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FOREWORD 

T h i s  r e p o r t  i s  t h e  seven th  i n  a s e r i e s  o f  Q u a r t e r l y  T e c h n i c a l  Progress  
Repor ts  on “Damage Analysis and F u n d a m e n t a l  S t u d i e s “  (DAFS) which i s  one 
element o f  t h e  F u s i o n  Reac to r  M a t e r i a l s  Program, conducted i n  suppo r t  of t h e  
Magnet i c  Fus ion  Energy Program o f  t h e  U. S .  Department o f  Energy.  Other  
e lements o f  t h e  M a t e r i a l s  Program are:  

. . P lasma- Ma te r i a l s  I n t e r a c t i o n  (PMI) . S p e c i a l  Purpose M a t e r i a l s  (SPM). 

The DAFS program e lement  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  

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

f r o m  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 .  I t was o rgan i zed  by t h e  M a t e r i -  
a l s  and R a d i a t i o n  E f f e c t s  Branch, O f f i c e  o f  Fus ion  Energy, DOE, and a Task 
Group on Damwe d m l y s i s  a n d  F u n d a m e n t a l  S t u d i e s  which  ope ra tes  under t h e  
auspices o f  t h a t  Branch.  The purpose o f  t h i s  s e r i e s  o f  r e p o r t s  i s  t o  p r o -  
v i d e  a w o r k i n g  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  proy.a!n 
p a r t i c i p a n t s ,  f o r  t h e  f u s i o n  eneraJ program i n  genera l ,  dnd for  t h e  Depa-t-  
ment o f  Energy.  

P lan  o f  t h e  same t i t l e  (DOE/ET-0032/2) so t h a t  a c t i v i t i e s  and accompl ish-  
ments 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  Proyram P l a n .  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 t h roughou t  t h e  r e p o r t .  
t e r s  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  sub tasks  around which 
t h e  program i s  s t r u c t u r e d :  A.  Env i ronmenta l  C h a r a c t e r i z a t i o n ,  B .  Damage 
P roduc 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 Mechanica l  B e h a v i o r .  
The Tab le  o f  Contents  i s  anno ta ted  f o r  t h e  convenience o f  t h e  r e a d e r .  

T h i s  r e p o r t  i s  o rgan i zed  a long  t o p i c a l  ! i n e s  i n  para l l ; . l  t o  a Progi-aiii 

Separa te  chap- 

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  
Chairman o f  t h e  Task Group on Damage A n a l y s i s  and F u n d a m e n t a l  S t u d i e s ,  
D .  G. Doran, Han fo rd  E n g i n e e r i n g  Development L a b o r a t o r y ,  and h i s  e f f o r t s ,  
t hose  o f  t h e  s u p p o r t i n g  s t a f f  o f  HEDL and t h e  many persons who made t e c h-  
n i c a l  c o n t r i b u t i o n s  a re  g r a t e f u l l y  acknowledged. M. M. Cohen, M a t e r i a l s  and 
R a d i a t i o n  E f f e c t s  Branch, i s  t h e  Department o f  Energy c o u n t e r p a r t  t o  t h e  
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I.  

11. 

PROGRAM 

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

OBJECTIVE 

The ob jec t ives  of t h i s  work a r e  operat ion of O F E ’ s  RTNS-I1 ( a  14-MeV 
neutron source f a c i l i t y ) ,  machine development, and support of t h e  exper i-  
mental program t h a t  ut i l izes t h i s  f a c i l i t y .  Experimenter s e rv ices  include 
dosimetry, handling, scheduling, coordina t ion ,  and report ing.  

111. RELEVANT DAFS PROGRAM TASK / SUBTASK 

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

IV. SUMMARY 

RTNS-I1 i s  dedicated t o  mater ia l s  research for  t h e  fusion power pro- 
gram. 
energy neutron e f f e c t s .  
j e c t i n g  t o  the  fusion environment engineering data  obtained i n  o the r  neu- 
t ron  spec t ra .  

I t s  primary use i s  t o  a id  in t h e  development of models of high- 
Such models a r e  needed i n  i n t e r p r e t i n g  and pro- 

V. ACCOMPLISHMENTS A N D  STATUS 

A. FY79 I r r a d i a t i o n s .  - N .  E .  Ragaini,  M .  W .  Guinan and C. M .  
Logan. ( L L L )  

Routine RTNS-I1 i r r a d i a t i o n s  were begun i n  mid  March 1979.  

Since t h a t  time nine experimental assemblies w i t h  over 700 samples 
have been i r r a d i a t e d .  These contained experiments from 1 4  indiv iduals  

3 



r e p r e s e n t i n g  10 l a b o r a t o r i e s .  W i t h  t h e  e x c e p t i o n  o f  a n  i n - s i t u  c reep  

expe r imen t  a l l  i r r a d i a t i o n s  were conducted a t  room tempera tu re .  

Tab le  1 l i s t s  t hese  expe r imen ts .  I n  a d d i t i o n ,  a number o f  c a l i b r a -  

t i o n  r uns  f o r  d o s i m e t r y  and beam c h a r a c t e r i z a t i o n  were a l s o  made i n  

February,  March and A p r i l .  The s t a r t  o f  each exper iment  i s  i n d i c a t e d  a s  

w e l l  as t h e  f i n a l  co i np le t i on  da te .  I n  many cases t h e  maximum f l u e n c e s  

l i s t e d  were a c c u i u l a t e d  i n  a number o f  sepa ra te  r u n s ,  between wh i ch  o t h e r  

exper iments  were r u n .  The f l u e n c e s  l i s t e d  a r e  a l l  based on t h e  

93Nb(n,2n) 92”’Nb r e a c t i o n  u s i n g  a c r o s s - s e c t i o n  o f  463 mb.’ 

mate f l u e n c e s  g i v e n  i n  t h e  l a s t  column a r e  based on  rough d o s i m e t r y  r e -  

s u l t s  p r i o r  t o  h i s t o r y  c o r r e c t i o n s  w h i l e  those  i n  paren theses  a r e  t a r g e t  

f l u e n c e s  f o r  exper iments  i n  p rog ress  o r  f o r  wh ich  c o u n t i n g  has n o t  y e t  

been coiripl e t e d  . 

The a p p r o x i -  

B. RTNS-I1 S t a t u s  - C .  M .  Logan and D .  W.  H e i k k i n e n  (LLL )  

A number o f  s i g n i f i c a n t  improvements have been made i n  a c c e l e r a -  

t o r  and t a r g e t  systems wh ich  w i l l  improve machine r e l i a b i l i t y .  X- rays 

resu1  t i n g  l a r g e l y  f r o m  s t o p p i n g  o f  back-s t reaming  e l e c t r o n s  daiiiage f i b r e  

o p t i c s  and t h r e a t e n  s o l i d  s t a t e  e l e c t r o n i c s .  We have i n s t a l l e d  l o c a l  

s h i e l d i n g  i n  t h e  h i g h - v o l  tage  t e r m i n a l  t o  p r o t e c t  v u l n e r a b l e  components; 

t he reby  r e d u c i n g  machine down- t ime and maintenance c o s t s .  

o n  t he  beain-spot m o n i t o r i n g  system. We have improved n e u t r o n  source and 

a c c e l e r a t o r  d i a g n o s t i c s .  Complete t i m e - h i s t o r y  i n f o r m a t i o n  o f  n e u t r o n  
p r o d u c t i o n  i s  now reco rded  and used f o r  d o s i m e t r y  a n a l y s i s .  The t a r g e t  

b e a r i n g  l u b r i c a t i o n  systein has been improved r e s u l t i n g  i n  l o n g e r  b e a r i n g  

l i f e  and improved r e l i a b i l i t y .  

Work c o n t i n u e s  

S t a i n l e s s  s t e e l  beam p i p e  has p roven  s u s c e p t i b l e  t o  damage f r om 

v e r y  s h o r t  b u r s t s  o f  beam. We have r e p l a c e d  a l l  f o u r - i n c h  beam p i p e  

w i t h  wa te r- coo led  copper .  

Severe problems c o n t i n u e  t o  p l ague  t h e  development o f  l a r g e  

4 
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( 5 0  cm) t a r g e t s .  Bond q u a l i t y  i s  i n a d e q u a t e .  I n i t i a l  t a r g e t s  de l am ina te  

when p r e s s u r i z e d .  Large t a r g e t  o p e r a t i o n  w i l l  n o t  o c c u r  u n t i l  a t  l e a s t  

summer 1980. 

REFERENCCS _ _  ~ 

V I .  

1 .  0. R .  Nethaway, J .  I n o r g .  N u c l .  - C h m .  ~ 40 1285 (1978) .  

V I I .  FUTURE WORK 

The a n t i c i p a t e d  o p e r a t i n g  schedule f o r  t h e  n e x t  q u a r t e r  i s  as 

f o l  1 ows : 

~ Week ~~ N n n i l l g  - 

October  1 5  

Oc tober  22 

Oc tober  29 
November 5 

November 12  
Noveiiiber 19 

Noveiiiber 26 

Deceiiiber 3 

December 1 0  

December 1 7  

Deceiiiber 24 

January  2 

January  7 
January  1 4  

January  21 

January  28 

Jones (PNL) 

Panayotou (HEUL) 

Panayotou (HEDL) 

Maintenance 

Guinan (LLL)  

P i l g r i i n s  ( U S A )  

Barniore ( L L L )  

Opperman ( H E D L )  

Opperinan (HEDL) 

Oppet-inan (HEDL) 

Hol i day 

Maintenance 

C1 i n a r d / J e s s e r  (LASL/Univ.  o f  V i r g i n i a )  

C1 i n a r d / J e s s e r  (LASL/Univ.  o f  V i r g i n i a )  

C l i n a r d / J e s s e r  (LASL/Univ. o f  V i r g i n i a )  

I n s t a l l  HEDL Furnace 

V I I I .  PUBLICATIONS ~~ 

None 
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I. PROGRAM 

Title: Nuclear Data for R1I'L' (l+ll025/LUK) 

Principal Investigator: R. E. Schenter 
Affiliation: Hanford Engineering Development Laboratory (HEDL) 

11. OEUECTIVE 

The objective of this work is to supply nuclear data needed for 
damage studies and in the design and operation of the Fusion Material 
Irradiation Testing (WIT) facility. 

111. 

IV . 

RELEVANT DAFS PROGRAM PLAN TASK/SUBTSK 

All tasks that are relevant to FNIT use, with emphasis on: 
SLJBTASK II.A.2.3 
TASK 11.11.4 Gas Generation Rates 
SUEiTASK II.A.5.1 
SUBTASK II.B.l.2 

Flux Spectra Definition in FMIT 

Helium Accumulation Monitor Development 
Acquisition of Nuclear Data 

s m m y  

Measurements of deuterm induced activation of N I T  accelerator, 
beam transport, and target materials were initiated in order to provide 
data to optimize desigp from the standpoint of maintenance. 

Multi-group neutron transport cross sections have been supplied to the 
WIT architect-engineer for many materials having no previous evaluation for 
energies above the 20 MeV ENDF/B limit. 
corrections have been made. 

Improvements in self-shielding 

Plans are proceeding f o r  measurement of the transport of high energy 
neutrons through a massive iron target to check calculational tools. 



Tlic study of the sys temat ics  o r  angular  d i s t r i b u t i o n s  has been 
completed, y i e ld ing  a set of useful par;lmcters. 

lie study of  t h e  microscopic h ( i l , n )  yi.elds is continuing i i i t h  

inc lus ion  of  lxichrrrcl angle data. 

:I. Ikuteron  arid Kcutron Tnduced Act iva t  ion o r  INIT Accelera tor ,  
Beam 'l'r'ansport, and 'I'argct k i t e r i a l s  ~~ I ) .  L .  .Johnson (tEDL) , C .  h l .  

Castancda and !I. L .  Johnson (U.  C. DAVIS). 
- - 

Small losscs o f  t h c  deuteron beam will occur during acce le ra t ion  and 

t r anspor t  t o  t h e  L i  t a i ' g r t .  
;IS ac t iva t io i i  o f  thr t a r g e t  i t s e l f ,  i v i l  I providc a s i g n i f i c a n t  c o n t r i b w  
tiori  t o  garma rndintiori  f i e lds  t h a t  i i i l l  e x i s t  during maintenance 
ope ra t ions .  

i lc t ivat iot i  induc:ed by such losses, as i,.e71 

I n i t i a l  iiieasiii-eiiirnts of  clcuteron induced a c t i v a t i o n  were performed hy 
otiservat ion of  dccay gama  rays a f t e r  hornbartlment w i t h  35 &I' dcutcrons 
a t  thc Univers i ty  o r  Ca l i fo rn ia  a t  D a x r i s .  The ob jec t ive  was t o  measure 
t h c  production r a t e  i n  important ma te r i a l s  01. a l l  s i p i f i c a n t  g m a  

deca>%ig isotopes with h a l f  1 i vcs  longer  than ;iI>out 
duct ion  r a t e  coupled with knoiin decay propert ics will allow c a l c u l a t i o n s  
of  tlic r a d i a t i o n  dose from i r n d i a t c d  material  f o r  any cornhination o f  
i r r a d i a t i o n  time and sutisequcnt decay time. 

hour.  The pro-  

Stacked f o i l  t a r g e t s  w r c  used wliich will allow determinat ion of t h e  
energy dependcricc of radio iso tope  product ion rvac t ions .  
were pcXrfornied on t a r g e t s  of  l i t l i iuni,  t h e  INIT t a r g e t  m a t e r i a l ;  on copper 

and gold ,  Cor the a c c e l e r a t o r  system; and on carbon, aluminum, tantalum, 
and lead f o r  possible: use in  t h e  h igh  energy heam t r a n s p o r t  system. 
t ior ial  measurcinents arc planned fo r  o t h e r  candidate  ma te r i a l s  t h a t  may be 

a c t i v a t e d  by deuterons.  

bfcasuremcnts 

,\ddi- 

a 



B. Neutron Cross Sections for Transport Calculations - -  F. M. hknn 
and R. E. Schenter (HEDL). 

When calculating flux in a pure medium using multi-group techniques, 
great care must be exercised to use the appropriate self-shielded group 
cross sections. 
using the infinitely dilute iron cross sections from OWL. 
in flux, as calculated using the OWL and HEDL sets, are over two orders 
of magnitude at 4 feet into the slab. 
the new HEDL self-shielded cross sections are more appropriate. 

New cross sections have been generated for pure iron 
The difference 

Monte Carlo results confirm that 

1 The LASL cross section processing system NJOY has largely been con- 
verted to the RL UNIVAC 1100144. Coupled neutron-gamma P5 cross section 
sets have been calculated for Cu, Cd, and Dh, using ENDF/B-V as a data 
base. 
ducing Monte Carlo sets, kerma factor sets, damage parameter sets, and 
diffusion theory sets. 
MFE computer system at LLL, the system will be operated there. 

Besides multi-group transport sets, the system is capable of pro- 

After HEDL obtains the high speed link to the 

C. Neutron Transport Measurements - -  D. L. Johnson (HEDL). 

Planning has begun for measurements of the transmission of FMIT 
neutrons through thick iron. 
port calculations used for predictions of radiation heating in the INIT 

test cell walls. 
on a 2 an. thick lithium target. 
has the target placed at the center of a sphere of solid iron that is 30 
inches in diameter. 
placed outside the sphere. 

The objective is to confirm neutron trans- 

Neutrons are t o  be produced by 35 MeV deuterons incident 
The conceptual design of this experiment 

Neutron spectra will he observed with detectors 

A conceptual design of the sphere has been completed and bids for 
construction have been requested. The design includes penetrating holes 
for passive dosimeters which will allow the sphere to be used as a bench 
mark neutron field for passive dosimetry as well as for active dosimetry. 

9 



I). Cross t;ectioii h - d i c t i o n  - - -  1:. ?I. !laiui (HEDL) and C. Kalhach _ _ _ ~  
(Triangle Iinivei-si t i e s  N u c l e ~  Laborntor)') 

?he s tudy  o f  t h e  systematics  of ex-)eriment:il angular d i s t r i b u t i o n s  
f o r  p a r t i c l c s  i,mittctl in  t h e  prc-cqui l i .b r iun  phase of  nuclear  r e a c t i o n s  
has becii coriiplc,tcd. Such information will enablc t h e  c a l c u l a t i o n  of  UTI- 

mcxasurid a n g u l x  d i s t i - ibu t ions  f o r  shielding and darnage parameter s tud ies .  

'lhc bR'.s :ire fourid t o  lie nea r ly  independent of  incoming and ou t -  
goi~ng p a r t i c l e  type ,  incoming energy, and t a r g e t  type.  'llie main depen~ 

dencc i s  on the energy of the  outgoing pnr t ic l i . .  
t he  form 

The h ' s  w r c  given R 

1 0  



Ocm (deg)  

FIGURE 1. A Comparison of Calculated Angular Distributions With Measure- 
ments of Inelas t ic  Scattering of Protons by Iron. 

11 



I:. hlicroicopic Ncutroii Yield blodcl ~~ r .  b!. hhim arid F. Schniittroth ... 

(I IEIIL) . 

( I .  F. Schmi t t ro th ,  "Gciicral i sed Least -Sqr~:irc for na ta  h i l y s  is ," HEL)I.- 
ITE 77-51 (19-s') 

More mcasurcments of  deuteron iridiiced a c t i v a t i o n  oC "IT mate r i a l s  
will be perfonricd. Rcsiil t s  \;ill he comparcd t o  previous c a l c u l a t i o n s .  

1 2  



More evaluations of neutron cross sections for transport calculations 
will be done as needed by the FMIT architect-engineer and for predictions 
in the FMIT test cell. 

Measurements of the transmission of FMIT neutrons through thick 
iron will be completed. 

The computer code HAUSER"5 will be modified to include the study 
of angular distributions. 

The microscopic neutron yield model will be updated to include 
backward angle data. 

VIII. PUBLICATIONS 

A paper on nuclear data needs of FMIT will be presented at the 
International Conference on Nuclear Cross Sections for Technology, 
Knoxville, Tennessee (October 1979). 

13 





CHAPTER 2 

SLiBTASK A :  ENVIRONMENTAL CHARACTERIZATION 
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I. PROGRAM 

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

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

A f f i l i a t i o n :  Argonne N a t i o n a l  L a b o r a t o r y  

11. OBJECTIVE 

To e s t a b l i s h  t h e  b e s t  p r a c t i c a b l e  dos ime t r y  f o r  mixed- spect rum 

r e a c t o r s  and t o  p r o v i d e  d o s i m e t r y  and damage a n a l y s i s  f o r  MFE e x p e r i -  

menters .  

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

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

r e a c t o r .  

I V .  SUMMARY 

P r e l i m i n a r y  d o s i m e t r y  r e s u l t s  a r e  p resen ted  f o r  t h e  MFE 1 exper iment  

i n  t h e  Oak Ridge Research Reac to r  (ORR). 

i m p o r t a n t  d i f f e r e n c e s  between t h e  MFE 1 r e s u l t s  a t  f u l l  power (30  MW) i n  

c o r e  p o s i t i o n  C7 and t h e  s p e c t r a l  measurements a t  l ow  power ( 1  MW) i n  
c o r e  p o s i t i o n  E7, presumably  due t o  d i f f e r e n c e s  i n  f u e l  l o a d i n g .  

There appear t o  be s e v e r a l  

V.  ACCOMPLISHMENTS AND STATUS 

A. Exper iments a t  t h e  Oak Ridge Research Reac to r  - - 
L. R. Greenwood and R. R. H e i n r i c h  (ANL) 

P r e l i m i n a r y  r e s u l t s  a r e  a v a i l a b l e  f o r  t h e  ORR-MFE 1 exper iment .  The 

i r r a d i a t i o n  was conducted i n  c o r e  p o s i t i o n  C7 between February  13, 1978 

and June 28, 1978. The average power l e v e l  was 22.52 MW o v e r  t h e  t o t a l  

17 



time of 134.7 days; however, the r eac to r  was down f o r  about 25  days during 
t h i s  per iod.  Gamma heat ing problems e a r l y  in  the run neces s i t a t ed  some 
changes in  t h e  core  conf igura t ion  with unknown e f f e c t s  on our dosimetry 
experiments.  

Four dosimetry wires  (Ni ,  Co-A1, T i ,  and F e )  were placed in  four  
aluminuin tubes a t  the four  corners  of the  24" long i r r a d i a t i o n  capsule .  
One of t h e  fobr  aluininuiri tubes a l s o  contained 107 small helium accumula- 
t i o n  f luence monitors ( H A F M )  which a r e  now being analyzed by H.  Far ra r  I'd 
of Rockwell In te rna t iona l  (see  t h e  previous repor t  i n  t h i s  s e r i e s ,  
UOE/ET-0065/6). 

Six dosiiiietry reac t ions  were analyzed t i t  twelve l oca t i ons  f o r  each 
group o f  four  +vires by c u t t i n g  each wire . into one-inch long segments and 
Ge(Li) counting every o the r  piece .  
included 54Fe(  n , p )  ' '4Mn, 5fiFe( n,ir)59Fe, 'ONi (n,p)"sCo, GoNi ( n  ,p)60Co,  
5qCo(n,-~)G6Co,  and - f 'Ti(n ,p)"6Sc.  Calculat ions show t h a t  thermal b u r n - u p  

co r r ec t i ons  a r e  severe  f o r  58Co; measurements i nd i ca t e  a 602 reduct ion i n  
:,"Co i n  t h e  h ighes t  f l u x  regions.  
cannot be used f o r  f l u x  determinat ions,  leaving only f i v e  r eac t i ons  f o r  
ana ly s i s .  

The reac t ions  which were analyzed 

The 5"Ni(n,p)5DCo reac t ion  t h u s  

The f luence r e s u l t s  f o r  the h ighes t  f l u x  region (% 3" below midplane) 
a r e  l i s t e d  i n  Table I .  As can be seen ,  the r e s u l t s  a r e  d i s t i n c t l y  
d i f f e r e n t  frorii the  low-power, spec t r a l  i r r a d i a t i o n  reported previously.  
I n  p a r t i c u l a r ,  t h e  following measurements si-iould be noted: 

1 .  The f a s t  f l u x  (>0.92 MeV) decreases sharp ly  ((L 40%) from 
South (towards core  cen t e r )  t o  North! Only a 10;: change 
was measured iii core  pos i t ion  E7. 

2 .  The thermal f l u x  i s  nearly  i s o t r o p i c ,  d i f f e r i n g  by less 

3 .  The thermal- to- fas t  f l u x  r a t i o  changes from about 2 . 4  on 

than 5:: among the four  corners  of the capsule  a t  each row. 

the South s ide  t o  about 4 .0  on t h e  North s ide ,  whereas t h e  
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low-power r e s u l t s  gave a r a t i o  of only 1 . 2 !  Neutronics 
c a l c u l a t i o n s  p red ic t  a r a t i o  of 2 . 3  f o r  t h e  cen te r  of  C7. 

4. The t o t a l  f l u x  i s  about 50-60% lower than neutronics  c a l -  
c u l a t i o n s ,  although the  spectrum i s  reasonably s i m i l a r .  

These r e s u l t s  have some se r ious  impl ica t ions  for ma te r i a l s  s t u d i e s  
i n  t h e  MFE 1 experiment. 
from South-to-North was not a n t i c i p a t e d  and was not seen i n  core pos i t ion  
E7 o r  neut ronics  c a l c u l a t i o n s .  
of damage c a l c u l a t i o n s  s i n c e  t h e  exac t  specimen loca t ion  i s  now very 
important.  The spectrum a l s o  appears t o  change w i t h  pos i t ion  and does 
not agree w i t h  our  low-power s p e c t r a l  measurement. 
spectrum ( Q  1-500 keV) cannot be e a s i l y  measured on long i r r a d i a t i o n s ,  
an addi t ional  uncer ta in ty  wi l l  be added t o  damage parameters.  Reasons 
f o r  these  d i f f e rences  a r e  now being explored and complete f l u x  and 
damage maps wi l l  be a v a i l a b l e  s h o r t l y .  

