Dr. Henry Watson of the Naval Research Labor- 

atory (NRL). 

(better than 10% for all reactions used) of the data from this work and 
from NRL. (Details of this experiment are available in Reference 4 ) .  

The results of these measurements indicated close agreement 
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FUTURE WORK (Near Term) 

Future improvements are planned f o r  the roll quench apparatus. 

w i l l  be followed by production of boron doped 316 S S  and characterization 

of the boron distribution with neutron autoradiography and scanning high 

resolution auger spectroscopy. 

This 

An optimum mechanical property test will be designed to determine 

the effects of boron in the boron doped alloys. 
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Displacement damage rates and helium generation rates for MITR-I1 

will be calculated using the fast neutron flux profiles reported here. 
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I .  PROGRAM 

Title: Dosimetry and Damage Analysis 
Principal Investigator: L. R. Greenwood 
Affiliation: Argonne National Laboratory 

11. OBJECTIVE 

To establish standardized dosimetry data and procedures in order to 
reduce uncertainties in damage analysis and correlation studies. 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

TASK 11. A.6 Dosimetry Standardization 

IV. SUMMARY 

An ANL Fusion Power Program Technical Memorandum has been completed 
entitled, "Extrapolated Neutron Activation Cross Sections for Dosimetry 
to 44 MeV". 
All cross-sections have been integrally tested in Be(d,n) fields and 
25 are recommended for routine dosimetry. 

The report lists and plots 31 activation cross-sections. 

A recommended practice entitled, "Procedures for Conducting Irradia- 
tions at Accelerator-Based Neutron Sources", has been revised by Task 
Group 8 of Committee E 10.08 of the ASTM. 

V. ACCOMPLISHMENTS AND STATUS 

1. Dosimetry Cross Section File -- L. R. Greenwood 

As part of our program to integrally test dosimetry cross sections, 
a file of 31 activation cross-sections has been extended t o  44 MeV for 

65 



Be(d,n) i r r a d i a t i o n s .  

has been w r i t t e n  l i s t i n g  and p l o t t i n g  t h e  c ress  sections(!)The r e p o r t  a l s o  
summarizes a l l  o f  ou r  i n t e g r a l  testing!')as shown i n  Table I .  

f rom Be(d,n) experiments a t  Ed = 14, 16, and 40 MeV a r e  l i s t e d  a long w i t h  

t h e  90% energy s e n s i t i v i t y  l i m i t s .  

sec t i ons  a re  i n t e g r a l l y  accura te  t o  w i t h i n  t 10% and should be adequate 

f o r  most f u s i o n  m a t e r i a l s  i r r a d i a t i o n s .  

s i zed  t h a t  t h e  c ross  sec t i ons  a re  o n l y  in tended f o r  t h i s  s p e c i f i c  a p p l i -  

c a t i o n  and may have very  l a r g e  e r r o r s  a t  h i g h  energies. 
hoped t h a t  f u r t h e r  t e s t i n g  as  w e l l  as new measurements and c a l c u l a t i o n s  

w i l l  f u r t h e r  reduce t h e  e r ro rs .  Meanwhile, these c ross  sec t i ons  should 

pe rm i t  s p e c t r a l  u n f o l d i n g  w i t h  10-30% u n c e r t a i n t y  i n  t h e  2-30 MeV energy 

range where most m a t e r i a l s  damage i s  produced i n  Be(d,n) f i e l d s .  

more, damage parameters can then be computed w i t h  o n l y  5-10% e r r o r s  s i n c e  

t hey  a r e  i n t e g r a l  q u a n t i t i e s .  
sented a t  t h e  Fusion Reactor M a t e r i a l s  Meet ing i n  Miami Beach i n  January. 

An ANL Fusion Power Program Technica l  Memorandum 

Resu l ts  

As can be seen, 25 o f  t h e  c ross  

Nevertheless, i t  should be empha- 

O f  course, i t  i s  

Fu r the r-  

A paper rev iew ing  t h i s  work w i l l  be pre-  

2. ASTM Recomnended Procedures f o r  Acce le ra to r  I r r a d i a t i o n  -- L. R. 
Greenwood 

The recommended ASTM p r a c t i c e  e n t i t l e d  "Procedures f o r  Conduct ing 

Th is  r e p o r t  
I r r a d i a t i o n s  a t  Accelerator-Based Neutron Sources" was r e v i s e d  d u r i n g  

t h e  recen t  ASTM meet ing a t  Richland, Washington, i n  Ju ly .  

was r e v i s e d  by Task Group B o f  Comnittee E 10.08, w i t h  L. Greenwood 
(Chairman), M. Guinan (LLL),  H. F a r r a r  ( A I ) ,  R. Gold (HEDL), and D. 
D i e r c k x  (LASL) i n  a t tendance.  

h e l p  t o  s tandard ize  a c c e l e r a t o r  i r r a d i a t i o n s  so t h a t  damage parameters 

may be a c c u r a t e l y  c a l c u l a t e d  and da ta  co r re la ted .  

c i r c u l a t e d  t o  i n t e r e s t e d  p a r t i e s  f o r  comment p r i o r  t o  formal ASTM review. 

I t i s  hoped t h a t  these recommendations w i l l  

Copies have been 
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V I I .  FUTURE WORK 

Fu r the r  i n t e g r a l  t e s t i n g  i s  now be ing  planned and i t  i s  hoped t h a t  

new experiments and c a l c u l a t i o n s  w i l l  con t inue  t o  improve t h e  nuc lea r  

da ta  base. 

V I I I .  PUBLICATIONS 

See P a r t  V I .  
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CHAPTER 4 

SUBTASK B: DAMAGE PRODUCTION 
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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 :  Don M. P a r k i n  

A f f i l i a t i o n :  Los Alamos S c i e n t i f i c  Labora to ry  o f  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  

Rad ia t i on  Damage Ana l ys i s  and Computer S imu la t i on  

11. - OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  develop displacement f u n c t i o n s  f o r  

po lyatomic m a t e r i a l s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I .B.2.3 Cascade Produc t ion  Methodology 

I I .B.4.1 

I I .B.4.2 Develop theory  o f  s p e c t r a l  and r a t e  e f f e c t s  

I n t e r f a c e  w i t h  o t h e r  designs and. o t h e r  tasks  

I V .  SUMMARY 

The computer program DISPLC which c a l c u l a t e s  displacement f u n c t i o n s  

One o f  
i n  s i n g l e  element and polyatomic m a t e r i a l s  ( l )  has been used t o  s tudy  t h e  

b a s i c  behav io r  o f  displacement cascades i n  po lyatomic m a t e r i a l s .  
severa l  impo r tan t  f ea tu res  t h a t  s i g n i f i c a n t l y  e f f e c t  t h e  displacement 
process i n  po lyatomic m a t e r i a l s  i s  d iscussed i n  t h i s  r e p o r t .  

t o  d isp lacement  and cap tu re  t h r e s h o l d  energ ies a r e  observable a t  much 
h ighe r  energ ies i n  po lyatomic m a t e r i a l s  than  i n  s i n g l e  element m a t e r i a l s .  

E f f e c t s  due 

V.  ACCOMPLISHMENTS AND STATUS 

A. Displacement Funct ions f o r  Mult icomponent Systems -- 
D. M. P a r k i n  (LASL) and C .  A. C o u l t e r  (The U n i v e r s i t y  o f  Alabama) 
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1 .  Results 

Displacement cascades i n  polyatomic mater ia ls  a r e  subject  
t o  f a c t o r s  t h a t  a r e  not present i n  monatomic cascades. 
d i f f e r e n t  threshold energies f o r  each element i n  the mate r ia l ,  capture 
threshold energies f o r  unlike atoms t h a t  d i f f e r  from the displacement 
thresholds and large  di f ferences  i n  mass among the  cons t i tuen t s  lead t o  
s i g n i f i c a n t  changes i n  cascade behavior r e l a t i v e  t o  the  monatomic case. 
One c h a r a c t e r i s t i c  behavior which i s  r e la ted  t o  mass d i f fe rence  and the 
displacement threshold energy i s  described i n  th i s  repor t .  

Conditions such as 

The t o t a l  displacement funct ion,  n . . ,  assuming a displace- 
1J d ment threshold energy of E i  = 60eV was calcula ted f o r  Tau.  Results f o r  

the  d i s t r i b u t i o n  of Ta and 0 displacements as a function of Ta and 0 re- 
co i l  energies a r e  given i n  Table I .  Below the  threshold energy f o r  atom i 

TABLE I .  
FRACTION OF TYPE j DISPLACEMENTS PRODUCED BY 

AN INITIAL R E C O I L  ATOM OF TYPE i IN TaO 

Ta Recoil 0 Recoil 
Ta +Ta Ta + 0 0 +Ta o + o  

Energy 
(ev) % % % % 

100 
225 
544 

3 1.02 x 10 
2.46 lo3  

1.12 lo4  
1.07 lo5 

1.00 lo7 

3 5.24 x 10 

1.03 x lo6 

100 
99.5 
88.5 
80.8 
73.8 
69.6 
66.8 
63.3 
62.8 
62.9 

0 .0  
0.5 

11.5 
19.2 
26.2 
30.4 
33.2 
36.7 
37.2 
37.1 

0.0 100 
0.6 99.4 

15.1 84.9 
26.4 73.6 
37.8 62.2 
45.7 54.3 
51.5 48.5 
61.3 38.7 
64.3 35.7 
65.4 34.6 
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produc ing  a j displacement, 201 eV f o r  t h i s  case,  only i type displace-  
ments a r e  possible.  For primary recoil  energies above t h i s  ind i rec t  
threshold displacements on both s u b l a t t i c e s  occur. 

As t h e  recoil  energy increases from the threshold region, 
the d i s t r i b u t i o n  of displacements on the two s u b l a t t i c e s  approaches a s e t  
of equilibrium values. T h e  displacement d i s t r ibu t ion  i s  dominated by the  
type of primary recoil  atom a t  the lower energies.  
energy t r a n s f e r  e f f ic iency,  m l m  ( m l  + m 2 ) 2 ,  favors energy t r a n s f e r  t o  the 
s u b l a t t i c e  corresponding t o  the recoil  atom. Hence a t  low energies,  the 
displacement d i s t r i b u t i o n  i s  cont ro l led  by the primary recoi l  atom type. 
A t  higher energies,  the displacement d i s t r ibu t ion  becomes nearly indepen- 
dent  of the primary recoi l  atom type. Once the  primary recoi l  atom can 
t r a n s f e r  s i g n i f i c a n t  amounts of energy t o  e i t h e r  s u b l a t t i c e ,  the displace-  
ment d i s t r i b u t i o n  i s  determined by the  propert ies  of the matrix in t o t a l  
and i t  loses  i t s  dependence on the  primary recoi l  atom type. 

A t  low energy the  

2/ 

The recoil  energy range over which the displacement d i s-  
t r ibu t ion  i s  dependent on the primary recoi l  energy type i s  s i g n i f i c a n t  
when one considers the c h a r a c t e r i s t i c  recoil  energies f o r  charged p a r t i c l e ,  
f i s s i o n  reactor and fusion reac tor  i r r a d i a t i o n s .  For ceramics, one of 
the most important parameters i s  the  displacement d i s t r i b u t i o n .  Because 
of t h i s  recoi l  energy dependence, the  displacement d i s t r ibu t ions  wil l  be 
r e l a t ed  t o  the  r e l a t i v e  sca t t e r ing  cross sec t ions  of the cons t i tuents  
i n  a more complicated way. 

Once an equilibrium d i s t r ibu t ion  i s  reached, the  number of 
heavy element displacements i s  greater than f o r  t h e  l i g h t  element. This 
d i s t r i b u t i o n  occurs in the  case of equal displacement threshold energies 
because i n  the  LSS theory,  which i s  used in the  ca lcu la t ions ,  i t  i s  more 
damage energy and displacement e f f i c i e n t  t o  t r a n s f e r  energy t o  the heavier 
atoms. 
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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 is  (WHO111 

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 Engineer ing Development Laboratory  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  e s t a b l i s h  computer models f o r  t h e  

s i m u l a t i o n  o f  the  low energy aspects o f  r a d i a t i o n  damage i n  o r d e r  t o  p ro-  

v ide  a bas i s  f o r  t h e  development o f  computer models f o r  t h e  s i m u l a t i o n  o f  

h i g h  energy cascades. 

111. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I . B . 2 . 3  Cascade Produc t ion  Methodology 

I V .  SUMMARY 

A methodology i s  presented f o r  the  computer s i m u l a t i o n  o f  low energy 

r a d i a t i o n  damage experiments us ing  t h e  quasi-dynamical computer code ADDES. 

The systemat ic  procedures f o r  s e l e c t i o n  o f  an i n t e r a t o m i c  p o t e n t l a l  and 

o p t i m i z a t i o n  o f  the  code parameters a re  discussed. 
which may e a s i l y  be s imu la ted  w i t h  ADDES a r e  i n d i c a t e d ,  w i t h  p a r t i c u l a r  
a t t e n t i o n  t o  a s i m u l a t i o n  o f  forward s p u t t e r i n g  experiments which i s  now 
i n  progress.  

The types o f  experiments 

V.  ACCOMPLISHMENTS AND STATUS 

A. A Methodology For the  Computer S imu la t i on  o f  Low Energy Rad ia t i on  
Damage Experiments -- R. G. A r i yasu  (Ca l .  S t a t e  Un iv .  a t  No r th r i dge ) ,  D .  M. 

Schwartz (Ca l .  S t a t e  Univ .  a t  No r th r i dge ) ,  and H. L.  He in isch ,  (HEDL) 
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1. I n t r o d u c t i o n  

Recent advancements i n  bo th  exper imental  techniques and 

computer technology have made i t  p o s s i b l e  t o  s i g n i f i c a n t l y  improve t he  

range o f  a p p l i c a b i l i t y  o f  computer model ing t o  s t u d i e s  o f  c r y s t a l  de fec ts .  

Exper imenta l ly ,  advances c e n t e r  around techniques w i t h  h i gh  l e v e l s  o f  r e -  

s o l u t i o n  such as h i gh  vo l tage /h igh  r e s o l u t i o n  t ransmiss ion  e l e c t r o n  micros-  
copy, Auger spectroscopy, f i e l d  i o n  microscopy, t i m e - o f - f l i g h t  mass spec- 

troscopy,  and image i n t e n s i f i c a t i o n .  These exper imental  advances have been 
augmented by t h e  development o f  i n c r e a s i n g l y  s o p h i s t i c a t e d  computers capable 

o f  h a n d l i n g  t h e  computat ions necessary f o r  s i m u l a t i n g  l a r g e- s c a l e  phenomena. 

Using t he  developments f rom b o t h  areas, i t  i s  now p o s s i b l e  t o  more d i r e c t l y  

e s t a b l i s h  t h e  v a l i d i t y  o f  computer s i m u l a t i o n s  f o r  the  meaningful  i n v e s t i -  

g a t i o n  o f  fundamental mechanisms o f  r a d i a t i o n  damage i n  c r y s t a l s .  

A general approach f o r  a p p l y i n g  the  quasi-dynamical  computer 

code ADDES (l " ) f o r  s i m u l a t i n g  low energy r a d i a t i o n  damage exper iments w i l l  
be presented here.  

ADDES has been l a b e l e d  "quasi-dynamical"  because i t  i n t e g r a t e s  

t he  equat ions o f  mot ion f o r  o n l y  t he  atoms which a re  " a c t i v e "  r e l a t i v e  t o  
a t h r e s h o l d  energy va lue.  

t a l  o f  atoms i n t e r a c t i n g  v i a  p a i r  p o t e n t i a l s  ex tend ing  t o  second neares t  

neighbors.  

a c t i v e  c r y s t a l  as i t  needs, expanding o r  c o n t r a c t i n g  t he  number of  a c t i v e  

atoms under t he  d i r e c t i o n  o f  " a c t i v a t i o n "  and " f r e e z i n g "  parameters. The 

parameter EM i s  t he  minimum va lue o f  t o t a l  energy an atom must have b e f o r e  
i t  may move f rom i t s  l a t t i c e  s i t e  and become an a c t i v e  atom. I f  an a c t i v e  
atom loses  energy so t h a t  i t s  p o t e n t i a l  energy f a l l s  below a va lue EC and 

i t s  t o t a l  energy f a l l s  below a va lue FEM, then i t  i s  " f rozen,"  t h a t  i s ,  i t s  

k i n e t i c  energy i s  s e t  t o  zero.  Thus, o n l y  atoms w i t h  s i g n i f i c a n t  amounts 

o f  energy (as determined by t he  values o f  EM, EC, and FEM) a re  a l l owed  t o  

be a c t i v e .  

must be p r o p e r l y  s e t  t o  assure the  c o r r e c t  dynamical behav ior .  

ADDES operates i n  an e f f e c t i v e l y  i n f i n i t e  c r y s-  

By means o f  t he  t h r e s h o l d  c o n d i t i o n ,  i t  generates o n l y  as much 

ADDES con ta ins  a number o f  o t h e r  a d j u s t a b l e  parameters which 

For example, 



t h e r e  a re  parameters which c o n t r o l  increment ing o f  t he  t ime s t e p  s i z e  d u r i n g  
t h e  run.  The m s t  c r i t i c a l  parameters a re  EM and EC. 

I n  p r i n c i p l e ,  t he  parameters can be s e t  so c o n s e r v a t i v e l y  as  
t o  render  ADDES a f u l l y  dynamical code. Thus, EM, EC and FEM c o u l d  be s e t  

below t he  va lue o f  the  minimum p o t e n t i a l  energy exper ienced by an atom i n  

a c r y s t a l ,  making them comple te ly  i n e f f e c t i v e .  However, the  usefu lness o f  

t he  code l i e s  i n  be ing  ab le  t o  i gnore  as many o f  t he  i n t e r a c t i o n s  as poss i-  

b l e  w i t h o u t  changing t h e  dynamics o f  the  event  i n  o r d e r  t o  minimize t he  

computer r un  t ime .  I n  t he  process o f  o p t i m i z i n g  t he  parameter s e t t i n g s ,  

runs w i t h  d i f f e r e n t  s e t s  o f  parameters a re  n o t  compared on a c o l l i s i o n  

f o r  c o l l i s i o n  bas is ,  b u t  r a t h e r  i n  terms o f  t h e  f o l l o w i n g  q u a n t i t i e s :  

displacement t h r e s h o l d  energy, number and l eng th  o f  replacement sequences, 

energy l o s s  p e r  c o l l i s i o n  i n  replacement and focused c o l l i s i o n  sequences, 

Frenkel  p a i r  p roduc t ion  and separat ion ,  and focus ing  energ ies .  

ADDES has been c a l i b r a t e d  b y  comparing i t s  r e s u l t s  w i t h  t h e  

r e s u l t s  o f  t he  f u l l y  dynamical computer s i m u l a t i o n  code COMENT.(l) Wi th  

conservat ive ,  b u t  e f fec , t ive ,  parameter s e t t i n g s  f o r  ADDES, low energy 

p r imary  knock-on atoms (PKAs) i n  copper were s imu la ted  w i t h  b o t h  codes 

us ing  t he  same p a i r  p o t e n t i a l .  

respec t  t o  t he  q u a n t i t i e s  l i s t e d  above. 

ADDES compared f a v o r a b l y  w i t h  COMENT w i t h  

A methodology f o r  o p t i m i z a t i o n  o f  t he  ADOES parameters w i t h  
respec t  t o  a g i ven  s i m u l a t i o n  problem has been devised and i s  r e p o r t e d  on 

here. 

2. Methodology 

There a re  t h r e e  main p a r t s  t o  t h e  methodology: choosing a 

p o t e n t i a l ,  o p t i m i z i n g  parameter s e t t i n g s ,  and s e t t i n g  the  i n i t i a l  c o n d i t i o n s  
a p p r o p r i a t e  t o  the  exper iment t o  be s imula ted.  
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Most of  the  atomic i n t e r a c t i o n s  o f  i n t e r e s t  i n  these s imula-  
t i o n s  can be modeled by a p a i r  p o t e n t i a l  ex tend ing  t o  second ne ighbors .  

There a re  a number o f  a n a l y t i c a l  forms f o r  r e l a t i v e l y  l ong  range, low 
energy e m p i r i c a l  p o t e n t i a l s  which can be f i t t e d  t o  e l a s t i c  constants  and 
o t h e r  exper imental  c r y s t a l  data.  There a re  a l s o  severa l  accepted forms f o r  
the s h o r t e r  range, h i gh  energy, screened Coulomb i n t e r a c t i o n s .  The poten-  

t i a l s  chosen f o r  o u r  s i m u l a t i o n s ( 2 ) g e n e r a l l y  a re  a combinat ion o f  t he  Mo- 

l i e r e  approx imat ion t o  the  Thomas-Fermi p o t e n t i a l  a t  s h o r t  range and a s e t  
o f  smoothly j o i n e d  polynomial  f u n c t i o n s  f i t t e d  t o  e l a s t i c  data  a t  t h e  longer  
range. The po lynomia ls  a re  j o i n e d  t o  the  M o l i e r e  f u n c t i o n  a t  a separa t ion  

somewhat l e s s  than t he  neares t  ne ighbor  d i s tance .  

o f  the  M o l i e r e  p o t e n t i a l  i s  t r e a t e d  as an a d j u s t a b l e  parameter. 

The screen ing r a d i u s  

The minimum displacement t h r e s h o l d  energy is  t he  p r imary  

exper imental  q u a n t i t y  t o  which t h e  model i s  f i t t e d .  I n t e r a t o m i c  p o t e n t i a l  
s e n s i t i v i t y  s t u d i e s ( ' ) i n d i c a t e  t h a t  t h e  dynamics o f  low energy events a re  

very  s i m i l a r  f o r  d i f f e r e n t  p o t e n t i a l s  which g i v e  the same displacement 

th resho ld .  

i n  the  r e g i o n  where t he  s h o r t  range and l ong  range p o r t i o n s  a re  j o i n e d .  

Hence, adjustment o f  t he  screen ing r a d i u s ,  which changes t he  va lue and 

s lope  i n  t h i s  reg ion ,  has a pro found e f f e c t  on the  displacement t h r e s h o l d .  

The displacement t h r e s h o l d  energy i s  s e n s i t i v e  t o  t h e  p o t e n t i a l  

Since w i d e l y  va ry ing  forms o f  the  po lynomia l  r e p r e s e n t a t i o n  

o f  t he  l ong  range p o r t i o n  o f  the  p o t e n t i a l  may be e q u a l l y  w e l l  f i t t e d  t o  

t he  e l a s t i c  data,  i t  i s  p o s s i b l e  t o  change the  displacement t h r e s h o l d  by 

us ing  a d i f f e r e n t  l ong  range p o r t i o n  r a t h e r  than a d j u s t i n g  t he  sc reen ing  

rad ius .  

F igu re  1 i l l u s t r a t e s  t he  procedure by which t h e  p o t e n t i a l  

i s  chosen. A good s t a r t i n g  p o i n t  f o r  the  screen ing r ad i us  i s  t h e  F i r s o v  

value.  The parameters o f  ADDES a re  then s e t  a t  conserva t i ve  values:  EM 

i s  s e t  m a r g i n a l l y  above t he  va lue a t  which spontaneous a c t i v a t i o n  o f  t he  

f i r s t  neighbors would occur,  i . e . ,  t h e  va lue o f  the p o t e n t i a l  a t  t he  f i r s t  

ne ighbor  d is tance;  EC and FEM a re  s e t  so t h a t  no atoms a re  f rozen .  Runs 
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Choose New Short 
Range Potential  Component and Graft 

Form and Se lec t  A 
Screening Radius Component 

Calculate Long Range 

t o  Short Range 

1 
Se lec t  Conservative 

Parameters 

Determine Threshold 
Energy 

Figure 1 .  Procedure f o r  Choosinq a Potential .  

81 



are made f o r  PKAs a long  the  d i r e c t i o n  o f  t h e  minimum t h r e s h o l d  ( a c t u a l l y  
t hey  a re  s l i g h t l y  o f f  the  exac t  d i r e c t i o n  t o  s p o i l  t h e  symmetry). 

energy i s  v a r i e d  u n t i l  t h e  t h r e s h o l d  va lue i s  determined. 

i n  ADDES i s  de f i ned  as t h e  energy a t  which a Frenkel p a i r  i s  created,  which 

has a sepa ra t i on  o f  a t  l e a s t  1-1/2 l a t t i c e  cons tan ts .  
d e f i n i t i o n  compares f avo rab l y  w i t h  t h e  r e s u l t s  o f  t h e  dynamical code COMENT 

f o r  copper. 
energy i s  n o t  w e l l  known expe r imen ta l l y .  I n  f c c  meta ls  i t  i s  u s u a l l y  t h e  

<110> d i r e c t i o n ,  b u t  i n  g o l d  t h e  experiments a re  i n c o n c l ~ s i v e , ( ~ )  and the  
t h r e s h o l d  has been shown by model ing ~ o r k ( ~ ) t o  be i n  t h e  < loo>  d i r e c t i o n .  

The 

The t h r e s h o l d  

Th i s  t h r e s h o l d  

For  some m a t e r i a l s  t h e  d i r e c t i o n  o f  the  minimum t h r e s h o l d  

I f  t h e  t h r e s h o l d  va lue does n o t  compare w e l l  w i t h  exper imenta l  

values, then  t h e  screening rad ius  i s  ad justed,  and the  procedure i s  r e -  

peated. 

The procedure f o r  o p t i m i z i n g  parameter s e t t i n g s  i s  diagrammed 
i n  F igu re  2. One s t a r t s  w i t h  t h e  conserva t i ve  values used i n  t h e  p o t e n t i a l  

de te rmina t ion .  

d i r e c t i o n  w i t h  an energy perhaps severa l  t imes t h e  t h r e s h o l d  ( h i g h  enough 

t o  produce some damage, b u t  low enough t o  keep run  t imes s m a l l ) .  

va lue o f  EM i s  inc reased i n  increments on t h e  o r d e r  o f  t en ths  o f  eVs, u n t i l  

t h e  r e s u l t i n g  cascade i s  dynamica l l y  d i f f e r e n t  f rom t h e  base l i ne  run,  as 
cha rac te r i zed  by replacements, p a i r  p roduc t ion ,  focus ing ,  e t c .  The number 

o f  replacements seems t o  be the  q u a n t i t y  most s e n s i t i v e  t o  t h e  va lue o f  EM. 

Runs are  performed f o r  a PKA s l i g h t l y  o f f  a c lose-packed 

The 

Using t h e  h ighes t  accep tab le  va lue o f  EM, EC i s  v a r i e d  u n t i l  

The focus ing  energy seems 

t h e  dynamical behav io r  i s  a f f e c t e d .  FEM i s  ma in ta ined  a t  1 eV g r e a t e r  than 

EC by an e m p i r i c a l l y  determined r u l e  o f  thumb. 

t o  be t h e  parameter most s e n s i t i v e  t o  t h e  va lue o f  EC. The h ighes t  accept-  
ab le  va lue o f  EC i s  r e t a i n e d .  