First o f  a l l ,  t h e  s t e e p  f a s t  f l u x  gradient  

This g rad ien t  increases  t h e  uncer ta in ty  

Since p a r t  o f  the  

Table I .  FLUX MEASUREMENTS FOR ORR- MFE 1 
Flux x 1OI4 n/cm2 -s 
Average Power Level = 2 2 . 5  MW 
For f luence ,  mul t ip ly  by 1.164 X l o 7  s 
Core Location C7. 

b Energy Core Posi t iona Neutroni cs 
Region sw SE NE NW Calculat ion 

Thermal 1 . 6 0  1.68 1.60 1.64 2.57 
> .92 MeV 0.66 0.62 0.39 0.39 1 . l l  

6 .98  

aSW stands f o r  Southwest; the  South s i d e  i s  c l o s e s t  t o  t h e  

bValues sca led  t o  22.5 MW from c a l c u l a t i o n s  by T .  Gabriel (1979).  

c e n t e r  of t h e  core.  
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V I I .  FUTURE W O i K  .- 

Analysis o f  the  dosimetry r e s u l t s  f o r  O R R- M F E  1 wi l l  be completed 
during the  next qua r t e r .  
helium measureinents now being done by H .  Far rar  IV (Rockwell I n t e r -  
n a t i o n a l ) .  
experimental l uca t ions .  

The f o i l  measurements wi l l  be in tegra ted  with 

Flldence a n d  damage maps wi l l  be generated covering a l l  
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I .  PROGRAM 

T i t l e :  He l ium Gene ra t i on  i n  F u s i o n  Reac to r  M a t e r i a l s  

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

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

11. OBJECTIVE 

The o b j e c t i v e s  o f  t h i s  p a r t  o f  t h e  f u s i o n  program a t  Rockwel l  I n t e r -  
n a t i o n a l  a r e  t o  measure h e l i u m  g e n e r a t i o n  r a t e s  o f  m a t e r i a l s  f o r  Magnet i c  

Fus ion  Reac to r  a p p l i c a t i o n s  i n  t h e  Be(d,n) n e u t r o n  env i ronment ,  t o  cha r-  

a c t e r i z e  t h e  Be(d,n) n e u t r o n  f l u e n c e  and n e u t r o n  energy d i s t r i b u t i o n s  as 

a f u n c t i o n  of p o s i t i o n  r e l a t i v e  t o  t h e  n e u t r o n  source ,  and t o  deve lop  

h e l i u m  accumu la t i on  f l u e n c e  m o n i t o r s  f o r  n e u t r o n  f l u e n c e  and energy  spec-  

t r u m  d o s i m e t r y  f o r  t h e  v a r i o u s  f us i on- p rog ram n e u t r o n  t e s t  env i ronments .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I . A . 2 . 1  F l u x - S p e c t r a 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) He l ium Gas P r o d u c t i o n  Data 

SUBTASK I I . A . 5 . 1  He l i um Accumula t ion  M o n i t o r  Development 

I V .  SUMMARY 

He l i um ana l yses  have been completed f o r  s e v e r a l  a d d i t i o n a l  A l ,  Fe, 

N i ,  and Cu p u r e  e lement  h e l i u m  accumu la t i on  d o s i m e t r y  segments i r r a d i a t e d  

i n  a Be(d,n) n e u t r o n  f i e l d .  

h e l i u m  accumu la t i on  r e s u l t s  t o  c o n s t r u c t  an i n i t i a l  h igh- energy  (-6-32 MeV) 
n e u t r o n  f l u e n c e  map f o r  t h e  h i g h - f l u x  r e g i o n  o f  t h e  Be(d,n) i r r a d i a t i o n  

f i e l d .  

The r e s u l t s  have been combined w i t h  e a r l i e r  
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V .  ACCOMPLISHMENTS -. AND-STATUS ~- 

Hel ium Accumu la t i on  Neut ron D o s i m e t r y  . f o r  t h e  Be(d,n)  I r r a d i a t i o n  

Env i ronment  - -  0. W .  K n e f f ,  Harry F a r r a r  I V ,  and M. M. Nakata (Rockwe11 

I n t e r n a t i o n a l ,  Energy Systems Group) 

He l i um ana lyses  have been completed f o r  s e v e r a l  a d d i t i o n a l  A l ,  Fe, 

N i ,  and Cu p u r e  e lement  h e l i u m  accumu la t i on  d o s i m e t r y  segments i r r a d i a t e d  

i n  a Be(d,n) n e u t r o n  f i e l d .  T h i s  i r r a d i a t i o n ,  d e s c r i b e d  i n  d e t a i l  i n  

p r e v i o u s  r e p o r t s ,  (1’2) was conducted w i t h  30-MeV deuterons u s i n g  t h e  i s o -  

chronous c y c l o t r o n  a t  t h e  U n i v e r s i t y  o f  C a l i f o r c i a  a t  Dav is .  T h i s  was a 

j o i n t  exper iment  w i t h  Argonne N a t i o n a l  L a b o r a t o r y  (ANL) and Lawrence 

L i ve rmore  L a b o r a t o r y  ( L L L ) ,  w i t h  t h e  o b j e c t i v e s  o f  measur ing t h e  spectrum-  

i n t e g r a t e d  hel iu i i r  g e n e r a t i o n  c r o s s  s e c t i o n s  o f  s e v e r a l  m a t e r i a l s ,  c h a r -  
a c t e r i z i n g  t h e  Be(d,n) n e u t r o n  env i ronment ,  and d e v e l o p i n g  t h e  use  o f  

hel iurr i  a c c u m u l a t i o n  n e u t r o n  dos i i r ie t ry .  The p r e s e n t  r e p o r t  d e s c r i b e s  t h e  

use  o f  t h e  he l i u i i i  d o s i m e t r y  r e s u l t s  t o  c o n s t r u c t  an i n i t i a l  f l u e n c e  map o f  

t h e  h i g h - f l u x  r e g i o n  o f  t h e  Be(d,n)  n e u t r o n  f i e l d .  

The geometry o f  t h e  i n n e r  ( h i g h - f l u x  r e g i o n )  i r r a d i a t i o n  package 

i n c l u d e d  i n  t h e  Be(d,n)  i r r a d i a t i o n  i s  reproduced i n  F i g u r e  1, t o  show 

t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  p u r e  e lement  d o s i m e t r y  w i r e  r i n g s .  

r i n g s ,  o r i e n t e d  c o n c e n t r i c a l l y  w i t h  t h e  package a x i s ,  were sandwiched 

a l o n g  w i t h  s e v e r a l  o t h e r  h e l i u n i  accumu la t i on  m i a t e r i a l s  between s t a c k s  of  

r a d i o m e t r i c  dos i i ne t r y  f o i l s .  

ang les  o f  t h e  d o s i m e t r y  r i n g s  r e l a t i v e  t o  t h e  c e n t e r  o f  t h e  b e r y l l i u m  

t a r g e t  a r e  g i v e n  i n  T a b l e  1. 

These 

The average d i s t a n c e s  and n e u t r o n  source 

F o l l o w i n g  t h e  93-hour i r r a d i a t i o n ,  t h e  r i n g s  were e tched,  t o  remove 

h e l i u m  r e c o i l  e f f e c t s ,  and each was t y p i c a l l y  segmented i n t o  15-30 s p e c i -  

mens f o r  i n d i v i d u a l  h e l i u m  a n a l y s i s .  

and Cu a r e  shown g r a p h i c a l l y  i n  F i g u r e  2, where t h e  h e l i u m  c o n c e n t r a t i o n s  

measured i n  t h e  i n d i v i d u a l  segments a r e  p l o t t e d  as a f u n c t i o n  o f  angu lar  

The a n a l y s i s  r e s u l t s  f o r  A l ,  Fe, N i ,  

L L  



HELIUM GENERATION SPECIMENS 
DOSIMETRY 1 1 1 1 1 1 WlRERlNGS 1 304 55 COVER 

f 

A l - 1  16.7 8.6: 
A1 - 2  18.4 13.6 

WIRE RING / 1 ,'04 SS COVER 

N i - 1  16.9 26.30" 
N i - 2  18 .2  10.3 

2 4 HELIUM GENERATlON 
I 

304 SS CAPSULE BODY 
(CYLINDRICALI -1.. -11 SPECIMENS 

SCALE (mml 

Fe-1  17.5 19.5: 
Fe-2 18.0 7.2 

F I G U R E  1. Cross S e c t i o n a l  View o f  t h e  Be(d,n) I n n e r  I r r a d i a t i o n  Package. 

cu-1  17.9 23.6: 
cu- 2 18 .5  16.30 
cu-3 17.8 4.2 

TABLE 1 

Be(d  ,n)-IRRADIATED HELIUM ACCUMULATION NEUTRON DOSIMETRY R I N G S  

Ring D i s tance*  (mm) Angle* I Ring Dis tance*  (mm) Angle* 
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F I G U R E  2 .  Measured Hc l i u i i i  C o n c e n t r a t i o n s  i n  B e ( d , n ) - I r r a d i a t e d  Pure 
Elerrlent R . i n g  Segriients. 

p o s i t i o n  abou t  t h e  i r r a d i a t i o n  package ;[xi:; ( p o l a r  a n g l e  i n  t h e  p l a n e  o f  

t h e  r i n g ) .  Exa i i i i na t io r ,  o f  F i g u r e  2 shows .l:ht! i,ame t r e n d  f o r  a l l  o f  t h e  

r i n g s :  d si i iooth v a r i a t i o n  i n  he l i u i i i  c o n c e n t r a t i o n  app rox ima t i ng  a s i n y l e -  

c y c l e  s i n e  wave. The s i n u s o i d a l  shape j n d i c z t e s  t h a t  t h e  package a x i s  was 

s l i g h t l y  o f f s e t  f ro i i i  t h e  n e u t r o n  source  a x r s ,  and t h e  a m p l i t u d e  p r o v i d e s  

a i i ieasure o f  t h a t  o f f s e t .  The srrioothness o f  the  cui-ves i n d i c a t e s  t h a t  t h e  

d e u t e r o n  beairi was f a i r l y  u n i f o r m ,  as expectecl hecause o f  t h e  -1:O. 5-iiiii: 

beaiii r a s t e r i n g  i n  b o t h  t h e  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s .  The f i c t  

t h a t  t h e  cu r ves  f o r  d i f f e r e n t  r i n g s  o f  t h e  same element  had d i f f e r e n t  

ranges o f  h e l i u i i i  c o n c e n t r a t i o n s  i s  due t o  t h e  d i f f e r e n t  p o s i t i o n s  o f  t h e  

r i n g s  r e l a t i v e  t o  t h e  n e u t r o n  source .  
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The i n i t i a l  n e u t r o n  f l u e n c e  map r e p o r t e d  he re  was based on a compar i-  

son o f  t hese  h e l i u m  accumu la t i on  r e s u l t s  w i t h  an i n i t i a l  model o f  t h e  

t h ree- d imens iona l  f l u e n c e  p r o f i l e ,  where t h e  h e l i u m  r e s u l t s  were used t o  

m o d i f y  t h e  model .  T h i s  t e c h n i q u e  i s  s i m i l a r  t o  t h a t  used f o r  RTNS-I, 

where an i n i t i a l  f l u e n c e  p r o f i l e  was gene ra ted  u s i n g  r a d i o m e t r i c  f o i l  

d o s i m e t r y  . ( 3 )  Note  t h a t  a more d e t a i l e d  c h a r a c t e r i z a t i o n  o f  t h e  Be(d,n) 

n e u t r o n  env i ronment  w i l l  be made l a t e r ,  i n  a j o i n t  e f f o r t  w i t h  ANL and LLL, 
by  f o l d i n g  t o g e t h e r  a l l  t h e  r a d i o m e t r i c  and h e l i u m  accumu la t i on  r e s u l t s  t o  

o b t a i n  d e t a i l e d  n e u t r o n  f l u e n c e  and energy  spect rum p r o f i l e s .  

I n  t h e  p r e s e n t  case, d e t a i l e d  mapping o f  t h e  r a d i o m e t r i c  d a t a  has n o t  

y e t  been per fo rmed.  I n s t e a d ,  an i n i t i a l  f l u e n c e  p r o f i l e  was d e r i v e d  f r o m  

a l e a s t - s q u a r e s  c u b i c  f i t  t o  t h e  t i m e - o f - f l i g h t  d a t a  o f  Meu lders ,  

e t  al. (4) 
a n g u l a r  d i s t r i b u t i o n  ( n e u t r o n  source  a n g l e  w i t h  r e s p e c t  t o  t h e  deu te ron  

beam a x i s ) .  

m a t i n g  t h e  v a r i a t i o n  i n  n e u t r o n  f l u e n c e  w i t h  d i s t a n c e  f r om t h e  b e r y l l i u m  

t a r g e t ,  t o  p roduce  a t h ree- d imens iona l  model. The l i n e a r  f u n c t i o n  was 

o b t a i n e d  f r om an approx imate  f i t  t o  t h e  ANL c o u n t i n g  r e s u l t s ( 5 )  f o r  those  

r a d i o m e t r i c  f o i l  segments f r o m  f o i l  s t a c k s  A-E, F i g u r e  1, i r r a d i a t e d  a l ong  

t h e  package a x i s .  The i n i t i a l  f l u e n c e  p r o f i l e  model was t h u s :  

T h i s  gave an e m p i r i c a l  e x p r e s s i o n  f o r  t h e  n e u t r o n  f l u e n c e  

T h i s  e x p r e s s i o n  was m u l t i p l i e d  by a l i n e a r  f u n c t i o n  a p p r o x i -  

where @ i s  t h e  t o t a l  n e u t r o n  f l u e n c e ,  5 i s  t h e  n e u t r o n  source  a n g l e  ( i n  

degrees) ,  d i s  t h e  d i s t a n c e  f r o m  t h e  c e n t e r  o f  t h e  b e r y l l i u m  t a r g e t ,  and 

Ci and Ki a r e  c o n s t a n t s .  

To compare t h e  h e l i u m  accumu la t i on  d a t a  w i t h  t h i s  model,  i t  was f i r s t  

n o t e d  t h a t  a l l  o f  t h e  cu rves  i n  F i g u r e  2 have s i m i l a r  shapes. T h i s  i n d i -  

c a t e s  t h a t  t h e  A l ,  Fe, N i ,  and C u ( n , t o t a l  h e l i u m )  c r o s s  s e c t i o n s ,  when 

i n t e g r a t e d  o v e r  t h e  f o r w a r d - d i r e c t i o n  Be(d,n)  n e u t r o n  s p e c t r a ,  have 

s i m i l a r  energy  responses.  These i n t e g r a t e d  responses a l s o  appear t o  be 
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r o u g h l y  c o n s t a r i t  as a . f u n c t i o n  o f  energy,  as suppo r t ed  by t h e  l i m i t e d  

c r o s s  s e c t i o n  in fo r i i ra t . ion  a v a i l a b l e .  (6) 
d i scussed  h e r e .  t h e r e f o r e ,  these  f o u r  d o s i m e t r y  m a t e r i a l s  were assumed t o  

p r o v i d e  an appvox ima te l y  e n e r g y - i n s e n s i t i v e  ineasure o f  t h e  t o t a l  n e u t r o n  

f l u e n c e  2 6  MeV. Then compar ing t h e  d a t a  w i t h  t h e  model,  t h e  a x i s  o f  t h e  

i r r a d i a t i o n  package war; deter in ined t o  be o f f s e t  f ro i i i  t h e  n e u t r o n  source  

a x i s  b y  1.03 miii i n  t h e  h o r i z o n t a l  d i r e c t i o n ,  and 0.74 mm i n  t h e  v e r t i c a l  

d i r e c t i o n .  I n  a d d i t i o n ,  t h e  i n i t i a l  assumed a n g u l a r  f l u e n c e  dependence 

was f o u n d  t o  be t o o  s teep .  T h i s  was expectel3, s i n c e  t h e  model assuiped a 

p o i n t  n e u t r o n  :.ource, whereas t h e  i r r a d i a t i o i i  employed a r a s t e r e d  d e u t e r o i  

beam, p r o d u c i n i j  a -6-iiiiir-diaineter n e u t r o n  SOUTCI? s p o t  -13 niiir f r o m  t h e  f r o n t  

f a c e  o f  t h e  i r i - a d i a t i o i - i  package. To t a k e  t h i s  i n t o  c o n s i d e r a t i o n ,  t h e  

i i iodel wds d d j u i t e d  e x p i i - i c a l l y  f o r  t h e  3i iy1, i r  c l rad ien t  by r e p l a c i n y  t h e  

a n g l e  b y  a n  f , i f e c . r i v i i  a n g l e  f : ,  where f ( =  1.045) i s  a c o n s t a n t .  

F o r  t h e  p r e l i m i n a r y  d a t a  a n a l y s i s  

The iireasui-ed nt:l iu i i :  ( ,oncer i t ra t ionc  wert. t i i t ,n  i iori i ial i r e d  t o  the 

f l u e n c e s  c a l c u l a t e d  ~1siii:j t h i s  a d j u s t e i  f l u e n c e  ri iodel, i n c l u d i n g  o i f s e t  
Lor - rec t ions ,  arid t h e  r e s u l t s  ,IIY s h o w  i n  F i g u r e  3. I d e a l l y ,  these  curve5 

s h o u l d  be  f l a t .  The s i . rac tu i -e  re i i i a i n i ng  a f t e r  t h e s e  ad jus tmen t s  were imde 

i s  a t t r i b u t e d  t o  a c m b i n a t i o n  o f  t h e  r i onc i r cu - l a r  d e u t e r o n  b e a r  shape ,  

s l i g h t  c u r v a t u r e  v a r i a t i o n s  . in t h e  dosi i i ret i -y w i r e  r i n g s ,  and v a r i a t i o n s  i n  

energy dependence i n  t h e  he1 iu i i i -generat  i o n  ci 'o&;o s e c t i o n s .  For exai:;ple, 

a l l  o f  t.he c u r v e s  i n  F i g u r e  3 have s i i i i i ' l a r  i i i q h t  s t r u c t u r e ,  w i t h  d i p s  a t  

-60 and -230'. 

presumably  p roduced  a n o n c i r c u l a r  n e u t r o n  !source p r o f i l e  ( n o t  y e t  f o l d e d  

i n t o  t h e  map), d i d  n o t  have q u i t e  t h e  same sweep i n  t h e  h o r i z o n t a l  and 

v e r t i c a l  d i r e c t i o n s .  The o v e r l a p  o f  t h e  no rma l i zed  he l i un i  c o n c e n t r a t i o n s  

f o r  t h e  m u l t i p l e  r i n g s  o f  each eler i ient support:; t h e  assumpt ion t h a t  t h e  

energy  responses o f  t h e  f o u r  dosi i r ret ry i i i a t e r - i a l s  a r e  s i i n i l a r  o v e r  t h e  

n e u t r o n  source  a n g l e s  covered  (- 4 -26'). Any energy s e n s i t i v i t y  canno t  be 

e v a l u a t e d  now, as t h e r e  i s  p r e s e n t l y  i n s u f f i c i e n t  i n f o r m a t i o n  t o  u n f o l d  i t  

. .  

0 T h i s  suggests  t h a t  t h e  dei i t i i rc in beaiir r a s t e r i n g ,  wh ich  

0 

f r o m  t a r g e t  s o l i d  a n g l e  e f f e c t s .  However, i t  i s  sinal1 o v e r  t h e  source  
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FIGURE 3. R ing  Segment Hel iu in  Concen t ra t i ons  Norma l i zed  t o  I n i t i a l  Be(d,n)  
F luence Map. 

ang les  measured, based on t h e  smal l  a n g u l a r  ad jus tmen t  made t o  t he  i n i t i a l  

f l u e n c e  model. 

The sma l l  s c a t t e r  o f  t h e  d a t a  about  t h e  cu rves  i n  F i g u r e s  2 and 3 

g i v e s  an e s t i m a t e d  upper  l i m i t  t o  t h e  u n c e r t a i n t i e s  i n  the  i n d i v i d u a l  

h e l i u m  ana lyses  o f  abou t  ? 2 % .  T h i s  i s  a p p r o x i m a t e l y  what would be ex-  
pec ted  f r om a n  a n a l y s i s  o f  t h e  i n d i v i d u a l  u n c e r t a i n t i e s  o f  t h e  h e l i u m  

measurement t echn ique .  

T h i s  i n i t i a l  mapping e f f o r t  demonstrates t h a t  a s i g n i f i c a n t  amount o f  

i n f o r m a t i o n  can be o b t a i n e d  f r om a s i m p l e  a n a l y s i s  o f  h e l i u m  accumu la t i on  

dos ime te rs ,  and t h a t  t h e  n e u t r o n  f l u e n c e  i s  a v e r y  s e n s i t i v e  f u n c t i o n  o f  

p o s i t i o n .  
c o n s t a n t  f l u e n c e  genera ted  f rom t h e  map a r e  shown f o r  t h e  c e n t r a l  p l a n e  o f  

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

f a c t o r  o f  8 o v e r  t h i s  2-crn2 i r r a d i a t i o n  a rea .  

T h i s  i s  shown g r a p h i c a l l y  i n  F i g u r e  4, where t h e  c o n t o u r s  o f  

The f l u e n c e  v a r i e s  by a 

The l a r g e  f l u e n c e  g r a d i e n t s  

27 



ZENITH (PACKAGE AXIS)  

t 

\OUTSIDE DIAMETER OF 
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0 

FIGURE 4 .  Contours o f  Cons tan t  F luence  f o r  K i d p l a n e  o f  Top Heliunr- 
Gene ra t i on  Speciii ien Layer  i n  B e ( d : n ) - I r r a d i a t e d  I n n e r  Package 
( U n i t s  a r e  F r a c t i o n a l  F luence  ValLies R e l a t i v e  t o  M idp lane  
F luence  Mdxiiiiuni) . 

a r e  a l s o  c l e a r l y  shown by t h e  l a r g e  he l i un i  c o n c e n t r a t i o n  v a r i a t i o n s  

produced i n  each dos in i e t r y  r i n g  by t h e  sinal1 ~, 1~.3-nirn package o f f s e t  f rom 

t h e  bean! a x i s .  

i n  f l u e n c e  a round t h e  p e r i p h e r y  o f  t h e  i r r a d i a t i o n  r e g i o n  d e p i c t e d  i n  

F i g u r e  4 .  

i n  Be(d ,n )  and L i ( d , n )  i r r a d i a t i o n s  r e q u i r i n g  a c c u r a t e  i r r a d i a t i o n  

i n f  o rma t i on . 

T h i s  o f f s e t  produced a p p r o x i m a t e l y  a f a c t o r  o f  2 v a r i a t i o n  

T h i s  demonstrates t h e  impor tance  o f  i n c l u d i n g  p a s s i v e  d o s i m e t r y  

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

t o t a l  he l i un i  g e n e r a t i o n  c ross  s e c t i o n s  o f  t h e  f o u r  dos ime t r y  m a t e r i a l s  

used here .  The r e s u l t s ,  g i v e n  i n  T a b l e  2 ,  ai’e t h e  same a s  t h e  more p r e -  

1 i i i i i na r y  va lues  p r e v i o u s l y  r e p o r t e d  f o r  t hese  fou r  elements.  ( ) 

son w i t h  t h e  T (d ,n )  r e s u l t s  i i ieasured i n  RTNS- . I  f o r  -14.8-MeV n e u t r o n s ,  

Coin pa r i - 
(8) 
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TABLE 2 

RATES OF PURE ELEMENTS 
APPROXIMATE RELATIVE HELIUM-GENERATION 

He l ium- Genera t ion  Rates 
R e l a t i v e  t o  Copper 

Be(d,n T(d,n) 
Element 1 30-MeV Oeuierons RTNS-I 

cu 
A1 
Fe 
N i  

1 1 
2.9 2.80 
1.0 0.94 
2.4 1 .92  

a l s o  l i s t e d  i n  T a b l e  2, shows t h a t  t h e  r e l a t i v e  t o t a l  h e l i u m- g e n e r a t i o n  

c r o s s  s e c t i o n s  f o r  t h e  two i r r a d i a t i o n  env i ronments  a r e  s i m i l a r .  T h i s  

f u r t h e r  s u p p o r t s  t h e  c o n c l u s i o n  t h a t  t h e  energy  s e n s i t i v i t y  o f  these  

dos ime te rs  i s  sma l l  o v e r  t h e  n e u t r o n  source ang les  i n v e s t i g a t e d .  