As t h e  PKA energ ies o f  events t o  be s imu la ted  inc rease ,  even 

w i t h  t h e  op t im i zed  parameters, t h e  l i m i t a t i o n s  o f  computer t ime  and s i z e  
a re  soon reached. T h i s  l i m i t  f o r  ADDES i s  on t h e  o r d e r  o f  1 keV i n  copper.  
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Figure 2. Procedure for  Optimizing Parameter Settings. 
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Depending on t h e  i n fo rma t ion  sought,  i t  may be  p o s s i b l e  t o  model h i g h e r  

energy events on a piecemeal bas i s .  For  example, i n  o u r  recen t  s i m u l a t i o n  

o f  t r ansmiss ion  s p u t t e r i n g  b y  700 eV Xe' i ons  on g o l d  ( t o  be r e p o r t e d  on 

l a t e r ) ,  t h e  phenomenon o f  i n t e r e s t  i s  t h e  t ransmiss ion  o f  energy by ve ry  

l o n g  focusons. 

e r a t e d  and t h e i r  energy l o s s  p e r  c o l l i s i o n  determined. 
themselves were run  o n l y  u n t i  1 we1 1 -developed focusons appeared; t h e i r  

l eng ths  were e x t r a p o l a t e d  f rom t h e  energy l o s s  i n f o r m a t i o n .  

To s tudy  t h i s  economical ly ,  a few l o n g  focusons were gen- 

The s p u t t e r i n q  events 

I n i t i a l  c o n d i t i o n s  must be s e t  accord ing  t o  t h e  phenomenon 

t o  be  s imu la ted .  

d i r e c t i o n .  Computer t i m e  and s i z e  l i m i t s  determine whether an event  can be  

run  t o  a p o i n t  where a l l  atoms have be low- thresho ld  energ ies .  There i s  no 

mechanism f o r  i n e l a s t i c  energy losses  i n  ADDES a t  t h i s  t i m e  s i n c e  t h e  code 

was designed f o r  low energy a p p l i c a t i o n s .  
may be modeled. 

I n  p r i n c i p l e  ADDES w i l l  model PKAs o f  any energy i n  any 

A t  p resen t  o n l y  f c c  o r  bcc meta ls  

When choosing PKA d i r e c t i o n s  i t  i s  impor tan t  t h a t  h i g h  symmetry 

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

ADDES which have no p r o v i s i o n  f o r  t h e r m a l l y  induced atom displacements.  

Because symmetry can o f t e n  be respons ib le  f o r  e x t r a o r d i n a r y  events,  h i g h  

symmetry d i r e c t i o n s  shou ld  be avoided i n  any s t a t i s t i c a l  a n a l y s i s  w i t h  

respec t  t o  d i r e c t i o n .  S p o i l i n g  symnetry somewhat b y  a iming PKAs s l i g h t l y  

o f f  t h e  h i g h  symmetry d i r e c t i o n s  e l i m i n a t e s  s i n g u l a r  behav ior .  

T h i s  i s  e s p e c i a l l y  impor tan t  i n  codes l i k e  

I t i s  w i t h i n  t h e  scope o f  ADDES t o  a l l o w  more than  one spec ies  
o f  atom t o  occupy t h e  l a t t i c e  s i t e s ,  hence t o  model r a d i a t i o n  e f f e c t s  i n  

a l l o y s  and e f f e c t s  caused b y  i m p u r i t i e s .  

i n t r o d u c e  p r e - e x i s t i n g  l a t t i c e  d e f e c t s  o r  a complete su r face  on which i o n s  

o f  any species can impinge a t  any ang le  o r  energy. 

of  back- spu t te r i ng ,  t r ansmiss ion  s p u t t e r i n g  o r  i o n  ranges. The r e l i a b i l -  

i t y  o f  s i m u l a t i o n s  of such events depends, o f  course, on t h e  v a l i d i t y  o f  

t h e  necessary i n t e r a c t i o n  p o t e n t i a l s ,  knowledge o f  t h e  su r face  cha rac te r-  

i s t i c s ,  e t c .  

There i s  a l s o  t h e  c a p a b i l i t y  t o  

T h i s  p e r m i t s  t h e  model ing 

I t a l s o  depends on t h e  degree t o  which these q u a n t i t i e s  a f f e c t  
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the  measurable quan t i t i e s  being simulated. 

ADDES has been used with success t o  inves t iga te  many aspects 
o f  damage production due t o  low energy PKAs i n  copper. ( '  '2) A study of 
replacement sequences i n  nickel-aluminum al loys  has a l s o  been done.(4) The 
r e s u l t s  of the recent simulation of transmission spu t t e r ing  i n  gold a l so  
show e f f e c t s  of back-sputtering as well as channeling. 

Within the uncertainty of interatomic p o t e n t i a l s ,  the  system- 
a t i c  approach outl ined here can r e s u l t  in simulations o f  experimentally 
observable events which are  soundly based physical ly a s  well as  being 
computationally t r a c t a b l e .  
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VII. FUTURE WORK 

A computer simulation of transmission sput ter ing  in gold i s  being 

completed. 
high energy cascades ( u p  t o  100 keV). 
gress; 

Other work with ADDES i n  the near fu tu re  i s  aimed a t  simulating 
Documentation of the code i s  in pro- 
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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 is  (WHO111 

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 Engineer ing Development Labora to ry  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  develop computer models f o r  t h e  

s i m u l a t i o n  o f  h igh  energy cascades which w i l l  be used t o  generate d e f e c t  

p roduc t i on  func t i ons  f o r  c o r r e l a t i o n  analyses o f  r a d i a t i o n  e f f e c t s .  

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

SUBTASK 11.5.2.3 Cascade Product ion Methodology 

I V .  SUMMARY 

The quasi-dynamical computer code AOOES i s  used f o r  t he  s i m u l a t i o n  of 

h igh  energy cascades i n  copper i n  a two-stage process. 

cascades o f  up t o  100 keV a re  a l lowed t o  develop u n t i l  no atom i s  above 

about 500 eV i n  energy. I n  t h e  second stage t h e  damage produced by t h e  

r e s i d u a l  ene rge t i c  atoms i s  evaluated f rom prev ious  low energy s imu la t i ons .  

The b i n a r y  c o l l i s i o n  code WARLOWE w i l l  be c a l i b r a t e d  aga ins t  t h e  ADDES 
r e s u l t s  and used f o r  genera t ing  s t a t i s t i c a l l y  s i g n i f i c a n t  numbers of cas- 

cades. F i r s t  stage runs o f  ADDES were performed f o r  10 keV and 80 keV 

PKAs i n  copper. Methods f o r  ana lyz ing  and comparing h i g h  energy cascades 

a r e  be i ng de ve l  oped . 

I n  the  f i r s t  stage, 

V .  ACCOMPLISHMENTS AND STATUS 

,A.  The A p p l i c a t i o n  o f  Dynamical Computer Models t o  t h e  S imu la t i on  

o f  High Energy Cascades - H. L. He in isch  (HEDL), D. M. Schwartz ( C a l i f o r n i a  

S t a t e  U n i v e r s i t y  a t  Nor th r idge) ,  and J. 0. Schi f fgens (HEOL). 



1 .  Introduction 

Computer simulations a re  essent ia l  elements in )he study of 
radiat ion damage i n  fusion reactor  mater ia l s .  Computer models can provide 
damage parameters f o r  cor re la t ing  and extrapolat ing experimental da ta ,  and  

phenomenology f o r  guiding a n d  analyzing experiments. 
puter simulation of radiat ion damage have been under development f o r  the 
past twenty years ,  primarily f o r  the purpose of addressing the radiat ion 
damage problems of materials in various types of f i s s ion  reac tors .  
d i f ference between f i s s ion  and  fusion reac tor  material environments i s  the 
considerable component of high energy neutrons a t  the fusion reactor  f i r s t  
wal l .  T h u s ,  i t  i s  important t o  be able t o  model the damage produced by the 
high energy primary knock-on atoms (PKAs)  generated in the material by 
these neutrons. 

Techniques f o r  com- 

A major 

Within the  l imi ta t ions  o f  o u r  knowledge o f  interatomic po- 
t e n t i a l s ,  dynamical computer models provide the most r e a l i s t i c  simulations 
of radiat ion damage phenomena. However, because of the  l imi ta t ions  of com- 
putational time and computer s i z e ,  they have been l imited t o  simulating low 
energy events.  
due t o  PKAs of n o t  more t h a n  a b o u t  500 eV. 

The dynamical code COMENT'l'has been used t o  simulate damage 

Application of the binary co l l i s ion  approximation, valid a t  

However, s ince MARLOWE employs the  binary c o l l i -  
the  higher energies ,  has resul ted in a computer code MARLOWE(*)which can 
t r e a t  high energy PKAs. 
sion approximation, i t  i s  not c l ea r  t h a t  i t  can accurately model the  lower 
energy aspects  of the cascade in  which many-body in te rac t ions  a re  important. 
Because i t  i s  f a s t ,  s t a t i s t i c a l l y  meaningful numbers of runs can be made. 

Lying between these two codes in concept i s  the computer code 
ADOES, (3 )  of ten labeled a "quasi-dynamical" code. 
i n t e rac t ions ,  b u t ,  by proper parameter s e l ec t ion ,  i t  can be made t o  ignore 
a l l  b u t  the most important in te rac t ions  in the c r y s t a l .  AODES has been 
carefu l ly  ca l ib ra t ed  with COMENT f o r  low energy PKAs in ~ o p p e r , ( ~ ' b u t  unt i l  
now i t  has n o t  been applied t o  high energy events. 

I t  t r e a t s  many-body 
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It i s  p o s s i b l e  t o  do r e a l i s t i c  model ing o f  h i gh  energy events 

w i t h  these e x i s t i n g  computer codes i f  care  i s  taken t o  b u i l d  p r o p e r l y  f rom 

the  most r e a l i s t i c  bas i s :  dynamical codes a p p l i e d  a t  low energ ies .  The 
dynamical code COMENT i s  based on ou r  bes t  knowledge o f  atomic i n t e r a c t i o n s  

w i t h i n  t h e  c o n t e x t  o f  molecu lar  dynamics modeling. The quasi-dynamical code 

ADDES has been c a l i b r a t e d  a g a i n s t  COMENT and i s  capable o f  going t o  much 

h i g h e r  energ ies  where the  b i n a r y  c o l l i s i o n  approx imat ion i s  v a l i d .  The 

bas ic  s t r a t e g y  o f  t h e  p resen t  work i s  t o  c a r e f u l l y  push ADDES t o  h i g h e r  

energ ies  (up t o  100 keV) and t o  compare i t  t o  t he  r e s u l t s  o f  MARLOWE a t  

these energ ies .  I f  necessary, adjustments can be made t o  MARLOWE so t h a t  
i t  i s  c o n s i s t e n t  w i t h  ADDES. ADDES and MARLOWE w i l l  be compared a t  lower  

and lower  energ ies  u n t i l  they d iverge.  Thus, MARLOWE w i l l  be c a l i b r a t e d  

a g a i n s t  a dynamical code and i t s  lower  l i m i t  o f  v a l i d i t y  w i l l  be e s t a b l i s h e d .  

MARLOWE, w i t h  a p p r o p r i a t e  adjustments o r  a d d i t i o n s  t o  account  f o r  t h e  low 

energy aspects o f  the  cascade, can then be used t o  s tudy t h e  e f f e c t s  o f  

h i gh  energy cascades. Since i t  i s  very  f a s t ,  i t  w i l l  be p o s s i b l e  t o  gen- 

e r a t e  cascades i n  l a r g e  numbers f o r  s t a t i s t i c a l  analyses o r  as s t a r t i n g  

p o i n t s  f o r  annea l ing  s i m u l a t i o n s .  

2. The Model 

The h i g h e r  energies a re  b e i n g  approached i n  a two-stage 

m d e l i n g  process. UsingADDES, t h e  cascade i s  a l l owed  t o  develop u n t i l  no 
atom has more than a r e l a t i v e l y  h i gh  c u t - o f f  energy (approx imate ly  500 eV). 
As e n e r g e t i c  atoms f a l l  below the  c u t - o f f  energy, they a re  tagged and re-  

moved f rom c o n s i d e r a t i o n  d u r i n g  t h e  remainder o f  t he  development o f  t h i s  

f i r s t  stage. I n  t h i s  way t h e  gross f e a t u r e s  o f  t h e  cascade a re  ob ta ined  
w i t h o u t  hav ing t o  mon i to r  t he  a c t i v i t i e s  o f  eve ry  atom i n v o l v e d  i n  each 

t i m e  s tep  ( a  computa t iona l l y  i n t r a c t a b l e  f e a t  even f o r  ADDES). 

s tage o f  the  model i s  t he  e v a l u a t i o n  o f  t he  damage produced by t he  e n e r g e t i c  

atoms tagged i n  t he  f i r s t  stage. 

w i t h  t he  f i r s t  s tage.  

The second 

Comparison o f  ADDES and MARLOWE begins 
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ADDES has been c a l i b r a t e d  a t  low energ ies  i n  copper w i t h  a 

m o d i f i e d  M o l i e r e - E n g l e r t  p o t e n t i a l  . ( 4 )  The f i r s t  s tage o f  t he  h i gh  energy 

cascade model ing i s  be ing  done us ing  c n l y  t he  r e p u l s i v e  Mo l ie re  p o t e n t i a l  

w i t h  t h e  same screen ing r ad i us  (.00738 nm) as i n  t h e  low energy s i m u l a t i o n s .  

I n e l a s t i c  energy losses i n  MARLOWE a re  t u r n e d  o f f  so t h a t  they w i l l  n o t  have 

t o  be i n c l u d e d  i n  ADDES. E f f e c t s  o f  i n e l a s t i c  losses w i l l  be examined us ing  

MARLOWE. 

We have demonstrated t h a t  t h i s  approach t o  model ing h i gh  

energy cascades i s  f e a s i b l e  by model ing cascades o f  up t o  80 keV wi th b o t h  

MARLOWE and ADDES. 

o u t  a f f e c t i n g  t h e  dynamics, some changes had t o  be made i n  ADDES. I n  pa r-  

t i c u l a r ,  th roughout  t h e  event  the  t ime s tep s i z e  i s  sca led  by a f r a c t i o n a l  

power o f  t h e  ins tantaneous k i n e t i c  energy o f  t he  most e n e r g e t i c  atom. 

was taken t o  a l l o w  e n e r g e t i c  atoms t o  be " f rozen"  i n  such a way as t o  n o t  
a f f e c t  t h e  dynamics o f  major  c o l l i s i o n s .  I f  an atom has l e s s  than 500 eV, 

i t  i s  f rozen,  i . e . ,  i t s  p o s i t i o n  and v e l o c i t y  a re  noted, and i t s  equat ions 

o f  mot ion a re  no l o n g e r  i n t e g r a t e d .  

been a c t i v e  f o r  a minimum number o f  i t e r a t i o n s ,  has reached a maximum i n  

i t s  k i n e t i c  energy, and has l e s s  than  a p r e s c r i b e d  c u t - o f f  value o f  po- 

t e n t i a l  energy. 

To g e t  t o  t he  h i g h e r  energ ies  i n  reasonable t imes w i t h -  

Care 

Th is  may o n l y  happen i f  t he  atom has 

3 . ,  Resu l ts  

F i r s t  s tage runs o f  ADDES have been done f o r  PKAs o f  10 keV 

and 80 keV i n  severa l  d i r e c t i o n s  i n  copper. 

i n i t i a l  c o n d i t i o n s  (energy,  d i r e c t i o n ,  f r e e z i n g  parameters, t ime  step,  e t c . )  

a t  these energ ies  can make major  d i f f e r e n c e s  on t h e  a tomic  l e v e l  i n  t h e  

r e s u l t i n g  cascades, i t  i s  imposs ib le  t o  compare cascades i n d i v i d u a l l y  even 

f o r  parameter o p t i m i z a t i o n .  A t  very  smal l  energ ies  t he  symmetry o f  t h e  
c r y s t a l  l a t t i c e  w i l l  f o r c e  s l i g h t l y  d i f f e r e n t  PKAs t o  produce ve ry  s i m i l a r  
r e s u l t s ,  b u t  t he  l a t t i c e  has l i t t l e  e f f e c t  on h i g h  energy c o l l i s i o n s .  The 

comparison o f  h i gh  energy cascades can o n l y  be done on some s t a t i s t i c a l  

bas i s .  

Because minute  d i f f e r e n c e s  i n  

Th is  can be accomplished by comparing cascades w i t h  respec t  t o  o n l y  
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some gross f e a t u r e  o f  t h e  cascades, such as t h e  t o t a l  number o f  de fec t s  
produced. 

f e r e n t ,  b u t  a r e  cons idered equ i va len t ,  such as randomly o r i e n t e d  ( o r  n e a r l y  

equal )  PKA d i r e c t i o n s ,  over  which t o  average t h e  more spec iF i c  f ea tu res  o f  

the  cascades. 

O r ,  one can choose a s e t  o f  i n i t i a l  c o n d i t i o n s  which a re  d i f -  

Ear ly i n d i c a t i o n s  a r e  t h a t  h i g h  energy PKAs a r e  n e a r l y  i s o -  

Other i n d i c a t i o n s  a re  t h a t  t h e  t r o p i c  w i t h  respec t  t o  d e f e c t  p roduc t i on .  

80 keV cascades can be i n t e r p r e t e d  i n  terms o f  a s e r i e s  o f  sub-cascades. 
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VII. FUTURE WORK 

The f i r s t  stage comparisons o f  ADDES and MARLOWE w i l l  be completed, 
w i t h  some emphasis on t h e  s p a t i a l  d i s t r i b u t i o n  o f  the  damage. 
t h e s i s  o f  t h e  f i r s t  and second stage aspects o f  t h e  damage w i l l  be developed, 
and a systemat ic  s tudy  o f  d e f e c t  p roduc t i on  by h i g h  energy PKAs w i l l  be 

done. 
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I .  PROGRAM 

T i t l e :  Fundamental S tud ies  o f  Rad ia t i on  Damage Ana lys i s  

P r i n c i p a l  I n v e s t i g a t o r :  G.R. Odet te 

A f f i l i a t i o n :  U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara 

11. OBJECTIVE 

The o b j e c t  o f  t h i s  work i s  t o  develop phys i ca l  models d e s c r i b i n g  t h e  

i n f l u e n c e  o f  m e t a l l u r g i c a l  and i r r a d i a t i o n  v a r i a b l e s  on t h e  e v o l u t i o n  o f  

damage m i c r o s t r u c t u r e  and t h e  a l t e r a t i o n  o f  mechanical p r o p e r t i e s .  These 

models w i l l  be used t o  c o r r e l a t e  a v a i l a b l e  data, t o  p l a n  and ana lyze  new 

experiments and, u l t i m a t e l y ,  t o  e x t r a p o l a t e  t o  f u s i o n  r e a c t o r  c o n d i t i o n s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I .C.1.2 E f f e c t  o f  M a t e r i a l  Parameters on M i c r o s t r u c t u r e -  
Model ing and Ana lys i s  

SUBTASK II .C.2.4 
Ana lys i s  

E f f e c t  o f  Hel ium on Micros t ruc ture- Model ing  and 

SUBTASK I I .C.5.3 
Anal ys i s 

Ef fec t s  o f  Cyc l i ng  on Micros t ruc ture- Model ing  and 

SUBTASK II .C.6.2 
Mic ros t ruc ture- Model ing  and Ana lys i s  

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

SUBTASK II .C.14.1 
Modeled Development 

Model ing o f  Flow and F r a c t u r e  Under I r r a d i a t i o n -  

SUBTASK II .C.16.1 
C o r r e l a t i o n  Model Development 

Composite C o r r e l a t i o n  Models and Experiments- 
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SUBTASK I I .C .18 .3  
Model ing and Ana lys i s  

R e l a t i n g  Low - and H igh  Exposure M i c r o s t r u c t u r e s -  

I V .  SUMMARY 

A .  M i c r o s t r u c t u r a l  E v o l u t i o n  

Several r a t e  t heo ry  models have been developed t o  s tudy  t h e  

i n f l u e n c e  o f  i r r a d i a t i o n  and m a t e r i a l  parameters on t h e  e v o l u t i o n  o f  damage 

m i c r o s t r u c t u r e .  
combined e f f e c t s  o f  he l ium and d isplacements and, a l t e r n a t e l y ,  i r r a d i a t i o n  

p u l s i n g  on v o i d  fo rmat ion .  

broad reg ions  o f  mechanism - parameter space which a r e  c o n s i s t e n t  w i t h  

exper imental  observa t ions  o f  s w e l l i n g  i n  n e u t r o n- i r r a d i a t e d ,  300 s e r i e s  

a u s t e n i t i c  s t a i n l e s s  s t e e l s .  I n  a d d i t i o n ,  these models have prov ided 

impor tan t  c l u e s  about t h e  fundamental source o f  t h e  l a r g e  v a r i a b i l i t y  
observed i n  t h e  s w e l l i n g  data and t h e  s e n s i t i v i t y  o f  s w e l l i n g  t o  m ic ro-  

chemical v a r i a t i o n s .  A model o f  d i s l o c a t i o n  m i c r o s t r u c t u r a l  e v o l u t i o n  has 

been developed and combined w i t h  t h e  v o i d  growth model i l l u s t r a t i n g  t h e  

v e r y  s t r o n g  c o r r e l a t i o n  between t h e  development o f  va r i ous  m i c r o s t r u c t u r a l  

f e a t u r e s .  F i n a l l y ,  a more comprehensive and d e t a i l e d  composite n u c l e a t i o n  

and growth model i s  under cont inued development. 

Nuc lea t i on  models have been used t o  beg in  t o  scope t h e  

Void growth models have been used t o  map o u t  

B .  Mechanical P r o p e r t i e s  

Some p r e l i m i n a r y  r e s u l t s  o f  a p p l y i n g  micromechanical models re- 
l a t i n g  m i c r o s t r u c t u r e  t o  f l o w  and f a i l u r e  a r e  a v a i l a b l e  f o r  i r r a d i a t e d  

300 s e r i e s  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  I t  has been found t h a t  f l u e n c e  

and temperature dependent changes i n  t h e  y i e l d  s t r e s s  can be c o r r e l a t e d  

t o  t h e  development o f  c a v i t y ,  l o o p  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  u s i n g  

s imp le  d i s l o c a t i o n  hardening models. 
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I V .  ACCOMPLISHMENTS AND STATUS 

A. M i c r o s t r u c t u r a l  E v o l u t i o n  Under I r r a d i a t i o n  -- G.R. Odette, 

D. Frey, P. Lombrozo, L. Parme, S. Schwartz and R .  S t o l l e r  ( U n i v e r s i t y  o f  

C a l i f o r n i a ,  Santa Barbara)  

1. I n t r o d u c t i o n  

The e v o l u t i o n  o f  m i c r o s t r u c t u r a l  f ea tu res  c h a r a c t e r i s t i c  o f  

i r r a d i a t e d  m a t e r i a l s  - network and l o o p  d i s l o c a t i o n s ,  vo ids ,  bubbles, 

p r e c i p i t a t e  s t r u c t u r e ,  and reg ions  o f  a l l o y  c o n s t i t u e n t  o r  i m p u r i t y  

segregat ion  o r  d e p l e t i o n  - i s  c e r t a i n l y  an exceed ing ly  complex phenomena 

i n v o l v i n g  numerous i n t e r a c t i n g  s o l i d  s t a t e  mechanisms, many o f  which a r e  

n o t  w e l l  d e f i n e d  o r  understood. Fur ther ,  damage response i s  known t o  be 

s e n s i t i v e  t o  t h e  p a r t i c u l a r  s e t  o f  damage v a r i a b l e s  d e s c r i b i n g  t h e  

i r r a d i a t i o n  environment - temperature, s t ress ,  f l u x  spectra,  t h e  chemical 

media, t h e  t i m e  h i s t o r y  o f  these v a r i a b l e s  and t h e  i n i t i a l  m i c r o s t r u c t u r e  
and microchemistry- composi t ion,  d i s l o c a t i o n  s t r u c t u r e ,  s o l u t e  d i s t r i b u t i o n  

and p r e c i p i t a t e  morphology. 

unders tand ing  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  s u f f i c i e n t  f o r  t h e  needs o f  

t h e  f u s i o n  m a t e r i a l s  program. 

C l e a r l y ,  pure empi r ic ism cannot l e a d  t o  

The proper goal o f  t h e  model ing i s  then t o  i d e n t i f y  those 

combinat ions o f  mechanisms and parameters which a r e  c o n s i s t e n t  w i t h  
experiment. I n  p r a c t i c e  t h i s  means ex tens i ve  mapping o f  mechanism- 

parameter space (MPS) and comparing t h e  p r e d i c t e d  m i c r o s t r u c t u r a l  r e-  

sponses w i t h  t h e  broad range o f  e m p i r i c a l  observa t ions .  Since t h e  
numerous combinat ions o f  mechanisms and parameters may f i t  p a r t i c u l a r  

s e t s  of  data, and s i n c e  t h e  da ta  i s  i t s e l f  h i g h l y  sca t te red ,  an e f f i c i e n t  

s t r a t e g y  must  be developed t o  l i m i t  t h e  reg ions  o f  MPS which a r e  thought  

t o  be p h y s i c a l l y  s i g n i f i c a n t .  
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Therefore,  i t  i s  necessary t o  use models which v a r y  i n  
d e t a i l  and comp lex i t y  and which a r e  t a i l o r e d  t o  a p a r t i c u l a r  a p p l i c a t i o n .  

S impler  models a r e  used t o  b road l y  scope reg ions  o f  MPS. 

gained from t h e  s imp le r  models i s  used t o  r e f i n e  mechanisms and d e f i n e  

parameters f o r  t h e  more comprehensive composite models. U l t i m a t e l y ,  t h e  

composite models w i l l  be used f o r  c o r r e l a t i o n  o f  a v a i l a b l e  da ta  and 

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

The unders tand ing  

Models developed i n  t h i s  work i n c l u d e :  

a. 

b. 

C .  

d.  

e. 

t h e  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 n u c l e a t i o n  o f  ex- 

tended de fec ts ;  

bubble n u c l e a t i o n  and growth, and fo rma t ion  o f  vo ids  on 

bubbles which have exceeded t h e  c r i t i c a l  s i z e  f o r  
cont inuous vacancy d r i v e n  growth; 

v o i d  growth models w i t h  d i r e c t  o r  paramet r ic  t rea tmen t  

o f  numerous mechanisms which have been p o s t u l a t e d  t o  
i n f l u e n c e  s w e l l i n g ;  

d i s l o c a t i o n  s t r u c t u r e  evo lu t i on ;  

composite models o f  t h e  n u c l e a t i o n  and growth o f  

v a r i o u s  m i c r o s t r u c t u r a l  f ea tu res .  

The f o l l o w i n g  sec t i ons  w i l l  summarize b r i e f l y  t h e  s t a t u s  o f  

No a t tempt  i s  made, how- t h e  model ing e f f o r t s  w i t h  i l l u s t r a t i v e  examples. 

ever, t o  p r o v i d e  s i g n i f i c a n t  d e t a i l s ;  a more complete progress  r e p o r t  o n  
these t o p i c s  i s  under p r e p a r a t i o n  and w i l l  be issued sepa ra te l y  i n  t h e  near 

f u t u r e .  



2 .  Microstructural Evolution Models 

a .  Effect  of Pulsing of I r rad ia t ion  Parameters on 
Void and Loop Nucleation 

Limi ted experimental ( ' I  and theoret ica l  ( 2 )  evi- 
dence ind ica tes  t h a t  pulsing of i r r a d i a t i o n  parameters ( f lux ,  temperature 
and s t r e s s )  can have a strong influence on t h e  evolution of damage 
microstructure.  
t o  explain such an e f f e c t ;  however, preliminary analys is  suggests t h a t  
nucleation of extended defec t s ,  p a r t i c u l a r l y  v o i d s  f o r  which the re  a r e  
s i g n i f i c a n t  k ine t i c  ba r r i e r s  ( i  .e .  large  c r i t i c a l  s i z e s  and low nucleation 
r a t e s ) ,  would be p a r t i c u l a r l y  s e n s i t i v e  t o  i r r a d i a t i o n  p u l s i n g .  

Numerous d i r e c t  and i n d i r e c t  mechanisms may be postulated 

Results of an i n i t i a l  study of the  e f f e c t s  of i r r a d i a-  
t i o n  pulsing on void nucleation have been reported previously ('I. 
t h a t  work, the s e t  of  d i f f e r e n t i a l  - di f fe rence  equations describing 
c l a s s i c a l  void o r  loop nucleation ( i . e .  the  Master Equation f o r  t h i s  
process) was numerically in tegrated to der ive  t h e  mean nucleation r a t e  
d u r i n g  an i r r a d i a t i o n  pulse period a s  a function of temperature, super- 
sa tu ra t ion ,  e f f e c t i v e  b ias ,  i r r a d i a t i o n  pulse on/off-times and material 
and defect  parameters (e.g. point  defect  migration and formation energies ,  
surface  energy and t h e  1 i k e )  . 

I n  

The major drawback t o  t h i s  approach was the math- 
ematical and computational complexity; i n  p a r t i c u l a r ,  l a rge  c r i t i c a l  
void nucleus s i z e s ,  c h a r a c t e r i s t i c  of neutron i r r a d i a t i o n  condit ions,  
require  very l a r g e  s e t s  of d i f f e r en t i a l - d i f f e r ence  equations.  
t o  provide more physics i n  the  models or t o  ca r ry  ou t  necessary model 
s e n s i t i v i t y  s tud ies  would r e s u l t  i n  p r o h i b i t i v e  computational cos t s .  

Attempts 

Therefore an a l t e r n a t i v e  approach has been pursued 
based on cor re la t ing  the  r e s u l t s  of the  numerical ca lcu la t ions  using e a s i l y  
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c a l c u l a t e d  d imensionless p u l s i n g  parameters. 

as f o l l o w s :  

on- t ime and T 

r a t e  o r  s teady s t a t e  concen t ra t i on  o f  embryos; a decay parameter Pd = 

T /t where td i s  t h e  i n t e r v a l  between pu lses  and T~ a r e l a x a t i o n  t ime  
c h a r a c t e r i s t i c  o f  decay o f  t h e  embryo d i s t r i b u t i o n .  

r e s u l t  o f  such a c o r r e l a t i o n ,  expressed i n  terms o f  a comparison o f  

c o r r e l a t i o n  p r e d i c t i o n s  versus n u m e r i c a l l y  i n t e g r a t e d  values o f  t h e  

r a t i o  ( R  - < 1 )  o f  t h e  average n u c l e a t i o n  r a t e  d u r i n g  an i r r a d i a t i o n  pu l se  
d i v i d e d  by t h e  steady s t a t e  n u c l e a t i o n  r a t e  f o r  u n i n t e r r u p t e d  i r r a d i a t i o n s .  

Whi le t h e  agreement i s  c l e a r l y  n o t  p e r f e c t  bo th  t h e  c o r r e c t  t rends  and 
c o r r e c t  order- of-magni tude numerical e s t i m a t i o n  o f  R a r e  p r e d i c t e d  over  

l a r g e  v a r i a t i o n s  i n  t h e  d imensionless pu l se  parameters and t h e i r  combi- 

na t i ons .  

u n c e r t a i n t i e s  due t o  l i m i t a t i o n s  i n  t h e  phys i ca l  models. 

These parameters a r e  d e f i n e d  

where tb i s  t h e  pu l se  a pu l se  b u i l d u p  parameter Pb = t /T 

b 

b b  
t h e  t i m e  cons tan t  f o r  reach ing  t h e  steady s t a t e  n u c l e a t i o n  

d d  
F ig .  ( 1 )  shows t h e  

Th i s  l e v e l  o f  p r e c i s i o n  i s  p robab ly  f a r  b e t t e r  than t h e  i n h e r e n t  

Now i n s t e a d  o f  s o l v i n g  t h e  system o f  equat ions w i t h  
each new s e t  o f  parameters o r  added l e v e l  o f  phys i ca l  complex i ty ,  which 

may be compu ta t i ona l l y  p r o h i b i t i v e ,  i t  i s  o n l y  necessary t o  r e c a l c u l a t e  

t h e  parameters t o  c r u d e l y  approximate t h e  behavior  o f  a pu lsed system. 

A d d i t i o n a l  phys i ca l  f a c t o r s  such as temperature and s t r e s s  c y c l i n g ,  

heterogeneous n u c l e a t i o n  on he l ium bubbles and t h e  l i k e  can be i n c l u d e d  

e a s i l y  i n  c a l c u l a t i n g  t h e  parameters. 

express ion  d e r i v e d  f o r  R can be i nco rpo ra ted  r o u t i n e l y  i n  composite 

n u c l e a t i o n  and growth models. 

Fu r the r ,  t h e  s imp le  a n a l y t i c a l  

Be fo re  l e a v i n g  t h e  s u b j e c t  i t  i s  impor tan t  t o  no te  

t h a t  severa l  o t h e r  mechanisms and phenomena n o t  s p e c i f i c a l l y  d iscussed 

m i g h t  be a f f e c t e d  by p u l s i n g .  

i n  f u t u r e  r e p o r t s .  

e i t h e r  p e r i o d i c a l l y  pulsed o r  s teady- s ta te  environments which i n t r o d u c e  

damage randomly and inhomogeneously i n  space and t i m e  has been ques- 

t i o n e d  ( 3 ) .  

These a r e  under s tudy  and w i l l  be d iscussed 

F i n a l l y ,  t h e  general  a p p l i c a b i l i t y  o f  r a t e  t h e o r y  t o  

However, reexaminat ion  o f  t h e  s t a t i s t i c a l  mechanical bas i s  
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o f  r a t e  t heo ry  d e s c r i b i n g  p o p u l a t i o n  behavior  w i t h  i m p l i c i t  averag ing  pro-  

cesses i n d i c a t e s  t h a t  r a t e  t heo ry  can be used i n '  these c i rcumstances.  

However, t h e  s p e c i f i c  forms based on l i n e a r  averag ing  o f  i n d i v i d u a l  

c o e f f i c i e n t s  c h a r a c t e r i s t i c  o f  c u r r e n t  r a t e  t heo ry  models may n o t  always 

be a p p r o p r i a t e  t o  t r e a t i n g  non- l i nea r  and coupled phenomena; f u r t h e r ,  
t h e  assumption o f  l o c a l  e q u i l i b r i u m  may n o t  be v a l i d  i n  a l l  c i rcumstances.  

The p o s s i b l e  importance o f  these e f f e c t s  i s ,  however, amenable t o  sys temat ic  

s tudy.  

b. Bubble Nuc lea t ion- Vo id  Formation Model 

There i s  s t r o n g  evidence o f  an a s s o c i a t i o n  between 

he l ium and he l ium bubbles and m i c r o s t r u c t u r a l  e v o l u t i o n ,  p a r t i c u l a r l y  

v o i d  f o rma t ion .  Numerous hel ium-displacement i n t e r a c t i o n  mechanisms, 

rang ing  from s t a b i l i z a t i o n  o f  t h r e e  dimensional vacancy c l u s t e r s  t o  
. The r e l a t i v e  

importance and combined e f f e c t  o f  these mechanisms i s  n o t  understood.  

However, a bas i c  f e a t u r e  o f  t h e  problem seems c l e a r .  The s c a l e  ( i . e .  

t h e  s p a t i a l  d i s t r i b u t i o n  and d e n s i t y  o f  extended d e f e c t s )  o f  m ic ro-  

s t r u c t u r a l  development, and o t h e r  i m p l i c a t i o n s  which d e r i v e  from such 

sca le ,  a r e  i n  l a r g e  p a r t  governed by t h e  s c a l e  upon which he l ium bubbles 

p r e c i p i t a t e  and grow s i n c e  they  a r e  a precursor  t o  o t h e r  m i c r o s t r u c t u r a l  

f ea tu res .  This ,  i n  t u r n ,  i m p l i e s  a s t r o n g  dependence on t h e  m o b i l i t y  o f  
he l ium and mechanisms which i n f l u e n c e  t h e  fo rma t ion  and growth o f  s t a b l e  

he l ium bubbles. 

a l t e r e d  d e f e c t  d i f f u s i v i t i e s ,  have been proposed (4,5) 

The bubble n u c l e a t i o n- v o i d  fo rma t ion  model was 

d e r i v e d  as f o l l o w s .  

t o  a s i z e  beyond which v o i d  growth occurs a r e  solved.  

cons idered i n c l u d e :  he l ium d i f f u s i o n ,  i n c l u d i n g  i r r a d i a t i o n  enhanced 

m o b i l i t y ;  c o l l i s i o n a l  coalescence o f  bubbles; he l ium r e s o l u t i o n i n g  f rom 

bubbles; and n e t  vacancy f l u x e s  as a f u n c t i o n  o f  damage r a t e  and m ic ro -  

The r a t e  equat ions f o r  bubble n u c l e a t i o n  and growth 

Mechanisms d i r e c t l y  
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s t r u c t u r e .  

a l l y .  S t a t i s t i c a l  v o i d  n u c l e a t i o n  i s  n o t  modeled. Some t y p i c a l  model 

c a l c u l a t i o n s  a r e  shown i n  F i g .  ( 2 )  f o r  t h e  temperature dependence o f  v o i d  

d e n s i t i e s  a t  a dose o f  30  dpa and a t  va r i ous  hel ium concen t ra t i ons .  

A n c i l l a r y  values such as d e f e c t  m o b i l i t i e s ,  su r face  energies,  and b ias  

f a c t o r s  were chosen t o  be c o n s i s t e n t  w i t h  observed pos t- incuba t i on  

s w e l l i n g  r a t e s  i n  f a s t  r e a c t o r s .  The f a s t  r e a c t o r  da ta  t r e n d  band i s  

shown as a c ross  hatched area a long w i t h  t h e  r e s u l t s  o f  va r i ous  models. 

The bes t  r e s u l t s  a r e  apparen t l y  f o r  a model w i t h  approx imate ly  nominal 

he l ium m o b i l i t y  and no r e s o l u t i o n i n g .  The r a d i a t i o n  enhanced m o b i l i t y  

r e s u l t s  d e v i a t e  from t h e  da ta  a t  l ow  temperature (<500"C) p r e d i c t i n g  

l ower  v o i d  d e n s i t i e s  and a somewhat lower temperature dependence than 
a r e  g e n e r a l l y  observed. 

c e n t r a t i o n  o f  vo ids  a t  h i g h  temperatures than i s  g e n e r a l l y  observed. 
The l ow  temperature behav ior  o f  t h e  nominal m o b i l i t y  and r e s o l u t i o n i n g  
cases a r e  n o t  determinate,  s i n c e  s t a t i s t i c a l  n u c l e a t i o n  i s  n o t  i n c l u d e d  

i n  t h e  model b u t  would probab ly  occur  r e a d i l y  on a v a i l a b l e  p r e c r i t i c a l  

bubbles ( c r u d e l y  es t imated behav ior  i n  t h i s  temperature regime based on 

ex i s tence  o f  such bubble popu la t i ons  i s  shown as dashed l i n e s ;  however, 
t h i s  must be viewed as h i g h l y  approximate) .  

D i s l o c a t i o n  e v o l u t i o n  and v o i d  growth a r e  t r e a t e d  paramet r ic-  

The r e s o l u t i o n i n g  case i n d i c a t e d  a lower con- 

Whi le these r e s u l t s  a r e  n o t  conc lus ive ,  s i n c e  t h e  

model i s  approximate and MPS has n o t  y e t  been e x t e n s i v e l y  mapped, t h e  

nominal m o b i l i t y ,  n o- r e s o l u t i o n i n g  case, which p rov ided  a reasonable f i t  

t o  t h e  data,  was used t o  es t ima te  t h e  behavior  i n  a f u s i o n  r e a c t o r  

envi ronment.  The  r e s u l t s  show t h a t  f o r  a f a c t o r  o f  100 i nc rease  i n  
he l ium genera t i on  r a t e  v o i d  d e n s i t i e s  i nc rease  by f a c t o r s  o f  approx imate ly  

50 t o  10 i n  t h e  temperature range o f  500 t o  6OO0C, decreasing t o  21 

above 600°C. These r e s u l t s  a r e  somewhat d i f f e r e n t  than would be est imated 

on t h e  bas i s  o f  s imp le  b imo lecu la r  approximat ions;  t h e  reasons f o r  t h i s  

behav ior  a r e  under i n v e s t i g a t i o n .  
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c .  Void Growth Model 

The most ex tens i ve  mapping o f  MPS has been c a r r i e d  

o u t  u s i n g  a m o d i f i e d  v o i d  growth model. 
been r e p o r t e d  p r e v i o u s l y  and i s  pa t te rned  a f t e r  t h a t  d e r i v e d  by B r a i l s f o r d  

and Bul lough,  (6) now u b i q u i t o u s  t o  t h e  t heo re t i ca l  s w e l l i n g  l i t e r a t u r e .  

S i g n i f i c a n t  m o d i f i c a t i o n s  have been made t o  t h e  bas i c  model, however, t o  

a l l o w  approximate t rea tment  o f  a number o f  mechanisms which have been 

p o s t u l a t e d  t o  i n f l u e n c e  s w e l l i n g .  These mechanisms i n c l u d e :  s o l u t e  

t rapp ing ,  enhanced d i f f u s i o n ,  segregat ion  and p r e c i p i t a t i o n ;  s i n k - s i n k  

i n t e r a c t i o n s ,  v a r i a b l e  e f f i c i e n c e  and r a t e  c o n t r o l l i n g  processes; i n i t i a l  
m i c r o s t r u c t u r e s  and gas bubbles; cascade vacancy loops; 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 ;  - and i n t e r c o r r e l a t i o n s  among t h e  e v o l u t i o n  o f  va r i ous  

m i c r o s t r u c t u r a l  f ea tu res .  Model ing o f  these mechanisms i s  s imp ly  para-  

m e t r i c  i n  some cases, based on a n a l y t i c a l  expressions i n  o the rs ,  and 

makes use o f  d e t a i l e d  suhnodels i n  s t i l l  o the rs .  

The bas i c  r a t e  t heo ry  model has 

F ig .  ( 3 )  shows, as an example, temperature dependent 
i n c u b a t i o n  doses and t h e  pos t- incuba t i on  dose s w e l l i n g  r a t e s ;  F ig .  ( 3a )  

shows c a l c u l a t i o n s  where parameters have been se lec ted  t o  f i t  data f o r  

304 s t a i n l e s s  s t e e l ;  and F ig .  (3b) ,  w i t h  t h e  model f i t  t o  pure  s t a i n l e s s  

s t e e l  ( 7 )  

Model p red i c t i on- exper imen t  comparisons a r e  no t ,  
however, g e n e r a l l y  as s imp le  as these examples would i n d i c a t e .  F i r s t ,  

o t h e r  s e t s  o f  mechanisms and parameters cou ld  be s e l e c t e d  t o  p rov ide  an 
e q u i v a l e n t  fit; hence, a thorough mapping o f  MPS i s  r e q u i r e d  be fo re  f i r m  

conc lus ions  can be drawn. Second, t h e  exper imental  da ta  i s  most o f t e n  

h i g h l y  s c a t t e r e d  and n o t  amenable t o  s imp le  i n t e r p r e t a t i o n .  Th i s  behavior  

i s  i l l u s t r a t e d  i n  F ig .  ( 4 )  where pos t- incuba t i on  s w e l l i n g  r a t e s  f o r  316 

I n  such cases MPS maps, which a r e  s t a i n l e s s  s t e e l  a r e  shown 

r e a l l y  sys temat ic  rep resen ta t i ons  o f  model s e n s i t i v i t y ,  can p rov ide  

impor tan t  c l u e s  as t o  t h e  fundamental source o f  such v a r i a b i l i t y .  

. ( 7 - 9 )  
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Examples o f  MPS maps, i n d i c a t i n g  t h e  v a r i a t i o n  o f  peak s w e l l i n g  temperature 
and peak s w e l l i n g  r a t e  w i t h  vacancy fo rma t ion  and m i g r a t i o n  energies,  

a r e  shown i n  F i g .  ( 5 ) .  

Several  thousand c a l c u l a t i o n s  have been c a r r i e d  o u t  t o  

The t y p i c a l  c o s t  o f  gene ra t i ng  a s w e l l i n g  da te  i n  i n i t i a l  mapping of  MPS. 

curve  i s  on t h e  o r d e r  o f  $.15 t o  $1.50 depending on t h e  s e t  o f  mechanisms 

and parameters; hence, ex tens i ve  mapping i s  f e a s i b l e .  I t  i s  es t ima ted  
t h a t  seve ra l  t imes t h i s  number may be needed t o  f u l l y  map MPS f o r  t h e  

c u r r e n t  range o f  mechanisms and parameters i n  t h e  v o i d  s w e l l i n g  model. 

U n t i l  now a n a l y s i s  o f  t h e  r e s u l t s  has been done by hand; c l e a r l y  however, 

mapping, development o f  approximate a n a l y t i c a l  expressions and lumped 

parameters, comparisons o f  p r e d i c t i o n s  w i t h  exper iment ,  and i d e n t i f i c a t i o n  

o f  p h y s i c a l  reg ions  o f  MPS must be automated. Such automat ion procedures 
a r e  now under development. 

P r e l i m i n a r y  r e s u l t s  from t h e  model ing have suggested 

a number o f  q u a l i t a t i v e  fea tu res  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 c l u d i n g :  

( 1 )  p robab le  sequences o f  events l e a d i n g  t o  

f o r m a t i o n  o f  extended d e f e c t s  - v i z .  bubble 

n u c l e a t i o n  and growth as a precursor  t o  v o i d  

fo rmat ion ,  p o s s i b l y  a ided  by s o l u t e  segrega- 

t i o n - m a t r i x  d e p l e t i o n  and phase i n s t a b i l i t y  
mechani sms; 

( 2 )  a s t r o n g  c o r r e l a t i o n  between t h e  e v o l u t i o n  

o f  va r i ous  m i c r o s t r u c t u r a l  fea tures ;  

( 3 )  a s t r o n g  c o r r e l a t i o n  between m i c r o s t r u c t u r e  

and m ic rochemis t r y  l i n k e d  p r i m a r i l y  th rough 

e f f e c t i v e  d e f e c t  m o b i l i t i e s  which may be t ime  

and dose dependent due t o  phase i n s t a b i l i t i e s ;  
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FIGURE 5. I l l u s t r a t i o n s  o f  MPS Maps, i n  Th i s  
Case S w e l l i n g  Parameters as a 
Func t ion  o f  Vacancy Format ion a n i  
M i g r a t i o n  Energies.  
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( 4 )  i n f l u e n c e  o f  t h e  i n i t i a l  n u c l e a t i o n  micro-  

s t r u c t u r e  on subsequent growth stages - v i z .  
v o i d - t o - d i s l o c a t i o n  s i n k  r a t i o s  d i r e c t l y  i n -  

f l uence  swe l l i ng ,  and smal l  bubbles s i n k s  may 

c o e x i s t  w i t h  vo ids  i n  some cases; 

(5) s e n s i t i v i t y  o f  s w e l l i n g  t o  bubble n u c l e a t i o n  

and growth k i n e t i c s  and he l ium t r a n s p o r t  

mechani sms ; 

(6) i n c r e a s i n g  hel ium genera t ion  r a t e  l e a d i n g  t o  

e i t h e r  increased o r  decreased s w e l l i n g  de- 

pending on  t h e  p a r t i c u l a r  s e t  o f  damage para-  

meters - v i z .  dpa ra te ,  He/dpa r a t i o ,  

temperature,  and m a t e r i a l  parameters. 

d. 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  E v o l u t i o n  Model 

St rong c o r r e l a t i o n s  between e v o l u t i o n  o f  va r i ous  

m i c r o s t r u c t u r a l  f ea tu res  a r e  w e l l  es tab l i shed ;  indeed, t h e  p o i n t  d e f e c t  

segrega t ion  mechanisms t h a t  l e a d  t o  t h e  f o rma t i on  o f  one m i c r o s t r u c t u r a l  

f e a t u r e  must, by bas ic  p r i n c i p l e s  o f  symmetry and conserva t ion ,  a f f e c t  

o t h e r  fea tu res .  Th i s  k ind o f  c o r r e l a t i o n  i s  c l e a r l y  i l l u s t r a t e d  i n  con- 
s i d e r i n g  t h e  growth o f  vo ids  through t h e  n e t  accumulat ion o f  vacancies 

and t h e  e v o l u t i o n  o f  d i s l o c a t i o n s  through t h e  n e t  accumulat ion o f  i n t e r -  

s t i t i a l s .  

Therefore,  a model o f  coupled v o i d  growth - d i s -  

l o c a t i o n  e v o l u t i o n  has been developed. 

i s  as f o l l o w s :  

The phys i ca l  bas is  f o r  t h e  model 

( 1 )  p o i n t  de fec t s  and d i - i n t e r s t i t i a l s  can be 

t r e a t e d  as i f  a t  quas i- s teady s t a t e ; '  
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( 2 )  the d i - i n t e r s t i t i a l  i s  the s t a b l e  nucleus 
f o r  faul ted  loop growth;  

( 3 )  bubbles and voids a r e  unbiased sinks f o r  both  
vacancies and  i n t e r s t i t i a l  s ;  

( 4 )  faul ted  loops and network d is locat ions  both 
p re fe ren t i a l ly  absorb i n t e r s t i t i a l s ;  

(5) faul ted  loops have a grea ter  bias f o r  i n t e r -  
s t i t i a l  absorption t h a n  does the network; 

(6) loops unfault  when they impinge on other  d is-  
locat ions ;  t h a t  i s ,  there i s  a maximum loop 
s i z e  determined by the to ta l  d is locat ion  
densi ty;  

( 7 )  network d is locat ions  climb a t  a r a t e  deter-  
mined by the net accumulation of i n t e r s t i t i a l s  
(o r  a l t e r n a t e l y  vacancies) ;  

(8) d is locat ions  climb un t i l  they meet a s ink,  
a d is locat ion  of which may be a surface 

opposite s ign .  
the l a t t e r  dis tance i s  much shor te r ;  hence, 
the average climb t o  annihi la t ion  distances 
i s  a function of the network d is loca t ion  
densi ty . 

A t  h i g h  d is locat ion  dens i t i e s  

Standard r a t e  theory equations have been used t o  
develop a quan t i t a t ive  computer model based on these physical pr inc ip les .  
However, a de ta i led  model i s  not necessary t o  understand the basic 
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phenomenology o f  d i s l o c a t i o n  e v o l u t i o n .  

c o n d i t i o n s  an excess f l u x  o f  i n t e r s t i t i a l s  t o  d i s l o c a t i o n s  w i l l  cause 

growth o f  loops  t o  t h e  c r i t i c a l  s i z e  and c l i m b  o f  network d i s l o c a t i o n s  
t o  a n n i h i l a t i o n .  The va r i ous  d i s l o c a t i o n  s i n k  and source terms w i l l  

e v e n t u a l l y  q u a s i - e q u i l i b r a t e  i n  co inc idence w i t h  an approximate e q u i l -  

i b r a t i o n  o f  t h e  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  and steady s t a t e  s w e l l i n g .  

I n  p a r t i c u l a r ,  under v o i d  s w e l l i n g  

F ig .  ( 6 )  shows approximate steady s t a t e  l o o p  and 

t o t a l  d i s l o c a t i o n  d e n s i t i e s  c a l c u l a t e d  from t h e  model as a f u n c t i o n  o f  

temperature; F ig .  ( 7 )  shows a p l o t  o f  dose-dependent, t o t a l  d i s l o c a t i o n  

d e n s i t y  and v o i d  s w e l l i n g  a t  500°C f o r  parameters t y p i c a l  o f  bo th  s o l -  

u t i o n  annealed and c o l d  worked s t a i n l e s s  s t e e l .  

No p a r t i c u l a r  e f f o r t  has been made t o  a d j u s t  t h e  
model parameters o r  mechanisms. The agreement between these p r e d i c t i o n s  
and exper imental  observa t ions ,  t h e r e f o r e ,  i s  p a r t i c u l a r l y  s t r i k i n g .  

F i r s t ,  t h e  p r e d i c t e d  development o f  s a t u r a t i o n  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  

and s w e l l i n g  r a t e s ,  i r r e s p e c t i v e  o f  i n i t i a l  d i s l o c a t i o n  d e n s i t i e s ,  

i s  i n  general  agreement w i t h  experiment ( l o ) .  

va lues  o f  t o t a l  d i s l o c a t i o n  d e n s i t y  a r e  i n  good q u a n t i t a t i v e  aqreement 

w i t h  exper imental  va lues .  The peak i n  t h e  s o l u t i o n  annealed d i s l o c a t i o n  
d e n s i t y  curve  i s  a r e a l  p r e d i c t i o n  o f  t h e  model, b u t  has n o t  been r e p o r t e d  

expe r imen ta l l y .  Th i rd ,  t h e  steady s t a t e  values o f  s w e l l i n g  a r e  reasonable 

and t h e  magnitudes and r e l a t i v e  values o f  t h e  i n c u b a t i o n  doses i n  s o l u t i o n  

annealed and c o l d  worked m a t e r i a l  a r e  r o u g h l y  c o n s i s t e n t  w i t h  exper imental  

t r e n d s .  F i n a l l y ,  w h i l e  t h e  f a u l t e d  l o o p  d e n s i t i e s  a r e  g e n e r a l l y  somewhat 

l ower  t han  have been r e p o r t e d  i n  some cases, t h e  va lues  a r e  f a i r l y  c l o s e  

t o  o t h e r  obse rva t i ons  ( l l ) .  I t  should be no ted  t h a t  t h e  p r e d i c t e d  l o o p  

d e n s i t i e s  may be p a r t i c u l a r l y  s e n s i t i v e  t o  model parameters. Fur ther ,  

t h e  p r e d i c t e d  l o o p  d e n s i t i e s  f i r s t  inc rease,  peak and then decrease w i t h  

dose i n  agreement w i t h  observa t ions ;  however, t h i s  behav ior  makes ex- 

perimental-model p r e d i c t i o n  comparisons more compl ica ted  s i n c e  r a t h e r  

Second, t h e  s teady- s ta te  

112 



0 m 
W 

8 
W 

c 

n 
0 
0 
1 

7 

y1 
.r 
n 

m 
c, 
0 

F- 

v 
W 
L 
a 

W 



- 
N 

I 

0 
E - 
QU 

5X1Ol1 

101’ 

1010 
0 

I I I 1 I 
T = 500°C 

-- SA. 