I n  summary, t h e  r e s u l t s  t o  d a t e  f r om t h i s  Be(d,n) i r r a d i a t i o n  i n d i -  

c a t e  t h a t  t h e  f o u r  ana l yzed  h e l i u m  accumu la t i on  d o s i m e t r y  i n a t e r i a l s  ( A l ,  

Fe, N i ,  and Cu) have s i m i l a r  b u t  s l o w l y  v a r y i n g  energy responses ove r  t h e  

n e u t r o n  source  ang les  i n v e s t i g a t e d  (-4'-26'). Any one o f  these  i n a t e r i a l s  

can  t h u s  be used t o  map o u t  t h e  h i gh- ene rgy  neu t ron  f l u e n c e  p r o f i l e  i n  

d e t a i l .  These m a t e r i a l s  e f f e c t i v e l y  p r o v i d e  one d e t e c t o r  response f o r  

combin ing  w i t h  r a d i o m e t r i c  d o s i m e t r y  t o  u n f o l d  t h e  n e u t r o n  energy s p e c t r a .  
Other  m a t e r i a l s  a r e  p r e s e n t l y  be ing  examined f o r  d i f f e r e n t  energy r e -  

sponses. These i n c l u d e ,  f o r  example, h e a v i e r  e lements (such  as g o l d )  t h a t  

were a l s o  i r r a d i a t e d  i n  t h e  Be(d,n) exper iment .  Severa l  o t h e r  m a t e r i a l s  

w i t h  v a r y i n g  low- energy  (-0-6 MeV) n e u t r o n  responses a r e  now b e i n g  t e s t e d  

i n  o t h e r  n e u t r o n  env i ronments ,  i n c l u d i n g  f i s s i o n  r e a c t o r s .  
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H e l i u i i i  ana l yses  o f  t h e  B e ( d , n ) - i r r a d i a t e d  p u r e  e lements w i l l  c o n t i n u e .  

O t h e r  he l i u i i i  accu i i i u l a t i on  dos i i i i e t r y  r i ra te r ia l i , ,  such as g o l d ,  w i l l  be i n -  

v e s t i g a t e d  i n  d e t a i l  f o r  d i f f e r e n t  n e u t r o n  energy s e n s i t i v i t i e s .  The 

h e l i u m  accun iu la t i on  r e s u l t s  w i l l  be combined w i t h  ANL and LLL r a d i o m e t r i c  

c o u n t i n g  r e s u l t s  t o  p roduce  a more d e t a i l e d  c h a r a c t e r i z a t i o n  o f  t h e  Be(d,n)  

n e u t r o n  f i e l d .  
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T i t l e :  I r r a d i a t i o n  Effec ts  Analysis (WHOIl/EDA) 
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OBJECTIVE 

The ob jec t lve  o f  tilis work i s  t o  p red ic t  the  s p a t i a l  va r i a t ions  o f  ra- 
d i a t i o n  daiiiage parameters within the t e s t  volume of  the  Fusion blater ials  
I r r a d i a t i o n  Tes t  ( F M I T )  f a c i l i t y ,  and the s e n s i t i v i t y  o f  these parameters 
t o  c ross  sectiori  a n d  spectrum u n c e r t a i n t i e s .  

I I I .  R E L E V A N T  ~ .___  .. D h F S  . PROGRAM PLAN .. TASK/SUBTASK 

SUBTASK I I . A . 2 . 4  f:lux Spectrum Def in i t ion  in FMIT 
I I . B . l  .5 Cdlculat ion o f  Displacement Cross Sect ions 

I V .  SUllMARY 

I n t e r e s t  in  the p o s s i b i l i t i e s  o f  t a i l o r i n g  neutron spec t ra  in  the h i g h  
f l u x  ( g r e a t e r  t h a n  I O "  n/cin's) volunie o f  t h e  FMIT t e s t  c e l l  l e d  t o  the cal 
cu la t ions  sunirnarized in t h i s  r epor t .  These c a l c u l a t i o n s  show t h a t  h e n i -  

spher ica l  r e f l e c t o r s  can increase  the h i g h  f l i x  volume by as  much a s  a fac-  
tor o f  t w o  (from S . 6  C I I I ; '  t o  1 1 . 2  cni'). however, t h i s  increase  i s  purchased 
a t  the  c o s t  of e s s e n t i a l l y  a l l  reiiiaining, u se fu l ,  t e s t  c e l l  i r r a d i a t i o n  
space.  For the  r e f l e c t o r s  considered,  increaijes i n  damage r a t e s  tend to  be 
siiiall (gene ra l ly  l ess  than several  p e r c e n t ) .  

V .  ACCOHPLISHMEI.ITS A N D  STATUS ___ __ 

A .  _ _  FMIT m e  Pararrieter ~. - S e n s i t i v i t y  .- Study - -  J .  0 .  Schiffgens and 
L .  L .  Car te r  ( H E D L )  
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1 .  Introduct ion 

High energy (35 MeV) deuterons i n  FMIT produce neutron spec t ra  
w i t h  l a r g e  components of h i g h  energy ( > 1 4  MeV) neutrons.  (1'') 
c a l cu la t ions  have r ecen t ly  been made t o  determine the  f e a s i b i l i t y  of s i g n i f -  
i can t ly  a l t e r i n g  FMIT neutron spec t ra  and assoc ia ted  damage parameters a t  
t e s t  c e l l  l oca t ions  where the p r i s t i n e  f l u x  i s  g r e a t e r  than 1015 n/cm2s, 
and a t  the same time increase  the  high f l u x  i r r a d i a t i o n  volume. For these  
c a l c u l a t i o n s ,  hemispherical s h e l l s  of various ma te r i a l s  were assumed t o  be 
centered a t  the i n t e r s e c t i o n  of the  beam with the l i t h i u m  (source)  backing 
p l a t e .  
s h e l l s  with inner  r a d i i  ( I )  of 2.54 and 5.08 cm and ou te r  r a d i i  ( 0 )  of 10.16, 
15.24,and 22.86 cm were considered.  The parameters ca l cu la t ed  in t h i s  study 
were the  volume w i t h i n  which the  f l u x  i s  g r e a t e r  than 1015 n/cm2s ( V  ) ,  the 

@ 
f lux  ( $ ) ,  and the displacement and helium production r a t e s  a t  various loca-  
t i o n s  within V . 

Monte Carlo 

Beryllium, s t a i n l e s s  s t e e l ,  tungsten,  and uranium (na tura l  and 235) 

@ 

2 .  Results 

The c a l c u l a t i o n s  showed t h a t  the  volume V increased from 5.6 
4 

cm3 ( t h e  p r i s t i n e  volume) t o  6 .3  cm3 (+13%) ,  6 .7  cm3 (+20%),  7 . 1  cm3 ( + 2 7 % ) ,  
7 . 6  om3 (+37%) ,  and 10.7 cm3 (+93%) when i t  was enclosed in s t a i n l e s s  s t e e l ,  
beryllium, tungsten,  natural  uranium and uranium -235 hemispherical r e f l e c -  
t o r s ,  w i t h  1 ' s  o f  5 .08  cm and 0 ' s  o f  15.24 cm (except  U-235 where 0 i s  10.16 
cm), r e spec t ive ly .  The corresponding peak f luxes  6 increased from 2 . 4 2  x 
lOI5 n/cm2s ( t h e  p r i s t i n e  f l u x )  t o  2.46 x l O I 5  n/cm2s ( + 1 . 5 % ) ,  2 .48 x 1 O I 5  

n/cm2s ( + 2 . 2 % ) ,  2.49 x lOI5 n/cm2s ( + 2 . 8 % ) ,  2.52 x lOI5 n/cm2s (+3 .8%) ,  and  
2 .62  x 1015 n/cm2s (+8.0%), r e spec t ive ly .  
c reases  in  V a r e  accompanied by only minor increases  in  t h e  average f l u x  
w i t h i n  V Of the non- fissionable r e f l e c t o r s ,  a tungsten she l l  with an 1/0 
of 2.54 cm/22.86 cm produced the l a r g e s t  increase  i n  V 

cm3. 

P 

I t  should be noted t h a t  l a rge  in-  

4 
+ -  

from 5.6 cm3 t o  9 .9  
4 '  

For s h e l l s  w i t h  an 1/0 of 2 . 5 4  cm/10.16 cm, displacement and 
helium production r a t e s  in copper were ca l cu la t ed  f o r  tungsten and natural  
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uraniuni  r e f l e c t o r s  a t  two p o s i t i o n s ,  as showr, i n  Tab le  1 .  

c rease  i n  f l u x  i t  p o s i t i o n s  1 and 2 was 8 and 31 g e r c e n t ,  r e s p e c t i v e l y ,  and 

was e s s e n t i a l l y  a l l  i n  t h e  0 t o  5 MeV range .  

i n  h e l i u m  p r o d u c t i o n  r a t e s  o f  2 .5  and 2.3 p e r c e n t  were ob ta i ned ,  t o g e t h e r  

w i t h  maximum inc reases  i n  d isp lacement  r a t e  o f  2 .3  and 8.5 p e r c e n t .  

The niaximur; i n -  

Cor respond ing  maximum inc reases  

.~ ~~ ~- - - . .~ -~~ ~~ ~~~~~~~~~~ 

P r i s t i n e  V .  = 5 . 6  C I E ~  

. o  2 .42 x 10: ? i n  LLU 189'3 

1.64 1.03 x l 0 l r  106 1050 

Tungsten = 9 . 7  cni? ( t73: : )  

. o  
1 .64 

2 .57  x 10': 22.3 

1.28 x 10:: 1 1 2  

1940 

1050 

1 a90 
1070 
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V I I .  FUTURE WORK 

Spat ia l  va r i a t i ons  i n  PKA spec t ra  wi l l  be analyzed and ca l cu l a t i ons  t o  
b e t t e r  de f ine  t h e  e f f e c t s  o f  possible  cross  sec t ion  unce r t a in t i e s  wi l l  be 

made. 

V I I I .  PUBLICATIONS 

None. 
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PROGRAM _ _ ~ _ ~  I. 

T i t l e :  Uarnage Analysis a n d  Dosimetry Radiation Damage Analysis 
Principal  Inves t iga to r :  A .  N .  Goland 
A f f i l i a t i o n :  Srookhaven National Laboratory 

11. OBJECTIVE 

Radiation damage ana lys i s  s tud ie s  assoc:iated with the use of e l e c t r i -  
cal i n su la to r s  i n  fusion r eac to r s .  

111.  R E L E V A N T  ~ JAFS PROGRAMS PLAN TASK/SUBTASK ~ 

SUBTASK I I . A . 2 . 3  Flux Spectral  Def in i t ion  i n  FMIT 

SUBTASK I I . B . l  Calculat ion o f  Displacenient Cross Sect ions 

I V .  SUMMARY 

The RSIC version of the MORSE neutron gamma-ray t r anspor t  code has 
been converted f o r  use on the l i F E C C  7600 a n d  C R A Y  computers. Runs made a t  
B N L  and the  MFECC using the 7600 ' s  y i e l d  iden t i ca l  r e s u l t s .  Runs  made a t  
t he  MFECC using the  CRAY a n d  the 7600 y i e l d  neutron spec t r a  t h a t  d i f f e r  by 

3 0 ;,A . 

Evaluation o f  i on iza t ion  a s s i s t e d  processes f o r  producing d i sp lace-  
ments in  i n s u l a t o r s  i s  in  progress .  
be described in a f u t u r e  qua r t e r ly  r e p o r t .  

The w o r k  i s  not y e t  complete a n d  w i l l  

ACCOMPLISHMENTS ~ A N D  STATUS ~- V .  

A .  Use of the  Maqnetic .. Fusion E n e r g  -~ Comquter Center: A .  N .  Goland, 
H .  C .  Berry, G .  F .  Del l ,  0 .  li. Lazareth and A .  B. Sco t t .  
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During  the  l a s t  q u a r t e r  a major e f f o r t  has been made t o  complete the  
t r a n s f e r  of neutron t r a n s p o r t  ca l cu la t ions  t o  the  computers a t  the  Magnetic 
Fusion Energy Computer Center.  
s t e p s  : 

This t r a n s f e r  has included the  following 

1 )  adapta t ion  of the  RSIC version of MORSE t o  the  MFECC 7600 
computer, 

2 )  adapta t ion  of the  RSIC version of MORSE t o  t h e  CRAY computer, 

3 )  a l t e r a t i o n  o f  MORSE-L, t h e  Livermore version of MORSE, t o  incor-  
pora te  the  B N L  neutron genera tor  and uncoll ided f l u x  es t imator  
subroutines.  

1 .  Adaptation of the  RSIC version of MORSE t o  the  MFECC 7600 

The adaptat ion cons is ted  of making the  f o r t r a n  cons i s t en t  with the  
conventions used a t  the  MFECC as  well as  reso lv ing  d i f f e rences  i n  t h e  
loaders ,  compilers,  control  language, and tape formats .  The random number 
genera tor  used on the  MFECC 7600 was the same as the  one used a t  B N L .  R u n ,  
made us ing  the  RSIC version o f  MORSE a t  the  MFECC and a t  BNL yielded iden- 
t i c a l  r e s u l t s .  All f l u x  values and random number sequences were iden t i ca l  
The computer time required t o  r u n  the same job a t  both f a c i l i t i e s  was 
w i t h i n  10% of being equal .  

2 .  Adaptation o f  the RSIC version - o f  MORSE t o  - the  CRAY 

The random number generator  used on the  7600 i s  w r i t t e n  i n  machine 
language. 
genera tor ,  RNFL,  from the MFECC was used. 

T h i s  would not work on the  C R A Y .  Instead a random number 

A comparison was made between the  MFECC 7600 and t h e  CRAY f o r  a 
coupled n + y  transport  problem having FMIT geometry. Several items were 
not iced:  



a. I t  was de te r i i i i ned  t h a t  t h e  I4FECC random number g e n e r a t o r ,  R:IFL, 

works d i f f e r e n t l y  on t h e  C R A Y  than  i t  does on t h e  7600. A 

d i f f e r e n t  random number g e n e r a t o r  t h a t  g i v e s  t h e  same sequences 

on t h e  C R A Y  and t h e  7600 has been developed a t  t h e  MFECC.  T h i s  

g e n e r a t o r  w i l l  be used i n  MORSE i n  t h e  f u t u r e .  

b .  Comoarisons o f  n e u t r o n  and gamma-ray s p e c t r a  o b t a i n e d  w i t h  t h e  

7600 and t h e  CRAY a r e  shown i n  F igu res  1 and 2.  Neutrons p r o -  

duced b y  35 MeV deute rons  i n c i d e n t  upon a 2 cm t h i c k  l i t h i u m  

t a r g e t  were t r a n s p o r t e d  t h rough  a sample assembly approx imated  

by a 30 

o f  1.925 g/crn'. 

n e u t r o n  spec t rum o b t a i n e d  w i t h  t h e  CRAY i s  c o n s i s t e n t l y  30': 

h i g h e r  t han  t h a t  o b t a i n e d  u s i n g  t h e  7600. W i t h i n  t h e  unce r -  
t a i n t i e s  o f  t h e  c a l c u l a t i o n s  t h e  cpiirna-ray s p e c t r a  o v e r l a p .  

A t  p r e s e n t  t h e  o n l y  known d i f f e r e n ' c e  i n  t h e  two c a l c u l a t i o n s  

i s  t h e  d i f f e r e n t  b e h a v i o r  o f  t h e  random number g e n e r a t o r  on 
t h e  two computers.  

20 x 20 cm3 b l o c k  o f  i r o n  h a v i n g  an average d e n s i t y  

Except  a t  t h e  h i g h e s t  and l o w e s t  e n e r g i e s  t h e  

3. A l t e r a t i o n  o f  MORSE-L .- ~~~~ 

The source  v e r s i o n  o f  MORSE-L has been made a v a i l a b l e  f o r  gene ra l  

access.  The 6NL n e u t r o n  g e n e r a t o r  source  s u b r o u t i n e  as w e l l  as t h e  e s t i -  

mator  f o r  t h e  u n c o l l i d e d  f l u x  have been i n c o r p o r a t e d  i n t o  i t .  MORSE-L i s  

so l a r g e  t h a t  o v e r l a y s  must be used t o  l o a d  i t  o n t o  t h e  7600. 

been done, and t h e  program i s  c u r r e n t l y  bein!] debugged. 

o f  b o t h  MORSE-L and t h e  R S I C  v e r s i o n  o f  MORSE w i l l  p r o v i d e  a c o n s i s t e n c y  

check f o r  o u r  c a l c u l a t i o n s .  

T h i s  has 

The a v a i l a b i l i t y  

B. Damage A n a l l s i s  ~~ 

Damage produced i n  mult icoimponent m a t e r i a l s  by  r e c o i l  atoms and by 

Fo r  m a t e r i a l s  l i g h t e r  t h a n  copper  l e s s  t h a n  50" 
e n e r g e t i c  e l e c t r o n s  r e s u l t i n g  f r o m  gamma r a y  i n t e r a c t i o n s  have been 

r e p o r t e d  p r e v i o u s l y  . "* 
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o f  the primary knock-on atom energy i s  d i s s ipa t ed  i n  producing d i sp lace-  
nients. The  balance of the  energy might be d i s s ipa t ed  by processes t h a t  
produce displacements through other iiiechanisois. Current ly  t h e  niagni tude of  

ion iza t ion  a s s i s t e d  displacement processes i s  being eva lua ted .3  
i s  not y e t  complete a n d  w i l l  be presented i n  a f u t u r e  qua r t e r ly  repor t .  

This ;./ark 
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I .  PROGRAM 

T i t l e :  Dosimetry and Damage Analysis 
Principal  Inves t iga to r :  L .  R .  Greenwood 
Affi 1 i a t i o n :  Argonne National Laboratory 

11. OBJECTIVE 

To improve neutron spec t r a  measurement techniques and t o  determine 
f lux- spect ra  e r r o r s  and unce r t a in t i e s  i n  ca l cu la t ed  damage parameters.  

111. R E L E V A N T  DAFS PROGRAM TASK/SUBTASK 

Task 11. A.3 S e n s i t i v i t y  St.udies 
Improved dosimetry techniques a l s o  r e l evan t  t o :  
Task 11. A . l  Fission Reactor Dosimetry 
Task 11. A .2  High-Energy Neutron Dosimetry 

IV. SUMMARY 

Neutron f l u x  and cross- sec t ion  e r r o r  and covariance f i l e s  have been 
developed f o r  rou t ine  dosimetr ic  app l i ca t ions  of the  STAYSL code. 
complete desc r ip t ion  of the  i n p u t  da ta  f i l e s  i s  given along w i t h  some 
app l i ca t ions  o f  STAYSL. A paper has been prepared f o r  presenta t ion  a t  
the Third ASTM-EURATOM Symposium on Reactor Dosimetry a t  I sp ra ,  I t a l y ,  
in  October 1979. 

A 

V .  ACCOMPLISHMENTS A N D  STATUS 

A .  Development of  the  STAYSL Computer Code - - 
L .  R .  Greenwood ( A N L )  
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I n  the l a s t  qua r t e r ly  repor t  (DCE/E-i-0065/6) we reported t h a t  the 
STAYSL! code wr i t t en  by F .  G .  Perey (ORNI.) was now operat ional  a t  
Argonne, h u t  without the use of covar.iance e f f e c t s .  
procedures f o r  adding covariance e r r o r s  <or  rou t ine  dosimetr ic  appl ica-  
t i o n s .  
section:' a n d  3ssociated e r r o r  f i l e s ,  as well as  cadmium cover a n d  neutron 
se l f - sh ie ld ing  programs, the  input  t o  STAYSL has been modified t o  be 
compatible w i t h  o u r  Monte Carlo code !;ANtlAML.3, 

We have nab) developed 

I n  o rder  t o  take advantage of o u r  prc!viousl.y developed cr6ss-  

There are th ree  types of uncer ta in ty  in the input  data used f o r  f lux-  
spec t r a l  anal I s i s ,  namely, a c t i v a t i o n  e r r o r s ,  nuclear  c ross- sec t ion  e r r o r s ,  
and input  f l u x  e r r o r s .  I n  addi t ion  tci t h i s ,  covariance e r r o r s  'ilust be 

spec i f i ed  f o r  a l l  r e l a t ed  parameters.  The Y I A Y S L  code then uses a l e a s t -  
squares technique t o  f ind  the  iriininiuiii value of ; ?  f o r  t h e  output  f l u x -  

spectrum w h i c h  bes t  f i t s  the i n p u t  dat.a.  A t  p resent ,  only a c t i v a t i o n  
e r r o r s  can he t r e a t e d  r igorous ly .  Errors  due to  counting u n c e r t a i n t i e s ,  
de t ec to r  c a l i b r a t i o n ,  and nuclear  data a r e  t y p i c a l l y  l e s s  t .han  2 .  and 
covariance e f f e c t s  a r e  neg l ig ib l e .  

Nuclear c ross- sec t ion  e r r o r s  and covariances can i n  p r inc ip l e  he 
deduced from t h e  ava i l ab le  experimental data a n d  such f i l e s  wi l l  be 
published in E N D F / R - V .  I n  the  meantime, we wi l l  continue t o  use our  
c ross- sec t ion  e r r o r  f i l e s  derived frorii W .  N. McElroy e t  a l , "  extended 
t o  44 MeV a s  required f o r  high energy dosiriietry. Table I compares our 
c ross- sec t ion  e r r o r  es t imates  with the  r e s u l t s  o f  i n t eg ra l  t e s t i n g  in 
B e ( d , n )  f i e l d s .  As can be seen,  o u r  e r r o r  es t imates  tend t o  be 
conserva t ive ly  l a r g e .  

I n p u t  f l ux  e r r o r s  a re  unfortunately the  rirost d i f f i c u l t  t o  de f ine .  
For example, the  r eac to r  neutronics  ca l cu la t ions  used a s  i n p u t  genera l ly  
have no e r r o r  es t imates  a v a i l a b l e .  Consequently, we have somewhat 
a r b i t r a r i l y  assigned f l u x  e r r o r s  on  the  has i s  of i n t eg ra l  da ta  t e s t i n g  
and our  pas t  experience.  S e n s i t i v i t y  s tud ie s  have been done t o  a s ses s  
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Table I .  Comparison o f  Estimated Cross Sect ion Errors with 
In tegra l  Test Results f o r  Be(d,n) ,  Ed = 14 - 40 MeV. 
The 90% energy s e n s i t i v i t y  l i m i t s  a r e  given. 

Reaction 
1 1 51 n ( n , n * )  1 1 5m1 n 
2 3 8 ~ (  n , f )  

T i ( n , ~ ) ~ ' % c  
Ti  ( n , ~ ) ~ ~ S c  

4ETi ( n , ~ ) ~ ~ S c  
Fe( n , p )  54~1n 

56Fe( n ,p) 56Mn 
59Co( n , p )  59Fe 

58Ni ( n , ~ ) ~ * C o  
60Ni(n,p)60Co 
27Al ( n , ~ ) ~ ~ N a  
5 4 F e ( n , ~ ) 5 1 C r  
59Co(n,~)56Mn 
4%c( n , ~ n ) 4 4 ' " ~ c  
58Ni ( n , Z t ~ ) ~ ~ N i  
59co( n ,2n)58co 
59Co(n,3n)57Co 

Zr(n ,2n) * 9 z r  

3Nb( n ,2n) 92mNb 

9Tm( n ,2n ) 8Tm 
169Tm( n ,3n)lG7Tm 
I97Au( n ,2n) I 96Au  

Iq7Au( n ,3n) l 9  5Au 
197Au( n ,4n) 194Au 

23Q( n,2n)237U 

Energy 
Range 
(MeV) 
2 - 23 
2 - 30 
5 - 33 
3 - 33 
7 - 27 
4 - 33 
6 - 23 
5 - 24 
4 - 23 
6 - 23  
7 - 21 
6 - 28 
7 - 24 

13 - 27 
13 - 28 
1 2  - 27 
22 - 36 
13 - 28 
10 - 22 
10 - 23 
18 - 30 

9 - 24 

18 - 29 
27 - 40 

7 - 16 

Estimated 
Range o f  
Errors (?%)  

8 - 20 
6 - 15 

15 - 50 

15 - 50 
15 - 50 

10 - 40 
10 - 30 
10 - 40 

6 - 30 
10 - 40 

6 - 15 

15 - 40 

10 - 40 

10 - 20 
20 - 30 
10 - 20 
20 - 40 

15 - 30 
10 - 20 
10 - 20 

10 - 30 
10 - 20 
10 - 30 
15 - 30 
20 - 40 

Measured 
In tegra l  
Errors (?%l 

3 
4 

14 
15  

7 
6 

4 

8 

9 

14 

3 

36 

4 

14 

14 
9 

28 
13  

7 

7 
9 

9 
6 

11 
11 
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t h e  impo r t ance  o f  t h e s e  e r r o r  assignment:. I n  r e g i o n s  o f  good, o v e r -  

l a p p i n g  f o i l  coverage,  i n c r e a s i n g  t h e  input .  f l u x  e r r o r s  w i l l  o n l y  i n c r e a s e  

t h e  o u t p u t  f l J x  e r r o r s  up t o  a p o i n t  where no f u r t h e r  e f f e c t  i s  seen.  

T h i s  p rocedure  can be used t o  de te rm ine  maximum e r r o r  l i m i t s  i f  no o t h e r  

gu idance  i s  a i a i l a h l e .  However, i n  r e g i o n s  o f  p o o r  f o i l  coverage,  t h i s  

p rocedure  w i l l  f a i l  and one must  r e l y  on p a s t  e x p e r i e n c e .  

F l u x  and c r o s s - s e c t i o n  s e l f - c o v a r i a n c e s  have been e s t i m a t e d  u s i n g  a 

Gaussian f u n c t i o n  w i t h  a f u l l  w i d t h  o f  s e v e r a l  energy  g roups .  

words, we a r e  s a y i n g  t h a t  nearby  groups must he v e r y  s t r o n g l y  c o r r e l a t e d ;  

however, w i d e l y  spaced groups a r e  a lmos t  e n t i r e l y  independen t .  

s t a t emen t  i s  L1nalogous t o  smooth ing  t h e  i t e r a t i o n  i n  SAND I1 and a l s o  

a v o i d s  t h e  p rob lem o f  d i s c o n t i n u i t i e s  i n  t h e  o u t p u t  f l u x  spect rum,  

e s p e c i a l l y  a t  s h a r p  resonances i n  t h e  c r o s s - s e c t i o n ,  wh i ch  a r e  n o t  
p h y s i c a l .  Covar iances between d i f f e r e n t  c r o s s- s e c t i o n s  must be de te rmined  

f rom expe r imen ta l  d a t a  and we m u s t  w a i t  f o r  t h e i r  p u b l i c a t i o n  i n  ENDF/B-V. 

I n  o t h e r  

T h i s  

So f a r ,  o u r  expe r i ence  w i t h  STAYSL i s  g e n e r a l l y  s i m i l a r  t o  t h e  

r e s u l t s  o b t a i n e d  w i t h  SANDANL. 

t i e s  s t r o n g l y  dominate t h e  o u t p u t  f l u x  u n c e r t a i n t i e s .  The STAYSL code 

t r e a t s  i n p u t  f l u x  e r r o r s  more r e a l i s t i c a l l y  s i n c e  o u r  p e r t u r b a t i o n  p r o -  

cedures i n  SANDANL produce  non- phys i ca l ,  l o n g - t e r m  c o r r e l a t i o n s .  

f l u x  e r r o r s  t h u s  appear  t o  be more p h y s i c a l l y  r easonab le  i n  STAYSL. 

I n  b o t h  cases, t h e  i n p u t  f l u x  u n c e r t a i n -  

Outpu t  

F i g u r e  1 shows a f l u x  spec t rum de te rmined  a t  t h e  Oak Ridge Research 

Th is  may be compared w i t h  t h e  Reac to r  (ORR) a t  a reduced  power o f  1 MW. 

r e s u l t s  o f  SANDANL p u b l i s h e d  i n  t h e  p r e v i o u s  r e p o r t  (DOE/ET-0065/6). 

Bo th  show l a r g e  e r r o r s  i n  t h e  1-500 keV r e g i o n  where f o i l  coverage i s  

a lways  v e r y  p o o r  i n  a mixed- spectrum r e a c t o r .  The o u t p u t  f l u x  c o v a r i a n c e  

f i l e  f r o m  STAYSL has a l s o  been i n t e r f a c e d  w i t h  o u r  damage parameter  codes 

and Tab le  I I l i s t s c a l c u l a t e d  damage r a t e s  and e r r o r s  f o r  t h e  ORR spec t rum 

shown i n  F i g .  1 .  
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F i g .  1 .  STAYSL r e s u l t s  f o r  t h e  Oak Ridge Research Reactor.  

The dashed l i n e s  

Twenty-one r eac t ions  were measured i n  core  loca t ion  
E7 a t  a reduced power o f  1 MW. Dif fe ren t i a l  f l u x  
times neutron energy i s  p l o t t e d .  
represent  one s tandard devia t ion  e r r o r s .  

Table 11. Damage Parameters f o r  ORR Calculated 
w i t h  STAYSL F lux  Covariances. T h e  
spectrum i s  shown i n  Fig. 1 ,  although the  
power i s  renormalized t o  30 MW. 

Damage He1 i urn 
Materi a1 (DPA/yr) (ppm/yr) 

N i  5.7 i- 0.6 22.6 ? 2 .5  
c u  5.5 + 0.6 1 .4  t 0.2 
Nb 5.4 k 0.6 0.31 + 0.04 
Au 4.4 c 0.4 0.0030 i 0.0005 

a 

a 5 8 N i ( n , y ) 5 9 N i ( n , ~ )  process - n o t  included.  
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V I I .  - FUTURE WORK - 

We i n t e n d  t o  use -the STAYSL code f o r  most r o u t i n e  d o s i m e t r y  per fo rmed 

f o r  t h e  f u s i o n  program. As new c r o s s - s e c t i o n  va r i ance- cova r i ance  f i l e s  

a r e  p u b l i s h e d  i n  ENDF/B-V ,  t h e y  w i l l  be  i n c o r p o r d t e d  i n t o  t h e  code. 
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CHAPTER 3 

SUBTASK B: DAMAGE PRODUCTION 
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I. 

11. 

PROGRAM 

T i t l e :  14 MeV Neu t ron  I r r a d i a t i o n s  (WZJ-14) 

P r i n c i p a l  I n v e s t i g a t o r :  M. Guinan/W. Barrnore 

A f f i l i a t i o n :  Lawrence L i v e r m o r e  L a b o r a t o r y  

OBJECT I V E  

The o b j e c t i v e  o f  t h i s  work i s  t h e  c h a r a c t e r i z a t i o n  o f  t h e  p r i m a r y  

damage s t a t e  r e s u l t i n y  f r o m  14 MeV n e u t r o n  i r r a d i a t i o n s  and t h e  d e t e r -  

m i n a t i o n  o f  t h e  i n f l u e n c e  o f  n e u t r o n  s p e c t r a l  e f f e c t s  on d e f e c t  produc-  

t i o n  and d i s t r i b u t i o n .  

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

SUBTASK II.B.2.3 Cascade P r o d u c t i o n  Methodology 

II.B.3.2 S t u d i e s  o f  M e t a l s  

II.C.6.3 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 s  

II.C.11.4 Creep Under High-Energy Neu t ron  I r r a d i a t i o n s  

I V .  SUMMARY 

A. The r e s u l t s  o f  f u l l y  dynamic computer s i m u l a t i o n s  o f  c o l l i s i o n  
cascades i n  t u n g s t e n  show an a b r u p t  decrease i n  d e f e c t  p r o d u c t i o n  e f f i c i -  

ency  b e g i n n i n g  a t  e n e r g i e s  about  10 t i m e s  t h e  minimum t h r e s h o l d  energy. 

A d e t a i l e d  a n a l y s i s  o f  t h e  t i m e  development  o f  a t y p i c a l  cascade r e v e a l s  

t h a t  t h i s  d r o p  i n  e f f i c i e n c y  i s  p r i m a r i l y  due t o  r e c o m b i n a t i o n  by  d e f e c t  

t r a n s p o r t  d u r i n g  t h e  cascade c o o l i n g  phase. 

o f  magni tude l a r g e r  t h a n  t h a t  p r e d i c t e d  f r o m  e q u i l i b r i u m  t r a n s p o r t  t h e o r y .  

completed a t  RTNS-11. 

shou ld  p o s s i b l e  t o  e x t r a c t  s t e a d y  s t a t e  d e f e c t  c o n c e n t r a t i o n s  under  

i r r a d i a t i o n  as w e l l  as p r o v i d e  i n f o r m a t i o n  on t h e  therma l  s t a b i l i t y  o f  

g l i d e  p l a n e  b a r r i e r s  produced b y  t h e  i r r a d i a t i o n .  

T h i s  t r a n s p o r t  i s  an o r d e r  

B. I n - S i t u  c r e e p  s t u d i e s  on n i o b i u m  a t  550°C have r e c e n t l y  been 

P r e l i m i n a r y  a n a l y s i s  o f  t h e  d a t a  i n d i c a t e  t h a t  i t  
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ACCOMPLIS IMENT!, AND STATUS - ___- V .  

A .  _ _ _ _  The -iiire Lltipendence ~- of Defect Con.figurations i n  a Co l l i s i on  .___ 

__. Cascide - - I?. 11. Guinan, J .  ii. Kinney and R. N .  S t ua r t  ( L I . : ~  

1 .  Intrciduit i3n 

B o t h  oxperinrents and f u l l y  dyri'iiiiic coiiipiiter siinill a L i  

reveal a ilrarked decrcase i n  de fec t  production e f f i c i e n c y  a t  P K O  e?e r -  
of a f e w  keV, werear ;  b inary- col l i s ion  ca lcuId t . ions2  do not. 
when f u l l y  dynaiiic c , i lcula t ions  a r e  ter i i inatcd a t  tlie end of t h e  d i s , J l z c c -  

i w n t  p rocess ,  1ist.h t l i e  nirmher and separa t ion  of Frenkel pa i rs  can be  i r :  

good agrcei,ieiit {i i th  t.he r e s u l t s  o f  binary c:alculations3 when the s d ( ~ e  
i n t e r a t o 1 , i i c  p o t ? n i i d :  i t ;  iisetl. An addit,ional coriiparisori f o r  2.5 keV c ?  1 -  

cades i s  given i n  Table 1. The results o f  the binary c a l c u l a t i o n s  o f  

Keeler arid ~ e s c o 4  d r i i  coi,ipared t o  two se t s  oi: tiynaiiiic c a l c u l a t i o n s ,  j n e  

u s i n g  tire beeler-%esco po ten t ia l  ( 11 )  arid t h e  o the r  a potet i t ial  ( I )  de- 
veloped by h i l i s r i  an,] L i s s o n  o f  Sandia Laboriitories,  Livermore. 

However, 

TABLE 1 

Coil!IJ.iriiiii o f  Ful ly  Dynainic and [{iiidry Cdlculdt ions 
t o r  2.5 keV Cascades i n  Tungsten 

Cascade Vol ul.iti 

I n i  t i  a1 Ui s p i  3cei;iiiriLs 

Af te r  Recoiribi ndl:i on 
/ \ i t e r  Cascade Cuol i i ig  

540 000 670 
2 5 2Y L5 
9 I 2  1: 
3.3 5.8 _ -  
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The dynamic r e s u l t  u s i n g  t h e  same p o t e n t i a l  i s  i n  good agree-  

When u n s t a b l e  p a i r s  a r e  e l  i n i i na ted  u s i n g  t h e  a p p r o p r i a t e  r e -  

I f  t h e  dynamic c a l c u l a t i o n s  a r e  r u n  l o n g  enough t o  

ment w i t h  t h e  b i n a r y  c a l c u l a t i o n  w i t h  r e s p e c t  t o  cascade s i z e  and i n i t i a l  

d isp lacements .  

comb ina t i on  volume5, agreement i s  ma in ta ined ,  i n d i c a t i n y  t h a t  t h e  d e f e c t  d i s -  

t r i b u t i o n s  a r e  s i m i l i a r .  
a l l o w  t h e  cascades t o  c o o l ,  as  Tab le  1 shows, a s u b s t a n t i a l  f r a c t i o n  o f  t h e  

d e f e c t s  recombine. 

The s i m p l e s t  model we m i g h t  c o n s i d e r  t o  account  f o r  t h e  a d d i -  

t i o n a l  r ecomb ina t i on  would i n v o l v e  t h e  use o f  a l a r g e r  e f f e c t i v e  recombina-  

t i o n  volume. The r e s u l t s  o f  b i n a r y  c a l c u l a t i o n s 6  c o v e r i n g  a wide energy  

range as  w e l l  as t h e  p resen t  r e s u l t s  show t h a t  t h e  f r a c t i o n a l  decrease  ob- 

t a i n e d  by  i n c r e a s i n g  t h e  volume i s  n e a r l y  independent  o f  t h e  cascade energy. 

On t h e  o t h e r  hand, t h e  dynamic r e s u l t s  a f t e r  cascade c o o l i n g  show a p r o -  

nounced energy  dependence i n  t h e  l o w  k i l o v o l t  range. Thus, a model must be 

developed which reproduces  t h e  observed energy  dependence. 

2. Time Dependence 

The development o f  an e n e r g e t i c  cascade can be r o u g h l y  d i v i -  

ded i n t o  t h r e e  phases: 

I.  A c o l l i s i o n  phase, l a s t i n g  a few t e n t h s  o f  a p icosecond,  
d u r i n g  which t h e  PKO energy  i s  shared  among success i ve  g e n e r a t i o n s  o f  r e c o i l  

atoms u n t i l  none o f  t h e  r e c o i l s  has enough energy  t o  l e a v e  i t s  l a t t i c e  s i t e .  

11. A r e l a x a t i o n  phase l a s t i n g  t h e  o r d e r  o f  h a l f  a p i c o -  

second ( a few l a t t i c e  v i b r a t i o n  p e r i o d s  ) d u r i n g  wh ich  d e f e c t s  b e g i n  t o  as- 

sume t h e i r  e q u i l i b r i u m  c o n f i g u r a t i o n s ,  t h e  c l o s e s t  u n s t a b l e  p a i r s  c o l l a p s e ,  

and more i s o l a t e d  d e f e c t s  deve lop  t h e i r  s u r r o u n d i n g  s t r a i n  f i e l d s .  

111. A c o o l i n g  phase o f  t h e  o r d e r  o f  p icoseconds d u r i n g  

wh ich  t h e  cascade r e g i o n  reaches l o c a l  t he rma l  e q u i l i b r i u m  w i t h  i t s  sur round-  

ings .  
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The t h r e e  Ipiiases a r e  d e l i r i e a t e d  i r !  F i g u r e  1, where :,!I!~. r , .  ~. 

be r  o f  d isp1ace. l  atoriis i n  b o t h  a 600 e\j and a 2.5 keV cascade art , , : : ~ - ~ , e c  
as d f u n c t i o n  01; t i i ; ie. The number o f  d i s p l a c e d  atoiiis reaches a : r iaxiF. , :~,  

s h o r t l y  b e f o r e  :.he erid of phase I and decreases r a p i d l y  d u r i i i y  itif: .'t,, : 

of  phase 11. S ince  t h e  r e c o m b i n a t i o n  of a c l o s e  p a i r  beg ins  ds SO):'i 1- I %  

i n t e r s t i t i a l  ha:. stopped,  phase I 1  s ta r t . 5  w e l l  b e f o r e  t h e  pn:i o f  rhoit- ' .  
: a rge  f r a c t i o n  i f  t h e  defects r ema in ing  a t  t t w  ? r i d  o f  I ihdSt. 11 r t c o  i . :  i~ 

d u r i n g  pilase 11: as a r e s u l t  o f  t h e  subs tan t i ; i l  d e f e c t  i i i i g ra ' , i on  o:c:;r , .  

Th is  i s  i l l u s t r a t e d  i n  F i g u r e s  :!.(a) and 2. (b)  f o r  ' ; t ? t i - i - '  

t i a l s  and vacanc ies  r e s p e c t i v e l y .  

r a t e  i s  p l o t t e d  1s a f u r i c t i o n  o f  t i m e  f o r  the 2.5 keV cascdtle used i ~ i  F i - , .  

Hecoi i ib ir iat iur i  j u i i p s  were r io t  i n c l u d e d  i n  det .er i i i in iny t h e  jump r a t e s  f o l -  

e i i h e r  defect.. !clat!vely h i g h  jump r a t e s  a r e  s t i l l  observed w e l l  i . l t c  

;ltidse IIi where L l i e  cdscdd? r e g i o n  h a s  c o o l e d  c o n s i d e r a b l y .  

I n  each f i g u r e  t h e  ohs?rved  d e f s c t  : 

To pul. t hese  o b s e r v a t i o n s  i n  p e r s p e c t i v e ,  we tiave c 6 l c ' i l  

t e d  t h e  JUIII[J r d t e s  exiJeccl.ed f ro i i l  e q u i l  ibr iu iT i  l;heriiI(>dyndii:iCS u s i n g  mea: .r - 

jui,iq, r iT .es  f o r  t n i  i p o t c ? r i t i i i 1  7 3 8  dnd an e f f e c t i v e  t en ipe ra tu re  bdsetl ~ : t  I 

t u t d l  energy  i n  the c<isczde vo lw re .  These r a t x s  d r e  shown a s  t h e  ddsne,! 

l i n e s  wtricii Leyiii at.  t~.ne end o f  phase I .  
c q h i l i b t - i w  7 3  il v e r y  i ~ o o r  one d u r i n y  phase 1 1 ,  i! 1 5  I iT i t .  ~ i t i t ~ ~ a s o t  

i , , ;~s t  of  pt iusc I I I  when! t h e  jlJliip r a t e s  a r e  iiiore Itllati an <)).det ut  .,,;I , I ;  

y r e d t e r  t h a n  expected.  

Wi i i l c  :tie assumpt ion o f  l o c ~ i  
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F IGURE 1. The t i m e  development o f  two c o l l i s i o n  cascades. 
d i s p l a c e d  atoms i s  g i v e n  as a f u n c t i o n  of  t i m e  f o r  a 600 eV (- - - )  
and a 2.5 keV (-) c o l l i s i o n  cascade. 

The number of 
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r.5 

FIGUKC 2. D e f e c t  JUl i lp  r a t e s  d u r i n y  t h e  deve lop i i t l i i t  u t  d 2 . 5  keV g , . d ~ , i j  

cascade. ( a )  I n t e r s t i t i a l  juiiii; rd1.e V L  t i i i ie .  (1,) i'aLatI:.:' , 
r a t e  v s  t i t i le .  The dashed l i n e  i v  i:actt f i g u r e  i s  i h e  e ; x , , e ~ . ~ ~  
ji i i i ip r a t e  assuli i iny the rma l  e q i i i  I i b r i i m .  

' 1 :  
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9. I n - S i t u  Creep T e s t i n g  D u r i n g  I r r a d i a t i o n  W i t h  High-Energy Neu- 

t r o n s  - W. L. Barmore, A. W. Ruo to la  and E. L. Raymond (LLL) 

1. I n t r o d u c t i o n  

I n  exper iments  l a s t  yea r ,  s i g n i f i c a n t  changes i n  t h e  c reep  

b e h a v i o r  o f  n i o b i u m  i n  t h e  t empera tu re  range  450 t o  6OOOC were produced by  

i r r a d i a t i o n  w i t h  h i gh- ene rgy  neutrons.9 

conducted a t  t h e  Be(d,n) source a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  a t  Dav i s ,  

u s i n g  35 MeV deuterons.  The n e u t r o n  f l u x  was 2 x 1016 n/m2 - s (E > 1 MeV) 

w i t h  a h i g h  component o f  neu t rons  w i t h  e n e r g i e s  g r e a t e r  t h a n  4 MeV. 

The i n - s i t u  c reep  exper iments  were 

I n  t h i s  e x p l o r a t o r y  s tudy,  t w o  t y p e s  of r a d i a t i o n - i n d u c e d  

e f f e c t s  on t h e  c r e e p  b e h a v i o r  o f  n i ob ium were observed. One e f f e c t  was 

sho r t - te rm ,  began w i t h  t h e  onse t  o f  i r r a d i a t i o n ,  and was obse rvab le  f o r  

about one minute.  The second e f f e c t  was l o n g e r  t e rm  and p r o q r e s s i v e .  

A f t e r  e s t a b l i s h i n g  a s t e a d y - s t a t e  therma l  c reep  r a t e  a t  

600°C t h e  beam was i n s t a n t a n e o u s l y  t u r n e d  on. 

i n c r e a s e  i n  c reep  r a t e ,  f o l l o w e d  by  a con t inuous ,  l o n g- t e r m  decrease i n  

c r e e p  r a t e .  

i n  c reep  r a t e  f o l l o w e d  by  a con t inuous ,  l ong- te rm  i n c r e a s e  i n  c reep  r a t e .  

There  was an immediate 

When t h e  beam was t u r n e d  o f f ,  t h e r e  was an immediate decrease 

These e f f e c t s  o f  n e u t r o n  i r r a d i a t i o n  on t h e  c r e e p  b e h a v i o r  

of  n i o b i u m  c a n  be r a t i o n a l i z e d  i n  t e rms  o f  a g l i d e - c l i m b  model.9 

n e u t r o n  i r r a d i a t i o n ,  s i g n i f i c a n t  numbers o f  d e f e c t s  a r e  genera ted  above t h e  

e q u i l i b r i u m  c o n c e n t r a t i o n  n o r m a l l y  p r e s e n t  d u r i n g  t he rma l  creep. Some va- 

canc ies  and i n t e r s t i t i a l s  a v o i d  r e c o m b i n a t i o n  i n  t h e  cascade r e g i o n  and a r e  

f r e e  t o  p a r t i c i p a t e  i n  k i n e t i c  processes.  The more m o b i l e  i n t e r s t i t i a l s  

escape f r o m  t h e  cascade r e g i o n s  and i n t e r a c t  w i t h  d i s l o c a t i o n s ,  t h e r e b y  

enhancing t h e  c l i m b  r a t e  o v e r  d i s p e r s e d  b a r r i e r s .  It i s  t h i s  enhancement 

t h a t  i s  a s s o c i a t e d  w i t h  t h e  i ns tan taneous  i n c r e a s e  i n  c r e e p  r a t e .  

D u r i n g  

55 



Excess vacanc ies  i n  t h e  cascade r e g i o n s  a r e  presumably  

t r a p p e d  b y  i m p u r i t y  a t o m  and o t h e r  vacanc ies  f o r m i n g  sma l l  c l u s t e r s .  l r i  

t h e  s e q u e n t i a l  c l i m b - g l i d e  p rocess  o f  c reep,  t h e  d e f e c t  c l u s t e r s  appii- 

r e n t l y  a c t  as r ~ i n d o n i l y  (d ispersed o b s t a c l e s  t o  d i s l o c a t i o n s  g l i b i n 9  J I '  

s l i p  planes. A s  i r r a d i d t i o n  c o n t i n u e s ,  t h e  s i z e  and d e n s i t y  o f  t h e  c i , , h .  

t e r s  i n c r e a s e ,  ,!nd t h e  c r e e p  r a t e  decreases progressive1.y.  An even iu3  ~ 

s t e a d y - s t a t e  cr:!ep r a t e  d u r i n g  i r r a d i a t i o n  a t  conr;t.arit. C l i i x ,  te l I l ,J l :  : + ,  . 
and s t r e s s  i s  a l i t i c i p a t e d .  I t i s  assumed t h a L  t h e  averaye s i z e  a m  ;i- : 

o f  d e f e c t  c l u s t c ! r s  wou ld  be m a i n t a i n e d  e s s e n t i a l  1y constant .  i n  d <t,:+.c: 

dynamic e q u i l  ibt.iuiii. 

When t h e  beam was t u r n e d  o f f ,  t h e r e  was a sudden deLre?>c. 

i n  c r e e p  r a t e  r v s u ' l t . i n y  f ron i  a n  a b r u p t  decrease : t i  t h e  number o f  defec.:i 

a r r i v i n g  a t  t h e  s i t e s  o f  c ~ l i m b  events.  The subsequent g r a d u a l  inc i -e js ,? : : #  

c r e e p  r a t e  i s  probab' ly  a s s o c i a t e d  w i t h  t h e  d i s s o l u t i o n  o f  vacancy c1 J S ; . ~ ! -  . 

When r e c o v e r y  i s  corr iplete, t h e  c reep  r a t e  i n  t h e  absence o f  n e u t r o n  i t  r ? ! : d 7 .  

a t i o n  i s  expec ted  t o  r e t u r n  t o  t h e  s t e a d y- s t a t e  t h e r m a l  value. 

L .  R e s u l t s  ~- 

The i n - s i t u  c reep  apparatus1()  has been r e c o n f i g u r e d  d n d  r !  

t e r f a c e d  w i t h  t h e  23G iniiii d ian ie te r  RTNS-I1 t d r q t . 1 . .  We hdve d l b o  L ~ U  

corl iputer l o a d  c o n t r o l  and d a t a  a c q u i s i t i o r  o i  1.~~:1.i.irieiiI: v i i i . i i i i ~ ~ ~  r ' ,  

t es t . i ng .  Our f i r s t  c r e e p  t :est a t  RTNS-I1 war, ri:n i i i id-August cln a t ,  - I  

t i iobi i i r t i  spec i i i ie i i  a t  550 dntl 600°C and st.resst~!'; i i t i a r  ~l i l l  MI". I. 