I 
4- 
E a e - 
v) --- 

- lo 

- 

20 40 60 
dose-dpa 

FIGURE 7. P r e d i c t e d  T o t a l  D i s l o c a t i o n  Dens i t y  and S w e l l i n g  f o r  S o l u t i o n  
Annealed and Cold Worked S t a i n l e s s  S t e e l s .  

114 



e c i s e  " e q u i v a l e n t "  exposure l e v e l s  must be determined p r i o r  t o  s a t u r a t i o n  

h i g h  f luences .  

e. Composite Model o f  E v o l u t i o n  o f  Damage 

M i c r o s t r u c t u r e  

A composite model o f  t h e  e v o l u t i o n  o f  vo id ,  bubbles 

d i s l o c a t i o n s  m i c r o s t r u c t u r e  and m ic rochemis t r y  i n  m a t e r i a l s  i n  which bo th  

he l ium and displacement d e f e c t s  a r e  con t i nuous l y  generated i s  under de- 

velopment. The model a t tempts  t o  p r o v i d e  a comprehensive p h y s i c a l l y  based 

framework f o r  most o f  t h e  mechanisms descr ibed p r e v i o u s l y  so t h e i r  
r e l a t i v e  s i g n i f i c a n c e  can be assessed. Such a model w i l l  a l s o  a l l o w  

more p r e c i s e  de te rm ina t i on  o f  t h e  e f f e c t s  of i n t e r a c t i o n  between t h e  

va r i ous  fundamental damage mechanisms. 

The model t r e a t s  d i r e c t l y  t h e  t h r e e  i n t e r a c t i n g  

phenomenological s teps  i n  m i c r o s t r u c t u r a l  e v o l u t i o n  -- d i f f u s i o n  o f  

p r imary  d e f e c t s  (vacancies,  i n t e r s t i t i a l s ,  he l ium and s o l u t e  atoms), 

n u c l e a t i o n  o f  extended m i c r o s t r u c t u r a l  f ea tu res ,  such as vo ids ,  and 
growth o f  these extended de fec ts .  

p r imary  d e f e c t  gene ra t i on  ra tes ,  and m a t e r i a l  and d e f e c t  parameters. A 

p r e l i m i n a r y  v e r s i o n  has been r e p o r t e d  . 

The i n p u t  da ta  a r e  temperature, 

( 4 )  

I n  t h e  f o l l o w i n g  s e c t i o n  we w i l l  desc r i be  t h e  
general  framework o f  t h e  composite model; because o f  i t s  mathematical 

and computat ional  complex i ty ,  however, n o t  a l l  t h e  components have been 

f u l l y  imp1 emented. 

The d i f f u s i o n  model c a l c u l a t e s  t h e  quasi -s teady-  

s t a t e  concen t ra t i ons  and s i n k  f l u x e s  o f  vacancies, i n t e r s t i t i a l s  and 

s o l u t e  atoms as a f u n c t i o n  o f  t h e  genera t i on  r a t e  and e x i s t i n g  s l n k  

concen t ra t i ons .  O f  course, these concen t ra t i ons  v a r y  w i t h  t i m e  as t h e  

m i c r o s t r u c t u r e  evolves w i t h  c o n t i n u i n g  i r r a d i a t i o n .  The d i f f e r e n t i a l  

equat ion  d e s c r i b i n g  t h e  l a t t i c e  he l ium c o n c e n t r a t i o n  i s  n u m e r i c a l l y  
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i n t e g r a t e d  from t h e  s t a r t  o f  i r r a d i a t i o n .  

de t rapp ing  o f  hel ium, and a m i x t u r e  o f  i n t e r s t i t i a l  and s u b s t i t u t i o n a l  
d i f f u s i o n  i s  p rov ided.  D i s l o c a t i o n  e v o l u t i o n  i s  modeled as descr ibed pre-  

v i o u s l y .  

P r o v i s i o n  f o r  t r a p p i n g  and 

Bubble n u c l e a t i o n  and growth i s  t r e a t e d  by a s e t  o f  
d i f f e r e n t i a l  equat ions d e s c r i b i n g  t h e  t ime  dependent e v o l u t i o n  due t o  

hel ium atom m i g r a t i o n  t o  form d i ,  t r i ,  t e t r a  and l a r g e r  he l ium atom 
c l u s t e r s .  

l i m i t e d  k i n e t i c s .  Emission o f  hel ium atoms from c l u s t e r s  can occur  

e i t h e r  thermal ly ,  and/or  by cascade r e s o l u t i o n i n g ,  and/or s e l f - i n t e r s t i  t i a l  
impingement. Bubble mo t ion  l e a d i n g  t o  c o l l i s i o n a l  coalescence i s  a l s o  

a l lowed;  

Terms f o r  t r a p p i n g  he l ium and heterogeneous n u c l e a t i o n  o f  bubbles on 
d i s l o c a t i o n s  and p r e c i p i t a t e s  a r e  i nc luded  i n  t h e  model.  A ma jor  d i f f e r -  
ence between t h e  s imp le r  v o i d  f o rma t ion  model, descr ibed p r e v i o u s l y ,  and 

t h e  composite model i s  t h a t  s t a t i s t i c a l  v o i d  n u c l e a t i o n  i s  t r e a t e d  i n  
t h e  l a t t e r .  The k i n e t i c  e q u i l i b r i u m  r a d i i  f o r  t h e  bubbles a r e  c a l c u l a t e d  

as a f u n c t i o n  o f  t h e  number o f  he l ium atoms and t h e  e x i s t i n g  n e t  vacancy 

f l u x  u s i n g  an e q u a t i o n- o f - s t a t e  de r i ved  from t h e  hard-sphere model.  

He'lium impingement r a t e  c o e f f i c i e n t s  a r e  based on d i f f u s i o n  

p o i n t  d e f e c t  f l u x e s  a r e  used t o  mod i f y  bubble b u l k  d i f f u s i v i t i e s .  

By c a r e f u l  group averaging,  100 d i f f e r e n t i a l  equat ions  

may be s u f f i c i e n t  t o  t r e a t  he l ium c l u s t e r s  o f  up t o  severa l  thousand 

atoms. 
t o  a c r i t i c a l  v o i d  nucleus i s  determined. The bubbles serve  as he tero-  

geneous n u c l e a t i o n  s i t e s  f o r  v o i d  embryos, which i n  t u r n  can form vo ids .  

I n c l u s i o n  o f  t h e  embryo term i s  t o  a l l o w  f o r  an i n c u b a t i o n  t i m e  f o r  t h e  

n u c l e a t i o n  o f  vo ids  on bubbles. Thus, a bubble o f  s i z e  x can form by a 

bubble o f  s i z e  x-1 by a c q u i r i n g  a he l ium atom, by a bubble o f  s i z e  x+ l  

e m i t t i n g  a vacancy, o r  by d i s s o l u t i o n  o f  an embryo o f  s i z e  x .  A bubble 

i n  s i z e  c l a s s  x i s  l o s t  by he l ium impingement, emiss ion o r  f o rma t ion  o f  

an embryo o f  s i z e  c l a s s  x.  

Beyond t h e  maximum c l u s t e r  s i z e  t h e  growth r a t e  o f  he l ium c l u s t e r s  
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Void n u c l e a t i o n  i s  a l lowed t o  t ake  p l a c e  homoge- 

neously, and heterogeneously on embryos o r  on o t h e r  s p e c i f i e d  he tero-  

geneous n u c l e a t i o n  s i t e s .  Embryo fo rma t ion  r a t e s  a r e  determined from 

t h e  number o f  he l ium atoms and p r e v a i l i n g  n e t  vacancy f l u x e s .  Ac tua l  

r a t e s  a r e  i n t e r p o l a t e d  from i n p u t  t a b l e s  o f  va lues c a l c u l a t e d  u s l n g  

s imp le  n u c l e a t i o n  theory .  I n c u b a t i o n  t imes a r e  t r e a t e d  s i m i l a r l y .  The 
coupled s e t  o f  embryo-bubble d i f f e r e n t i a l  equat ions i s  s t r u c t u r e d  so 

t h a t  a t  t imes on t h e  o rde r  o f  t h e  i n c u b a t i o n  t i m e  t h e  c o n c e n t r a t i o n  o f  
embryos i n  a g i ven  s i z e  c l a s s  would approach t h e  steady s t a t e  c r i t i c a l  

nucleus c o n c e n t r a t i o n  i f  t h e  bubble d e n s i t y  were t o  remain cons tan t .  

Void n u c l e a t i o n  occurs a t  t h e  r a t e  o f  n e t  vacancy impingement on an 

embryos. 

o f  s i z e  c lasses  i n  he l ium number-radius space. An a d d i t i o n a l  source of 
vo ids  i s  p rov ided  f o r  by t h e  growth from t h e  maximum bubble s i z e  t o  a 

c r i t i c a l  bubb le- vo id  t r a n s i t i o n  s i ze .  

Nucleated vo ids  a r e  p laced i n  t h e  c l o s e s t  member o f  a m a t r i x  

I n  general  t h e  b u i l d u p  o f  l a r g e  concen t ra t i ons  o f  

l a t t i c e  s i n k s  and t h e  r e s u l t i n g  decrease i n  n e t  vacancy and he l ium 

f l u x e s  e v e n t u a l l y  t e rm ina tes  v o i d  n u c l e a t i o n  except  by t h e  r e l a t i v e l y  

slow growth o f  some bubbles t o  v e r y  l a r g e  s i zes .  

The growth o f  vo ids  i s  t r e a t e d  i n  terms of  t h e  

growth ( o r  shr inkage)  r a t e  f rom one s i z e  c l a s s  t o  another .  
s teady s t a t e  s w e l l i n g ,  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  can e q u i l i b r a t e .  

A t  quasi-  

Microchemical  changes a r e  approx imate ly  accounted 
f o r  by c a l c u l a t i n g  average n e t  s o l u t e  f l u x e s  t o  t h e  va r i ous  s i n k s - - v i z .  

a c l u s t e r  i n  a c e r t a i n  s i z e  c l a s s  accrues a s p e c i f i c  average number o f  

s o l u t e  atoms ( o r  s o l u t e  - p o i n t  d e f e c t  complexes). 

assumes t h a t  t h e  s i n k s  serve  as t h e  p r i n c i p a l  segregat ion  and p r e c i p i t a t i o n  

s i t e s .  Any combinat ion o f  s i n k  s t reng ths ,  r a t e  l i m i t i n g  k i n e t i c s  and 

t h e  l i k e  can be s p e c i f i e d  i n  t h e  model, and l o c a l  chemis t r y  e f f e c t s  as 

Th i s  t rea tment  
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w l l  as o v e r a l l  s i n k  s t r u c t u r e  can be accounted f o r .  

p r e c i p i t a t e  r e d i s t r i b u t i o n  a r e  a l s o  i nc luded  i n  t h e  model. 

Equat ions t o  desc r i be  

C l e a r l y ,  a model o f  t h i s  comp lex i t y  r e q u i r e s  a 

s i g n i f i c a n t  l o n g  term development e f f o r t .  I p  a d d i t i o n  t o  impor tan t  

i n f o r m a t i o n  gained u s i n g  t h e  s imp le r  models descr ibed p r e v i o u s l y ,  da ta  
from c a r e f u l l y  designed experiments i s  c r i t i c a l l y  needed; indeed an 

i t e r a t i v e  c y c l e  o f  model development-experiment-model re f i nemen t  i s  
i m p l i c i t l y  assumed i n  t h i s  research.  U l t i m a t e  v a l i d a t i o n  and c a l i b r a t i o n  

w i l l  t a k e  p lace  i n  t h e  h i g h  energy f a c i l i t y  most l i k e  a f u s i o n  environment. 

F i g .  (8 )  shows some r e s u l t s  o f  p r e l i m i n a r y  c a l -  

c u l a t i o n s  u s i n g  t h e  composite model, a l b e i t  under r e l a t i v e l y  s i m p l i f i e d  

c o n d i t i o n s  where e f f e c t s  such as c o l l i s i o n a l  coalescence and m ic ro-  

chemis t r y  a r e  n o t  t r ea ted .  
composite model t o  t r e a t  t h e  h i g h l y  i n t e r a c t i v e  and c o r r e l a t e d  phenomena 

assoc ia ted  w i t h  m i c r o s t r u c t u r a l  e v o l u t i o n .  

These r e s u l t s  i l l u s t r a t e  t h e  a b i l i t y  o f  t h e  

B .  Mechanical P r o p e r t i e s  

1 .  I n t r o d u c t i o n  

I n - s e r v i c e  mechanical p r o p e r t y  degradat ion  l e a d i n g  t o  

f a i l u r e  o f  f u s i o n  f i r s t  w a l l  s t r u c t u r e s  i s  p o t e n t i a l l y  one o f  t h e  most 

se r i ous  techno log i ca l  obs tac les  t o  commercial f u s i o n  power. The need t o  

have s u f f i c i e n t  mechanical p r o p e r t y  da ta  t o  make a l l o y  development 

dec i s ions  i s  con f ron ted  by t h r e e  problems: 

environment; t h e  ex t remely  l i m i t e d  volume o f  t h e  most proper environments 
i n  h i g h  energy neut ron  f a c i l i t i e s ;  and t h e  general  d i f f i c u l t y  i n  r e l a t i n g  

s tandard  mechanical t e s t s  t o  s t r u c t u r a l  f a i l u r e .  

t h e  l a c k  o f  p roper  t e s t  

118 



DPA 

FIGURE 8. I l lus t ra t ion o f  Composite Model 
Calculation Results. 
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This research addresses these problems w i t h  a dual s t ra tegy  
of developing a b e t t e r  understanding of the  re la t ionsh ip  between 
microstructure a n d  basic mechanical proper t ies  (e .g .  t e n s i l e  flow be- 
havior);  and basic proper t ies  and f a i l u r e .  
ana ly t i ca l  too l s  wi l l  be used: micromechanical models of flow and 
f r a c t u r e ;  flow, f a i l u r e  - and corresponding microstructure maps; and 
f a i l u r e  ana lys i s  methods ( including,  eventually,  use of f i n i t e  element 
methods t o  analyze and apply t e s t  d a t a ) .  

Three general c l a s s e s  of 

2. The Influence of I r rad ia t ion  Microstructure on Flow 
Propert ies 

A reasonable s t a r t i n g  p o i n t  f o r  analysing the  re la t ionsh ip  
between damage microstructure and mechanical proper t ies  i s  the  300 

s e r i e s  a u s t e n i t i c  s t a i n l e s s  s t e e l s  s ince  the re  i s  a s i g n i f i c a n t  data 
base fo r  both microstructural  and mechanical property data i n  t h i s  a l l o y  
c l a s s .  T h i s  e f f o r t  a l s o  provides a n  i n i t i a l  basis  f o r  developing the high 
s t r a i n  r a t e  port ion o f  t h e  deformation - f a i l u r e  maps f o r  Path A a l loys  
- and a d i r e c t  l inkage of property t o  microstructure maps. 

Four d i s t i n c t  microstructural  f ea tu res  were t r ea ted  i n  

the  cor re la t ion  model including: gas bubbles; voids; d is locat ion loops; 
network d i s loca t ions .  
r e d i s t r i b u t i o n  o r  phase i n s t a b i l i t i e s ;  however, because of the strong 
in te r- cor re la t ions  i n  the development of o ther  microstructural  f ea tu res ,  
microchemical var ia t ions  may be impl ic i t ly  included as covariances i n  
the  cor re la t ions .  

No e f f o r t  was made t o  t r e a t  s p e c i f i c a l l y  s o l u t e  

The microstructural  f ea tu res  were modeled a s  follows: 
f o r  bubbles ( b ) ,  voids ( v ) ,  and loops ( a )  a radius-density parameter 
rN 
trend curves and/or model based predictions of microstructural  development. 

was defined i n  parametric forms fb ,v , a .  (T,dpa) approximating data 
b , v , E  
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S i m i l a r l y ,  t h e  t o t a l  network d i s l o c a t i o n  d e n s i t y  p n  = fn(T,dpa) was 

determined from t h e  da ta  base o r  e q u i v a l e n t  model p r e d i c t i o n s .  Some 

i l l u s t r a t i v e s  p l o t s  o f  these paramet r ic  f u n c t i o n s  a r e  shown i n  F ig .  ( 9 ) .  

These paramet r ic  m i c r o s t r u c t u r e  models were the0 combined 

w i t h  s imp le  d i s l o c a t i o n  hardening models t o  p r e d i c t  y i e l d  s t r e s s  changes as 

where G i s  t h e  shear modulus, b t h e  Burgers vec to r ,  Bi s t r e n g t h  parameter 

f o r  o b s t a c l e  i, K an e m p i r i c a l  network d i s l o c a t i o n  s t reng then ing  cons tan t  

and (1' 

c o n t r i b u t i o n s  from bo th  s h o r t  p l u s  l o n g  and l o n g  p l u s  l o n g  range s t reng th-  

ening components. 

t o t a l  c o n t r i b u t i o n  o f  shor t- range obs tac les .  The temperature dependent 

e m p i r i c a l  v a l u e  o f  K was es t imated by u s i n g  s t r e n g t h  d i f f e r e n c e s  between 

s o l u t i o n  annealed and c o l d  worked s t e e l  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 .  

Thermal recove ry  o f  c o l d  work d u r i n g  t e s t i n g  a t  h i g h e r  temperatures was 

accounted f o r .  

t h e  i n i t i a l  y i e l d  s t r e s s .  L i n e a r  s u p e r p o s i t i o n  was used t o  combine 
Y S  

A r o o t  mean square s u p e r p o s i t i o n  was used t o  f i n d  t h e  

The parameters f o r  6 were rough ly  c o n s i s t e n t  w i t h  c u r r e n t  

t h e o r y  f o r  t h e  s t r e n g t h  o f :  d i f f e r e n t  types o f  obs tac les ;  B b  = 5, 6, = 1, 
BE = 3 .  ( 12 )  

F i g .  (10)  i l l u s t r a t e s  some model p red i c t i on /expe r imen ta l  

comparisons a t  approx imate ly  (TI = TT = T - + 30'C) 400 and 5 5 0 O C  a long  

w i t h  i n d i v i d u a l  c o n t r i b u t i o n s  from t h e  v a r i o u s  m i c r o s t r u c t u r a l  fea-  

t u r e s .  (12) The agreement i s  r a t h e r  good i n  terms o f  bo th  t h e  shape and 
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FIGURE 9. Examples o f  Parametr ic  M i c r o s t r u c t u r e  Moddels Used i n  Mechanical 
P rope r t y  - M i c r o s t r u c t u r e  C o r r e l a t i o n  Study. 
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magnitude o f  t h e  model curves.  

network d i s l o c a t i o n s  p rov ide  t h e  ma jo r  c o n t r i b u t i o n  t o  s t rengthen ing ,  

and t h a t  t h e  c o n t i n u a t i o n  v o i d  s w e l l i n g  beyond t h e  p o i n t  where bo th  

c a v i t y  d e n s i t i e s  and d i s l o c a t i o n  s t r u c t u r e  have e q u i l i b r a t e d ,  c o n t r i b u t e s  

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

The c a l c u l a t i o n s  a l s o  suggest t h a t  t h e  

F i g .  (11)  shows model c a l c u l a t i o n s  f o r  cold-worked s t e e l s ;  
da ta  p o i n t s  a r e  p l o t t e d  as smal l  numbers which i n d i c a t e  bo th  t h e  app rox i -  

mate i r r a d i a t i o n  temperature and dose. Again t h e  agreement between t h e  

model p r e d i c t i o n s  and exper imental  observa t ions  i s  v e r y  encouraging. A 

summary of  p r e d i c t e d  versus measured (14 )  y i e l d  s t r e s s  changes f o r  bo th  

c o l d  worked and s o l u t i o n  annealed curves over  a wide range o f  temperatures 

and exposures i s  shown i n  F ig .  ( 12 ) .  
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VIII .  FUTURE WORK 

A .  Microstructural Evolution 

Continued e f f o r t s  wil l  be di rected a t  improving a l l  of the  
microstructure models discussed previously; pa r t i cu la r  emphasis wi l l  be 
placed on f a c i l i t a t i n g  physical in te rpre ta t ion  o f  the  r e s u l t s  and com- 
parisons of the  model predictions w i t h  experimental observations--viz. 
e f f i c i e n t l y  defining physically valid regions of MPS. The simpler . 
models wil l  s t i l l  be used f o r  scoping s tud ies  of MPS, - and for d e s i g n i n g  
and in te rpre t ing  new experiments. For example, t h e  MFE-XI DAFS experi- 
mental matrix and an experimental HVEM study of p u l s i n g  were, i n  p a r t ,  
designed u s i n g  these  models. Continued e f f o r t  t o  implement more f u l l y  
the  components of the composite model i n  a computationally t r a c t a b l e  
manner wi l l  a l so  be a h i g h  p r i o r i t y  goal .  

B .  Mechanical Propert ies 

The models r e l a t i n g  flow proper t ies  t o  microstructure a r e  
being extended t o  t r e a t  t e n s i l e  d u c t i l i t y  parameters such a s  uniform 
elogation.  An e f f o r t  wi l l  be made t o  r e l a t e  the  microstructural  f ea tu res  
t o  the  "hardness" parameter which has been used t o  e f f e c t i v e l y  def ine  
equations of,mechanical s t a t e  f o r  both unirradiated a n d  i r rad ia ted  
s t a i n l e s s  steels.  The basic physical processes leading t o  an e f f e c t i v e  
equation of s ta te-microst ructure  re la t ionsh ip  wi l l  be ca re fu l ly  s tudied,  
w i t h  emphasis on in tegrat ing strengthening,  work hardness and flow 
loca l iza t ion  mechanisms. 

Micromechanical models will be applied t o  r e l a t e  basic 
proper t ies  and micro s t r u c t u r e  t o  fa i lu re- re la ted  proper t ies  such a s  
f r a c t u r e  toughness, f a t i g u e  s t rength  and crack growth res i s t ance .  In 
add i t ion ,  models of  grain boundary f a i l u r e  i n  the  creep regime including 
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the influence of helium, matrix hardening, s t r e s s  re laxat ion  and  the  
l i k e  are  being assembled. These models a n d  the avai lable  data base will  
be used t o  develop microstructure - flow and f a i l u r e  maps for  the  e n t i r e  
range of temperature and  s t r e s s e s  of  i n t e r e s t .  
influence of e x t r i n s i c  parameters such as  s t r e s s  s t a t e  and s t r e s s  con- 
cent ra t ions  re la ted  t o  macroscopic defects  ( i . e .  cracks)  will  a l so  be 
i n i t i a t e d .  Final ly the modeling and analy t ica l  e f f o r t  will  consider 
what cons t i tu te s  appropriate f a i l u r e  c r i t e r i a  and  t e s t  procedures for 
fusion f i r s t  wall s t ruc tu res  - e .g .  p l a s t i c  i n s t a b i l i t y  or f r a c t u r e  
toughness. 

An assessment of the 

An experimental program current ly  centered around u t i l -  
i za t ion  of the  RTNS-I1 f a c i l i t y  has been recently i n i t i a t e d  in col lab-  
ora t ion  with H E D L  and L L L .  
conducting and in terpre t ing  RTNS-I1 experiments, b u t  a l so  .developing new 
t e s t  techniques f o r  the fusion program. In p a r t i c u l a r ,  a n  e f f o r t  i s  
under way t o  develop quan t i t a t ive ly  useful microminiaturized mechanical 
t e s t s ,  with i n i t i a l  emphasis on instrumented hardness. 

T h i s  e f f o r t  i s  n o t  only aimed a t  designing, 

XI. PUBLICATIONS 

None d u r i n g  the l a s t  reporting period 
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I. 

I1 

PROGRAM 

T i t l e :  I r r a d i a t i o n  E f f e c t s  on Fusion Reactor S t r u c t u r a l  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 :  J .  A. Sprague 
A f f i l i a t i o n :  Naval Research Labora to ry  

035 ECT I VE 

The o b j e c t i v e s  o f  t h i s  work a r e  t o  examine t h e  e f f e c t s  o f  compos i t ion  
on phase s t a b i l i t y  o f  n e u t r o n - i r r a d i a t e d  t i t a n i u m  a l l o y s  and t o  s tudy  t h e  

e f f e c t s  o f  ma jor  element compos i t ion  and he l i um genera t i on  r a t e  on t h e  

t e n s i l e  behav ior  o f  s imp le  i ron- n icke l- chromium a l l o y s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

TASK I I . C . l  E f f e c t s  o f  F a t e r i a l  Parameters on M i c r o s t r u c t u r e  
TASK I I . C . 7  
TASK I I . C . 8  E f f e c t s  o f  Hel ium and Displacement on F r a c t u r e  

E f f e c t s  o f  Hel ium and Displacement on Flow 

I V .  SUMMARY 

E l e c t r o n  microscopy f o i l s  o f  a s e r i e s  o f  t i t a n i u m  a l l o y s  and t e n s i l e  

specimens o f  a s e r i e s  o f  i ron- .nickel- chromium t e r n a r y  a l l o y s  were i n s e r t e d  

i n  an i r r a d i a t i o n  assembly i n  t h e  EBR- I1  r e a c t o r .  The t i t a n i u m  a l l o y s  a r e  

i n tended  t o  examine t h e  e f f e c t s  o f  atomic m i s f i t  on s o l u t e  seg rega t i on  and 

phase s t a b i l i t y .  The i ron- nickel- chromium a l l o y s  w i l l  be used t o  s tudy  t h e  

e f f e c t s  o f  he l i um and m i c r o s t r u c t u r e  on t e n s i l e  behav ior .  

V.  ACCOMPLISHMENTS AND STATUS 

A. ____ DAFS Tes t  M a t r i x  f o r  t h e  E B R - I 1  __ Reactor  Experiment - J .  A. Sprague 

(NRL) and R. W .  Powell  (HEDL) 
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1. I n t r o d u c t i o n  

I n  June 1978 the  Fusion Reactor M a t e r i a l s  Program i n s e r t e d  an 

i r r a d i a t i o n  assembly i n  the  EBR-I1 r e a c t o r .  

exper iment were two peak f luences,  5 x 1OZ2n/cm2 (E>0.1 MeV) and 10 x l o z 2  
n/cm2 (E>0.1 MeV), a t  each o f  t h r e e  temperatures, 400, 450, and 550°C. 

Th is  r e p o r t  descr ibes t h e  specimens i nc luded  i n  t h e  DAFS p o r t i o n  o f  t h e  

experiment and exp la ins  the  r a t i o n a l e  behind these t e s t s .  