I 1  o p e r a t i n g  a t  a source  s t r e n g t h  o f  1.1 x t ieu t rons /sec : r r~ i l ,  ~ ti!- t !  , '  

a t  t h e  sai i iple was 1.2  x 1016 n/m*-s. 

I n  t h i s  most  complex, f u 1 l . y  i nslrLi! irenteti ii.i.!,itu t i j e  1 1 , ~ : i i ~  

t h a t  has  been ruri under 14 MeV n e u t r o n  i r r a o i d t .  i o i i ,  ~ ~ r o i i o u r i c t i d  p t r t , b r b ~ .  

t i o n s  i n  c reep  b e h a v i o r  were produced at .  550"'i: , iy $.:ycl i r iy ttw h i ~ h  c.rir ', I 

n e u t r o n  beam q u i c k l y  on dnd o f f  t h e  h i g h l y  st .resi ,ed i i i inispec1riieri. i ! e i , , I  

a t i o n  r a t e s  jumped i i io inentar i l y  b y  30-5OX when the! !ieaiii wds f i as t i ed  r,iiT 

t h e  specimen and decreased a s i m i l a r  ainciunt ulioti beail r e i i i ~ ~ v ~ !  ( F i g .  3,. 
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A c c e l e r a t e d  r a t e s  a r e  a t t r i b u t e d  t o  an i ns tan taneous  i n c r e a s e  i n  c o n c e n t r z -  

t i o n  o f  r a d i a t i o n  i n d u c e d  p o i n t  d e f e c t s  i n  t h e  m a t e r i a l .  Dece le ra ted  r a t e s  

a p p a r e n t l y  r e s u ' t  f rm t h e  r a p i d  removal o f  excess d e f e c t s  when t h e  b e a r  
i s  a b r u p t l y  t u r n e d  o f f .  

P r e l i m i n a r y  a n a l y s i s  o f  o u r  (data i n d i c a t e s  t h a t  t h e  e f f e i l : ,  

o f  14 MeV n e u t r o n  i r r a d i a t i o n  o n  t h e  c r e e p  o f  n i ob i um  observed  i n  t h i s  e . ' -  
p e r i m e n t  a r e  s i i l i i l a r  t o  e f f e c t s  observed on c reep  o f  n i o b i u m  under  hi.;h 

energy  n e u t r o n s  f r o m  t h e  Be(d,n) source  a t  U.C. Davis.  9 

3. Conc lus i ons  

The n e u t r o n  f l u x  a t  t h e  R T N S - . I I  i s  s u f f i c i e n t ,  even  w i t h  

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

i n  s i t u  c reep  t e s t  scheduled f o r  l a t e  November, we w i l l  i n v e s t i g a t e  :hi- 

e f f e c t s  o f  f l u x  and s t r e s s  l e v e l s  on t h e  c r e e p  b e h a v i o r  o f  n iob iu i r i  i n  t h e  
r e g  i o n  4 50- 600 "C. 

When t h e  exper i inents  a r e  colnp'lete, t h e i r  d n a l y s i s  i n  t e n )  

of t h e  c r e e p  model proposed s h o u l d  y i e l d  i n f o i v a t i o n  on t h e  number of 

d e f e c t s  wh ich  escape c o l l i s i o n  cascades t o  p a r t  i c i p d t e  i n  d i f f u s i o n  p r c -  

cesses as w e l l  as p r o v i c ~ e  e s t i m a t e s  o f  t h e  t he r i i i a l  s t a b i l i t y  3 f  cd r iddv :  

reiiin a n t  s . 



VI. REFERENCES 

1 ,  M .  W .  Guinan, R .  N .  S t u a r t ,  C .  E. Vio le t  and J .  H .  Kinney, OAFS 
Quarter ly Technical Progress Report, DOE/ET-0065/6,  Ju ly  1979. 

2. M .  T. Robinson and I .  M .  Torrens, Phys. Rev. 9. 5008 (1974) .  

3 .  0 .  M.  Schwartz, 3 .  0. Schi f fgens ,  0 .  G .  Doran, G .  R .  Odette and 
R .  G .  Ariyasu, Computer Simulation for Mater ia l s  Applicat ion,  
NBS - 1 ,  75 (19761. 

J .  R .  Beeler ,  J r .  and D. G .  Besco, Phys. Rev. __ 134A, 530 ( 1 9 6 4 ) .  

R .  N .  S t u a r t ,  M .  W .  Guinan and R .  J .  Borg, Rad. Eff .  30, 129 ( i ' f7h)  

4 .  

5. 

6 .  H .  L .  Heinisch, OAFS Quarter ly Technical Progress Report, DOE/ET- 
0065/5, May 1979. 

7 .  M .  W .  Guinan, R .  N .  S t u a r t  and R .  J .  Borg, Phys. Rev. .B15, - 699 (1977).  

8. R .  A. Johnson and  W .  D. Wilson, i n  Proceedings o f  the  In terna t iondl  
Conference on Interatomic P o t e n t i a l s  and Simulation o f  L a t t i c e  k- 
f e c t s  (Eds. ,  P .  C .  Gehlen, J .  R .  Bee ler ,  J r .  and R .  I .  J a f f e e ) ,  
m m  Press, N .  Y., 1972, p .  301. 

9 .  R .  R .  Vandervoort, W .  L .  Barmore and A .  K. Mukherjee, Rad. E f f .  
- 41, 113 (1979). 

10. W .  L .  Barmore, A .  W .  Ruotola, and R .  R .  Vandervoort, Rev. S c i .  
Instrum. - 50, 844 (1979). 

59 



V I I .  FUTURE WORY - 

A. C a l c u l a t i o n s  a r e  c u r r e n t l y  b e i n g  ex tended  t o  10 keV d n d  d t ‘ . d ; ! ?  

comparisons w i t h  MARLOWE a r e  i n  prc~yress.  

B. A f t e r  comp le t i on  o f  t h e  n iob ium s t u d i e s ,  i n - s i t u  creep er;Neii ___  
ments w i l l  be c a r r i e d  out  i n  r i ick,el.  

V I I I .  PUBLICATIO’dS - 

See r e f e r e w e s  9 and 10 above. 
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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  L a b o r a t o r y  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  

R a d i a t i o n  Damage A n a l y s i s  and Computer S i m u l a t i o n  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  deve lop  d i sp lacemen t  f u n c t i o n s  f o r  

p o l y a t o m i c  m a t e r i a l s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I .B.2.3 Cascade P r o d u c t i o n  Methodology 

I I .B .4 .1  I n t e r f a c e  w i t h  o t h e r  des igns  and o t h e r  t a s k s  

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

I V .  SUMMARY 

The computer code NGFITP was developed t o  gene ra te  a n a l y t i c  f i t s  t o  

t h e  d isp lacement  f u n c t i o n s  gene ra ted  by t h e  code DISPLC. 

a b l e  i n v e s t i g a t i o n ,  i t  was de te rmined  t h a t  f o r  t h e  gene ra l  case, a 
r a t i o n a l  f u n c t i o n  p r o v i d e d  t h e  b e s t  r e s u l t s  wherea; f u n c t i o n s  u s i n g  a 

"damage energy"  l i k e  f o rm  were n o t  adequate. 
ment f u n c t i o n ,  s i x t e e n  parameters a r e  r e q u i r e d  t o  d e f i n e  t h e  f i t  f u n c t i o n .  

The c o m p l e x i t y  o f  t h e  d i sp lacemen t  f u n c t i o n s  i n  gene ra l  r e q u i r e s  t h i s  

r a t h e r  l a r g e  number o f  parameters .  

A f t e r  c o n s i d e r -  

For  t h e  t y p i c a l  d i s p l a c e -  

V. ACCOMPLISHMENTS AND STATUS 

A. D isp lacement  F u n c t i o n s  f o r  Po lya tomic  M a t e r i a l s  - - 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). 

61 



One o f  t h e  c e n t r a l  g o a l s  o f  t h i s  prograni i s  t o  p r o v i d e  d i s p l a c e n e n t  

f unc t i ons  f o r  3o lyaton i ic  m a t e r i a l s  f o r  [use by  t h e  Fus ion  Development a n d  

Technology coniinuni ty. The computer code NGFI'TP has been w r i t t e n  t o  

genera te  t h i s  i n f o r r i a t i o n .  

As was t h e  case w i t h  po lyaton i ic  daniage energy f u n c t i o n s ,  i t  was n o t  

p o s s i b l e  t o  d e r i v e  a u n i v e r s a l  fo rn iu la  f o r  t h e  t o t a l ,  n . . ,  and n e t ,  o . . ,  

disp lccen ient  f :unct ions.  Furthermore, t h e  c o m p l e x i t y  o f  t h e  f u n c t i o n a l  

behav io r  o f  ni,j and q . .  a t  l o w  energy a n d  t h e i r  rancie o f  behav io r  f o r  

v a r i o u s  n iater i (31s iiiade t h e  adop t i on  o f  f u n c t i o n a l  f c : -ms  f o r  t h e  f i t  

f u n c t i o n  d i f f i c u l t .  In t h e  t h r e s h o l d  r e q i o n ,  t h e  behav io r  o f  n . .  and c .  

can change severa l  t imes  above Ed  and 2 t d  as i r i d i r e c t  t h r e s h o l d  ene rg i es  

a r e  reached. 

1 J  11  

1 J  

1 .I "1  1 

I n i t i a l  a t te8 , , : ' s t j  to develop f i t  f u n c t i o n s  o f  a "darnaqe energy t y p e"  

were successfu l  f o r  iiiany i n a t e r i a l s  b u t  proved t o  be inadequate f o r  t h e  

genera l  case. A r a t i o n a l  f u n c t i o n  o f  t.he fcri i :  

f l )  t h r  t h r  N . .  Fi j(E) = ( 1  - E . .  / E )  i j  
1 J  

Y(X) 

t h r  pwr X = j-n (E/E . . )  
1 ,I 

was found t o  g i v e  accep tab le  f i t s  f o r  the  qenera l  case. I f  a f i t  i s  
ob ta i ned  f o r  va lues  o f  n . .  o r  4.. above 1.0 x 10-',then rnordr 

u s u a l l y  r e q u i r e d  t o  o b t a i n  f i t s  w i t h  a iiiaxiinuni e r r o r  l e s s  t h a n  l " ,  t h e  

averaqe e r r o r  b e i n g  iniuch l e s s  t h a n  1:'. A l though E q .  1 i s  c l e a r l y  n o t  an 

i d e a l  s o l u t i o n ,  t h e  d isp lacement  f u n c t i o n s  a r e  most u s e f u l  i n  computer 

c a l c u l a t e d  d isp lacement  c r o s s  s e c t i o n s  and a s  such t h e  cuiiibersoirie n a t u r e  

o f  E q .  1 i s  n o t  a handicap. 

= 1 0  i s  
1 J  1 J  

G2 



V I .  FUTURE I.JORK 

A r e p o r t  t h a t  w i l l  contain the  f i t  parameters f o r  a l a r g e  number of 
ma te r i a l s  i s  c u r r e n t l y  being generated. 
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I .  PROGRAV 

T i t l e :  I r r a d i a t i o n  E f f e c t s  A n a l y s i s  (WHOll/EDA) 

P r i n c i p a l  I n v e s t i g a t o r :  U. G .  3o ran  

A f f i l i a t i o n :  Hanfo rd  E n g i n e e r i n g  Development L a b o r a t o r y  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  cieterir i i i ie t h e  e f f e c t s  o f  h i g n  e w r g  

neu t rons  on  daiiiage p r o d u c t i o n  and e v o l u t i o n ,  and t h e  r e l a t i o n s h i p s  o f  these 

e f f e c t s  t o  e f f r i c t s  produced by f i s s i o n  r e a c t o r  n e u t r o n s .  S p e c i f i c  o b j e c -  

t i v e s  o f  c u r r e n t  work a r e  t h e  p l a n n i n g  and per farmance o f  a n  i r r a d i a t i o n  

program a t  t h e  R o t a t i n g  T a r g e t  Neu t ron  Source (?TNS) - I1  and p o s t - i r r a a i a -  

t i o n  t e s t i n g .  

111. RELEVAAT JAFS PROGRAI.1 ____. TASK/S!JBTASK _ _ ~  _- 

SUBTASK I I . B . 3 . 2  Expe r imen ta l  C h d r a c t e r i r a t i o n  o f  P r ima ry  Damaye 

S t a t e ;  S t u d i e s  o f  M e t a l s  

E f f e c t s  of  Damage Rate  and Cascade S t r u c t u r e  on  i 4 i -  

c r os t r u c t u  r e  ; L ow - En e r g  y ,’ ti i g h - E ne r gy N e u t ro n C o , - re  1 a - 

t i o n s  

I I . C . 6 . 3  

I I . C . l l  .4 E f f e c t s  o f  Cascades and F l u x  on Flow; IHigl i-Energy 

Neut ron  I r r a d i a t i o n s  

I I .i. 17.1 H i  c r o s  t r u c t u r a l  C h a r a c t e r i z a t i o n ;  Fioni t o r  and Assess 
Jew Methodo log ies  

l I . C . l : > . l  i i e l a t i t i g  Low- ana l i i g h -  Exposure M i c r o s t r u c t u r e s ;  

I4 uc 1 e a t  i on Ex p e r i men t s 

I V .  S U M M R Y  

B i n a r y  a l l o y s  based on Cu and i u i  and m i c r o - x e i i s i l e  specimens o f  s t a i n -  

l e s s  s t e e l ,  i r i ,  anu Ti6A14V have been p repa red  f o r  i r r a d i a t i o n  a t  RTi lS-I1 

d u r i n g  The n e x t  q u a r t e r .  



V .  ACCOMPLISHMENTS AND STATUS 

A. RTNS-I1 I r r a d i a t i o n  Program -- N. F. Panayotou and E. K. Opperman 
(HEDL) 

1 .  Specimen P r e p a r a t i o n  

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

The f a b r i c a t i o n  o f  t h e  f o l l o w i n g  b i n a r y  a l l o y s  ( c o m p o s i t i o n  

i n  a tomic  p e r c e n t )  i s  complete:  

N i -5% A1 C U - ~ %  A1 

N i -5% S i  Cu-5% N i  

N i - 8 %  S i  Cu-50% N i  

N i -YL  Mn C U - ~ %  Mn 

As d i scussed  p r e v i o u s l y" )  these  a l l o y s  w i l l  be used t o  s tudy  i m p u r i t y  e f -  

f e c t s  on cascades, and cascade e f f e c t s  on  phase s t a b i l i t y .  

Ne a r e  a l s o  p r o c u r i n g  s t o c k  m a t e r i a l  o f  HT-9 and o t h e r  

i r o n - b a s e  a l l o y s .  HT-9 i s  a commercial  f e r r i t i c  a l l o y  t h a t  i s  c u r r e n t l y  a 

p r i m e  c a n d i d a t e  f o r  use i n  f u s i o n  r e a c t o r s .  

i n c l u d e  Fe-0.3% Cu and pu re  Fe. 

copper  i n  t h e  f e r r i t i c  s t e e l s  f o r m e r l y  used f o r  l i g h t  w a t e r  r e a c t o r  p r e s s u r e  
v e s s e l s  l ias been f ound  t o  l e a d  t o  t h e  d e g r a d a t i o n  o f  f r a c t u r e  toughness 

under  n e u t r o n  i r r a d i a t i o n .  The m i c r o s t r u c t u r a l - m e c h a n i c a l  p r o p e r t y  response 

o f  f e r r i t i c  a l l o y s  t o  14 MeV neu t rons  i s  c l e a r l y  o f  i n t e r e s t  and specimens 

o f  s e l e c t e d  f e r r i t i c  a l l o y s  w i l l  be i n c l u d e d  i n  f u t u r e  RTNS-I1 i r r a d i a t i o n s .  

O the r  f e r r i t i c s  o f  i n t e r e s t  

The p resence  o f  sma l l  c o n c e n t r a t i o n s  o f  

b .  Vanadium 

R. H .  Jones o f  B a t t e l l e - N o r t h w e s t  has r e p o r t e d  t h a t  vana- 

d ium w i r e  s t o c k  o b t a i n e d  f r om t h e  LIAFS s t o c k p i l e  has s u f f e r e d  e x t e n s i v e  de- 

l a m i n a t i o n .  Based on t e n s i l e  t e s t s  and o u r  m ic rohardness  measurements we 

have conc luded t h a t  t h e  d e l a m i n a t i o n  i s  due i n  p a r t  t o  a l a r g e  i n t e r s t i t i a l  
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i m p u r i t y  c o n c e n t r a t i o n  i n  t h i s  i i i a t e r i a l .  Sources o f  h i g h e r  p u r i t y  vanadium] 

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

c .  M i c r o - t e n s i l e  specimens 

The p r e p a r a t i o n  o f  m i c r o - t e n s i l e  specimens and t h e  d e v e l -  

opment o f  t echn iques  f o r  t e s t i n g  and a n a l y z i n g  them a r e  F roceed ing  on 

schedu le .  M i c r o - t e n s i l e  specimens ( s e e  F i g u r e  'I) have been produced 

f r o m  0 .76  mm (0.030 i n c h )  d i ame te r  s t o c k  o f  KFC s t a i n l e s s  s t e e l ,  ::i and 

TiGA1-4V b y  a c* ie in ica l  m i l l i n g  t e c h n i q u e .  TEbi d i s k  specimens a r e  a v a i l a b l e  

f ro in  t h e  same m a t e r i a l  n e a t s  used f o r  t h e  s t a i n l e s s  s t e e l  and N i  spec i rwns  

so  d i r e c t  compar isons o f  m ic rohardness  .and t e n s i l e  t e s t  r e s u l t s  w i l l  be  

pos s i b l  e .  

A c c u r a t e  d e t e r m i n a t i o n  o f  specimen d imensions i s  e s s e n t i a l  

s i n c e  each c h e m i c a l l y  i i r i l l e d  specimen i s  u n i q u e .  

measured w i t h  a non- con tac t i ng  l a s e r  system. 

r a t i o n a l  b a s i s  f o r  t i re  s e l e c t i o n  o f  m i c r o - t e n s i l e  specimens f o r  i r r a d i a t i o n .  

Specirnen d i a m e t e r s  a r e  

T h i s  t echn ique  p r o v i d e s  a 

A s p e c i a l l y  des igned  d e v i c e  f o r  t e s t i n g  t h e s e  speciimens i n  
u n i a x i a l  t e n s i o n  i s  shown i n  F i g u r e  2 .  T e s t s  on z o n t r o l  ( u n i r r a d i d t e d )  

specirnens o f  20:; CW J1G s t a i n l e s s  s t e e l  have produced v e r y  r e p r o d u c i b l e  r e -  

s u l t s  wh ich  c o r r e l a t e  w e l l  w i t h  NSX Handbook v a l u e s .  F o r  d e t a i l s  o f  t h e  

t e s t  r e s u l t s  and e x p e r i m e n t a l  p rocedures  see t h e  A l l o y  Developnient f o r  11"- 

r a d i a t i o n  Vc r f o rnance  ( A U I P )  q u a r t e r l y  p r o g r e s s  r e p o r t  ( 2 ) f o r  t h i s  r e p o r t i n g  

p e r i o d .  

2. S t a t u s  o f  I r r a d i a t i o n s  

Specimen i r r a d i a t i o n s  a t  RTilS-I1 have been de layed  a p p r o x i -  

m a t e l y  seven weeks due t o  equipment d i f f i c u l t i e s  a t  t h e  f a c i l i t y .  The 

t h i r d  HEDL exper iment ,  wh i ch  i s  c e n t e r e d  on t h e  i r r a d i a t i o n  o f  TEN d i s k  

specimens of  b i n a r y  a l l o y s ,  i s  cur rent1 ,y  schedu led  f o r  Oc tober  24. H E D L ' s  

f o u r t h  exper iment ,  o u r  f i r s t  i r r a d i a t i o n  o f  m i c r o - t e n s i l e  specimens, i s  
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FIGURE 1 .  1wrLru-Iens1 le bpecimens o t  btainless Steel Which Will be Irradi- 
ated in H E D L  Experiment No. 4 a t  RTNS-11. 
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FIGURE 2. Closeup o f  Gripping Mechanism o f  the Micro-Tensile Specimen 
Uniaxial Test Device. 
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c u r r e n t l y  scheduled f o r  December 3. 

Dos imet ry  r e s u l t s  were o b t a i n e d  f rom LLL f o r  HEDL expe r imen t  

No. 1. T h i s  i r r a d i a t i o n  was t e r m i n a t e d  p r e m a t u r e l y  due t o  RTNS-I1 equ ip-  

ment problems.  

1017 n/cm2 ( E  %14 MeV) r a t h e r  t han  t h e  goa l  f l u e n c e  o f  Fur thermore ,  

the  measured peak and minimum f l u e n c e  va lues  d i f f e r e d  by  o n l y  a f a c t o r  o f  

15, r a t h e r  t han  t h e  f a c t o r  o f  30 p r e d i c t e d  f rom c a l c u l a t e d  f l u x  maps. We 

suspec t  t h a t  t h i s  r e s u l t  i s  due t o  a l a r g e r  than expec ted  e f f e c t i v e  d e u t e r -  

on beam d iame te r  a t  t h e  t a r g e t .  

m e t r y  by LLL i n d i c a t e s  a 1 cm beam d iame te r ,  t h e r e  was no mechanism i n  

p l a c e  d u r i n g  o u r  f i r s t  expe r imen t  whereby t h e  beam p o s i t i o n  c o u l d  be d i -  

r e c t l y  m o n i t o r e d  ove r  an extended p e r i o d  o f  t i m e .  I t  i s  p o s t u l a t e d  t h a t  

beam m o t i o n  i n c r e a s e d  t h e  e f f e c t i v e  s p o t  s i z e .  

r e l a t e  w e l l  w i t h  c a l c u l a t i o n s  u s i n g  s p o t  s i z e s  o f  1 .5  t o  2 cm. 

The d a t a  i n d i c a t e  t h a t  t h e  peak f l u e n c e  s u s t a i n e d  was 3.9 x 

A l t hough  s h o r t  t e rm ( s e v e r a l  hou rs )  d o s i -  

The d o s i m e t r y  va lues  c o r -  

M o d i f i c a t i o n s  o f  t h e  beam l i n e  a t  t h e  f a c i l i t y  wh ich  w i l l  
a l l o w  f o r  t h e  r e p r o d u c i b l e  p o s i t i o n i n g  o f  t h e  deu te ron  beam on t h e  t a r g e t  

have now been completed.  ( 3 )  

The a n a l y s i s  o f  t he  dos ime te rs  f r om HEDL exper iment  No. 2 

i s  n e a r i n g  c o m p l e t i o n .  
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V I I .  FUTURE WORK 

1 .  Microhardness and TEM examina t ions  o f  i r r a d i a t e d  specimens from 

HEDL exper iments  1 and 2 w i l l  be  c o n t i n u e d .  

2 .  HEDL RTNS-I1 exper iments  3 and 4 w i l l  be  i r r a d i a t e d .  

3.  T e s t  d a t a  f r o m  bench t e s t s  o f  t h e  1 s t  g e n e r a t i o n  RTNS-I1 f u r n a c e  

w i l l  be  ana lyzed .  

VIII .PUBLICATI0NS 

None. 
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S U B T A S K  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  

AN0 M E C H A I i I C A L  B E H A V I O R  
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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 :  

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

S .  Wood, J .  A .  S p i t z n a g e l  and W .  J. Choyke 

West inghouse Research and Development Cente r  

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 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  a tom ic  d i sp lacemen t  damage by  a second 

i o n  beam. 

111. RELEVANT OAFS PROGRAM TASK/SUBTASK 

SUBTASK I I . C . l ,  I I . C . 2 ,  I I .C .3 ,  I I . C . 5 ,  I I .C .9 ,  I I . C . 1 8  

I V .  SUMMARY 

S w e l l i n g  and mean c a v i t y  d i ame te r  cu rves  a r e  compared f o r  316SS 

t a r g e t s  o f  s o l u t i o n  annea led  (1050OC) and 20% c o l d  worked m a t e r i a l  s u b j e c t -  

ed t o  d u a l - i o n  bombardment w i t h  He and S i  i o n s  i n  t h e  5O0-75O0C tempera tu re  
range.  

mean c a v i t y  d i ame te r ,  whereas t h e  c a v i t y  number d e n s i t i e s  a r e  e s s e n t i a l l y  

c o n s t a n t .  

t h a n  n u c l e a t i o n .  

a tremendous s w e l l i n g  wh ich  i s  n o t  observed  i n  t h e  c o l d  worked c o n d i t i o n .  