The t a r g e t  c o n d i t i o n s  f o r  t h i s  

2.  T i t an ium A l l o y s  

The o b j e c t i v e  o f  t h i s  p o r t i o n  o f  the  experiment was t o  examine 
t h e  segregat ion  o f  severa l  s o l u t e  atoms i n  t i t a n i u m  under neu t ron  i r r a d i -  

a t i o n  and t o  s tudy  the  r e s u l t a n t  phase t r ans fo rma t i ons .  Recent t h e o r e t -  
i ca l  ( ’  12) and exper imenta l  (3’4) i n v e s t i g a t i o n s  o f  i r r a d i a t i o n - i n d u c e d  

so l  Ute segregat ion  i n  face-centered- cubic ( f c c )  a l l o y s  have i n d i c a t e d  t h a t  

s u b s t i t u t i o n a l  s o l u t e  atoms which are s m a l l e r  than t h e  atoms o f  the  s o l v e n t  
l a t t i c e  can t r a p  s e l f - i n t e r s t i t i a l  atoms, fo rming  mob i le  complexes. The 

m i g r a t i o n  o f  these complexes t o  p o i n t  d e f e c t  s inks  can cause inc reased 

s o l u t e  concent ra t ions ,  and p o s s i b l y  p r e c i p i t a t i o n ,  i n  t h e  reg ions  near the  

s inks .  

body-centered-cubic (bcc)  l a t t i c e s  o f  the  a-and B-phases o f  t i t a n i u m ,  then 
i r r a d i a t i o n - i n d u c e d  s o l u t e  segregat ion  shou ld  occur  i n  most commercial T i -  

a l l o y s ,  s i nce  most o f  t h e  commonly used a l l o y i n g  elements have a nega t i ve  
m i s f i t .  As used here, m i s f i t  i s  de f i ned  as t h e  f r a c t i o n a l  change i n  l a t t i c e  

parameter(s)  o f  a s o l i d  s o l u t i o n  a l l o y  p e r  atom f r a c t i o n  o f  s o l u t e .  

I f  s i m i l a r  r e s u l t s  h o l d  f o r  t h e  hexagonal-close-packed (hcp) and 

( 3 )  

To s tudy  the  e f f e c t  o f  s o l u t e  s i z e  on t h e  s t a b i l i t y  o f  t i t a n -  

ium a l l o y s ,  two a - s t a b i l i z i n g  elements, aluminum and t i n ,  and two 8 - s t a b i l -  

i z i n g  elements, vanadium and niobium, were chosen. T h e i r  atomic m i s f i t s  i n  
t i t a n i u m  a r e  g iven  i n  Table 1. ( 5 )  
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TABLE 1 

ATOMIC M I S F I T S  OF ALLOYING ELEMENTS IN T i  

a Phase 6 Phase 

Element a- ax i  s c- ax i  s 

A1 4% -6% 

Sn + lo% 4% 
V - 3% -6% 

-- -- Nb 

-6% 

%O% 

The f o l l o w i n g  a l l o y s  were prepared by a rc- me l t i ng  129 bu t tons  i n  a g e t t e r e d  

argon atmosphere (compos i t ions  i n  wt .%) :  

1.  T i -3%Al 

2. Ti-6%A1 
3. Ti-6%Sn 

4. T i - l2%Sn 

5. Ti-2%V 

6. Ti-4%Nb 

7.  Ti-6%Al-lO%Nb 

8. T i  -6%A1-20%Nb 

9. T i  m e l t  c o n t r o l  

I n  a d d i t i o n  t o  these a l l o y s ,  an e x t r a  low oxygen (0.06 wt.%) hea t  o f  Ti-6%A1- 

4%V and h i g h  p u r i t y  T i  were i n c l u d e d  i n  t he  exper iment.  

E l e c t r o n  microscope f o i l s  o f  t he  Ti-3A1, Ti-6Sn, T i - l 2Sn ,  T i - 2 V ,  

Ti-4Nb, T i  m e l t  c o n t r o l ,  and h i g h  p u r i t y  T i  were prepared by c o l d  r o l l i n g  

t o  a th i ckness  o f  0.4 mm and punching 3 mn-dia. d i sks .  
i n  c o l d  r o l l i n g ,  t he  Ti-6A1, Ti-6Al-lONb, and Ti-6A1-20Nb were h o t  fo rged  

a t  600°C t o  rods 5 cm l o n g  and 6 mm i n  d iameter.  

Due t o  d i f f i c u l t i e s  

These rods were then 
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t u rned  t o  3 mm diameter.  

f o l l o w i n g  hea t  t rea tment  (descr ibed  be low) .  
f rom p r e v i o u s l y  hea t - t r ea ted  s tock  by t u r n i n g  t o  3 mm-dia. r o d  and s l i c i n g  

0.4 m d i sks .  

Disks,  0.4 mm t h i c k ,  were s l i c e d  f rom these rods 
The Ti-6A1-4V was prepared 

Due t o  t h e  v a r i e t y  o f  a l l o y  composi t ions,  severa l  d i f f e r e n t  

hea t  t reatments  were used. 

Ti-6A1, Ti-6Sn, and Ti-12Sn were annealed i n  vacuum ( l e s s  than 

a t  800°C f o r  two hours,  f o l l owed  by a " f a s t  c o o l "  ( f u rnace  removed f rom 

furnace t ube ) .  
hours,  f o l l o w e d  by a furnace coo l .  

were vacuum-annealed as 3 mm-dia. rods a t  1040°C f o r  30 minutes,  f o l l owed  
by a f a s t  coo l ,  and then a t  720°C f o r  two hours, f o l l o w e d  by a f a s t  coo l .  
Th is  hea t  t rea tment  was t h e  approximate e q u i v a l e n t  o f  t he  commercial 8-anneal 

f o r  Ti-6A1-4V, t h e  c o n d i t i o n  i n  which t h e  s tock  o f  t h a t  a l l o y  was supp l i ed .  

The T i  m e l t  c o n t r o l ,  h i g h  p u r i t y  T i ,  Ti-3A1, 

t o r r )  

The Ti-2V and Ti-4Nb were vacuum-annealed a t  700°C f o r  f o u r  

The Ti-6A1, Ti-6Al-lONb, and Ti-6A1-20Nb 

To a l l o w  f o r  t h ree  specimens a t  each i r r a d i a t i o n  c o n d i t i o n  and 

t h r e e  a r c h i v e  specimens, a t o t a l  o f  21 d i sks  o f  each m a t e r i a l  were shipped 

t o  HEDL, where they  were marked f o r  i d e n t i f i c a t i o n  and loaded i n t o  t h e  r e -  

a c t o r  exper iment assembly. 

3. Fe-Ni-Cr T e n s i l e  Tes t  Specimens 

These specimens were i nc l uded  t o  s tudy  t h e  e f f e c t s  o f  micro-  
s t r u c t u r e  and he l ium genera t ion  r a t e  on t h e  t e n s i l e  behav io r  o f  Fe-Ni-Cr 

a l l o y s .  The n i c k e l  and chromium con ten ts  were v a r i e d  t o  produce d i f f e r e n t  
l e v e l s  o f  s w e l l i n g  and he l i um  produc t ion .  

specimens t o  be i n s e r t e d  i n  t he  Oak Ridge Research Reactor (ORR) w i l l  p ro-  

v i de  s i m i l a r  i n f o r m a t i o n  a t  much h i g h e r  he l i um  genera t ion  r a t e s .  

Comparisons w i t h  i d e n t i c a l  

The nominal composi t ions ( i n  w t . % )  o f  t h e  f i v e  a l l o y s  i nc l uded  

i n  t h i s  p o r t i o n  o f  t he  exper iment  a re  g i ven  i n  Table 2. 

v a r i e d  f rom 25% t o  45% a t  a cons tan t  chromium l e v e l  o f  15% w h i l e  chromium 
con ten t  ranged f rom 7.5% t o  20% a t  a cons tan t  n i c k e l  l e v e l  o f  35%. 

N i cke l  con ten t  
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TABLE 2 

COMPOSIT ION MATRIX OF Fe-Ni-Cr TENSILE SPECIMENS 

Fe-25%Ni-l5%Cr 
Fe-35%Ni-7.5%Cr Fe-35%Ni -1 5 % C r  Fe-35%Ni-20%Cr 

Fe-45%Ni-l5%Cr 

The inc reased n i c k e l  con ten ts  w i l l  produce decreased s w e l l i n g  and inc reased 

he l i um p roduc t i on  w h i l e  inc reased chromium l e v e l s  w i l l  produce inc reased 

s w e l l i n g  a t  a cons tan t  he l i um p roduc t i on  r a t e .  

s w e l l i n g  i s  expected i n  some a l l o y s  w i t h  s i g n i f i c a n t l y  d i f f e r e n t  he l i um 
genera t ion  r a t e s  ( v i z . ,  low n i c k e l  and l ow  chromium versus h i g h  n i c k e l  and 

h i g h  chromium). 
be determined f rom t h i s  experiment.  

I n  a d d i t i o n ,  n e a r l y  cons tan t  

The e f f e c t  o f  these v a r i a t i o n s  on t h e  t e n s i l e  behav io r  w i l l  

Three d u p l i c a t e  specimens o f  each a l l o y  were i nc luded  f o r  

each o f  the t h r e e  i r r a d i a t i o n  temperatures and two f luences .  

t u res  a r e  t h e  same f o r  t h e  o v e r a l l  exper iment but, due t o  t h e  a x i a l  p o s i t i o n  
o f  t h e  t e n s i l e  specimen subcapsules, t h e  t a r g e t  f luences  f o r  these spec i -  

mens a r e  2.5 x l o z 2  n/cm2(E>0.1 MeV) and 5 x l o z 2  n/cm2 (E>0.1 MeV). 

The tempera- 

The heat  t rea tments  were i d e n t i c a l  f o r  a l l  specimens and were 
designed t o  develop a smal l  g r a i n  s i z e  r e l a t i v e  t o  t h e  specimen th i ckness .  

The t rea tment  cons i s ted  o f  a vacuum anneal a t  950°C f o r  f i f t e e n  minutes 

f o l l o w i n g  30% c o l d  work. 
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A schedule f o r  examinat ion o f  specimens w i l l  be e s t a b l i s h e d  f o l l o w i n g  

t h e  f i r s t  i n t e r i m  d ischarge o f  the  experiment.  

I X .  PUBLICATIONS 

None. 

135 



T i t l e :  Ef fec t s  of  I r r a d i a t i o n  on Fusion Reactor Materials 
Pr inc ipa l  Znvestigator: F. V. Nolfi ,  Jr. 
Affi l ia t ior i :  Argonne National Iaboratory 

The objec t ive  of t h i s  work i s  t o  determine t h e  micros t ruc tura l  evolu- 
t i o n ,  during i r r a d i a t i o n ,  of f i r s t - w a l l  materials w i t h  s p e c i a l  emphasis on 
the e f f e c t s  of helium production, displacement damage and rates, and 

temperature. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.2.1 Mobility, Dis t r ibut ion ,  and Bubble Nucleation 

The microstructure of Ti-64, which w a s  s ing le  and dual-ion irradiated 

at temperatues between 450 and 65OoC, has been examined by TEM. 
irradiation- induced p r e c i p i t a t i o n  of 6-phase p l a t e l e t s  occurs i n  a l l  
samples. Cavities form i n  a l l  dual-ion i r r a d i a t e d  samples and also i n  t h e  
single-ion i r r a d i a t e d  specimen at  t h e  highest  temperature. P r e c i p i t a t i o n  
appears t o  be independent of dose fYom 3-25 dpa and independent of helium 

content ,  but i s  s t rongly  tentperatwe dependent; the p r e c i p i t a t e  s ize  in- 
creases  and t h e  number dens i ty  decreases with increasing temperature. 
c a v i t i e s ,  the  s i z e  and number dens i ty  both increase  with the  add i t ion  of 
helium, and swell ing i s  low; the m i m u m  swell ing observed i n  any sample 

was -0.6% at 25 dpa. 

Profuse 

For 

Samples of Fe-2ONi-15Cr and Type 316 stainless steel have been dual- 
ion i r r a d i a t e d ,  and a l s o  pre- injected and single-ion i r r a d i a t e d .  The 
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-4 Fe-20Ni-15Cr is for a dose dependence study at low dose rate (3x10 dpa 
. s-'). Studies of the temperature, dose and helium injection rate depen- 
dencies will be performed on the Type 316 stainless steel. 

V. ACCOMPLISHMENTS AND STATUS 

Microstructure of Irradiated Fusion Reactor First-wall Materials - 
G. Ayrault 

A. Radiation Damage in n-64 (in collaboration with Mcmnnel-Douglas 
Astronautics Corporation) 

Titanium alloys have been suggested as candidate structural 
materials for fision reactors. However, information regarding their re- 
sponse to displacement-producing radiation is sparse, and is nonexistant 
for concurrent high helium production. 
of radiation microstructural evolution in the first of a set of three 
comrcial titanium alloys, Ti-64, Ti-811 and Ti-15333. 

Here we report TEM observations 

1. Experimental Procedure 

Ti-64 (6wt % A l ,  4 w t  % V) is an a+ alloy containing an HCP, a- 
phase (stabilized by A l )  and a BCC, B-phaSe (stabilized by V). 
used in this study were annealed at 925OC for 4 hours, which yielded a 
microstructure consisting of large ( - l o p )  equiaxed gains of p r w y  a, 
along with some smaller transformed 8-grains. 

single-ion irradiated with 2.4-MeV V ions and also dual-ion irradiated 
with 2.4-MeV V ions and degraded 0.95-MeV %e ions in the ANL Dual-Ion 
Irradiation Facility.(3) 
dual-ion samples were irradiated to a fixed dose of 25 dpa with 1O:l appm 
He:dpa ratio. 
450, 550, and 65OoC; actual irradiation temperatures were read for a l l  
samples with an infrared pyrometer. 

Tne samples 

?he samples were (1,2) 
+ 

t 

Single-ion doses ranged h m  3-25 dpa, and the 

In both cases, the nominal irradiation temperatures were 
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2. Precipitates 

The most prominent microstructural change in irradiated specimens 
is profuse precipitation of 6-platelets shown in Figs. 1 and 2. The 
crystallographic orientation of the B-platelets with respect to the matrix 
obeys the Burgers orientation relationship: 

Precipitation occurs at 4 5 0 ,  550, and 65OoC in irradiated samples, but is 
not observed in unirradiated control samples having the same them1 
history. 

The precipitate sizes and number densities are strongly temperature 
dependent -the size increases with increasing temperature, and the 
number density decreases. 
(Oil) precipitate reflection in the 25 dpa, single-ion sample irradiated 
at 465OC. 
entation relationship; in this micrograph only one is seen so that -1/6 
of the precipitates are visible. Larger precipitate sizes and lower 
number densities are found in the 12 dpa sample irradiated at 547OC, 
Fig. Ib. Again, only one of the six possible precipitate orientations is 
in strong contrast. 
seen in going to 66OoC at 25 dpa, Fig. IC. 

tions have put all six precipitate orientations in strong or weak (but 
visible) contrast in this micrograph. 

Figure la is a dark field micrograph from an 

Six equivalent orientations are allowed by the Burgers ori- 

Similar large changes in precipitate structure are 
Different diffraction condi- 

A roughly corresponding set of dual-ion samples is shown for 
comparison in Fig. 2. 
and in Fig. 2c all the precipitates are in contrast. 
in Fig. 2a was actually irradiated at 54loC,  not 450°C, as a result of 

Figures 2a and 2b show -1/6 of the precipitates, 
The specimen shown 
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beamheating. 
between those of the 465OC and 547OC single-ion samples shown in Figs. la 
and lb. Similarly, the precipitate structure of the dual-ion specimen 
irradiated at 624OC, Fig. Zc, is intermediate between those of the single- 
ion samples irradiated at 547OC and 66OoC, Figs. lb and IC. 
precipitate structure at 556OC, Fig. Zb, is essentially the same as that 
of the single-ion sample at 547OC, Fig. lb. 

The precipitate size and number density are intermediate 

The dual-ion 

These observations suggest the following qualitative pattern of 
precipitation: 
number density decreases. Little or no difference exists between s ing le  

and dual-ion irradiated samples; any differences that do exist are with- 
in a range attributable to differences in irradiation temperature. 
similar qualitative statement can be mde about the dose dependence of 
precipitation in single-ion irradiations: 
in precipitate size and number density between the lowest (3 dpa) and 
hi&est ( 25  dpa) dose samples. 

Precipitate size increases rapidly with temperature and 

A 

There is no obvious difference 

3. Cavities 

Cavities are formed during single-ion irradiation at 66OoC, Fig. 
IC, and a t  all three (541, 556 and 624OC) dual-ion irradiation temperatures, 
Fig. 2 (the cavities are not visible in Fig. 2a because of contrast con- 
ditions). For single-ion irradiated samples at 660°C, the cavity number 
density i s  - 2 ~ 1 0 ~ ~  and the swelling (AV/V) is -0.07%; the mean cav i ty  

diameter is At 624OC, dual-ion irradiation produces a higher 
cavity number density, -4.5~10~~ ~ m - ~ ,  larger cavity size, 
swelling of the order of -0.6%. 
formation of cavities along grain boundaries, Fig. 3, occurs in dual-ion 
irradiated samples but not in single ion. This effect is not included in 
the quantitative determination of cavity sizes and number densities - all 
masured regions were within grains. For dual-ion irradiations at 556'C, 
the number density -7x1014, 
numbers are approximate sbce m y  of the smll cavities are near the 

= 300 8. 
= 490 8, and 

In addition a tendency towards preferential 

= 60 8, and the swelling is -0.02%. These 
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visibility limit and mre cavities m y  actually exist than appear. 

The cavities formed during single-ion irradiation are voids since 
no gas was injected. 
samples are equilibrium bubbles, the gas contained in them can be estimat- 
ed if the cavities are treated as spherical. 
pressure vs surface energy 

If the cavities observed in the dual-ion irradiated 

From the balance of gas 

- 

where p 
and y is the surface energy; the s m t i o n  runs over all cavities in the 
volume, V. For y = 10 ergs. cm , a gas density of -10 appm is required 

to form an equilibrium bubble distribution resembling that in the 556OC 
sample; for the 624OC ?ample -40 appm is required. Comparing there gas 

concentrations 
the cavities m y  well be overpressured helium bubbles. 

is the injected gas density, ri are the masured cavity radii, 
g 

3 -2 

to the nominal 250 appm injected He dose, it is seen that 

B. Dual-Ion Irradiation of m e  316 Stainless Steel 

Samples of Type 316 stainless steel (MFE Ht.-15893) have been 
ions 

. The 

+ 
-1 

dual-ion irradiated in the ANL Dual-Ion Facility with 3.0-MeV NI 
and degraded 0.87-MeV %e ions; the dose rate was ~xIO-~ dpa- s 
material was initially 50% cold worked, then annealed at 1O5O0C for 1 
hour and aged 10 hours at 80OoC. 

A dose dependence study and a temperature dependence study were 
carried out. 
was 625OC and the doses ranged from 3-25 dpa. 
rates of 5:l, l5:l, and 50:l appm F1e:dpa. 
additional samples were prewected at room temperature with 5 appm He 
and single-ion irradiated with 3.0-MeV Ni' ions at the same temperature 
and to the same doses as above. 
dose and helium injection rates were held constant at, respectively, 12 dpa 

In the dose dependence study, the irradiation temperature 
Helium was injected at 

For com0:xrative pwposce, 

In the temperature dependence study, the 
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and l5:l appm He:dpa, and the irradiation temperatures were 550, 600, 650, 
and 7OO0C. 

C. Dose Rate Study of Radiation Damage in Fe-2ONi-15Cr 

Samples of an experimental Fe-20Ni-15Cr alloy, supplied by W. G. 
Johnston, have been dual-ion irradiated in the ANL Dual-Ion Facility with 

+ 3 3.0-MeV Ni ions and degraded 0.87-MeV He ions. The doses were 3-12 dpa, 
the dose rate 3x10- s-', and the irradiation temperature was 650°C; 
helium was injected at a rate of l5:l appm He:dpa. 
es additional samples were preinjected at room temperature with 5 appm 

+ .  He and single-ion irradiated with 3.0-MeV Ni 
ditions and temperature were the same as above. 
evolution data obtained fYom this experiment will be compared to that 
obtained from o w  earlier dual-ion irradiation study of this alloy 
carried out at 7OO0C and a dose rate of 3x10-3 dpa - s-'. 
diation temperature in the present study corresponds to the lower dose 
rate. 

14 
dpa 

For comparative purpos- 

ions. The irradiation con- 
?he microstructural 

(4) 
The lower irra- 

1. J. W. Davis, N I P  Quarterly Frogr'ess Report f o r  Period Ending 
March 31, 1978. 

2 .  J. W. Davis, S. M. L. Sastry and L. J. Pionke, ADIP W e r l y  

Progress Report for  Period &ding June 30, 1978, p. 85. 

3. A. Taylor, J. Wallace, D. I. Potter, D. G. mding and B. Okay 
Hall, Froc. Intl. Conf. on "Radiation Effects and Tritium 
Technology for Fusion Reactors," Vol. I, p. 158, 1975. 

4. S. Agarwal and G. Ayrault, DAF'S Quarterly Progress Report for  

Period Endng March 31, 1978, p. 135. 
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n1. FlpIuRE WORK 

1. TEM exminations of single and dual-ion irradiated Ti-811 and 
Ti-15333 are in progress. 

2. TEM examinations of preinjected single-ion and dual-ion irradiat- 
ed Fe-20Ni-15Cr and Type 316 stainless steel are in progress. 
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C 

P- 

Fig. 2: 
dpa ratio (a) 5 4 1 O C  (b) 556OC (c) 624OC. 

Dudl-ion irradiated Ti64-25 dpa, 1O:l He: 
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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 :  J. A.  Sp i tznage l ,  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 

mechanisms 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 imu l-  
taneous hel ium i n j e c t i o n  and c r e a t i o n  o f  a tomic displacement damage by 

a second i o n  beam. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.2.1. Helium M o b i l i t y ,  D i s t r i b u t i o n  and Bubble 
Nuc lea t i on  

I V .  SUMMARY 

The e f f e c t s  o f  momentum t r a n s f e r ,  de t rapp ing  and rad iat ion-enhanced 

d i f f u s i o n  o f  he l ium i n  va r i ous  m a t e r i a l s  can be s t u d i e d  us ing  t h e  e l a s t i c  

nuc lear  r e a c t i o n  t e ~ h n i q u e ' ~ ) .  Previous work a t  t h e  High Energy I o n  
Bombardment S imu la t i on  (HEIBS) F a c i l i t y  a t  t h e  U n i v e r s i t y  o f  P i t t s b u r g h  

under separate fund ing  u s i n g  t h e  a-a s c a t t e r i n g  tech,nique has shown t h a t  

he l ium i s  ve ry  e f f e c t i v e l y  t rapped i n  304 s t a i n l e s s  s t e e l  f o l l o w i n g  i m -  
p l a n t a t i o n .  The average t r a v e l  o f  an imp lan ted  he l ium atom was l e s s  than  
lOOnm f o l l o w i n g  bombardment w i t h  h i g h  energy (%2 MeV) p ro tons  o r  oxygen 

Pr imary r e c o i l  spec t ra  c a l c u l a t i o n s  were made(3) f o r  t h e  imp lan ted  hel ium 

atoms. These demonstrated t h a t ,  w h i l e  l e s s  than  1% o f  t h e  hel ium would 

r e c e i v e  s u f f i c i e n t  k i n e t i c  energy from knock-on events t o  t r a v e l  lOOnm 

s c a t t e r i n g  o f  h i g h  energy a lpha p a r t i c l e s"  '2*3)  and perhaps t h e  3 He(d,p)a 

atoms t o  damage l e v e l s  f rom %l t o  20 dpa a t  temperatures o f  500-6OO0C ( 3 )  . 
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o r  more through t h e  l a t t i c e ,  approx imate ly  48% would have rece ived  s u f f i -  

c i e n t  k i n e t i c  energy t o  f r e e  the  he l ium from the  deepest t r a p  imaginab le  
(-4 eV per  atom f o r  a he l ium atom bound t o  a ledge s i t e  on a d i s l o c a t i o n  

hel ium do occur under t he  c o n d i t i o n s  o f  these experiments then r e t r a p p i n g  
must occur w i t h i n  a few (<5  x 10 ) atomic jumps and/or t he  mean res idence 

t ime  i n  a t r a p  must be l a r g e  r e l a t i v e  t o  t he  d u r a t i o n  o f  the  i o n  bombard- 

ment (%12 hours) .  

I t  was concluded t h a t  i f  de t rapp ing  and r a p i d  d i f f u s i o n  o f  

2 

V.  ACCOMPLISHMENTS AN0 STATUS 

3 Work was i n i t i a t e d  t o  determine t he  f e a s i b i l i t y  o f  us ing  t h e  He(d,p)a 
nuc lea r  r e a c t i o n  techn ique t o  s tudy  the  e f f e c t s  o f  momentum t r a n s f e r ,  

de t rapp ing  and rad ia t ion- enhanced d i f f u s i o n  o f  he l ium i n  an ion-bombarded 
b.c.c.meta1 us ing  t he  i o n  channel ing  and back- sca t te r ing  apparatus a t  t he  

HEIBS  F a c i l i t y .  I f  adequate s h i e l d i n g  and s u f f i c i e n t l y  low beam c u r r e n t s  
can be used t o  e l i m i n a t e  t he  neut ron i r r a d i a t i o n  hazard, t h i s  techn ique 

w i l l  be used t o  s tudy he l ium m o b i l i t y  i n  h i gh  p u r i t y  molybdenum (model 

m a t e r i a l ) .  The nuc lea r  r e a c t i o n  technique has t h e  advantage o f  r e q u i r i n g  

o n l y  the  2 Mv Van de G r a a f f  and, u n l i k e  the  a-a s c a t t e r i n g  technique,  

does not  t i e  up the  l a r g e  a c c e l e r a t o r  needed f o r  t he  dual i o n  i r r a d i a t i o n  
exper iments.  
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V I I .  - FUTURE WORK 

Range and s t r a g g l e  p r e d i c t i o n s  f o r  3 He i n  Mo us ing  t h e  EDEP-1 code 

The i r r a d i a t i o n  hazard assoc ia ted  w i t h  t h e  3 He(d,p)a technique w i l l  be 
w i t h  a v a r i e t y  o f  c u r r e n t  e l e c t r o n i c  s topp ing  f o rmu la t i ons  w i l l  be compared. 

determined. 

e i t h e r  t h e  nuc lea r  r e a c t i o n  o r  a-a s c a t t e r i n g  techn ique  w i l l  be prepared. 

Molybdenum specimens s u i t a b l e  f o r  he l ium depth p r o f i l i n g  by 

VIII.  PUBLICATIONS 

None 
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I. PROGRAM 

T i t l e :  In- Situ Helium I r r a d i a t i o n  

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

A f f i l i a t i o n :  Univers i ty  of Virg in ia  

D. Kuhlmann-Wilsdorf, W. A. Jesser 

11. OBJECTIVE 

The o b j e c t i v e  of t h i s  work i s  t o  determine t h e  e f f e c t  of helium on 

mic ros t ruc tu ra l  evolu t ion  by HVEM observa t ions  dur ing  i n- s i t u  helium ion 

i r r a d i a t i o n s  of f i r s t  wa l l  m a t e r i a l s  with emphasis on bubble nuc lea t ion  

and growth as cor re l a t ed  t o  t h e  micros t ruc ture .  

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

Subtask I I . C . 2 . 1  Helium Mobil i ty ,  D i s t r ibu t ion ,  and Bubble Nuclea- 

t ion .  

IV. SUMMARY 

Dynamic,in-situ HVEM observat ions of t h e  evolu t ion  of helium ion  

r a d i a t i o n  damage and i ts  i n t e r a c t i o n  with t h e  e x i s t i n g  micros t ruc ture  o f  

316 s t a i n l e s s  steel samples were made over  a range of  ion  f luxes  and sam- 

p l e  temperatures .  

With inc reas ing  f luence  dynamic observa t ions  revealed t h e  t y p i c a l  

sequence of i n i t i a l  black-spot damage followed by bubble nuclea t ion  and 

growth, and f i n a l l y  su r face  deformation. A t  h igh  temperatures and f luxes ,  

bubbles a t  t h e  g ra in  boundaries were observed t o  have s i g n i f i c a n t l y  l a r g e r  

r a d i i  and wi th  a lower number dens i ty  than those wi th in  t h e  gra ins .  A t  
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lower fluxes and temperatures, no size or density variation was found. 

This result is presumably controlled by the sample temperature rather than 

the beam flux. It was observed that twin boundaries are also decorated by 

oversizelhelium bubbles. 

decorate microstructural features is under investigation. 

The mechanisms by which enlarged helium bubbles 

Blistering and exfoliation of the surface were observed dynamically 

during in-situ experiments. We believe this is the first time such dyna- 

mic transmission electron microscopeobservations have been reported. 

V. ACCOMPLISHMENTS AND STATUS 

A. In-situ HVEM Studies of Helium Irradiated Stainless Steel - - J. L 
Bennetch, L. S. Horton, and W. A. Jesser, (University of Virginia, Char- 

lottesville, VA) 

1. Introduction 

( i , 2 )  In the experimental set-up described previously in DAFS reports 

3 mm electropolished 316 stainless steel samples have been bombarded by 

-k 2 He 

The ion irradiations were performed in-situ, within a 500 kV HVEM, or in 

the drift tube of the accelerator attached to the microscope. The evolu- 

tion of the helium radiation induced microstructure was continuously ob- 

served during the bombardment in the HVEM and after bombardment the sam- 

ples were examined in a high resolution Philips EM 400 Transmission Micro- 

scope. Dynamic in-situ observations were recorded using a video system. 

Surfaces of the irradiated samples were examined in a JEOL JSM 35microscope. 

ions with energies up to 80 keV and fluxes up to 1 . 5 ~ 1 0 ~ ~  ions/cm sec. 
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During t h e  course of a htgh f l u x  experiment, t h r e e  d i s t i n c t  s t ages  of 

mic ros t ruc tu re  are observed, b lack  spo t  damage, bubble nuclea t ion  and 

growth, and s u r f a c e  deformation. I f  a high f l u x  is employed, the  evolu- 

t i o n  i s  too r ap id  f o r  convenient examination of t h e  ind iv idua l  s t ages .  I n  

order  t o  i n v e s t i g a t e  the  f u l l  range of mic ros t ruc tu ra l  changes caused by 

t h e  ion  bombardment, i t  was necessary t o  conduct t h e  experiments i n  the  

fol lowing t h r e e  s tages .  I n  the  f i r s t  s t age ,  low ion  f l u x  experiments 

from ambient temperature t o  about 5OO0C w e r e  performed both i n- s i t u  and 

wi th in  t h e  d r i f t  tube. 

The second s t a g e  of experiments involved higher  ion  f l u x e s  and somewhat 

higher  temperatures.  Fluences i n  these  experiments were chosen so a s  t o  

permit s t u d i e s  of t h e  nuclea t ion  and growth of gas- f i l l ed  voids .  The last  

stage of experiments and mic ros t ruc tu ra l  evolu t ion  a r e  observed under t h e  

h ighes t  f l u x  condi t ions  which r e s u l t s  i n  ion  induced su r face  deformation. 

The primary r e s u l t  observed is b lack  spo t  damage. 

2. Experimental Data and Resul t s  

a. Low Flux Experiments - I n  these  experiments,  3 mm e l e c t r o-  

pol i shed  samples were i r r a d i a t e d  with helium ions  a t  f l u x e s  of approxi- 

mately 1013 ions/cm 2 sec  o r  l e s e  and wi th  sample  temperatures of l e s s  than 

50OoC. 

presumed t o  be i n t e r s t i t i a l  loops,  were observed t o  form. Increased dose 

caused t h e  b lack  spot  dens i ty  and s i z e  t o  inc rease  t o  a s teady state value 

wi th in  30 minutes of i r r a d i a t i o n .  No v i s i b l e  bubbles were observed even 

a f t e r  many hours o f  f u r t h e r  i r r a d i a t i o n .  

t i o n  w a s  observed. 

range. Also t h i s  r e s u l t  was independent of helium ion  energy from 40 t o  

Af t e r  a c r i t i c a l  dose of helium was reached, t i n y  b lack  spo t s ,  

Also, no major su r face  deforma- 

The above r e s u l t  w a s  observed over a wide temperature 
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100 keV. 

b. High Flux Experiments - when the  helium i o n  beam f l u x  i s  about 

ions/cm2sec o r  greater ,  the  r a t e  of b lack  spo t  formation i s  rap id  and 

is quickly  followed by bubble nuc lea t ion  and growth. I r r a d i a t i o n s  over a 

range of  ion  f luxes  between 1014 and 

t u r e s  between a few hundred degrees Cels ius  and about 700° C have shown 

t h a t  g r a i n  boundaries and twin boundaries i n  t h e  316 s t a i n l e s s  s teel  a r e  

decorated by a low dens i ty  of l a r g e  bubbles while  t h e  o t h e r  reg ions  wi th in  

t h e  g r a i n  conta in  a high dens i ty  of small bubbles.  

2 ions/cm sec.  and sample tempera- 

Figure 1 shows a transmission e l e c t r o n  micrograph of  a sample i r r a d i -  

2 a ted  wi th  helium ions  a t  a f l u x  near  1 . 5 ~ 1 0 ' ~  ions/cm sec  and a sample 

temperature of approximately 650'C i n  t h e  e l e c t r o n  t h i n  a r e a  of the sample. 

The bubbles along the  g ra in  boundaries had an average diameter of about 

900 2. 
age d i a m e t e r  of t h e  bubbles i n  t h e  g ra in  was near  170 x. 
dose of t h e  sample was approximately 7 ~ 1 0 ~ '  ions/cm . 

Bubbles on t h e  twin boundaries were a l s o  oversized whi le  t h e  aver-  

The t o t a l  ion  

2 

A s i m i l a r  enlargement of g r a i n  boundary bubbles i s  seen i n  f i g u r e  2.  

This sample w a s  i r r a d i a t e d  with a sample temperature of approximately 

650° C and with an ion f l u x  of approximately 6~10'~ ions/cm sec.  The 

average diameter of bubbles along t h e  boundary is 110 8 while t h a t  of 

bubbles i n  t h e  g r a i n  is about 40 2, 

2 

The t o t a l  ion  dose was approximately 

3 ~ 1 0 ' ~  ions/cm 2 . 
The dose d i f f e rence  between these  experiments could be s i g n i f i c a n t ,  

however, t h e  low f l u x  and small sample th ickness  of t h e  la t ter  sample as 

compared t o  t h e  high f l u x  and l a r g e  sample th ickness  of t h e  sample shown 
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i n  f i g u r e  1 may a l s o  p lay  a r o l e  i n  determining t h e  number dens i ty  and 

s i z e  of t h e  bubbles.  The f l u x ,  f luence  and sample th ickness  dependenceare 

f u r t h e r  being inves t iga t ed .  

A sample i r r a d i a t e d  wi th  helium ions  a t  approximately 400° C and a 

2 f l u x  of approximately ions/cm2sec t o  a f luence  of about 7 ~ 1 0 ~ ~ i o n s / c m  

showed bubbles of diameter 540 1 with  no d i f f e r e n c e  i n  bubble s i z e  or num- 

b e r  dens i ty  between those  on g r a i n  boundaries and those  wi th in  t h e  g ra in .  

c. High Fluence Experiments - Following bubble formation, b l i s-  

t e r i n g  and/or  e x f o l i a t i o n  w a s  observed i n  samples i r r a d i a t e d  t o  a s u f f i -  

c i e n t l y  high ion  dose. 

t e r s  i n  t h e  t h i c k e r  ( g r e a t e r  than 2000 1) area of a sample i r r a d i a t e d  wi th  

h igh  sample temperature and ion  f lux .  However, e x f o l i a t i o n  w a s  t h e  pre-  

dominant deformation f e a t u r e  found over t h e  sur face .  Another sample wi th  

lower flux and sample temperature i s  shown i n  t h e  t ransmiss ion  micrograph 

of f i g u r e  4.  This e x f o l i a t i o n  occurred i n  an a rea  of th ickness  less than 

2000 E(. I n  both samples, b l i s t e r i n g  and/or  e x f o l i a t i o n  occurred i n  a r e a s  

of  th ickness  less than the  pro jec ted  helium range f o r  t h e  ion  energyused.  

Figure 3 shows a t ransmiss ion  micrograph of  b l i s -  

3. Discussion of Resu l t s  and Future Work 

It seems evident  from t h e  experimental d a t a  t h a t  both ion  f l u x  and 

sample temperature p lay  an important r o l e  i n  bubble nuclea t ion .  A t  t h e  

lower f l u x e s  and temperatures ,  no bubble formation w a s  observed. Poss ib ly  

t h e  c r i t i c a l  dose requi red  f o r  bubble formation was not  reached. Alter- 

n a t e l y ,  a t  low i o n  f l u x e s  i n  t h i n  samples, the s u r f a c e  may prevent  t h e  

helium ion  concent ra t ion  from reaching a va lue  necessary t o  produce visi-  
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ble bubbles. More experimentation with high ion doses wfth low ion fluxes 

will be required to determine if bubble nucleation eventually occurs at 

fluxes of 1013 ions/cmZsec o r  less. 

When bubbles were formed at higher fluxes, the ion flux and sample 

temperature influenced the nucleation and growth of larger bubbles at the 

grain boundaries. Grain boundary-helium bubble interactions have been 

investigated in copper by Beere (3 )  , who proposes that as a moving grain 

boundary encounters bubbles, the bubble radius increases due to a decrease 

in the bubble surface energy. In our experiments no obvious boundary 

movements have been observed during the in-situ irradiations. The lack 

of enhanced bubble size at the grain boundaries in the cooler sample irrad- 

iated with ion fluxes in the low 1014 ionsfcm sec. range is consistent with 

a lower helium mobility. This temperature dependence of oversized bubble 

decoration of grain boundaries is consistent with other observations in 

the literature. 

2 

Further investigation is required to separate sample temperature and 

ion flux related phenomenon. Special attention should be placed on grain 

boundary motion and the involvement of dislocations in the bubble nuclea- 

tion and growth. 
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I 

I 
Figure 1: Transmission electron micrograph showing grain boundary bubble 

enlargement in a 316 SS sample irradiated with 80 keV helium 
ions with an ion flux of 1.5xl0l5ions/cm sec 
temperature of 650° C to a total ion dose of 7x1017ions/cm2. 

2 and a sample 

Fig L 
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Figure 3: 400 kV transmission electron micrograph of blisters 
on a 316 SS sample irradiated at a high temperature 
and a high f lux.  

Figure 4 :  Transmission electron micrograph of an exfoliated 
area of a sample irradiated a t  a lower f lux  and 
temperature than the sample shown in  figure 3. 
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I .  PROGRAM 

T i t l e :  Mechanical P r o p e r t i e s  

P r i n c i p a 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 :  B a t t e l l e - P a c i f i c  Northwest Labora to ry  

11. OBJECTIVE 

The displacement damage produced i n  M a t e r i a l s  Research Corpora t ion  

Marz grade n i c k e l  and n iob ium and r e a c t o r  grade 316 S S  by 16 MeV pro tons  

and (D,T) and (D,Be) neut rons i s  be ing  c o r r e l a t e d  on t h e  bas i s  o f  c l u s t e r  

s i z e  and d e n s i t y  and y i e l d  s t r eng th .  

c y c l i c  f l u x ,  temperature and s t r ess  on t he  m i c r o s t r u c t u r e  and f l o w  s t r e s s  

a re  be ing  s t ud ied .  The r e l a t i o n s h i p  between t h e  r a d i a t i o n  induced m ic ro-  

s t r u c t u r e  and f l o w  p r o p e r t i e s  i s  a l s o  be ing  s t ud ied .  I r r a d i a t i o n  damage 
s tud ies  o f  p a t h  B and C a l l o y s  a r e  planned. 

The e f f e c t s  o f  steady s t a t e  and 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I . C . 5  E f f e c t s  o f  Cyc l i ng  on M i c r o s t r u c t u r e  

SUBTASK I I . C . l l  E f f e c t s  o f  Cascades and F lux  on Flow 

SUBTASK I I .C .12  E f f e c t s  o f  Cyc l i ng  on Flow and F r a c t u r e  

I V .  SUMMARY 

The y i e l d  s t r e n g t h  inc rease  o f  T(d,n) and Be(d,n) neu t ron  i r r a d i a t e d  

n i c k e l  and n iob ium have been compared ove r  t he  f l uence  range o f  5x1Ol6 cm-' 

t o  10 l8  cm-*. 

g i ven  i d e n t i c a l  heat  t rea tments  and prepared and eva lua ted  by t h e  same 

techniques.  

I r r a d i a t i o n s  were performed on m a t e r i a l  f rom t h e  same source, 

The n i c k e l  was l e s s  spec t ra l  s e n s i t i v e  than  n iob ium as shown by t h e  

r a t i o  o f  t h e  number o f  Be(d,n) t o  T(d,n) neut rons a t  equal y i e l d  s t r e n g t h  

increase.  For  n i c k e l  t h i s  r a t i o  was 1 w h i l e  f o r  n iob ium i t  was 5 .  
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V .  ACCOMPLISHMENTS AND STATUS 

1 )  T ( d , n )  and Be(d,n) NEUTRON IRRADIATIONS 

The y ie ld  s t rength  increase of B e ( d , n )  and  T ( d , n )  neutron i r r ad ia ted  
nickel and  niobium have been measured and the r e s u l t s  a r e  shown in Figs. 
1 and 2 .  Comparison of the y ie ld  s trength versus p a r t i c l e  fluence curves 
f o r  T ( d , n )  and Be(d,n) neutron i r r ad ia ted  nickel i n  Fig. 1 shows t h a t  the 
slopes a r e  s imi la r  while an  equal number o f  Be(d,n) as  T ( d , n )  neutrons were 
needed t o  induce an equal y ie ld  s trength increase.  
f o r  niobium in Fig. 2 shows t h a t  the slopes a r e  again approximately equal 
while f i v e  ( 5 )  times as many Be(d ,n )  as T ( d , n )  neutrons were needed t o  
induce a n  equal y ie ld  s trength increase.  

The cause of the d i f f e r e n t  spectral  s e n s i t i v i t i e s  of nickel and niobium 

A s imi la r  comparison 

t o  T ( d , n )  and Be(d ,n )  neutrons i s  n o t  c l e a r ;  however, Mitchell of LLL ob- 
served a s imi lar  b u t  smaller d i f ference  between copper and n iobium.  This 
comparison should be made on a damage energy per atom or displacements per 
atom bas i s .  
es tabl i shed and the damage energy or displacement cross sec t ions  f o r  each 
material must be known over the energy spectrum. The neutron spectrum f o r  
the Be(d,n) neutrons obtained a t  U.C. Davis with 40 MeV Dt i s  being deter-  
mined by L .  Greenwood and  R .  R .  Heinrich of ANL from mul t i- fo i l  dosimeters 
attached t o  the PNL specimen packets. 

To accomplish t h i s ,  the Be(d ,n)  neutron energy spectrum must be 

Two more specimen packets have been i r r ad ia ted  with Be(d,n) neutrons t o :  

1 )  better def ine  the  y ie ld  strength increase and microstructure 
I response. 

2)  improve the spa t i a l  d a t a  f o r  neutron energy and f lux .  

T h e  goal fluences f o r  these packets were 6x1017 n l C m 2  and  lx1017 n l c m 2 .  
Dosimeter f o i l s  were divided in to  a 3x4 matrix of 2 nm square f o i l s .  
r e s u l t s  of these i r r ad ia t ions  wil l  be reported next quar ter .  

The 
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2 )  16 MeV PROTON IRRAOIATIONS 

The y i e l d  s t r e n g t h  inc rease  r e s u l t s  f o r  n i c k e l  and n iob ium i r r a d i a t e d  

w i t h  a 1013 p/cm2-s f l u x  (1 .61~a/ , -~Z)  o f  16 MeV pro tons  t o  a f l uence  o f  
5~1017p,~,2 A he l ium f l o w  o f  

7 scfm a t  760 t o r r  was used t o  m a i n t a i n  a specimen temperature o f  3OoC, 

w h i l e  a s t a t i c  he l ium atmosphere o f  760 t o r r  was used t o  m a i n t a i n  a spec i-  

men temperature of  40°C a t  a p ro ton  f l u x  o f  lo1' p/,,2-, (.16pa/cmZ). 

The y i e l d  s t r eng th  inc rease  o f  n i c k e l  i r r a d i a t e d  w i t h  t h e  h i g h  p r o t o n  
f l u x  l i e s  on a reasonable e x t r a p o l a t i o n  o f  t h e  lower  f l u x  da ta  w h i l e  t h e  

n iob ium da ta  does no t .  
determine whether t h e  n iob ium y i e l d  s t r e n g t h  inc rease  has sa tu ra ted  o r  

whether t h e  da ta  p o i n t  a t  5x1017 p/cm2 i s  i n  e r r o r .  

a t  30°C i s  a l s o  shown i n  F igs .  1 and 2.  

An i r r a d i a t i o n  t o  2-3~10~~p/,,2 i s  scheduled t o  

3) 14 MeV NEUTRON-16 MeV PROTON CORRELATION 

The c o r r e l a t i o n  between t he  y i e l d  s t r e n g t h  inc rease  o f  14 MeV neu t ron  

S i m i l a r i t i e s  were a l s o  ob- 

and 16 MeV p ro ton  i r r a d i a t e d  n i c k e l  has been f u r t h e r  subs tan t i a t ed  by t h e  

Be(d,n) neu t ron  da ta  and t h e  5 ~ 1 0 ~ ~ p / ~ , , 2  data.  

served i n  t he  f l o w  behav io r .  
t o  3 and ~ O X ~ O ~ ~  "cm2 wi th  Be(d,n) neut rons and t o  5~1017p/~,2 w i t h  16 MeV 

pro tons .  S ince s e r r a t e d  y i e l d i n g  i s  assoc ia ted  w i t h  t h e  d e n s i t y  o f  d e f e c t  

c l u s t e r s ,  t h e  m i c r o s t r u c t u r e s  a r e  a l s o  expected t o  be s i m i l a r .  Transmiss ion 
e l e c t r o n  microscopy on f o i l s  i r r a d i a t e d  w i t h  t h e  w i r e  specimens i s  i n  p ro-  

gress.  

Ser ra ted  y i e l d i n g  occur red  i n  n i c k e l  i r r a d i a t e d  

V I .  FUTURE WORK 

Eva lua t i on  o f  t h e  remain ing n i c k e l ,  316 SS and n iob ium t e n s i l e  and TEM 

specimens i r r a d i a t e d  w i t h  Be(d,n) neut rons w i l l  be completed. Microscopy 

of  n i c k e l  and n iob ium i r r a d i a t e d  w i t h  16 MeV pro tons  t o  5x1Ol7 plcm2 i s  i n  

progress w h i l e  i r r a d i a t i o n s  t o  1 and 3x1Ol8 plcm2 a re  scheduled. Scoping 
exper iments  t o  determine t h e  maximum p ro ton  f l u x  and temperature c a p a b i l i t i e s  
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of the 16 MeV proton irradiation apparatus are planned. 
mated to be about 1014 p/cmZ-s and 500-700°C. 

The limits are esti- 

VII. PUBLICATIONS 

A paper entitled "Experimental Radiation Damage Studies in 16 MeV Pro- 
ton Irradiated Nickel and Niobium" by D. L. Styris and R. H. Jones will be 
presented at the Fifth Conference on Application o f  Small Accelerators, 
Nov. 6-8, 1978 at North Texas State University. 

A NICKEL - 16 MeV PROTONS, IO p i c m  -I. moc 
NICKEL - T id, nl NEUTRONS. 1012 nfcm*-r. ZODc 
NICKEL - Be Id. nl1013 nfcm? 2ooC 

v NICKEL - 16 MeV PROTONS, 1013 plcm2-s. Wc 
15 '5 

FIGURE 1. Yield Strength Increase Versus Particle Fluence for 
Neutron and Proton Irradiated Nickel. 
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PARTICLE FLUENCL cm-L 

FIGURE 2. Yield Strength Increase Versus Particle Fluence for 
Neutron and Proton Irradiated Niobium. 



I. PROGRAM 

Title: Effects of Near Surface Damage and Helium on the Performance 

of the First Wall 

Principal Investigator: 0 .  K. Harling 
Affiliation: Nuclear Reactor Laboratory, Massachusetts Institute 

of Technology 

11. OBJECTIVE 

The objective of this study is to understand and quantify the effects 

of near surface damage and implanted gas on the performance of the fusion 

reactor first wall. 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

TASK II.C.5 Effects of Cycling on Microstructure 

II.C.12 Effects of Cycling on Flow and Fracture 

II.C.13 Effects of Helium and Displacement on Crack 

Initiation and Propogation 

II.C.15 Effects of Near Surface Damage on Fatigue 

IV. SUMMARY 

Detailed design of an in-reactor fatigue cracking experiment has 

Installation of the experiment is well under way and been complete&. 

start of irradiations is scheduled for late i n  the 1978 CY. 

V. ACCOMPLISHMENTS AND STATUS -- H. Andresen (M.I.T./Hahn Meitner Inst.) 

and 0. Harling, A. Argon and K. Kwok (M.I.T.) 

The aim of the in-reactor fatigue cracking experiment has been 

described in the last quarterly report. Detailed design of this 
experiment was completed and the safety report was essentially approved 
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by the Safeguards Committee of the MITR-11.  

that the intended fast pressure cycling of the helium coolant does not 

cause vibrations of the irradiation thimble or other parts. Mechanical 

and electrical services for the fatigue experiment on the MIT reactor 

are well under way. 

A preliminary setup showed 

VI. REFERENCES 

None 

VII. FUTURE WORK 

In-reactor testing and initiation of the fatigue cracking experiment 

i s  expected to begin in the next quarter. 
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I. PROGRAM 

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

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

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

11. OBJECTIVE 

To develop a fundamental unders tand ing  o f  t h e  fo rma t ion  o f  vo ihs,  

loops  and p r e c i p i t a t e s  i n  heavy i o n  and e l e c t r o n  i r r a d i a t i o n  meta ls  and 

a l l o y s .  

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

II .C.6. E f f e c t s  o f  Damage Rate and Cascade S t r u c t u r e  on 
M i  c r o  s t r u c t u r  e. 

I V .  SUMMARY 

Specimens o f  h i g h  p u r i t y  n i c k e l  were i r r a d i a t e d  w i t h  h i g h  energy 
carbon and aluminum ions  t o  s tudy  t h e  e f f e c t  on t h e  v o i d  m i c r o s t r u c t u r e  o f  

u s i n g  d i f f e r e n t  bombarding species. 

was determined by p repa r ing  t h e  f o i l s  such t h a t  t h e y  cou ld  be viewed 

d i r e c t l y  i n  c ross  s e c t i o n .  
i r r a d i a t i o n s  performed on i d e n t i c a l  m a t e r i a l  u s i n g  s e l f - i o n s .  The s w e l l i n g  

behavior  observed i n  t h e  end-of- range r e g i o n  f o r  a l l  samples was s i m i l a r ,  
i m p l y i n g  t h a t  i m p u r i t i e s  i n t roduced  by t h e  i o n  beam do n o t  s t r o n g l y  i n f l u -  

ence t h e  s w e l l i n g  response o f  t h e  m a t e r i a l .  

i ons  had no n o t i c e a b l e  e f f e c t  on t h e  s w e l l i n g  va lues  achieved f o r  s i m i l a r  

damage s ta tes ,  even though t h e  r e c o i l  energy spectrum produced by t h e  
va r i ous  i o n s  were d i f f e r e n t .  

v o i d  d e n s i t y  t o  r i s e  v e r y  r a p i d l y  and then  d rop  w i t h  i n c r e a s i n g  dose above 
2 dpa. 
t h e  p r e d i c t e d  end-of- range. 

The depth  dependent damage s t r u c t u r e  

These r e s u l t s  were then compared t o  p rev ious  

The mass o f  t h e  i r r a d i a t i n g  

A dose scan u s i n g  aluminum i o n s  showed t h e  

Voids were a l s o  observed i n  a l l  specimens a t  depths -15% beyond 
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V .  ACCOMPLISHMENTS AND STATUS 

A .  E f f e c t s  o f  Bombarding Ions  on t h e  Void S w e l l i n g  P r o f i l e  i n  

Nickel, J.B. Whi t ley ,  G.L. K u l c i n s k i ,  H.V. Smith, Jr.,  and P.  Wilkes, 

( U n i v e r s i t y  o f  Wisconsin, Madison, Wisconsin) .  

1. I n t r o d u c t i o n  

The increased use o f  heavy- ion beams as a t o o l  fur  s tudy ing  

The cha rac te r  o f  

r a d i a t i o n  induced v o i d  f o r m a t i o n  i n  meta ls  has l e d  t o  an i n t e r e s t  i n  

examining t h e  depth  dependence of t h e  damage s t r u c t u r e .  

t h e  heavy- ion damage mechanism changes cons ide rab l y  as t h e  i o n  l o s e s  

energy and by examining t h e  depth  dependence o f  t h e  f i n a l  damage s t a t e ,  
one can g a i n  an unders tand ing  o f  t h e  r a d i a t i o n  damage process. 

va r i ous  techniques t h a t  have been used t o  determine t h e  depth  dependent 
s t r u c t u r e  i n c l u d e  success ive  t h i n n i n g  o f  t r ansmiss ion  e l e c t r o n  microscope 
(TEM) samples,") s te reov iew ing  i n  a h igh- vo l tage  e l e c t r o n  microscope, (2 -4)  

( 5 9 )  and p r e p a r a t i o n  o f  TEM specimens f o r  v i ew ing  d i r e c t l y  i n  c ross  s e c t i o n .  

O f  these techniques, t h e  l a t t e r  i s  t h e  most d i r e c t  and power fu l ,  b u t  i t  i s  
o n l y  e a s i l y  a p p l i e d  t o  me ta l s  t h a t  can be e l e c t r o p l a t e d  w i t h  coa t i ngs  o f  

s i m i l a r  chemical composi t ion.  