A p r e c i p i t a t i o n  sequence f o r  a c i c u l a r  p r e c i p i t a t e s  l e a d i n g  t o  c a v i t y  

a l i g n m e n t  i s  p o s t u l a t e d ,  and i t  i s  suggested t h a t  t h e  t empera tu re  

s e n s i t i v i t y  o f  t h e  r a p i d  c a v i t y  g rowth  reg ime i n  SA 316SS i s  r e l a t e d  t o  

s o l u t e  s e g r e g a t i o n .  

Bo th  c o n d i t i o n s  show a d i r e c t  c o r r e l a t i o n  between s w e l l i n g  and 

T h i s  suggests  t h a t  s w e l l i n g  i s  l i n k e d  t o  c a v i t y  g rowth  r a ' t h e r  

Rapid c a v i t y  g rowth  a t  600'C i n  SA 316% i s  r e f l e c t e d  by  
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V .  ACCOMPLISHMENTS AND STATUS 

A. S w e l l i n g  and C a v i t y  Growth i n  S imu l t aneous l y  Bombarded 31695 

Dual bombardment exper iments  u t i l i z i n g  He and S i t 6  were per fo rmed a t  

tempera tu res  o f  5O0-75O0C, and p r e l i m i n a r y  d a t a  on c a v i t y  number d e n s i t i e s  

and s w e l l i n g  r e p o r t e d  p r e v i o u s l y"  ) have now been updated t o  i n c l u d e  more 

r e c e n t  d a t a .  

m a t e r i a l  i s  g i v e n  i n  F i g .  1,  f o r  a damage l e v e l  o f  2 . 5 - 5 . 0  dpa, damage 

r a t e  o f  -1 x dpa/s,  and appm He/dpa r a t i o  o f  -7-13. C h a r a c t e r i s t i c  

v o i d  m i c r o s t r u c t u r e s  a r e  i n c l u d e d  f o r  each e x p e r i m e n t a l  t empe ra tu re .  A t ,  

o r  be low,  600°C no v i s i b l e  c a v i t i e s  were imaged w i t h  t h e  TEM, b u t  t h i s  may 

r e f l e c t  f a i l u r e  t o  d e t e c t  v e r y  s m a l l  bubb les  beyond t h e  l i m i t  o f  
i n s t r u m e n t a l  r e s o l u t i o n .  Peak s w e l l i n g  i s  around  10  v o l  % a t  650°C and 

i s  d i r e c t l y  c o r r e l a t e d  w i t h  mean c a v i t y  d i ame te r  ( F i g .  2 )  s i n c e  c a v i t y  

number d e n s i t y  ( n o t  shown) i s  e s s e n t i a l l y  c o n s t a n t  ( ~ 5  x 1014 c a v i t i e s / c m  ) 

o v e r  t h e  e n t i r e  t empe ra tu re  range .  S w e l l i n g  i n  s o l u t i o n  annea led  ( S A )  

m a t e r i a l  f o r  a damage l e v e l  o f  1 .4- 5 .0  dpa and appm He/dpa r a t i o  ~ 1 3  

( F i g .  3 )  can a l s o  be c o r r e l a t e d  w i t h  mean c a v i t y  d i a m e t e r .  T h i s  sugges ts  

t h a t  f o r  b o t h  c o n d i t i o n s ,  changes i n  s w e l l i n g  a r e  a s s o c i a t e d  w i t h  c a v i t y  

g rowth  r a t h e r  t h a n  n u c l e a t i o n .  

The t empe ra tu re  dependence o f  s w e l l i n g  i n  t h e  20% c o l d  worked 

3 

The enormous s w e l l i n g  observed  a t  6OO0C i n  t h e  SA 316SS i s  o f t e n  

accompanied b y  c a v i t y  a l i g n m e n t  and appears t o  be r e l a t e d  t o  a c i c u l a r  

p r e c i p i t a t e  f o r m a t i o n .  T h i s  i s  d i s cussed  f u r t h e r  i n  t h e  n e x t  s e c t i o n .  

A t tempts  t o  q u a n t i f y  t h e  v o l  76 s w e l l i n g  a t  t h i s  t empe ra tu re  a r e  now i n  

p r o g r e s s  - t h e  v a l u e  quo ted  (-100%) i s  m e r e l y  an e s t i m a t e  d e r i v e d  f r o m  

s t e r e o  t r a n s m i s s i o n  e l e c t r o n  mic roscopy  o b s e r v a t i o n s .  Conven t iona l  c a v i t y  
z i n g  t h e  Ze iss  P a r t i c l e  S i z e  Ana l yze r  a r e  n o t  

he d e n d r i t i c  n a t u r e  o f  t h e  c a v i t i e s .  Thus, an upper 

ng v a l u e  i s  b e i n g  de te rmined  b y  use o f  a quantamet 

s system. 

s i z i n g  t echn iques  u t i 1  

a p p l i c a b l e  because o f  

bound o r  maximum s w e l l  

automated image ana lys  
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A c i c u l a r  p r e c i p i t a t e  f o r m a t i o n  has a l s o  been observed  i n  co ld- worked  

316SS, as shown i n  t h e  700 and 750°C m i c r o s t r u c t u r e s  p resen ted  i n  F i g .  1 .  
However, i t  i s  appa ren t  t h a t  t h e  c o n d i t i o n s  f o r  r a p i d  g rowth  were n o t  met 

f o r  t h e  range o f  tempera tu res  i n v e s t i g a t e d .  

n u c l e a t i o n  o f  a c i c u l a r  p r e c i p i t a t e s  occurs  on d i s l o c a t i o n s ,  one m i g h t  

a n t i c i p a t e  a l a r g e r  volume f r a c t i o n  i n  c o l d  worked m a t e r i a l  because o f  t h e  

h i g h e r  d i s l o c a t i o n  d e n s i t y  compared t o  a s o l u t i o n  annealed c o n d i t i o n .  

i s  n o t  observed, however. Compe t i t i on  among t h e  numerous n u c l e a t i o n  s i t e s  

a p p a r e n t l y  r e s u l t s  i n  a h i g h  d e n s i t y  o f  p r e c i p i t a t e  n u c l e i  o f  " s u b c r i t i c a l "  

s i z e  wh ich  do n o t  have a chance t o  grow t o  a s t a b l e  a c i c u l a r  c o n f i g u r a t i o n .  

S ince  i t  i s  b e l i e v e d  t h a t  

T h i s  

B. P o s t u l a t e d  O r i g i n  o f  C a v i t y  A l ignment  i n  SA 316% a t  60OOC 

As p resen ted  i n  an e a r l i e r  r e p o r t  (2,  3 )  , s imu l taneous  i m p l a n t a t i o n  o f  

h e l i u m  and bombardmpnt w i t h  t h e  heavy i o n  beam a t  damage r a t e s  o f  

-2.5 x l o q 5  - 1.0 x dpa/s may r e s u l t  i n  v e r y  r a p i d  c a v i t y  g row th  a t  

600°C i n  s o l u t i o n  annealed 316SS. T h i s  r a p i d  g rowth  phenomenon i s  o f t e n  

accompanied by  t h e  a l i g n m e n t  o f  c a v i t i e s  i n  [110] d i r e c t i o n s  wh i ch  l i n k  up 

t o  produce t h e  d e n d r i t i c  ne tworks  observed  p r e v i o u s l y .  ( * )  

de te rmined  t h a t  t h e  occu r rence  o f  t h i s  e x c e s s i v e  vo idage i s  v e r y  t empera tu re  

s e n s i t i v e  and i s  a l s o  c r i t i c a l l y  dependent upon b o t h  t h e  a tom ic  d i sp lacemen t  

and h e l i u m  i n j e c t i o n  r a t e s ,  b e i n g  suppressed a t  bo th  h i g h  h e l i u m  l e v e l s  

and h i g h  dpa r a t e s .  Fur thermore ,  t h e  l a r g e  c a v i t i e s  a r e  o f t e n  coa ted  w i t h  

p r e c i p i t a t e ,  and a c i c u l a r  p r e c i p i t a t e s  a r e  a l s o  a common occu r rence  ( F i g .  4 ) .  

These o b s e r v a t i o n s  i n  c o n j u n c t i o n  w i t h  a d d i t i o n a l  m i c r o s t r u c t u r a l  ana l yses  

o f  bombarded s o l u t i o n  annealed 316% specimens y i e l d  t h e  f o l l o w i n g  

p o s t u l a t e d  p r e c i p i t a t i o n  and c a v i t y  a l i g n m e n t  sequence ( F i g .  5 ) .  

I t  has been 

As i n d i c a t e d  i n  t h e  f i g u r e ,  t h e  h o r i z o n t a l  a x i s  r e p r e s e n t s  i n c r e a s i n g  

t i m e  ( o r  damage), b u t  t h e  mic rographs  a r e  i n t e n d e d  o n l y  t o  r e p r e s e n t  t h e  

v a r i o u s  s tages  o f  m i c r o s t r u c t u r a l  development -- t h e  a c t u a l  t i m e  r e q u i r e d  

f o r  each p a r t  o f  t h e  sequence i s  n o t  known. 
m i c r o s t r u c t u r e s  r e p r e s e n t  non- exp los i ve  g rowth  samples) .  

(Note t h a t  t h e  f i r s t  3 
Obse rva t i ons  
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F I G U K t  4. MiCrOStruCtureS Induced in SA 316 SS a t  a Relatively Low Damage 
Rate ( 2 . 9  x dpa/s) and Moderate He Level. 
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suggest  t h a t  t h e  i n i t i a l  n u c l e a t i o n  s i t e s  o f  t h e  a c i c u l a r  p r e c i p i t a t e s  a r e  

d i s l o c a t i o n s  ( F i g .  sa) ,  and t h a t  these  sma l l  p a r t i c l e s  grow and c o a l e s c e  

t o  produce t h e  more common needle- shaped p a r t i c l e s  (F i gs .  5a, b ) .  
t ypes  o f  t h e s e  p r e c i p i t a t e s  a c t  as p r e f e r e n t i a l  s i t e s  f o r  c a v i t y  

n u c l e a t i o n ,  and t h e y  a r e  u s u a l l y  a l i g n e d  a l o n g  [110] d i r e c t i o n s .  They can 

grow t o  l e n g t h s  o f  1 o r  2 pm ( F i g .  5c ) .  T h i s  m i c r o g r a p h  c l e a r l y  shows how 

c a v i t y  a l i g n m e n t  i n  [ l l O ]  d i r e c t i o n s  may a r i s e  due t o  s e l e c t i v e  n u c l e a t i o n  

a l o n g  t h e  l e n g t h  o f  t h e  needle- shaped phase. Subsequent c a v i t y  g rowth  and 

coa lescence cou ld ,  t h e r e f o r e ,  y i e l d  t h e  d e n d r i t i c  morpho log ies  observed 

a t  600'C ( F i g s .  4 and 5d).  

A l l  

Ano the r  o b s e r v a t i o n  w o r t h y  o f  n o t e  i s  t h a t  many o f  t h e  c a v i t i e s  

a s s o c i a t e d  w i t h  a c i c u l a r  p r e c i p i t a t e s  show l i t t l e  ev idence o f  t h e  

p r e c i p i t a t e  a c t u a l l y  p a s s i n g  t h r o u g h  t h e  c a v i t y .  T h i s  suggests  r e -  

d i s t r i b u t i o n  o f  t h e  second phase m a t e r i a l ,  perhaps around t h e  c a v i t y ,  wh ich 

i s  suppor ted  by t h e  t r a n s m i s s i o n  e l e c t r o n  m ic roscopy  r e s u l t s  p resen ted  i n  

F i g .  6. 

p r e c i p i t a t e s  a s s o c i a t e d  w i t h  s m a l l e r  c a v i t i e s .  The c o r r e s p o n d i n g  da r k  

f i e l d  image ( u t i l i z i n g  t h e  r e f l e c t i o n  i n d i c a t e d  i n  F i g .  6c )  a l s o  shows 

p r e c i p i t a t e  c o a t i n g s  around t h e  l a r g e r  c a v i t i e s .  

t h a t  b o t h  phases have t h e  same c r y s t a l  s t r u c t u r e  and tends t o  s u p p o r t  t h e  

r e d i s t r i b u t i o n  i d e a .  F u r t h e r  work i s  i n  p rog ress ,  u s i n g  scann ing  t r a n s -  
m i s s i o n  e l e c t r o n  microscopy and energy d i s p e r s i v e  X- ray a n a l y s i s  t o  

de te rm ine  t h e  c h e m i s t r y  and s t r u c t u r e  o f  b o t h  t h e  c o a t i n g s  and t h e  a c i c u l a r  

p r e c i p i t a t e s .  

t h a t  a t  t h e  p r e c i p i t a t e - c a v i t y  i n t e r f a c e  i n d i c a t e  a N i ,  S i ,  P and Cu 

en r i chment  o f  t h e  l a t t e r  ( F i g .  7 ) .  

The b r i g h t  f i e l d  image ( F i g .  6a) shows seve ra l  o f  t h e  a c i c u l a r  

T h i s  r e s u l t  i n d i c a t e s  

P r e l i m i n a r y  ana lyses  compar ing t h e  m a t r i x  c o m p o s i t i o n  w i t h  

P r e c i p i t a t i o n  i s  o b v i o u s l y  enhanced by t h e  s e g r e g a t i o n  o f  S i ,  N i  e t c .  

t o  p o i n t  d e f e c t  s i n k s  d u r i n g  i r r a d i a t i o n ,  and seve ra l  p r e v i o u s  o b s e r v a t i o n s  

o f  N i  $i ( 4 y 5 )  and s i l i c i d e  f o r m a t i o n ( 6 )  (e.g.  G-phase) have been made i n  

e i t h e r  n e u t r o n  o r  N i + 6  i o n  i r r a d i a t e d  316SS. 

second phase can t hus  a l s o  o c c u r  d u r i n g  d u a l - i o n  bombardment. Another  

The f o r m a t i o n  o f  a N i ,  S i - r i c h  

01 



FIGURE 6. Cavity and P r e c i p i t a t e  Microst ructures  i n  SA 316 SS Simultaneously 
Bombarded a t  600OC; A, B a r e  b r igh t  and dark f i e l d  micrographs, 
r e spec t ive ly ,  and C shows the r e f l e c t i o n  used f o r  B .  
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f a c t o r ,  

6OO0C, 

segrega 

i n d i  c a t  

tempera 

r e l a t i v  

t h u s  r e  

A t  h i g h  

combina 

back- d i  

depende 

Ni-12.7 a t  % S i  a l l o y  i r r a d i a t e d  a t  3 x l o - =  dpa/s by  3.5 MeV Ni '  i o n s .  

For  t h i s  m a t e r i a l ,  maximum s o l u t e  s e g r e g a t i o n  o c c u r r e d  a t  %575OC, wh i ch  i s  
v e r y  c l o s e  t o  t h e  600'C a t  wh ich  t h e  excess i ve  s w e l l i n g  occu rs  i n  SA 316SS. 

Hence, t o  summarize, i t  i s  suggested t h a t  t h e  c a v i t y  a l i g n m e n t  

observed  i n  SA 316SS a t  6OOOC i s  a d i r e c t  r e s u l t  o f  heterogeneous n u c l e a t i o n  

o f  c a v i t i e s  on a c i c u l a r  p r e c i p i t a t e s  wh i ch  a r e  a l i g n e d  i n  [ l l O ]  d i r e c t i o n s .  

Subsequent c a v i t y  g rowth  and coa lescence  produces t h e  d e n d r i t i c  ne tworks  

so f r e q u e n t l y  seen i n  t h i s  m a t e r i a l .  The t empera tu re  s e n s i t i v i t y  o f  t h e  

e x c e s s i v e  vo idage i s  b e l i e v e d  t o  be d i r e c t l y  r e l a t e d  t o  t h e  t empera tu re  

dependence o f  s o l u t e  s e g r e g a t i o n .  I f  s e g r e g a t i o n  i s  maximized a t  600°C, 

t h i s  w i l l  y i e l d ,  i n i t i a l l y ,  a l a r g e r  volume f r a c t i o n  o f  p r e c i p i t a t e s  t o  

se rve  as n u c l e a t i o n  s i t e s  and may a l s o  c o n t r i b u t e  t o  r a p i d  c a v i t y  g row th  

i f  S i  moves by  a coup led  so lu te- vacancy  mechanism s i n c e  S i  i s  known t o  

segrega te  towards v o i d  s u r f a c e s ( 9 ) .  

t h a t  h i g h  h e l i u m  l e v e l s  and c o l d  work reduce  t h e  tendency f o r  a c i c u l a r  

p r e c i p i t a t e  f o r m a t i o n  and f o r  r a p i d  c a v i t y  g rowth  and coa lescence .  

Most i m p o r t a n t l y ,  t h e  r e s u l t s  sugges t  
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V I I .  FUTURE WORK 

STEM and EDS ana lyses  o f  b o t h  a c i c u l a r  p r e c i p i t a t e s  and t h e  p r e c i p i t a t e -  

c o a t i n g  on c a v i t i e s  i n  t h e  600'C SA 316SS samples (MFE h e a t )  w i l l  be 

c o n t i n u e d .  Data from t h e  s t u d y  o f  t h e  e f f e c t  o f  vacuum ambient  (i. e .  

chang ing  p a r t i a l  p ressu re  o f  oxygen) on t h e  r a p i d  c a v i t y  g rowth  reg ime i n  

SA 316SS a t  600°C w i l l  be completed and r e p o r t e d .  A d d i t i o n a l  exper iments  

t o  i n v e s t i g a t e  t h e  p a r t i c u l a r  damage and h e l i u m  i n j e c t i o n  r a t e s  f o r  wh ich  

excess i ve  c a v i t y  g row th  occu rs  a r e  i n  p rog ress ,  and m i c r o s t r u c t u r a l  

a n a l y s i s  f o l l o w e d  by  da ta  c o m p u t e r i z a t i o n  w i l l  be per fo rmed.  D u a l - i o n  

bombardment s t u d i e s  o f  a vanadium a l l o y  ( e i t h e r  V-20 T i ,  Vans ta r  7 o r  

V-15 C r - 5 T i )  a r e  b e i n g  i n i t i a t e d  t o  de te rm ine  t h e  e f f e c t s  o f  d i f f e r e n t  

H and Co p a r t i a l  p ressu res  i n  t h e  t a r g e t  chamber 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 .  
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TEM o b s e r v a t i o n s  on aged a n d  dua l- ion  bombarded MFE 316SS a r e  
con t inu ing  and a r e  being compared w i t h  ANL r e s u l t s  on t h e  same m a t e r i a l .  
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I .  PROGRAM 

T i t l e :  
Pr inc ipa l  Inves t iga to r :  P .  Wilkes 
A f f i l i a t i o n :  Universi ty of Wisconsin 

The Radiation Induced Order-Disorder Transformation in C u 3 A u  

11. OBJECTIVE 

To understand and model the e f f e c t s  of r ad ia t ion  on micros t ruc tura l  
s t a b i l i t y .  

111. R E L E V A N T  OAFS PROGRAM P L A N  TASK/SUBTASK 

Subtask II.C.1.2. Modeling and Analysis of E f fec t s  of Material 
Parameters on Microstructure.  

I V .  SUMMARY 

A model fo r  ordered a l l o y s  i s  presented which descr ibes  the  combined 
e f f e c t s  of r ad ia t ion  d isorder ing  and r ad ia t ion  enhanced order ing .  
model uses t h e  assumptions o f  Bragg-Williams ordering in a k i n e t i c  form in 
which the  ordering energy i s  a l i n e a r  funct ion o f  order .  Point de fec t  
concen t ra t ionsa re  introduced i n t o  t h e  ordering k i n e t i c s  s o  t h a t  t h e  e f f e c t  
of t h e  r ad ia t ion  (through enhancement of such concent ra t ions)  can be 

described.  Both time dependent and s t eady- s t a t e  so lu t ions  t o  t h e  r e s u l t i n g  
ordering r a t e  equation a r e  presented.  

The 

All tl.e ava i l ab le  data  on i r r a d i a t i o n  of Cu3Au w i t h  f a s t  and thermal 
neutrons a r e  reviewed and presented a s  funct ions  of long range order  
parameters ( S )  versus dose. 
a t u r e s  a r e  f i t t e d  successfu l ly  with the model using the  same d i f fus ion  
parameters throughout. 
future experiments a re  discussed.  

All the  curves a t  a wide v a r i e t y  of  temper- 

The imp1 i c a t i o n s  and predic t ions  of the  model f o r  
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V .  ACCOMPLISHMENTS AND STATUS 

A .  The R a d i a t i o n  Induced Orde r /D i so rde r  T r a n s f o r m a t i o n  i n  Cu& - -  
R .  Zee and P .  Wi lkes  ( U n i v e r s i t y  o f  Wiscons in  - Madison) 

1. I n t r o d u c t i o n  

Exper iments have shown ( ’ ” )  t h a t  under  i r r a d i a t i o n ,  p r e v i o u s l y  

s t a b l e  a l l o y s  may undergo phase t r a n s f o r m a t i o n s .  

may d i s s o l v e  o r  new ones form. One mechanism t h a t  has been proposed t o  

e x p l a i n  phase d i s s o l u t i o n  i s  r a d i a t i o n  d i s o r d e r i n g .  (3) 
s t r a t e d  t h a t  t h e  f r e e  energy  change i n v o l v e d  i n  t h i s  p rocess  i s  o f t e n  

comparable t o  t h e  f r e e  energy o f  f o r m a t i o n  o f  a l t e r n a t i v e  phases and 

i r r a d i a t i o n  m o d i f i e d  phase diagrams have been c a l c u l a t e d  on t h i s  b a s i s .  

The process o f  r a d i a t i o n  d i s o r d e r i n g  has l o n g  been known t o  occu r  and h a s  

r e c e n t l y  been rev iewed.  ( 3 ’4 )  
a common o b s e r v a t i o n  so t h a t  t h e  s i t u a t i o n  i s  e v i d e n t l y  n o t  s imp le .  A 

model wh ich  p e r m i t s  c a l c u l a t i o n s  o f  b o t h  o r d e r i n g  and d i s o r d e r i n g  r a t e s  

under  i r r a d i a t i o n  has r e c e n t l y  been p roposed(3)  and i t  i s  t h e  purpose  o f  

t h i s  paper  t o  a p p l y  t h i s  model t o  a l l  t h e  a v a i l a b l e  d a t a  on i r r a d i a t i o n  

o f  Cu3Au. T h i s  has been i r r a d i a t e d  more t han  any o t h e r  o r d e r e d  a l l o y  i n  

t h e  l i t e r a t u r e  and good therma l  o r d e r i n g  d a t a  i s  a l s o  a v a i l a b l e .  

Second phase p a r t i c l e s  

I t  has been demon- 

( 3 )  

However, enhanced r a d i a t i o n  o r d e r i n g  i s  a l s o  

We demons t ra te  i n  t h i s  paper  t h a t  a l l  t h e  a v a i l a b l e  da ta  can be 
s a t i s f a c t o r i l y  f i t t e d  w i t h  t h i s  model,  u s i n g  t h e  same parameters f o r  t h e  

d i f f u s i o n a l  b e h a v i o r  o f  t h e  a l l o y  t h r o u g h o u t .  

2 .  The R a d i a t i o n  D i s o r d e r  Model 

When an e n e r g e t i c  p a r t i c l e  i n t e r a c t s  w i t h  t h e  l a t t i c e  atoms o f  a 

I n  t h e  p rocess  many more atoms can change 

me ta l  t o  produce a cascade o f  d i sp lacemen ts ,  i t  i s  w e l l  known t h a t  many 

p o i n t  d e f e c t s  a r e  produced.  

p o s i t i o n  ( r ep lacemen ts )  t h a n  a r e  d i s p l a c e d  t o  produce F renke l  d e f e c t s .  I n  
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an ordered a l l o y  such replacements produce d i so rde r .  This d i so rde r  has 
been used t o  make cascade regions v i s i b l e  i n  t h e  e l ec t ron  microscope. ( 5 )  

In addi t ion  t o  these  loca l  cascade replacements,  replacement 
c o l l i s i o n  sequences can a l s o  produce d i so rde r .  
of atoms i s  displaced forward leaving a vacancy behind and an i n t e r s t i t i a l  
a t  t h e  forward end. 
ordered row may become disordered.  Such rows a r e  not  of course v i s i b l e  on 
t h e  e l ec t ron  micrographs. 
the ene rge t i c  p a r t i c l e  i s  unable t o  produce cascades. 