The 

The au tho rs  have p r e v i o u s l y  used t h e  c ross  s e c t i o n i n g  techn ique t o  
s tudy  t h e  depth  dependent m i c r o s t r u c t u r e  o f  h i g h  p u r i t y  n i c k e l  i r r a d i a t e d  

w i t h  14  FleV and 14-19 MeV copper 

were found a t  depths ~ 2 0 %  beyond t h e  maximum i o n  range p r e d i c t e d  by v a r i -  
ous s topp ing  theo r ies ,  (11'12) and t h e  v o i d  s w e l l i n g  p r o f i l e  was n o t  s imp ly  

r e l a t e d  t o  t h e  t o t a l  damage p r o f i l e .  No major  d i f f e r e n c e s  i n  m i c r o s t r u c-  

t u r e  were observed between t h e  n i c k e l  and copper i o n  i r r a d i a t e d  samples. 

I n  these s tud ies ,  vo ids  

T h i s  paper p resents  t h e  depth  dependent m i c r o s t r u c t u r e  development 

These r e s u l t s  w i l l  be compared w i t h  p rev ious  r e s u l t s  ob ta ined  

i n  h i g h  p u r i t y  n i c k e l  i r r a d i a t e d  a t  525°C w i t h  carbon i ons  o r  w i t h  a lumi-  

num ions .  
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FIGURE 1 .  
nickel ions incident on a nickel t a r g e t .  The stopping parameters were 
calcula ted u s i n g  the Brice code. (11) 
s c a l e  values o f  each curve. Also shown near the base o f  the  curves a r e  
the  mean ion ranges given by t h e  code. 

The ca lcula ted displacement curves for carbon, aluminum, and 

(See footnote 1 )  Note t h e  d i f f e r e n t  

3 .  Results 

a .  I \ l u m i n u m  Ion I r rad ia t ions  

a1 umi  num 
2 ionsfcm . 

Nickel samplcs were i r rad ia ted  a t  525OC (798°K) with 8.1 MeV 
2 16 t o  2 .1  x 10 

( -4  x 
ions w i t h  fluences ranging from 4 x 1015 ions/cm 

2 The ions f l u x  used was t y p i c a l l y  8 x 10" ions/cm 
dpa/s a t  the  peak). 
i s  shown i n  the  micrographs of  Figure 2 .  
micrograph shows t h e  o r ig ina l  f o i l  surface .  The incident  ions have t rav-  

The  development of t h e  depth dependent microstructure 
The left-hand-side of each 

eled from l e f t  t o  r i g h t  and came t o  r e s t  i n  t h e  area near t h e  r i g h t - h a n d -  
s i d e  of each micrograph. Voids nucleated q u i t e  r e a d i l y  i n  t h i s  material  
and were observed a t  a l l  damage l eve l s .  
these  samples u p  t o  depths of 2.75 pm, w i t h  a few voids observed a t  even 
greater  depths. 
implanted range region t h a t  could be a t t r i b u t e d  t o  point  defect  in te rac t ion  

The v o i d s  were always observed i n  

There was no deviation i n  the void microstructure i n  the 
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from se l f - ion  i r r a d i a t i o n s .  The comparative r e s u l t s  of these  i r r a d i a t i o n s  
wil l  be analyzed in terms of the  di f ferences  i n  t h e  damage processes by 
ions of d i f f e r e n t  masses and d i f f e r e n t  chemical species .  S p e c i f i c a l l y ,  
comparisons wi l l  be made t o  o ther  i r r a d i a t i o n  s tud ies  o f  nickel containing 
small addi t ions  o f  carbon o r  aluminum before i r r a d i a t i o n .  (13,141 

2 .  Experimental Procedure 

Deta i ls  of the  i r r a d i a t i o n  f a c i l i t y  and sample t a r g e t  chamber (15,16) 

and t h e  pos t- i r rad ia t ion  specimen techniques ( 5 y 6 )  can be found elsewhere. 
In b r i e f ,  t h e  specimens consisted of 0 .5  mm th ick nickel f o i l  w i t h  nominal 

negative ion source and accelera ted i n  a tandem Van De Graaff acce le ra to r  
t o  produce 5 MeV-C, 8.1 MeV A l ,  and 14 MeV iii ions.  

a r e  shown f o r  these  th ree  ions i n  ca lcula ted by the Brice code ( l l ) ( a )  

Figure 1 .  The ion energies were chosen such t h a t  t h e  ions would have 

s imi la r  ranges i n  the t a r g e t .  The gross damage effect iveness  a s  measured 
i n  displacements per atom (dpa) however, i s  q u i t e  d i f f e r e n t  f o r  the  th ree  
ions a s  can be seen by t h e  d i f f e r e n t  sca les  f o r  the various ions .  Note 
t h a t  within each specimen, the re  e x i s t s  both a l a r g e  var ia t ion  i n  t h e  
f ina l  damage level  and a l s o  a corresponding var ia t ion  i n  t he  displacement 
r a t e  a t  which th i s  level was achieved. The specimens were annealed a t  
850°C f o r  one hour i n  an i n e r t  gas atmosphere and e lect ropol ished p r io r  t o  
loading i n t o  the  t a r g e t  chamber. 
ul tra-high vacuum, h i g h  temperature sample chamber w i t h  a nominal pressure 
of 1 x t o r r  ( 1 . 3  x ?a) .  After  i r r a d i a t i o n  the  specimens were 
prepared i n  cross sect ions  by e lec t rop la t ing  a 1 t o  1 . 5  mm th ick nickel 
deposi t  onto both s ides  and then s l i c i n g  i n  a plane normal t o  t h e  o r ig ina l  
f o i l  surface  u s i n g  a low speed diamond saw. Three mill imeter d i scs  were 
then removed and t h e  samples polished i n  a conventional two j e t  e lec t ro-  
polishing u n i t  and examined i n  a 120 kV e lec t ron  microscope. 

pur i ty  >99 .995%.  The ions used f o r  th is  study were produced by an ANIS (17) 

The damage curves 

The specimens were i r rad ia ted  i n  an 
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1 

w i t h  aluminum ions.  
damage reg ion .  

The vo ids  were t r u n c a t e d  octahedra throughout  t he  

Void data  was ob ta ined  from these specimens by d i v i d i n g  each i n t o  
depth  i n t e r v a l s  0.25 pm wide p a r a l l e l  t o  t h e  f o i l  sur face.  Average v o i d  

d iameter,  v o i d  dens i t y ,  and v o i d  volume f r a c t i o n  were then  measured 

w i t h i n  each i n t e r v a l .  

l e v e l s .  

as histograms, w i t h  t h e  curves drawn t o  a i d  t h e  eye i n  f o l l o w i n g  t h e  depth  

v a r i a t i o n  i n  v o i d  parameters. 
s i t y  cu rve  has t h e  same general  shape as t h e  d isplacement curve.  

f luences,  however, t h e  v o i d  d e n s i t y  has dropped s i g n i f i c a n t l y  and shows 

much l e s s  v a r i a t i o n  i n  magnitude from t h e  f r o n t  s u r f a c e  t o  t h e  end-of-  
range than  a t  l ow  f l uences .  

l a r g e r  vo ids  a r e  observed, t h e  average v o i d  s i z e  throughout  t h e  damage 
r e g i o n  does n o t  v a r y  s i g n i f i c a n t l y .  

f u n c t i o n  o f  dose a t  two d i f f e r e n t  depths i s  shown by the histograms o f  
F i g u r e  4. The w i d t h  o f  t he  v o i d  s i z e  d i s t r i b u t i o n  i s  narrower i n  t h e  mid-  

range r e g i o n  than i n  t h e  end-of- range reg ion ,  even though t h e  average v o i d  

s i zes  i n  t h e  h i g h  dose case a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

o f  peak v o i d  s w e l l i n g  occurs a t  about  2.1 pm reach ing  a v a l u e  o f  3.3%. 

The t h e o r e t i c a l  peak damage l e v e l  i n  t h i s  sample occur red a t  1.8 um 
reach ing  a va lue  o f  C.5 dpa. 

F i g u r e  3 shows these data  ob ta ined  f o r  two f l u e n c e  
The data  p o i n t s  f o r  each i n t e r v a l  a r e  p l o t t e d  as p o i n t s  and n o t  

A t  low f luences ( F i g u r e  3a) t h e  v o i d  den- 

A t  h i g h  

Except f o r  t h e  near su r face  r e g i o n  where 

The v o i d  s i z e  d i s t r i b u t i o n  as a 

The r e g i o n  

b. Carbon I o n  I r r a d i a t i o n s  

The carbon i o n  i r r a d i a t i o n s  were c a r r i e d  o u t  on specimens pre-  

pared i d e n t i c a l l y  t o  those f o r  t h e  aluminum i r r a d i a t i o n  and t h e  i r r a d i a -  

t i o n  was conducted a t  525°C (798°K). 
2 ions/cm - s  (5 x dpa/s a t  t h e  peak) and t h e  i o n  f luences were 1.5 x 

16 2 10 ions/cm and 9.3 x 1 0 l 6  ions/cm2. The v o i d  s t r u c t u r e s  developed from 

these i r r a d i a t i o n s  a r e  shown i n  F i g u r e  5, where a g a i n  t h e  o r i g i n a l  f o i l  

sur face i s  shown on t he  l e f t - h a n d- s i d e  o f  t h e  micrographs.  Voids were 
once more observed throughout  t h e  e n t i r e  damage reg ion ,  (even down t o  

12 The carbon i o n  f l u x  was 4 x 10  
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5 MeV C on N i  
525  O C  

a )  1.5~ 1016crn-2 

b )  9.2 x I0"crn -2 - 
0.5pm 

FIGURE 5. Nickel i r r ad ia ted  a t  525°C (798'K) wil 
two fluence l eve l s .  
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P 

ION IRRADIATED Ni  

- 
c )  8.1 MeV AI, 2.1 ~ I O ~ ~ c r n - ~  0.5 pm 

FIGURE 7. D i s l o c a t i o n  s t r u c t u r e  development i n  i o n  i r r a d i a t e d  n i c k e l  
a )  a f t e r  i r r a d i a t i o n  w i t h  carbon ions t o  a f luence  o f  1 . 5  x 1 0 l 6  ions/cn 2 ; 
b) a f t e r  i r r a d i a t i o n  w i t h  aluminum ions t o  a f luence  o f  7 x 1015 ions/cm 2 ; 
c )  a f t e r  i r r a d i a t i o n  w i t h  aluminum ions t o  a f luence  o f  2.1 x 1 0  16 ions/cn 2 . 
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F 

ION IRRADIATED Ni 
525°C 

a 1 5  MeV C, 9.2x10i6cm -2 

b) 8.1 MeV AI,  2.1 x iOi6crn -2 

- 
c )  14 M e V  Ni, 1.3x10'%rn-2 0.5um 

FIGURE 8. 
w i t h  t h r e e  d i f f e r e n t  ions t o  f luence  l e v e l s  g i v i n g  s i m i l a r  peak damage 

l e v e l s .  

t h e  pred ic ted  maximum i o n  range f o r  t h e  appropr ia te  i n c i d e n t  i o n .  

A comparison o f  n i c k e l  specimens i r r a d i a t e d  a t  5 2 5 O C  (798'K) 

The arrows near t h e  r ight- hand- side o f  each micrograph i n d i c a t e  
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4 .  D iscuss ion  

a .  E f f e c t s  Due t o  D ispara te  I n c i d e n t  Ions  

There a r e  two bas ic  d i f f e r e n c e s  between i r r a d i a t i o n s  w i t h  d i f f e r -  

e n t  i ons  t h a t  c o u l d  be expected t o  a f f e c t  t h e  f i n a l  damage s t a t e  o f  t h e  

m a t e r i a l .  The f i r s t  i s  t h e  change i n  chemical compos i t ion  by i m p l a n t a t i o n  
w h i l e  t h e  second i s  t h e  change i n  cascade L t r u c t u r e .  These w i l l  be d i s -  

cussed i n  t u r n .  

i. Excess I n t e r s t i t i a l s  and I m p u r i t y  E f f e c t s  __ 

An impor tan t  d i f f e r e n c e  between i r r a d i a t i o n s  performed w i t h  

d i f f e r e n t  i ons  i s  t h e  end-of- range e f f e c t s  due t o  t h e  i n c i d e n t  i o n  coming 

t o  r e s t  i n  t h e  m a t e r i a l s .  In bo th  t h e  aluminum and n i c k e l  i o n  i r r a d i a t e d  
samples,  t h e  i n c i d e n t  i o n  behaves l i k e  a l a t t i c e  atom and hence w i l l  

r e p r e s e n t  an e x t r a  i n t e r s t i t i a l  produced i n  these reg ions .  Under l o w  

s w e l l i n g  r a t e  cond i t i ons ,  ( i . e . ,  when d e f e c t  l o s s  by recombinat ion  o r  t o  

unbiased s inks  dominates) t h i s  smal l  f r a c t i o n  o f  excess i n t e r s t i t i a l s  

c o u l d  s i g n i f i c a n t l y  reduce t h e  v o i d  s w e l l i n g  r a t e  i n  t h e  end-of- range 

Th i s  e f f e c t  i s  n o t  be l i eved  t o  be impor tan t  f o r  t h e  h i g h  reg ion .  (18) 

s w e l l i n g  r a t e s  observed i n  t h i s  s tudy .  I n  t h e  case o f  aluminum o r  carbon 

i r r a d i a t i o n s ,  t h e  i n c i d e n t  i o n  represents  an i m p u r i t y  which g r a d u a l l y  

inc reases  i n  concen t ra t i on  as t h e  i r r a d i a t i o n  proceeds, S ince i m p u r i t i e s  

o f t e n  a f f e c t  s w e l l i n g  behav ior  q u i t e  s t r o n g l y ,  t h e  end-of- range r e g i o n  o f  

i o n  i r r a d i a t e d  samples may be suspect .  I n  t h i s  s tudy ,  no ma jo r  d i f f e r e n c e s  
i n  v o i d  m i c r o s t r u c t u r e  were observed i n  t h e  end-of- range r e g i o n  o f  any 

o f  t h e  specimens. The r e l a t i v e l y  smal l  i nc rease  i n  v o i d  s i z e  a t  t h e  end- 

o f- range i n  t h e  carbon sample may be due t o  an  i m p u r i t y  e f f e c t  such as a 
l o w e r i n g  o f  t h e  su r face  energy. 

Previous s t u d i e s  o f  n i c k e l  c o n t a i n i n g  carbon ( I 3 )  and n i c k e l  c o n t a i n -  

i n g  aluminum(14) b e f o r e  i r r a d i a t i o n  showed s i g n i f i c a n t  decreases i n  
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s w e l l i n g  when compared t o  pure n i c k e l  specimens. 
doped n i c k e l  o f  Sorenson and Chen (13 )  found t h a t  a carbon l e v e l  o f  0.3 

atomic pe rcen t  would comple te ly  suppress v o i d  f o rma t ion .  I n  t h e  h i g h  dose 

sample o f  t h i s  study, carbon was i n j e c t e d  t o  a l e v e l  o f  a t  l e a s t  -0.4 

atomic pe rcen t  (even i f  t h e  carbon d i s t r i b u t e s  i t s e l f  u n i f o r m l y  th roughout  

t h e  damage r e g i o n ) .  

s i g n i f i c a n t  amounts a t  t h e  s t a r t  o f  t h e  i r r a d i a t i o n  and hence c o u l d  p l a y  
a s i g n i f i c a n t  r o l e  i n  t h e  v o i d  and l o o p  n u c l e a t i o n  process. 

i m p u r i t y  i s  be ing  i n t roduced  by t h e  i r r a d i a t i n g  beam, i t  i s  s t i l l  a t  v e r y  

l ow  concen t ra t i on  l e v e l s  e a r l y  i n  t h e  i r r a d i a t i o n  sequence and hence can- 

n o t  s i g n i f i c a n t l y  a l t e r  t h e  n u c l e a t i o n  process i n  m a t e r i a l s  t h a t  nuc lea te  

vo ids  as r a p i d l y  as t h e  m a t e r i a l  used i n  t h i s  s tudy .  I f  an i r r a d i a t i o n  

were t o  be cont inued t o  much h ighe r  f l uence  l e v e l s ,  i t  i s  p o s s i b l e  t h a t  

t h e  e f f e c t s  o f  implanted i m p u r i t i e s  on t h e  v o i d  g rowth  r a t e  would become 
ev iden t .  

t h e  i r r a d i a t i o n - i m p u r i t y  l e v e l  i s  impor tan t  i n  de termin ing  what e f f e c t s ,  

i f  any, w i l l  be seen. 

as s imul taneous gas imp lan taL ion  w i t h  i o n  bombardment and i n  cons ide r ing  

what e f f e c t s  t ransmuta t i on  r e a c t i o n  products  m i g h t  have on m a t e r i a l s  sub- 

j e c t  t o  neut ron  i r r a d i a t i o n .  

The s t u d i e s  o f  carbon 

I n  t h e  prev ious  s tud ies ,  t h e  i m p u r i t y  was p resen t  i n  

When t h e  

The major  obse rva t i on  o f  t h i s  s tudy  was t h a t  t h e  t i m e  h i s t o r y  o f  

Th i s  e f f e c t  i s  impor tan t  i n  c o n s i d e r i n g  such s t u d i e s  

ii. Cascade E f f e c t s  

The second e f f e c t  examined i n  t h i s  s tudy  i s  t h e  d i f f e r e n t  
d isplacement cascade s t r u c t u r e s  produced by i o n s  o f  d i f f e r e n t  mass. 
v ious  s t u d i e s  on i r r a d i a t e d  s t a i n l e s s  s t e e l  (19120) have found pro tons  t o  

be over  t e n  t imes more e f f e c t i v e  i n  p roduc ing  s w e l l i n g  than an e q u i v a l e n t  

dpa i r r a d i a t i o n  u s i n g  n i c k e l  i ons .  

t h e  lower  mass o f  t h e  p ro ton .  The d i f f e r e n t i a l  s c a t t e r i n g  c ross- sec t ions  

f o r  t h e  t h r e e  d i f f e r e n t  i ons  a t  two d i f f e r e n t  depths a r e  shown i n  F igu re  

10. 

hence t h e  number o f  de fec ts  produced by a s i n g l e  i n c i d e n t  i o n ,  decreases 

w i t h  decreasing i o n  mass. 

Pre- 

T h i s  d i f f e r e n c e  was b e l i e v e d  due t o  

I t  can be seen t h a t  t h e  p r imary  knock-on (PKA) c ross  sec t i on ,  and 

Wi th  i n c r e a s i n g  depth, t h e  c ross- sec t i on  f o r  
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FIGURE 10. The p r imary  r e c o i l  energy spec t ra  for  t h e  t h r e e  i ons  i n c i d e n t  

on n i c k e l .  

curve  a depth  cor respond ing t o  t h e  peak o f  t h e  damage curve .  
The t o p  curve  corresponds t o  a depth  o f  1 urn, and t h e  bottom 
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produc ing  l ow  energy P K A ’ s  w i l l  i nc rease  w h i l e  t h e  maximum energy t h a t  can 

be t r a n s f e r r e d  i s  decreasing.  One would expect  t h e  sma l l e r  d isplacement 

cascade o f  t h e  l i g h t  i o n s  t o  a l l o w  l e s s  in- cascade recombinat ion  and hence 

r e l e a s e  a l a r g e r  f r a c t i o n  o f  t h e  r a d i a t i o n  produced d e f e c t s  t o  d i f f u s e  
i n t o  t h e  m a t r i x .  The r e s u l t s  presented here, however, show t h a t  w i t h i n  a 

f a c t o r  o f  two, t h e r e  a r e  no s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  v o i d  m ic ro-  

s t r u c t u r e  t h a t  can be a t t r i b u t e d  t o  t h e  d i f f e r e n t  cascade s t r u c t u r e s .  

b. Range Measurements 

Bo th  t h e  carbon i o n  and aluminumi3n i r r a d i a t e d  specimens o f  t h i s  

s tudy  con ta ined  a s i g n i f i c a n t  number o f  vo ids  a t  depths ~ 1 5 %  beyond t h e  

end-of- range g i v e n  by t h e  t h e o r e t i c a l  t rea tment  o f  Br ice. ‘ ” )  
cases, t h e  peak o f  t h e  s w e l l i n g  curve  was a l s o  -10% beyond t h e  p r e d i c t e d  

peak o f  t h e  damage curve.  
r e p o r t e d  r e s u l t s  u s i n g  

w i t h  t h e  d e v i a t i o n s  f rom t h e  p r e d i c t e d  n i c k e l  and copper i o n  curves be ing  

somewhat l a r g e r .  

an underes t imate  o f  t h e  e l e c t r o n i c  energy l o s s  b y  t h e  i n c i d e n t  i on .  T h i s  
seems t o  be a reasonable exp lanat ion ,  even though such mechanisms as 

vacancy d i f f u s i o n  down t h e  s teep c o n c e n t r a t i o n  g r a d i e n t  a t  t h e  end-of-  

range c o u l d  a l l o w  v o i d  growth i n  a damage f r e e  reg ion .  

I n  bo th  

These r e s u l t s  a r e  c o n s i s t e n t  w i t h  p r e v i o u s l y  

and copper i ons (6 )  i n c i d e n t  on n icke l ,  

Narayan, e t  a l . , (8)  a t t r i b u t e  t h i s  d e v i a t i o n  i n  range t o  

c .  Void Dens i t y  

Under t h e  aluminum i o n  i r r a d i a t i o n ,  t h e  v o i d  number d e n s i t y  was 
observed t o  be a maximum a t  t h e  l owes t  i o n  f luence,  and then  t o  d rop  w i t h  

i n c r e a s i n g  f l uence .  S i m i l a r  behav ior  has been observed p r e v i o u s l y  i n  
and i s  n o t  b e l i e v e d  t o  be due t o  v o i d  impingement, b u t  

I n  t h e  m a t e r i a l  r a t h e r  ,due t o  l o c a l  changes i n  t h e  m i c r o s t r u c t u r e .  (22) 

prepared f o r  t h i s  s tudy,  vo ids  d i d  n u c l e a t e  q u i t e  e a s i l y .  Th i s  a p p a r e n t l y  

leads  t o  such a h i g h  v o i d  d e n s i t y  t h a t  c o n t i n u i n g  t h e  i r r a d i a t i o n  beyond 
t h a t  necessary t o  nuc lea te  t h e  v o i d s  causes a subsequent change i n  t h e  

185 



m i c r o s t r u c t u r e  which a l l o w s  some o f  t h e  v o i d s  t o  c o n t i n u e  t o  grow, w i t h  

t h e  r e s t  s h r i n k i n g  and d isappear ing .  Poss ib le  causes f o r  t h i s  behav ior  
i n c l u d e  

connect ing  t h e  vo ids  l e a d i n g  t o  enhanced v o i d  coarsening,  and 

l ower  vacancy c o n c e n t r a t i o n  due t o  t h e  i n c r e a s i n g  s i n k  d e n s i t y . ( 2 3 )  The 

da ta  f rom t h i s  s tudy  was n o t  s u f f i c i e n t  t o  de termine which mechanism was 

v a l i d .  

a )  an i nc rease  i n  t h e  v o i d  c r i t i c a l  s i z e ,  b) t h e  d i s l o c a t i o n s  

c )  t h e  

5. 'Conclus ions 

The depth  dependent v o i d  m i c r o s t r u c t u r e  i n  n i c k e l  i r r a d i a t e d  a t  

525°C w i t h  carbon and aluminum ions  was measured and t h e  f o l l o w i n g  conc lu-  

s ions  were drawn: 

1. Any end-of- range e f f e c t s  due t o  t h e  i r r a d i a t i n g  i o n s  s topp ing  i n  
t h e  m a t e r i a l  a r e  min imal .  Th i s  demonstrates t h e  importance o f  t h e  

i m p u r i t y - i r r a d i a t i o n  t i m e  h i s t o r y ,  w i t h  i m p u r i t i e s  p resen t  i n  s i g n i f i c a n t  
amounts a t  t h e  s t a r t  o f  t h e  i r r a d i a t i o n  be ing  much more impor tan t  than 

i m p u r i t i e s  added d u r i n g  t h e  i r r a d i a t i o n .  

2. Voids were observed a t  depths -15% beyond t h e  p r e d i c t e d  damage 

curve, i n d i c a t i n g  t h a t  e i t h e r  t h e  t h e o r e t i c a l  energy l o s s  models a r e  i n  

e r r o r  o r  t h a t  vacancies a r e  t r a n s p o r t e d  ove r  l a r g e  d i s tances  f rom t h e i r  

p o i n t  o f  o r i g i n .  

3 .  The v o i d  d e n s i t y  was a maximum a t  t h e  l owes t  carbon and aluminum 

i o n  f luences,  and dropped w i t h  i n c r e a s i n g  i o n  f l uence .  T h i s  i n d i c a t e s  

t h a t  t h e  c r i t i c a l  v o i d  s i z e  f o r  growth i s  i n c r e a s i n g  w i t h  t h e  growing v o i d  

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 .  

4 .  The d i f f e r e n c e s  i n  t h e  PKA spec t ra  f rom carbon, aluminum, and 

n i c k e l  i r r a d i a t i o n s  does n o t  appear t o  have any ma jo r  e f f e c t  on t h e  

n u c l e a t i o n  and growth o f  vo ids .  
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I. 

I 1  

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 :  J .  A .  Sp i tznage l  and W. J. Choyke 
A f f i l i a t i o n :  Westinghouse Research and Development Center  

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 

mechanisms 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 imu l-  

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  atomic d isplacement damage by 

a second i o n  beam. 

I I I. RELEVANT OAFS PROGRAM TASK/SUBTASK 

SUBTASK I I . C . l l . l  L i g h t  P a r t i c l e  I r r a d i a t i o n s  

I V .  SUMMARY 

T e n s i l e  t e s t s  a r e  be ing  per formed on Type 316 s t a i n l e s s  s t e e l  f o i l s  

seve ra l  microns t h i c k  f o r  comparison w i t h  t e s t s  on specimens o f  conven- 
t i o n a l  s i z e .  

V.  ACCOMPLISHMENTS AND STATUS 

A .  M i n i a t u r i z e d  T e n s i l e  S’pecimens* 

The mechanical behav io r  o f  m i n i a t u r e  specimens i s  o f  i n t e r e s t  i n  

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

neu t ron  i r r a d i a t i o n ,  t h e  l a r g e  p e n e t r a t i o n  range o f  neutrons has made i t  

p o s s i b l e  t o  eva lua te  b u l k  m a t e r i a l  us ing  s tandard  l a b o r a t o r y  s i z e  t e s t  

specimens. 

I n  t h e  case o f  

For  l i g h t  p a r t i c l e  and i o n  i r r a d i a t i o n s ,  by c o n t r a s t ,  t h e  

* Funded by non-DOE sources. 
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range of penetration i s  very small -- microns, versus hundreds of cen t i-  
meters f o r  neutrons. This l imited range of  penetrat ion by l i g h t  p a r t i c l e s  
and ions has led t o  emphasis on microstructural  e f f e c t s  with l i t t l e  a t t en-  
t ion t o  d i r e c t  mechanical property measurements. Current i n t e r e s t  i n  
fusion reac tors  and the present need t o  use ion i r r a d i a t i o n s  t o  simulate 
the damage expected due t o  the hard neutron energy spectrum from fusion 
react ions gives renewed incentive t o  make mechanical property t e s t s  on 
u l t r a t h i n  f o i l s .  A question which immediately a r i s e s  i s  whether the 
proper t ies  of such th in  f o i l s  are representa t ive  of b u l k  mater ia l .  
answer t h i s  quest ion,  t e n s i l e  tests were run  on 316 s t a i n l e s s  s t e e l  f o i l s  
having a thickness of a few microns. 

To 

Data are  current ly  being analyzed. 

VI. - REFERENCES 

None. 

VII. FUTURE WORK 

The r e s u l t s  of the sca l ing  s tudies  wil l  be reported next quar ter .  
T h i s  work wi l l  be used t o  design mechanical property specimens s u i t a b l e  
for use i n  t he  High  Energy Ion Bombardment Simulation (HEIBS) F a c i l i t y  a t  
the University of Pi t tsburgh.  

VIII. PUBLICATIONS 

None. 

191 



I. PROGRAM 

Ti t le :  Effects of Irradiation on f i s ion  Reactor ?laterials  
Principal Investigator: F. V. Nolfi, Jr. 
Affi l iat ion:  Argonne National Laboratory 

11. o m c m  

?he objective of t h i s  work is t o  establish a correlation between the 
net point defect production ra tes  obtained during light- ion anl neutron 
irradiat ions that have the same calculated d m g e  ra tes  deduced f r o m  the 

exposure parameters. 

111. RELEVANT DAFS PROGRAM PLAN TASWSUBTASK 

SUBTASK II.C.ll.l Ligh t  Particle Irradiations 

nr. SUMMARY 

Ins ta l la t ion  and repairs of the torsional-creep apparatus at the AIL 

Cyclotron are  complete. 

out by performlng t h e m 1  creep measurements. 
mn t s  are being planned. 

The performance of t he  apparatus has been checked- 

Damage correlation experi- 

V. ACC0MPLISH"TS AND STATUS 

A. Darrage Correlation -- V. K. Sethi and A. P. L. TUrner 

The torsional-creep apparatus has been transferred from Hanford 

&@neering Development Laboratory t o  Argonne National Laboratory. Repairs 
of i rradiat ion damaged and mlfhnctioning electronic equipment are  complet- 
ed. Tne apparatus is now instal led at the ANL Cyclotron and i n  working 
conditiTr . 
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In the creep apparatus a wire specimen is s t ressed in the  torsional 

mode by an e lec t rommet ic  (galvanometer) loading technique. 
s t r a i n  i s  measured by an optically coupled photocell tracking system. 
Temperature control of the specimen i s  obtained by resistance heating and 
varying the temperature of flowing helium passing perpendicularly across 
the specimen. 

through an inf'ra-red pymmeter feed-back system. 
of s t r a i n  resolution of be t te r  than 

with beam o d o f f  conditions. 
be found elsewhere . 

Rotation or  

Coupling between the control and measuring f'unctions i s  
!the apparatus i s  capable 

with a ?3OC temperature s t ab i l i t y  
A detailed description of the apparatus can 

(1) 

The apparatus w i l l  be used t o  establish a correlation between the 
damage produced i n  f i r s t - w a l l  mterials by light- ions and neutrons with 

energies similar t o  those i n  a f'usion reactor (ER) spectrum. 
s ta inless  s t e e l  (HT No. 15893) has been obtained from the MFE stockpile 
and is being processed in to  0.076 cm diameter wire. The specimens w i l l  
be fabricated from the wire by electropolishing a reduced section (-0.013 
em dia. & -0.64 cm long). 

Type 316 

The apparatus has been checked-out for  temperature control, sensi- 
t i v i t y  t o  vibrations, s t ab i l i t y  and electronic noise by performing t h e m l -  
creep measurements. 
mlnirrnvn creep-rate for 20% cw type 316 stainless s t ee l  ("I No. V87210) for 
a maximum shear stress of 140 MPa (20 ksi )  at the minjmm diameter. 
addition, w i t h  the assistance of Eric Opperman of Hanford m i n e e r i n g  
Development Laboratory, a preliminary proton i r radiat ion creep experiment 
was conducted on a s ta inless  steel specimen at 4OO0C stressed t o  a maximum 
shear stress of 140 MPa (20 k s i )  at the  m i n i m  diameter. 

was irradiated t o  a t o t a l  dose of -0.007 dpa and a t o t a l  s t r a i n  of - Z x l f 5  
was observed during a 6 hour period. 
short-time i r radiat ion is also i l l u s t r a t ed  i n  Fig. 1 (open symbol). 

Figure 1 shows the temperature dependence of the 

In 

The specimen 

The average creep-rate from th i s  
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VI. REFERENCES 

1. E. K. Gpperrran, J. L. Straalsund, G. L. Wire and R. H. Howell, 
"Proton Simulation of Irradiation Induced Creep", accepted by 
Nuclear Technology for publication. 

The rate of climb controlled plastic deformation is proportional to 
the rate at which excess vacancies or interstitials arrive at dislocations 
and, thus, can he used for establishing a link between the d m e  produced 
in first-wall mterials by various bombarding spieces. 
rate measurements will be made on wire specimens of type 316 stainless 
steel (HT No. 15893) during low temperature irradiations with light-ions 
at the ANL Cyclotron. 
will be investigated. 
models of radiation-enhanced creep will he used to establish a basis for  
determining the effective net defect production rates. 

Torsional creep- 

The effects of stress and charged-particle flux 
Analyses of the experimental data using various 
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FIGURE 1. T h e m 1  and 11 MeV-proton irradiat ion creep ra tes  for 20% CW 

mpe 316 s ta in less  s tee l .  I rradiat ion creep a t  4OO0C. 
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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 :  J. A.  Sp i t znage l ,  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 mechan- 

isms 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 

he l i um i n j e c t i o n  and c r e a t i o n  o f  atomic d isplacement damage by a second 
i o n  beam. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I 1  .C.18.1 Nuc lea t i on  Experiments 

I V .  SUMMARY 

Targets o f  316 SS from t h e  MFE hea t  i n  bo th  s o l u t i o n  t r e a t e d  and 20% 

c o l d - r o l l e d  c o n d i t i o n s  were bombarded w i t h  28 MeV S i + 6  i o n s  and 2 MeV 

he l ium ions  t o  s tudy  t h e  e f f e c t s  o f  he l ium i n j e c t i o n  mode and c o l d  work 
on c a v i t y  f o rma t ion .  Vary ing t h e  mode o f  he l ium i n j e c t i o n  ( p r e- i m p l a n t i n g  

a t  e leva ted  temperature vs s imul taneous ly  i m p l a n t i n g  t h e  hel ium) was shown 

t o  have a l a r g e  i n f l u e n c e  on t h e  n u c l e a t i o n  and growth o f  c a v i t i e s ,  d i s -  
l o c a t i o n  loops  and c a r b i d e  p r e c i p i t a t i o n .  Work con t i nued  on t h e  i n s t a l l a -  

t i o n  o f  t h e  u l t r a h i g h  r e s o l u t i o n  r e s i d u a l  gas ana lyze r  f o r  s t u d i e s  o f  t h e  

e f f e c t  o f  t h e  vacuum ambient on m i c r o s t r u c t u r a l  e v o l u t i o n  d u r i n g  i r r a d i a -  
t i o n  o f  t h e  r e a c t i v e l r e f r a c t o r y  me ta l s .  
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V .  ACCOMPLISHMENTS AND STATUS 

A. The E f f e c t s  o f  Hot  P re- Imp lan ta t i on  and Simultaneous Hel ium 
I n j e c t i o n  on M i c r o s t r u c t u r a l  E v o l u t i o n  i n  316 SS 

The problems o f  des ign ing  mixed spectrum r e a c t o r  experiments r e -  

q u i r i n g  s p e c t r a l  t a i l o r i n g  t o  ach ieve cons tan t  appm helium/dpa r a t i o s  and 
p re- imp lan t i ng  he l ium i n t o  m a t e r i a l s  which w i l l  n o t  exper ience s u f f i c i e n t  

he l i um genera t i on  by t ransmuta t i on  r e a c t i o n s  a r e  s u b s t a n t i a l .  

p a r t i c l e  i r r a d i a t i o n  experiments w i l l  h o p e f u l l y  be a b l e  t o  p rov ide  some 

i n s i g h t  i n t o  t h e  e f f e c t s  o f  he l ium i m p l a n t a t i o n  techn ique on m i c r o s t r u c t u r -  
a l  e v o l u t i o n  and on t h e  need f o r  s p e c t r a l  t a i l o r i n g .  

Charged 

A t  p resent ,  two i o n  a c c e l e r a t o r s  a r e  be ing  used t o  e i t h e r  sequen- 
t i a l l y  o r  s imul taneous ly  imp lan t  he l ium ions  and produce atomic d i sp lace-  

ment damage w i t h  28 MeV S i + 6  i ons  i n  316 s t a i n l e s s  s t e e l  from t h e  MFE 

heat .  Targets a r e  c u r r e n t l y  3 mm d iameter  d i s c s  prepared from s o l u t i o n  
annealed (1O5O0C - 1 h) o r  cold-worked m a t e r i a l  (1050'C - 1 h + 20% C.R.). 

I n  t h e  s e q u e n t i a l l y  bombarded t a r g e t s ,  he l ium has been pre- implanted a t  

temperatures i n  t h e  range 550°C t o  750°C. 

a depth  o f  severa l  microns i n  t h e  t a r g e t  by "chopping" a beam o f  2 MeV 

he l i um i o n s  w i t h  A1 degrader f o i l s  o f  v a r y i n g  th i ckness .  The he l ium con- 

c e n t r a t i o n  p r o f i l e  was a l s o  " t a i l o r e d "  t o  c l o s e l y  match t h e  damage energy 

p r o f i l e  f rom t h e  28 MeV s i l i c o n  i o n s .  
ex tend ing  from a depth o f  -0.5 t o  3 um i n  t h e  t a r g e t  over  whfch t h e  
hel ium/dpa r a t i o  was n e a r l y  cons tan t .  Bombardment w i t h  s i l i c o n  i ons  has 

been conducted a t  t h e  same temperature as t h e  he l i um p r e - i n j e c t i o n .  Simul-  
taneous bombardment o f  companion t a r g e t s  w i t h  he l i um and s i l i c o n  i ons  has 

been per formed a t  temperatures i d e n t i c a l  t o  those used f o r  t h e  s e q u e n t i a l l y  
bombarded t a r g e t s .  Samples were bombarded t o  peak damage l e v e l s  o f  -30-40 

dpa a t  each temperature.  Ca lcu la ted  atomic d isplacement r a t e s  v a r i e d  from 

~ 6 . 4  x 

damage r e g l o n .  The appm helium/dpa r a t i o  was ma in ta ined  cons tan t  through-  
o u t  these experiments a t  a v a l u e  o f  ~ 1 1 .  

The he l i um was d i s t r i b u t e d  ove r  

Th i s  r e s u l t e d  i n  a damage r e g i o n  

dpa.sec-l a t  t h e  s u r f a c e  t o  -1 .2 x dpa.sec-l a t  t h e  peak 

Fo l l ow ing  bombardment t h e  t a r g e t s  
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a r e  be ing  sec t i oned  t o  va r i ous  depths corresponding t o  d i f f e r e n t  damage 

r a t e s  and f l uences  a long t h e  damage energy p r o f i l e  f o r  t h e  s i l i c o n  i o n s .  
To avo id  su r face  p r o x i m i t y  and excess s i l i c o n  e f f e c t s ,  data a r e  be ing  

taken from a 1.0 t o  3.0 pin deep reg ion .  

TEM observa t ions  have revea led  marked d i f f e r e n c e s  i n  m ic ro-  

s t r u c t u r e  depending on t h e  he l ium i m p l a n t a t i o n  techn ique and i o n  bombard- 
ment temperature.  I n  p a r t i c u l a r ,  p r e c i p i t a t i o n  o f  second phases, c a v i t y  

f o rma t ion  and d i s l o c a t i o n  l o o p  fo rma t ion  a r e  a l l  s e n s i t i v e  t o  t h e  mode o f  

he l ium i n j e c t i o n  a t  low f luences  (%2-10 dpa) .  
b r i e f l y  summarize t h e  c u r r e n t  m i c r o s t r u c t u r a l  obse rva t i ons .  Numerical 

a n a l y s i s  o f  c a v i t y  s i z e  d i s t r i b u t i o n s ,  p r e c i p i t a t e  volume f r a c t i o n s  

d i s l o c a t i o n  dens i t y ,  e t c .  i s  i n  progress and w i l l  be r e p o r t e d  i n  t h e  n e x t  

q u a r t e r .  

I n  t h i s  r e p o r t  we w i l l  

F i gu re  1 shows t h e  e f f e c t  o f  p re- imp lan t i ng  helium a t  6OO0C o r  

7 5 O O C  vs s imu l taneous l y  i m p l a n t i n g  i t  a t  t h e  same temperature on c a r b i d e  

p r e c i p i t a t i o n  i n  20% c o l d  worked 316 SS. 

t i o n  (TTP) diagram was cons t ruc ted  from data  pub l i shed  by Weiss and 
S t i c k l e r ( ' )  and Sp i tznage l  and S t i c k l e r ( ' )  on 316 s t a i n l e s s  s t e e l s  s i m i l a r  

t o  t h e  re fe rence  MFE heat .  

f o r  t h e  re fe rence  s t e e l  a t  t h i s  t i m e  however, and t h e  f i g u r e  i s  meant t o  
be schematic. 

t i m e  thermal ag ing  e f f e c t s  o u t  o f  r e a c t o r  and i r r a d i a t i o n  e f f e c t s  i n  t h e  

HFIR r e a c t o r .  

The t i m e - t e m p e r a t u r e - p r e c i p i t a -  

No complete TTP diagram has been determined 

M a ~ i a s z ' ~ )  has used a s i m i l a r  approach i n  comparing l o n g  

The micrographs a r e  arranged i n  p a i r s  i n  F igu re  1. Each p a i r  

r e f e r s  t o  a t ime- temperature combinat ion on t h e  TTP diagram i n d i c a t e d  by 

t h e  " X ' s " .  

u n i r r a d i a t e d  thermal c o n t r o l  specimen. The micrograph on t h e  r i g h t  i s  
f o r  an i o n  bombarded t a r g e t  exposed f o r  t h e  same t ime- temperature combina- 

t i o n  as t h e  thermal  c o n t r o l  b u t  under a damage r a t e  o f  $1 x 
The s h o r t  exposure specimens were sub jec ted  t o  co- impinging beams o f  

For each combinat ion t h e  micrograph on t h e  l e f t  i s  f o r  an 

dpa.s-'. 
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hel ium and s i l i c o n .  The l ong  exposure samples had t he  he l ium pre- implanted 

a t  600°C o r  750°C. 

~5 dpa and the he l ium concen t ra t ion  %60 appm. 
t a t i o n  i n  t h e  thermal c o n t r o l  samples occur red through t he  o f t e n  observed 

"random-dot" n u c l e a t i o n  and growth sequence descr ibed by Lewis and 

H a t t e r ~ l e y ' ~ ) .  
t he  i r r a d i a t e d  m a t e r i a l  was t he  fo rmat ion  o f  Widmannstaten p r e c i p i t a t e s  

i n  t he  specimen he l ium pre- implanted a t  750°C and then bombarded a t  t he  

same temperature (upper r i g h t  micrograph) .  The Widmannstaten s t r u c t u r e  

i s  s i m f l a r  t o  an e a r l y  s tage o f  MZ3C6 ca rb ide  p r e c i p i t a t i o n  observed by 

S ingha l  and Mar t in ( ' )  i n  a 24% N i  25% C r  s t a i n l e s s  s t e e l .  

form o f  t he  c a r b i d e  u s u a l l y  observed i n  18-8 o r  18-12 a u s t e n i t i c  s t a i n l e s s  
s t e e l s .  

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

e x t r a c t i o n  techniques and hence t h e i r  exact  n a t u r e  i s  n o t  known a t  t h i s  
t ime ) .  

taneous ly  i m p l a n t i n g  t he  hel ium i s  t o  r e t a r d  t he  n u c l e a t i o n  and growth 

o f  i n t r a g r a n u l a r  carb ides i n  t h i s  316 S S .  

on t h e  g r a i n  boundaries, however, was n o t  a f f e c t e d  by i o n  bombardment. 

The r e s u l t s  a r e  c o n s i s t e n t  w i t h  the  idea  t h a t  vacancies t rapped by t he  

he l ium a re  u n a v a i l a b l e  t o  a s s i s t  i n  c a r b i d e  n u c l e a t i o n  and growth. The 
e f f e c t s  o f  he l ium c o n c e n t r a t i o n  and " t ime-at- temperature ' '  w i l l  have t o  be 

exp lo red  more f u l l y  t o  understand the  occurrence o f  t he  rod-shaped p r e c i p i -  

t a t e s  i n  t h e  he l ium pre- implanted specimen b u t  n o t  i n  t he  s imul taneous ly  
implanted t a r g e t .  

The damage l e v e l  i n  a l l  o f  t he  bombarded specimens was 

I n t r a g r a n u l a r  ca rb ide  p r e c i p i -  

The o n l y  evidence f o r  p r e c i p i t a t i o n  o f  a second phase i n  

I t i s  no t  a 

(These rod-shaped p r e c i p i t a t e s  were t oo  s m a l l  and few i n  number 

The data suggest t h a t  t he  e f f e c t  of  e i t h e r  p re- imp lan t ing  o r  simuT- 

P r e c i p i t a t i o n  o f  $3C6  ca rb ides  

"Time-at- temperature"  e f f e c t s  such as p r e c i p i t a t i o n  and r e c r y s-  

t a l l i z a t i o n  must be c a r e f u l l y  cons idered i f  p r e- i m p l a n t a t i o n  o f  hel ium a t  
e leva ted  temperature i s  t o  be a v i a b l e  approach f o r  o b t a i n i n g  re fe rence  

m i c r o s t r u c t u r e s  f o r  mechanical p r o p e r t i e s  t e s t i n g  i n  low n i c k e l  a l l o y s  
through mixed spectrum o r  f a s t  neu t ron  i r r a d i a t i o n .  

t a l l i z a t i o n  were a l s o  observed t o  depend on t h e  mode o f  he l ium i n j e c t i o n  

f o r  t h e  20% c o l d  r o l l e d  316 SS,  F i g u r e  2. 

Recovery and r e c r y s-  

C a v i t y  s i z e s  a r e  ve ry  d i f f e r e n t  
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i n  t h e  two g r a i n s  separated by t h e  carbide- decorated boundary as a r e s u l t  
o f  p a r t i a l  r e c r y s t a l l i z a t i o n  i n  t h e  specimen pre- implanted w i t h  he l ium a t  

750°C and subsequent ly  bombarded t o  -5 dpa a t  t h e  same temperature.  

r e c r y s t a l  1 i z a t i o n  ( b u t  some recovery)  was observed i n  t h e  companion t a r g e t  

bombarded w i t h  co- imping ing  beams o f  He + S i  a t  750°C. 

t h e  a d d i t i o n a l  7-1/2 h a t  temperature r e q u i r e d  f o r  t h e  he l i um p r e - i n j e c t i o n  

was s u f f i c i e n t  t o  t r i g g e r  t h e  r e c r y s t a l l i z a t i o n .  Experiments i n v o l v i n g  
s h o r t e r  p r e- i m p l a n t a t i o n  t imes and thermal annea l ing  o f  c o n t r o l  samples 

a r e  i n  progress t o  s tudy  t h e  i n f l u e n c e  o f  he l i um i m p l a n t a t i o n  r a t e  and 

t ime- at- tempera ture  on t h e  m i c r o s t r u c t u r a l  s t a b i l i t y  o f  t h i s  a l l o y .  

No 

I t  i s  l i k e l y  t h a t  

I t  i s  p o s s i b l e  t h a t  a t  these low f l uences  and low he l i um l e v e l s ,  

t h e  he l ium pe r  se e x e r t s  l i t t l e  i n f l u e n c e  on t h e  s t a b i l i t y  o f  t h e  c o l d -  
worked m i c r o s t r u c t u r e .  

even i n  t h e  p a r t i a l l y  r e c r y s t a l l i z e d  specimens. 

e x i s t i n g  d i s l o c a t i o n  c e l l  w a l l s  were n o t  t h e  dominant c a v i t y  n u c l e a t i o n  
s i t e s  as a n t i c i p a t e d ,  F igu re  3. 

c e l l  i n t e r i o r s  and were assoc ia ted  w i t h  t h e  Widmannstaten p r e c i p i t a t e s .  
Th is  can be seen more c l e a r l y  i n  F igu re  4. The s w e l l i n g  assoc ia ted  w i t h  

these c a v i t i e s  i s  approx imate ly  0.2% a t  a f l uence  o f  -6 dpa and a he l ium 

l e v e l  o f  -60 appm. There i s  no evidence, as y e t ,  t h a t  t h i s  heterogeneous 

c a v i t y  format ion r e s u l t s  i n  a bimodal s w e l l i n g  vs temperature curve  as has 

Few c a v i t i e s  were observed a t  g r a i n  boundaries 

I n  a d d i t i o n ,  t h e  p re-  

Most o f  t h e  c a v i t i e s  appeared i n  t h e  

been observed i n  t h e  316 SS used i n  t h e  Advanced Cladding Program (LMFBR 
techno logy)  ( 6 )  . 

F i g u r e  5 shows t h e  e f f e c t  o f  v a r y i n g  t h e  he l ihm i m p l a n t a t i o n  

mode on c a v i t y  f o rma t ion  i n  t h e  cold-worked 316 S S .  

he l ium a t  e leva ted  temperature i n v a r i a b l y  produced much l a r g e r  maxlmum 

c a v i t y  s i zes .  
these f luences  f o r  i r r a d i a t i o n  temperatures o f  600'C o r  lower .  C a v i t i e s  

were observed a t  lower  temperatures, however, i n  t h e  s o l u t i o n  annealed 

m a t e r i a l ,  F igu re  6.  Again t h e  e f f e c t  o f  " ho t "  p r e- i m p l a n t a t i o n  was t o  
i nc rease  t h e  maximum c a v i t y  s i z e .  However, f o r  t h e  annealed m a t e r i a l  

t h e r e  was a background o f  v e r y  smal l  c a v i t i e s  i n  t h e  pre- implanted 

Prev,implanting the 

No c a v i t i e s  were v i s i b l e  i n  t h e  cold-worked specimens a t  
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specimens as  indicated by the frequency-size d i s t r ibu t ion  curve. 
neous implantation produced' a much more uniform d i s t r ibu t ion  of c a v i t y  
s i zes  suggesting a continuous process of nucleatfon and growth. 
appears t h a t  se l ec t ive  growth of c e r t a i n  cavity embryos occurs i n  the 
pre-implanted specimens. 
the W i  dmannstaten precipitates . 

Simul ta-  

I t  

The l a rge  c a v i t i e s  are usually associated with 

Finally i t  has been observed t h a t  the helium in jec t ion  mode has 
a s t rong influence on the nature of  the d is locat ions  b u t  not on t o t a l  
d is locat ion  densi ty under the  conditions of these experiments. 
indica tes  the observed trend.  Pre-implantation r e s u l t s  in fewer d is-  
locat ion loops a f t e r  bombardment r e l a t i v e  t o  specimens simultaneously doped 
w i t h  helium during the production of atomic displacement damage. 
s u l t s  a r e  cons is tent  w i t h  theore t ica l  ca lcula t ions  which suggest t h a t  
helium atoms decorating the periphery of a d is loca t ion  loop wil l  repel 
s e l f - i n t e r s t i t i a l  atoms and  so i n h i b i t  loop growth . 

Figure 7 

The re-  

( 7 )  

The i n i t i a l  r e s u l t s  o f f e r  l i t t l e  encouragement t h a t  pre-implanta- 
t ion  of helium in low nickel a l loys  followed by mixed spectrum or f a s t  
reactor i r r a d i a t i o n  wil l  produce "equivalent" microstructures and  

mechanical propert ies  compared to  speclmens in which the helium i s  con- 
tinuously produced during i r r a d i a t i o n .  
a range of damage rates are required. 

However, higher fluence data over 

B .  Design o f  a Residual Gas Analyzer System Compatible w i t h  Dual- 
Ion Beam Bombardment Requirements 

Some ref rac tory  metals which appear t o  have useful charac ter i s-  
t i c s  for fusion applicat ions unfortunately a c t  as "getters" a t  operating 
temperatures of i n t e r e s t .  Any radia t ion  damage study on such materials  
has t o  take t h i s  in to  account. In se lec t ing  reac t ive l re f rac to ry  metals 
for  various fusion reac tor  app l i ca t ions ,  i t  wil l  be important to  know and  

understand the impact of the vacuum conditions on the microstructural 
changes resul t ing  from ion bombardment a t  e levated temperatures. 
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One can approach t h i s  problem by s e t t l i n g  f o r  n o t h i n g  b u t  u l t r a -  
h i g h  vacuum ( < l o - '  t o r r )  around t h e  bombarded samples. A t  t h e  p resen t  

t ime  t h i s  would p resen t  severe problems f o r  do ing  dual  beam experiments 

i n  ou r  f a c i l i t y .  A compromise approach i s  t o  s e t t l e  f o r  a vacuum o f  

about  

near  t h e  bombarded su r face .  
l a t t e r  scheme i s  a much more p r a c t i c a l  and f r u i t f u l  one t o  pursue. Con- 

sequent ly  a h i g h  r e s o l u t i o n  r e s i d u a l  gas a n a l y s i s  system i s  be ing  designed 

and c o n s t r u c t e d  f o r  use w i t h  t h e  dual i o n  i r r a d i a t i o n  system a t  t h e  HEIBS 

F a c i l i t y  . 

t o r r  and a t tempt  t o  measure t h e  species o f  atoms and molecules 

I n  f a c t ,  we b e l i e v e  t h a t  a t  t h i s  s tage t h e  

Recent ly  t h e  quadropole mass spectrometer  (OMS), t u r b o  pumps, and 
e l e c t r o n i c s  have been d e l i v e r e d  by Ex t ranuc lea r  Labo ra to r i es ,  I n c .  Tests 

r u n  a t  Ex t ranuc lea r  show t h a t  t h e  QMS operates w e l l  w i t h i n  s p e c i f i c a t i o n s .  

A f t e r  o u r  n e x t  s e t  o f  i m p l a n t a t i o n  experiments we p l a n  t o  i n s t a l l  a new 
dual-beam sample chamber, a' new furnace arrangement, and two turbo-pumps 

which w i l l  pe rm i t  h i g h  r e s o l u t i o n  r e s i d u a l  gas analyses a t  t he  r e a c t i v e /  

r e f r a c t o r y  meta l  t a r g e t  d u r i n g  d u a l - i o n  i r r a d i a t i o n .  
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FIGURE 3 .  Cavities Appear Mostly in Cell Interiors, Not Associated 
with Cell Wall Dislocation Tangles. 
injected with Helium a t  750°C and Subsequently Bombarded 
with Silicon Ions a t  7 5 O O C . )  

(20% CW 316 SS, Pre- 
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