This occurs when a chain 

Since each atom moves one atomic j u m p  a previously 

This type of d isorder ing  can a l s o  occur when 

I n  a l l  these  damage processes poin t  de fec t s  a r e  produced and a t  
temperatures where they a r e  mobile, enhanced d i f fus ion  occurs .  Since 
ordering i s  presumed t o  occur by such point  de fec t  motion, t h e  k ine t i c s  
of t h e  ordering process wi l l  a l s o  be enhanced. Radiation d isorder ing  
theory must be ab le  t o  p red ic t  both ordering and d isorder ing  r a t e s  under 
i r r a d i a t i o n .  

Before ordering changes can be descr ibed ,  i t  i s  necessary t o  choose 
some way t o  measure the  order  i t s e l f .  
parameter of Bragg and Williams, ( 6 )  

We choose t h e  long range order  

f ~ a - X ~  
A 1 - x  s =  c11 

where fAa i s  the  p robab i l i t y  t h a t  an A atom wi l l  be on a s i t e  i n  the  a 
s u b l a t t i c e  and X A  i s  t h e  f r a c t i o n  of A atoms. T h i s  parameter takes  no 
account of how the  disordered atoms a r e  arranged and i n  p a r t i c u l a r  ignores 
s h o r t  range order .  Unlike thermal order ing ,  however, where s h o r t  range 
order  i s  c r i t i c a l ,  most r ad ia t ion  d isorder ing  i s  random. T h i s  i s  because 
the  knock-on atoms have energ ies  t h a t  a r e  l a r g e r  than the  ordering energy 
and a r e  t h u s  l i k e l y  t o  be l i t t l e  influenced by i t .  However, t h i s  ensures 
t h a t  t h e  model wi l l  not  be app l i cab le  t o  an i n i t i a l l y  disordered a l l o y  
w h i c h  i s  l i k e l y  t o  develop order  by domain nucleat ion.  

89 



2a. Radiation Disordering 

If  the  replaced atoms a r e  exchanged randomly then the  d isorder ing  
r a t e  due t o  i r r a d i a t i o n  i s  obviously dependent upon the  instantaneous 
order  

E i s  the  number of  replacements per displaceinent and K i s  t h e  d i sp lace-  
ment r a t e .  Equation [2] o n l y  requi res  t h a t  a t  long times S should tend 
t o  zero.  

The f a c t  t h a t ,  in  a s i n g l e  s e t  of replacements,  atoms a r e  not replaced 
randomly ( a s  i n  a replacement sequence, f o r  example) does not  matter  a s  
long as successive s e t s  a re  randomly spaced, so t h a t  no c o r r e l a t i o n  occurs 
between neighboring s e t s .  Departure from randomness i n  a s i n g l e  s e t  only 
changes the  magnitude of c ,  not the  form o f  the  equat ion.  
Equation 2 i s  so genera l ,  i t  has been deduced f o r  and fcund t o  f i t  many 
d i f f e r e n t  i r r a d i a t i o n  d isorder  s i t u a t i o n s .  ( 7 3 )  

Because 

Theoret ical  values f o r  t h e  replacement r a t i o  c have varied g r e a t l y ,  
from - 1-1000, and t h i s  i s  a topic  o f  grea t  i n t e r e s t  cu r ren t ly  from the  
point  of view of cascade s t u d i e s .  The ca l cu la t ion  i s v e r y d i f f i c u l t  
requi r ing  f i r s t  a determination of the  number and s i z e  d i s t r i b u t i o n  of 
cascades and then es t imates  of t h e  replacements and displacements f o r  each 
s i z e  o f  cascade. For f a s t  neutrons,  values of E 2 100 seein reasonable 
while f o r  thermal neutrons values somewhat below th i s  a r e  expected 
(E  - 1 0 ) .  1 MeV e lec t rons  genera l ly  give E .I 1 .  

2b. Enhanced Thermal Ordering 

Although t h e  thermodynamics of ordering has been heavi ly s tud ied ,  
I n  a t h e  k ine t i c s  of ordering has been the  sub jec t  of very few papers.  

90 



s t a n d a r d  paper Dienes")  used chemica l  r a t e  t h e o r y  f o r  a " r e a c t i o n "  i n  

which a p a i r  o f  wrong o r  a n t i s t r u c t u r e  atoms t r a n s f o r m  t o  a r i g h t  o r  

o r d e r e d  p a i r .  The r e s u l t  d i f f e r s  f r o m  t h e  usua l  chemica l  r a t e  r e s u l t  i n  

t h a t  i n c r e a s e  i n  t h e  degree o f  o r d e r  

o r d e r i n g  r a t e .  T h i s  i s ,  o f  course,  t h e  essence o f  t h e  o r d e r i n g  r e a c t i o n  

as a c o o p e r a t i v e  process.  Dienes demonst ra ted t h a t  i f  t h e  o r d e r i n g  energy  

( t h e  energy  d i f f e r e n c e  f o r  a wrong and r i g h t  p a i r )  was taken  t o  be a 

l i n e a r  f u n c t i o n  o f  t h e  o r d e r ,  t h e  B ragg- Wi l l i ams  r e s u l t  f o r  t h e  e q u i l i b r i -  

um o r d e r  was o b t a i n e d .  For  t h e  case o f  Cu-Au t h i s  l i e s  be low t h e  e x D e r i -  

( e x t e n t  o f  r e a c t i o n )  i n c r e a s e s  t h e  

3 
m e n t a l l y  de te rm ined  va lues .  ( l o )  I n  t h e  chemica l  r a t e  approach t h e  r a t e  

c o n s t a n t  f o r  t h e  o r d e r i n g  r e a c t i o n  i s  g i v e n  as 

kl = v1 exp (-U/kBT) 

w h i l e  t h e  r e v e r s e  d i s o r d e r i n g  r e a c t i o n  r a t e  c o n s t a n t  i s  

k2 = v2 exp [ - (U+V)/kBT] 

where U i s  t h e  energy  b a r r i e r  f o r  t h e  p a i r  exchange and V i s  t h e  o r d e r i n g  

energy.  

t h e o r y  a r e  taken  t o  be e q u a l .  

v, and v2 a r e  t h e  f r e q u e n c y  f a c t o r s  wh ich i n  Bragg- Wi l l i ams  

Dienes o b t a i n s  

dS 2 2 

dttherma 1 
= " exP (-U/kBT) rX,X,(l-S) -exp(-V/k,T)[stXAX,(l-s) 1) 

where t h e  o r d e r i n g  energy  V=VoS. 

I n  o r d e r  t o  use t h i s  t h e o r y  t o  d e s c r i b e  t h e  r a d i a t i o n  enhanced 

thermal  o r d e r i n g  r a t e  (dS/dtthermal*), i t  i s  necessary  t o  i n t r o d u c e  t h e  

p o i n t  d e f e c t  c o n c e n t r a t i o n s .  We f i r s t  assume: 

i )  I n  Cu3Au i n t e r s t i t i a l  m o t i o n  does n o t  change t h e  degree o f  

o r d e r .  The l a r g e  s i z e  d i f f e r e n c e  between t h e  atoms makes t h i s  reasonab le  

and i t  i s  j u s t i f i e d  e x p e r i m e n t a l l y  by t h e  absence o f  o r d e r i n g  i n  s t a g e  I 
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a n n e a l i n g .  ( 11 )  

i i )  O r d e r i n g  proceeds by  a vacancy mechanism. The i n c r e a s e d  

o r d e r i n g  r a t e s  under  i r r a d i a t i o n  a r e  good ev idence  f o r  t h i s .  

The p o i n t  d e f e c t  c o n c e n t r a t i o n s  can be i n t r o d u c e d  i n t o  t h e  r a t e  

c o n s t a n t s  by assuming t h a t  t h e  p a i r  exchange occurs  by  success i ve  vacancy 

jumps. The energy b a r r i e r  t o  p a i r  exchange ( U )  t hen  becomes t h e  energy  

b a r r i e r  t o  vacancy m o t i o n  i n  t h e  doub le  vacancy jump (E,,,). The f requency  

i s  t h e  vacancy a t t e m p t  f r equency  d i v i d e d  by two f o r  a doub le  jump. 

p r o b a b i l i t y  o f  a vacancy b e i n g  i n  p o s i t i o n  t o  make t h e  exchange i s  (Z 

Z - 2 )  C v .  

Z 
s i t e s  around rln CY s i t e .  C i s  t h e  vacancy c o n c m t r a t i o n .  T h e  r a t e  

c o n s t a n t s  a r e  t hen  

0 

The 
+ 

The te rm i n  b r a c k e t s  i s  t h e  number o f  s i t e s  around t h e  p a i r ,  t' 
b e i n g  t h e  number o f  c1 s i t e s  around a 6 s i t e  and 2 

CY B t h e  number o f  5 

V 

kl = ( v v / 2 )  C v  (Zc l  + Zg - 2 )  exp ( -Eg /kgT)  [31 

With  t hese  changes we can now w r i t e  t h e  o r d e r i n g  r a t e  a s :  

As we have n o t e d  i r r a d i a t i o n  i n c r e a s e s  t h e  vacancy c o n c e n t r a t i o n  

and so enhances dS/d t .  To i n c l u d e  t h i s  e f f e c t  we use r a t e  t h e o r y  
c V  
f o l l o w i n g  B r a i l s f o r d  and B u l l o u g h  ( 1 2 )  t o  o b t a i n  C v .  The use o f  t h i s  

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

t r a t i o n s ,  so t h a t  

2 d L .  
1 -- - - 0 = K .  - D.C.k. - EC.C ' a t  1 1 1 1  1 v  PI 
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2 L = O = K  - D C k  - 0 . C . C  + Z D p C  a t  V v v v  i v  v v d v e  
ac 

Ki = K ( l - f i )  

Kv = K ( l - f v )  . 

Ki and Kv a r e  t h e  r a t e s  o f  p r o d u c t i o n  f o r  t h e  d e f e c t s  wh i ch  s u r v i v e  b o t h  

c o r r e l a t e d  r e c o m b i n a t i o n  ( i  . e . ,  immediate r e c o m b i n a t i o n  o f  a F renke l  p a i r )  

and l o o p  c o l l a p s e  i n  t h e  cascade. 

t hese  e f f e c t s . )  

c o e f f i c i e n t s ,  a i s  t h e  r e c o m b i n a t i o n  cons tan t ,  (") w h i l e  k .  and k 

e f f e c t i v e  s i n k  s t r e n g t h s  f o r  i n t e r s t i t i a l s  and vacanc ies ,  r e s p e c t i v e l y .  

We c o n s i d e r  t h e  case where d i s l o c a t i o n s  a r e  t h e  dominant  s i n k s  so t h a t  t h e  

s i n k  s t r e n g t h s  can be w r i t t e n  i n  terms o f  t h e  d i s l o c a t i o n  b i a s  f a c t o r s  Zi 

and Z v  and t h e  d i s l o c a t i o n  d e n s i t y  pd. 

(The f a r e  t h e  f r a c t i o n a l  l o s s e s  t o  

a r e  t h e  i n t e r s t i t i a l  and vacancy d i f f u s i o n  Di and D 
2 2 V 

a r e  t h e  
1 V 

2 
1 i d  k .  = Z .  p [6j 

2 
d '  k = Z v p  

V 

I n s e r t i n g  a l l  these  parameters,  t h e  coup led  equa t i ons  ( 5 )  can be 
s o l v e d  t o  g i v e  C v  and Ci. 

The t o t a l  vacancy c o n c e n t r a t i o n  o b t a i n e d  by t h i s  s o l u t i o n  i s :  

[ 7 j  
where t h e  e q u i l i b r i u m  vacancy c o n c e n t r a t i o n s  Cve  = exp ( -E f /kBT) .  

No te  t h a t  t h e  vacancy d i f f u s i o n  c o e f f i c i e n t  i s  g i v e n  by  Dv = Dov exp 

(-Em/kBT) i n  wh i ch  t h e  average energy  f o r  vacancy m o t i o n  EM i s  n o t  neces-  

s a r i l y  t h e  same as t h e  energy  f o r  an o r d e r i n g  jump Eo s i n c e  t h e  vacancy m 
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can move ove r  l a r g e  d i s t a n c e s  on t h e  copper s u b l a t t i c e  o n l y .  C v  can now 

be i n s e r t e d  i n t o  t h e  o r d e r i n g  e q u a t i o n  [ 4 j  t o  g i v e  t h e  enhanced o r d e r i n g  

r a t e .  

2c. The Order  Rate Equa t ion  

The a c t u a l  o r d e r i n g  r a t e  i s  a ba lance  between t h e  r a d i a t i o n  d i s -  

o r d e r i n g  r a t e  o f  e q u a t i o n  [Zj and t h e  r a d i a t i o n  enhanced o r d e r i n g  r a t e  

o b t a i n e d  by i n s e r t i n g  t h e  enhanced vacancy c o n c e n t r a t i o n  o f  e q u a t i o n  [ 7 J  

i n t o  e q u a t i o n  [4], g i v i n g  

dS + -  dS dS 

d t  dtirr dttherma'l * 
~ ~ --. 

where t h e  ternis on t h e  R . H . S .  a r e  o b t a i n e d  f rom equa t ions  L 2 j  and [4] 

R e s u l t s  f r o m  e q u a t i o n  8 u s i n g  t h e  parameters  o f  T a b l e  1 a r e  shown 

i n  F i g u r e  1. The c h o i c e  o f  t hese  p a r t i c u l a r  v a l u e s  w i l l  be d i scussed  i n  

t h e  n e x t  s e c t i o n .  Here c e r t a i n  genera l  f e a t u r e s  o f  t h e  r e s u l t s  a r e  

cons ide red .  

F i g u r e  1 shows t h e  v a r i a t i o n  o f  dS /d t  t o g e t h e r  w i t h  t h a t  f o r  i t s  

o b t a i n e d  by D ienes (9 )  excep t  f o r  a m u l t i p l y i n g  f a c t o r  

components dS/dtirr and dS/dtthermal*. 

to dS/dttherrnal 
wh ich  c o n t a i n s  t h e  enhanced vacancy c o n c e n t r a t i o n .  

t empera tu re  as shown i n  F i g .  2. 
t r a n s i t i o n  tempera tu re  t h e  m u l t i p l y i n g  f a c t o r  approaches u n i t y  as t h e r e  

a r e  so many the rma l  vacanc ies  t h a t  t h e  i r r a d i a t i o n  i n c r e a s e  i n  t h e i r  

c o n c e n t r a t i o n  i s  n e g l i g i b l e .  R a d i a t i o n  t h e n  makes l i t t l e  d i f f e r e n c e  and 

t h e  the rma l  o r d e r i n g  r a t e  dominates .  A t  l o w e r  tempera tu res  t h e  enhanced 

o r d e r i n g  r a t e  i s  t h e  dominant  r a t e  as F i g u r e  1 shows. 

enhanced o r d e r i n g  under  i r r a d i a t i o n  w i l l  be observed.  I f  t h e  tempera tu re  

i s  l owered  s t i l l  f u r t h e r ,  a l t h o u g h  t h e  enhancement i n  vacancy c o n c e n t r a-  

t i o n  i n c r e a s e s ,  vacancy m o b i l i t y  decreases and e v e n t u a l l y  d i sappears .  

The l a t t e r  i s  i d e n t i c a l  i n  fo r in  

T h i s  v a r i e s  w i t h  

A t  h i g h e r  tempera tu res  near  t h e  o r d e r  

I n  t h i s  r e g i o n  
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T a b l e  1 
Parameters Used i n  F i t t i n g  Cu3Au Data 

Vacancy m o t i o n  energy 

Vacancy o r d e r i n g  m o t i o n  energy  

Vacancy p r e - e x p o n e n t i a l  d i f f u s i o n  c o e f f i c i e n t  

Vacancy f o r m a t i o n  energy  

Em = 0.8 eV 

E$ = 0.84 eV 
- 5 2 = 7.8 x 10  m / s  

= 1.28 eV 
Dov 

Ofv 
V i b r a t i o n a l  f r equency  = v .  = H Z  

I n t e r s t i t i a l  p r e - e x p o n e n t i a l  d i f f u s i o n  c o e f f i c i e n t  D . = 7.8 x 10  - 7  m 2 / s  

V 1 
I n t e r s t i t i a l  m o t i o n  energy Eim = 0.12 eV 

01 

Fo r  f a s t  neu t rons  

Vacancy loss  f r a c t i o n  

Replacement t o  d i sp lacemen t  r a t i o  E = 80 

fv = 0.95 

Fo r  therma l  neu t rons  

Vacancy l o s s  f r a c t i o n  

Replacement t o  d i sp lacemen t  r a t i o  E = 20 
f v  = 0.0 

D i s l o c a t i o n  b i a s  f o r  i n t e r s t i t i a l s  Zi = 1.03 

f o r  vacanc ies  zv = 1.0 

Copper c o n c e n t r a t i o n  XA = 3 /4  

21 2 Recombinat ion c o e f f i c i e n t  a = 10 /m x Di 

O r d e r i n g  energy  Vo = 0.35 eV 
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I . Z ~ I O - ~ ,  I , , I.zxlo-*' 

S 

F i g .  l a  - The r a t e  of change o f  order  a s  a funct ion of order  parameter 
S under f a s t  ne:itron i r r a d i a t i o n  a t  27°C. The i r r a d i a t i o n  r a t e  was 
1 . 4  x lo-' dpa/s and pd was 1 . 7  x 10 /in . 13 2 

. -  I r r a d i a t i o n  d isorder ing  r a t e  
The i r r a d i a t i o n  enhanced ordering r a t e  
The sum of t h e  above 

_ _ _ _ _  

- .. - .. - The thermal ordering r a t e  i n  the  absence of i r r a d i a t i o n ,  
f o r  comparison (no te :  d i f f e r e n t  s c a l e ) .  
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I .2 x 10- 7 

- ~ x I o - ~ ~  I I I 1 1 . 1  I I I I -2x10-7 
0 0.2 0.4 0.6 0.8 1.0 

S 

F i g .  l b  - As f o r  l a  b u t  a t  332°C. 
is  so c l o s e  t o  the  s o l i d  l i n e  a s  t o  b e  i n d i s t i n g u i s h a b l e  e x c e p t  a t  h i g h  S .  

(Note d i f f e r e n t  s c a l e  f o r  r a d i a t i o n  d i s o r d e r i n g  r a t e . )  

The r a d i a t i o n  enhanced o r d e r i n g  curve 
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TEMPERATURE ( O K )  

300 200 700 500 400 

LOG 

I /T  ( x  1000) 

F i g .  2 - The enhanced s t e a d y - s t a t e  vacancy c o n c e n t r a t i o n  caused by f a s t  

n e u t r o n  i r r a d i a t i o n ,  a c c o r d i n g  t o  e q u a t i o n  (7 ) ,  ve rsus  r e c i p r o c a l  temper-  

a t u r e  ( s o l i d  l i n e ) .  

The e q u i l i b r i u m  vacancy c o n c e n t r a t i o n  as shown i n  t h e  dashed l i n e .  

The parameters used a r e  t hose  i n  Tab le  1 w i t h  P "  = 1 . 7  x 10'?/rn2 and 

K = 1.4 x l o - '  dpa/sec. 
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Under t hese  c o n d i t i o n s  t h e  o r d e r i n g  r a t e  i s  sma l l  and t h e  d i s o r d e r -  

i n g  dominates.  A t  a s u f f i c i e n t l y  l ow  tempera tu re  t h i s  w i l l  a lways occu r .  

The most i n t e r e s t i n g  t empera tu re  r e g i o n  i s  where r a d i a t i o n  o r d e r i n g  and 

d i s o r d e r i n g  r a t e s  have t h e  same magni tude.  

It i s  obv ious  f r om t h e  dS/d t  cu rves  t h a t  no u s e f u l  i n f o r m a t i o n  can 

be o b t a i n e d  f r o m  change- o f- s lope  measurements o f  o r d e r i n g  r a t e s  a t  f i x e d  

S va lues .  

r e c i p r o c a l  o f  tempera tu re .  S ince  dS/d t  can be e i t h e r  p o s i t i v e  o r  

n e g a t i v e  no A r r h e n i u s  p l o t  can be mean ing fu l .  

a p l o t  can v a r y  anywhere f r o m  - m t o  + m. 

c e r t a i n  va lues  o f  a c t i v a t i o n  have been e x t r a c t e d  ( 1 1 y 1 3 )  b u t  t h e  r e s u l t s ,  

as t h i s  a n a l y s i s  shows, a r e  mean ing less .  

F i g u r e  3 shows dS/d t  f o r  f i x e d  S va lues  p l o t t e d  a g a i n s t  t h e  

I n  f a c t ,  t h e  s l o p e  o f  such 

Over l i m i t e d  t empera tu re  ranges 

F i g u r e  1 a l s o  i n d i c a t e s  t h a t  t h e  o r d e r i n g  and d i s o r d e r i n g  r a t e s  

ba lance  each o t h e r  t o  g i v e  dS /d t  = 0 o v e r  a w ide  range o f  S va lues ,  

depending on tempera tu re .  These va lues  o f  S d e f i n e  a s t e a d y- s t a t e  

c o n d i t i o n  under  i r r a d i a t i o n  where no f u r t h e r  change i n  o r d e r  t akes  p lace .  

These s t e a d y- s t a t e  va lues  (Sm) were de te rmined  by s e t t i n g  e q u a t i o n  [8] 

equal  t o  ze ro  and s o l v i n g  n u m e r i c a l l y .  The r e s u l t s  a r e  shown as a f unc-  

t i o n  o f  t empera tu re  f o r  f a s t  and therma l  n e u t r o n s  i n  F i g u r e  4a. 

The v a r i o u s  tempera tu re  range  e f f e c t s  a r e  c l e a r l y  v i s i b l e .  A t  h i g h  

t empera tu re  t h e  therma l  e q u i l i b r i u m  c u r v e  i s  approached. As t h e  temper-  

a t u r e  decreases t h e  o r d e r  remains h i g h  due t o  t h e  enhanced o r d e r i n g  f r o m  

excess vacanc ies .  As  t hese  become immob i le  a t  s t i l l  l o w e r  tempera tu res  

r a d i a t i o n  d i s o r d e r i n g  dominates t o  g i v e  l ow  Sm va lues .  

t h e r e  i s  a nar row tempera tu re  range o v e r  wh i ch  Sm changes v e r y  r a p i d l y .  

T h i s  range i s  i t s e l f  s t r o n g l y  dependent on t h e  r a t e  and t y p e  o f  i r r a d i a -  

t i o n  ( i . e . ,  upon E K ) .  

mid- range f o r  t h e  f a s t  n e u t r o n  case. 

behav io r .  A t  v e r y  l ow  tempera tu res  t h e  enhanced vacancy c o n c e n t r a t i o n  i s  

v e r y  l a r g e  because t h e  immob i le  vacanc ies  canno t  d i f f u s e  t o  s i n k s  and can 

I t i s  c l e a r  t h a t  

F i g .  4a shows a p l a t e a u  i n  t h e  Sm va lues  i n  t h e  

T h i s  a r i s e s  f r om t h e  vacancy 
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TEMPERATURE ( O K )  

d t  

- 1.5 x i 

Y \- i 

I 

1.6 1.7 I .8 1.9 2 .o 
I / T  ( ~ 1 0 0 0 )  

Fig. 3 - The order/disorder rate under fast neutron irradiation as a 
function of reciprocal temperature for two values of S 

(a) S = 0.8 
( b )  S = 0.87 
Note  the slope for ( b )  includes a wide range o f  positive and 

negative values making an Arrhenius p l o t  meaningless. The parameters 
used were pd = 1.7 x 10 /m and K = 1.4 x lo-’ dpa/sec. 13 2 
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TEMPERATURE (OK) 

F i g .  4a - The s teady- s ta te  degree o f  o r d e r ,  S ,  a s  a func t ion  of  temper- 
a t u r e  f o r  ( a )  f a s t  neutrons and ( b )  thermal neutrons.  
a r e  taken from Table 1 w i t h  

The parameters 

= 1 . 7  x 10 13 /m 2 and K = 1 . 4  x lO-'dpa/s f o r  ( a )  

= 10 12 2 
/m 

'd 
'd and K = 2 . 5  x lO-"dpa/s f o r  ( b )  
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o n l y  be removed by  r e c o m b i n a t i o n  w i t h  t h e  i n t e r s t i t i a l 5  ( F i g .  2 ) .  

i n  s p i t e  of  t h i s  h i g h  c o n c e n t r a t i o n ,  t h e  d i f f u s i o n  o f  m a t r i x  atoms remains 

l o w  because of  l ow  vacancy i n o b i l i t y  ( F i g .  4b, 4 c ) .  

t h e  m a t r i x  d i f f u s i o n  (DVCV) remains c o n s t a n t  w i t h  t empera tu re  i n c r e a s e  

because t h e  f a l l i n g  vacancy c o n c e n t r a t i o n  i s  ba lanced by t h e  i n c r e a s i n g  

m o b i l i t y  ( F i g .  4b ) .  The enhanced o r d e r i n g  r a t e  f o l l o w s  t h e  m a t r i x  d i f f u -  

s i o n  c l o s e l y  i n  t h i s  range g i v i n g  a s i m i l a r  shape of t h e  Sm c u r v e  o f  F i g .  

4a t o  t h e  d i f f u s i o n  c u r v e  i n  F i g .  4b. 

However, 

I n  t h e  i n t e r m e d i a t e  ranqe 

:.t some l ow  v a l u e  o f  S_ t h e  whole i d e a  o f  l o n g  range o r d e r  w i l l  

b reak  down. A t  t h i s  v a l u e  t h e  a l l o y  i v i l l  n u c l e a t e  new o r d e r e d  domains on 
r e o r d e r i n g ,  r a t h e r  t han  g rowing  back i n t o  t h e  o r i y i n a l  l a r g e  doriiains by a 
g radua l  i n c r e a s e  i n  S .  T h i s  c r i t i c a l  v a l u e  o f  S i s  n o t  known. ( E x p e r i -  

ments a r e  n o t  p o s s i b l e  by t he rma l  t r e a t n l e n t  s i n c e  v a l u e s  o f  S i n  Cu3Au 
between S=0.8 at Tc and S=O a r e  u n o b t a i n a b l e  by t h i s  !means.) 

The r a t e  e q u a t i o n  has a l s o  been s o l v e d  n u m e r i c a l l y  f o r  t h e  t i m e  

dependent case,  u s i n g  S=So a t  t - 0  as 3 boundary c o n d i t i o n .  

t i a l  e q u a t i o n  p rob lem s o l v i n g  package EPISODE ( 1 4 )  was used f o r  t h i s .  

e v e r ,  t h e  r e s u l t s  were v e r y  c l o s e  t o  a s i m p l e  m o d i f i c a t i o n  o f  t h e  t i m e  

dependent a n a l y t i c  s o l u t i o n  g i v e n  i n  r e f e r e n c e  3 (where V S now r e i l l a c e s  

t h e  c o n s t a n t  v o ) .  

The d i f f e r e n -  

How- 

0 

0-a 

where z2 = E 2 2  K t 4 x [ X  t E K / ( ~ - S ~ ) ]  

p = ( - E K t z )  ( l - S e ) / 2 x  

q = ( - E K - z )  (1 -Se) /2x  

The r a t e  c o n s t a n t  x i s  g i v e n  by  
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0 - 5 - ’ /  

- / - - -\ / 

Fig. 4b - The matrix d i f fu s ion  parameters ( D V C V )  f o r  f a s t  neutrons as a 
funct ion of temperature ( s o l i d  l i n e ) .  
t o  t h e  plateau in  Fig. 4a l i n e  ( a ) .  This a r i s e s  from the balance between 
a f a l l i n g  vacancy concentra t ion (do t  and dashes) and a r i s i n g  vacancy 
d i f fu s ion  c o e f f i c i e n t  (dashed l i n e ) .  

Note the  plateau which gives  r i s e  

. 
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TEMPERATURE ( O K )  

F i g .  4c - As f o r  4b b u t  f o r  the rma l  n e u t r o n s .  No te  t h e  absence o f  a w e l l -  
d e f i n e d  p l a t e a u  (even w i t h  a l o g a r i t h m i c  s c a l e ) .  
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where ye = 1 - S and  r = X A X B .  A typical s e t  of resu l t s  in the middle 
temperature range i s  shown in Figure 5.  These curves could be compared 
d i rec t ly  with experimental resu l t s  of the order parameter under 
i r rad ia t ion .  

e 

3. Radiation Disordering Data f o r  Cu3& 

No experimental values of order parameter determined d i rec t ly  from 
diffract ion experiments on irradiated samples are  available in the l i t e r -  
ature.  However,. several experiments using e lec t r ica l  r e s i s t i v i ty  as a 
measure of order have been reported. 

3a. Resist ivity and  the Order Parameter 

Them are two theories f a r  the variation of S with e lec t r ica l  
r e s i s t i v i ty  p. The f i r s t  due t o  Muto (I5) ( A )  gives 

The second theory due t o  Landauer (I6) ( B )  applies to  a mixture o f  
two phases and was applied t o  i r radiated and ordered Cu3Au by Cook and 
Cushing,(17) i t  i s  expressed in conductivity terms: 
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0.40 1 0.40 

0 0 , 20 40 60 80 100 

TIME (1000 Minutes) 

- - 

F i g .  5 - A t yp i ca l  s e t  o f  time dependent r e s u l t s  w i t h  t h e  parameters o f  

Table 1 and K = 1.4 x lO-’dpa/sec and p = 1 . 7  x 10 13 2 
/m . 

106 



where x1 i s  t h e  f r a c t i o n  o f  m a t e r i a l  w i t h  c o n d u c t i v i t y  a 

w i t h  a2. 

and x s i m i l a r l y  1 2 

T h i s  approach i s  o f  d o u b t f u l  v a l i d i t y  i n  an o r d e r i n g  a l l o y  where 

d i s o r d e r  i n v o l v e s  i n d i v i d u a l  atoms b e i n g  m isp laced .  A t r e a t m e n t  l i k e  t h a t  

o f  Muto wh ich  t r e a t s  s c a t t e r i n g  f r om i n d i v i d u a l  a n t i - s t r u c t u r e  atoms seems 

more reasonab le .  

used a m o d i f i c a t i o n  o f  Landaue r ' s  model,  f o r  wh ich  t h e y  d i d  n o t  c l a i m  h i g h  

accuracy .  

I n  a d d i t i o n  t o  t hese  two t h e o r i e s ,  Cook and Cushing (C) 

A l l  t h r e e  rnodels a p p l y  a t  c o n s t a n t  tempera tu re .  S ince  ps=l and 
w i l l  have d i f f e r e n t  t empera tu re  s c a t t e r i n g  the t empe ra tu re  c o e f f i -  ps=o 

c i e n t s  a r e  expec ted  t o  be d i f f e r e n t .  

an anomalous r e s i s t i v i t y  minimumi18) below abou t  100°K. 

r e s i s t i v i t y  measurements have been made a t  a v a r i e t y  o f  d i f f e r e n t  temper-  

a t u r e s ,  i t  i s  f i r s t  necessary  t o  de te rm ine  ps=l and psz0 as f u n c t i o n s  o f  

tempera tu re .  From t h e  d a t a  o f  P a s s a g l i a  and Love (18)  a t  l ow  tempera tu res  

and o f  B l e w i t t  ( 1 9 y 2 0 )  a t  0°C and 150°C i t  i s  p o s s i b l e  t o  do t h i s  ( F i g .  6 ) .  

The r e s i s t i v i t y  anomaly (18)  i s  c l e a r l y  shown i n  t h e  o r d e r e d  a l l o y .  I n  t h e  

d i s o r d e r e d  a l l o y  i t  i s  much l e s s .  
a t u r e  f o r  wh ich  da ta  e x i s t s  and u s i n g  t h e  i n f o r m a t i o n  on t h e  h e a t  t r e a t -  

ments i t  was p o s s i b l e  t o  e l i m i n a t e  models B and C .  B l e w i t t ' s  " p a r t i a l l y  

o r d e r e d ' '  sample was quenched f r o m  375°C a f t e r  a l o n g  e q u i l i b r a t i o n .  From 

t h e  expe r imen ta l  e q u i l i b r i u m  o r d e r  c u r v e  t h i s  s h o u l d  g i v e  a v a l u e  o f  

S - 0.85. I t  canno t  be l e s s  t h a n  0.75 wh i ch  i s  t h e  minimum v a l u e  be low 

I n  a d d i t i o n  w e l l  o r d e r e d  Cu3Au has 

S ince  t h e  v a r i o u s  

Tak ing  thece  l i m i t s  f o r  each temper-  

Us ing  t h e  r e s i s t i v i t y  g i v e n  by  B l e w i t t  o f  3.7 VQm a t  4°K and 7.7 uQm 
TC. 
a t  150°C we e s t i m a t e  a v a l u e  o f  S=O.B3 i n  good agreement w i t h  t h e  

e q u i l i b r i u m  measurement. Theo r i es  B and C gave S=O.39 and S=0.23, 

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

o t h e r  r e s i s t i v i t y  da ta ,  i n  a l l  cases t h e  S v a l u e s  were f a r  t o o  low.  On 

t h e  o t h e r  hand, M u t o ' s  model (,4) gave s e n s i b l e  va lues  f o r  S i n  t h e  range 

S i m i l a r  r e s u l t s  were o b t a i n e d  f o r  t hese  two t h e o r i e s  u s i n g  
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TEMPERATURE (" K )  

F i g .  6 - The r e s i s t i v i t y  as  a funct ion o f  temperature f o r  the disordered 
s t a t e ,  S=O, (upper curve)  and t h e  ordered s t a t e ,  S=1. 
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0.8-1.0 a f t e r  l o n g  t i m e  a g i n g  below Tc. 

t h e r e f o r e ,  e q u a t i o n  [ l o ]  was used t o g e t h e r  w i t h  F i g u r e  6 t o  de te rm ine  S 

f r o m  t h e  r e s i s t i v i t y  r e p o r t e d .  

In a l l  subsequent  a n a l y s i s ,  

4. F i t t i n g  t h e  Expe r imen ta l  Data 

As i s  w e l l  known t h e  Bragg- Wi l l i ams model p r e d i c t s  l o w  va lues  o f  S 

when compared w i t h  exper iment .  S ince  o u r  approach i s  phenomenologica l  we 

have chosen t o  use a v a l u e  o f  Vo=0.35 eV wh i ch  g i v e s  a good f i t  t o  t h e  

e q u i l i b r i u m  o r d e r  parameter  S e  as shown i n  F i g u r e  7. I n  t h i s  way we 

o b t a i n  a c o r r e c t  v a l u e  f o r  t h e  therma l  o r d e r i n g  r a t e  i n  t h e  absence o f  

i r r a d i a t i o n .  o b t a i n e d  f r o m  t h i s  v a l u e  o f  V, by Bragg-  

W i l l i a m s  e q u i l i b r i u m  t h e o r y  w i l l  be l a r g e r  t h a n  t h e  expe r imen ta l  va lue .  

We s i m p l y  c u t - o f f  t h e  c u r v e  a t  t h i s  l a t t e r  t empera tu re  Tc = 663°K. 

However, t h e  T 
C 

The c l e a r e s t  and most  comple te  d a t a  i s  t h a t  o f  K i r k  and 

B l e ~ i t t . ( ’ ~ ~ * ~ )  

two So va lues  i n  a p redom inan t l y  f a s t  n e u t r o n  f l u x  a t  150°C and 4”K, and 

one So v a l u e  f o r  a p r i m a r i l y  therma l  n e u t r o n  f l u x  a t  135°C. 

shown i n  F i g u r e  8 w i t h  t h e  t h e o r e t i c a l  cu rves  f i t t e d  f r o m  o u r  t h e o r y .  

T h i s  i n c l u d e s  r e s i s t i v i t y  versus  i r r a d i a t i o n  t i m e  f o r  

These a r e  

The 4°K d a t a  ( F i g .  8a)  a r e  f i t t e d  w i t h  t h e  d i s o r d e r i n g  r a t e  o n l y  
( E q u a t i o n  2 ) .  The o n l y  v a r i a t i o n  i n  these  two cu rves  is  due t o  d i f f e r i n g  

So and t h i s  i s  f i x e d  f r o m  t h e  r e s i s t i v i t y  da ta .  

same v a l u e  o f  EK, so t h e s e  d a t a  o f f e r  a s e v e r e t e s t  o f  t h e  d i s o r d e r i n g  

model.  Agreement i s  s a t i s f a c t o r y ,  t h e  sma l l  d e v i a t i o n s  p r o b a b l y  b e i n g  due 

t o  sma l l  d e v i a t i o n s  f r o m  a q u a d r a t i c  r e s i s t i v i t y  dependence on S .  

Both cu rves  must have t h e  

To s e p a r a t e  E and K we need an independent  e s t i m a t e  o f  t h e  d i s p l a c e -  

ment r a t e  K. 
a n a l y s i s  o f  t h e i r  da ta .  

T h i s  has been d i scussed  by  K i r k  and B l e w i t t ( l g )  i n  t h e i r  own 

U s i n g  p r i m a r y  d i sp lacemen t  c r o s s  s e c t i o n s  o f  3 barns  and 5.5 barns  

f o r  copper  and g o l d ,  r e s p e c t i v e l y ,  and d i sp lacemen t  t h r e s h o l d s  o f  25 eV, 
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1.00 

TEMPERATURE ( O K )  

F i g .  7 - The thermal equil ibr ium order  curve as  a f u n c t i o n  o f  temperature 
( V  = 0.35  eV). 

( 2 1 )  
The experimental data  ? r e  from Keating and Warren. 

0 
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I I I 

TIME (1000 Minutes) 

20 
0.70 

0 5 IO 15 

Fig. 8a - The change of order during f a s t  neutron i r r a d i a t i o n  of Cu3Au a t  
4’K from K i r k  and Blewitt  ( 1 9 )  ( p o i n t s ) .  
d i f f e r e n t  s t a r t i n g  values of the  order parameter, 

data f i t  using the parameter values in Table 1 with K = 1 . 4  x lO-’dpa/sec 
and  E = 80. 

The two curves represen t  
The l i n e s  represen t  a 
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0 . 8 5 1  

TIME (1000 Minutes) 

F i g .  8b - The change o f  o r d e r  d u r i n g  f a s t  n e u t r o n  r a d i a t i o n  01- Cu3Au a t  

150°C f r o m  K i r k  and B l e w i t t  

t o  t h e  d a t a  u s i n g  t h e  E and K f r o m  F i g .  8a and pd = 1 .7  x 10  /m . 
t h e  i n i t i a l  t r a n s i e n t  where t h e  datum p o i n t s  d e v i a t e  f r om t h e  c u r v e .  For  

l ow  d i s l o c a t i o n  d e n s i t i e s  t h e  vacanc ies  a r e  removed p r i m a r i l y  by  recom- 

b i n a t i o n  (dashed l i n e ) .  Under t h i s  assumpt ion  t h e  i n i t i a l  t r a n s i e n t  can 

be f i t t e d .  

( ' 9 ) ( p  o l n t s ) .  The l i n e  r e p r e s e n t s  t h e  f i t  
13 2 Note 
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0.95 “ O O r  

T IME (1000 Minutes) 

Fig. 8c - As f o r  Fiq. 8b b u t  f o r  a lower i n i t i a l  order parameter and 

’d 
curve (dashed l i n e )  f i t t i n g  t h e  i n i t i a l  slope. 

13 2 
= 2 .7  x 10 /m ( s o l i d  l i n e ) .  Note again t h e  recombination dominated 
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0.90 

0.85 

TIME ( IOOOMinutes) 

Fig. 8d - As for Fig. 8b but for thermal neutron irradiation (1975) at 
135°C with E = 20, K = 2.5 x 10-l' dpa/sec and pd = 10 i 2  /m 2 (solid line) 

Note the recombination dominated curve (dashed line) only explains part 
of the transient. 
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2 

Fo r  t h e  EK v a l u e s  t aken  f r o m  

t h e  f a s t  n e u t r o n  i r r a d i a t i o n  r a t e  o f  2 x 1 0 l 6  neu t rons /m /sec g i v e s  a 

d i sp lacemen t  r a t e  o f  1.4 x lo-’ dpa/sec. 

F i g .  8a t h i s  g i v e s  E = 80. 

With these  va lues  o f  EK t h e  h i g h  t empera tu re  d a t a  can now be 

f i t t e d .  However, s i n c e  no e l e c t r o n  mic roscopy  a n a l y s i s  o f  d i s l o c a t i o n  

d e n s i t y  i s  a v a i l a b l e  we have no i n f o r m a t i o n  w i t h  wh ich  t o  model how pd 

v a r i e s  w i t h  t i m e .  

( T h e r e  i s  no d i f f i c u l t y  i n  accommodating a chang ing  pd i n  ou r  model once 

such d a t a  becomes a v a i l a b l e . )  

e a r l y  s tages  o f  i r r a d i a t i o n  ( t o t a l  dpa 5 0.01) and r e l a t i v e l y  l ow  temper-  

a t u r e s  we a n t i c i p a t e  t h a t  r e c o m b i n a t i o n  w i l l  dominate e a r l y  in t h e  p rocess  

when pd i s  l ow  b u t  t h a t  i n t e r m e d i a t e  va lues  o f  pd (10” - 10 /m ) w i l l  
become i n f l u e n t i a l  l a t e r .  The pre- exponents Do i n  t h e  d i f f u s i o n  c o e f f i -  

c i e n t s  Dov and Do. and t h e  i n t e r s t i t i a l  m o t i o n  energy  Eim were a l l  t aken  

f r o m  copper  da ta .122)  

We, t h e r e f o r e ,  used c o n s t a n t  va lues  f o r  t h i s  parameter .  

S ince  most o f  t h e  d a t a  cove rs  o n l y  t h e  

16  2 

(23-25) The vacancy mo t i on  energy  was t aken  f r om t h e  Cu3Au l i t e r a t u r e  

t o  l i e  i n  t h e  range 0.8 - 1.1 eV. 

jump was chosen t o  be s l i g h t l y  l a r g e r  t han  Em. 

The energy  o f  m o t i o n  f o r  an o r d e r i n g  

D e t e r m i n a t i o n  o f  C v  a l s o  r e q u i r e s  e v a l u a t i o n  o f  t h e  cascade l o s s  

f r a c t i o n s  fi and f v  f o r  i n t e r s t i t i a l s  and vacanc ies ,  r e s p e c t i v e l y .  

a r e  n o t  w e l l  known b u t  have been d i scussed  by  Wol lenberger  (26)  who p r e s e n t s  
d a t a  s u p p o r t i n g  a v a l u e  of fv = 0.7 f o r  copper  under  f a s t  neu t rons  a t  l o w  

t empera tu re  (55-140°K). K i r k  and B l e w i t t  suggested a v a l u e  o f  0.95 f r o m  

t h e i r  expe r imen t  a t  150°C. The 

r e s u l t s  a r e  n o t  s e n s i t i v e  t o  sma l l  changes i n  t h e s e  parameters .  

These 

We t a k e  t h i s  l a t t e r  v a l u e  f o r  fv and fi. 

F i g u r e  8b shows t h a t  u s i n g  t hese  parameters g i v e s  an e x c e l l e n t  f i t  

These t o  K i r k  and B l e w i t t ‘ s  d a t a  a f t e r  an i n i t i a 1  t r a n s i e n t  was complete.  

workers  suggested t h a t  t h e  t r a n s i e n t  may be due t o  v e r y  l o n g  f r e e  vacancy 

l i f e t i m e s  i n  t h e  e a r l y  s tages  when t h e  d i s l o c a t i o n  d e n s i t y  was v e r y  l ow .  
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Under such c o n d i t i o n s  t h e  vacancy c o n c e n t r a t i o n  i s  c o n t r o l l e d  by t h e  r a t e  

o f  r ecomb ina t i on  w i t h  i n t e r s t i t i a l s .  F i g .  8b demonstrates t h a t  by u s i n g  

a zero  d i s l o c a t i o n  d e n s i t y  t h e  i n i t i a l  s l o p e  o f  t h e  t r a n s i e n t  can be 

f i t t e d .  

w i t h  t h e  - 2 secs f o r  t h e  s t e a d y - s t a t e  w i t h  a d i s l o c a t i o n  d e n s i t y  o f  

2 x 10 /m , Thus, a l t h o u g h  t h e  same number o f  vacanc ies  a r e  produced i n  

each case, t h e  vacancy c o n c e n t r a t i o n  and hence t h e  o r d e r i n g  r a t e  i s  much 

g r e a t e r  f o r  t h e  l ow  d i s l o c a t i o n  s i t u a t i o n .  

The vacancy l i f e t i m e .  under  these  c o n d i t i o n s  i s  -250 s compared 

13 2 

The d i s l o c a t i o n s  do n o t  become a s i g n i f i c a n t  s i n k  u n t i l  pd reaches 

-10 /m so t h a t  s i m i l a r  cu rves  a r e  o b t a i n e d  t o  t h e  one shown i n  F i g .  8b 

(dashed l i n e ) ,  up t o  t h i s  d i s l o c a t i o n  d e n s i t y .  

11 2 

The l e n g t h  o f  t h e  t r a n s i e n t  i s  a measure o f  t h e  t i m e  needed f a r  the 

d i s l o c a t i o n s  t o  dominate as s i n k s .  

more s l o w l y  t h a n  the o r d e r  parameters.  

i n g f u l l y  o f  a s t e a d y - s t a t e  o r d e r  even when the d i s l o c a t i o n  d e n s i t y  i s  

v a r y i n g . )  

s a t u r a t e  a f t e r  s e v e r a l  dpa. I n  c o n t r a s t  o r d e r  s t e a d y - s t a t e  i s  reached 

a f t e r  -0.01 dpa. T h i s  i m p l i e s  t h a t  o u r  s o - c a l l e d  s t e a d y- s t a t e  o r d e r  w i l l  
change somewhat w i t h  t h e  d i s l o c a t i o n  d e n s i t y ,  t e n d i n g  t o  d r i f t  s l o w l y  

l owe r  w i t h  v e r y  l o n g  i r r a d i a t i o n  t i m e s .  

I t  i s  c l e a r  t h a t  pd i s  chang ing  much 

( T h i s  i s  why one can speak mean- 

I n  f a c t ,  t h e  d i s l o c a t i o n  d e n s i t y  w i l l  s t e a d i l y  i n c r e a s e  ( 2 7 )  and 

T h i s  sugges t i on  f o r  t h e  t r a n s i e n t  a l s o  e x p l a i n s  why i t  has a l a r g e r  

magni tude f o r  specimens w i t h  l o w e r  o r d e r  ( F i g .  8 b ) .  

t h e  vacanc ies  d u r i n g  t h e i r  extended l i f e t i m e  a t  t h e  b e g i n n i n g  o f  r e a c t i o n  

meet more wrong atoms than  i n  more h i g h l y  o r d e r e d  samples. A l l  t h i s  i s  

a u t o m a t i c a l l y  accounted f o r  i n  t h e  model.  

I n  such specimens 

Fo r  t h e  t he rma l  n e u t r o n  f l u x  no l o w  tempera tu re  d a t a  was a v a i l a b l e  

so t h a t  cK was chosen t o  f i t  t h e  expe r imen ta l  d a t a .  The o t h e r  parameters ,  

however, a r e  f i x e d  f r o m  t h e  f a s t  n e u t r o n  f i t  and were n o t  changed. 

c u r v e  was f i t t e d  s u c c e s s f u l l y  as shown i n  F i g u r e  7c, by u s i n g  E = 20 and 
The 
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K = 2.5 x 10- l '  dpa/s .  

98 barns  and 4.4 barns  f o r  g o l d  and copper ,  r e s p e c t i v e l y ,  and a g i v e n  

f l u x  o f  2 x 1 0 l 6  neu t rons /m /sec,  we o b t a i n  K I 10-l' dpa/s i n  r easonab le  

agreement w i t h  o u r  f i t t i n g  parameter .  

Tak ing  c r o s s  s e c t i o n s  f o r  t h e  (n,y) r e a c t i o n  of 

2 

Note  t h a t  i n  t h i s  case we have v e r y  sma l l  cascades, t h e  component 

d e f e c t s  o f  which  may be w e l l  sepa ra ted  i f  a rep lacement  c o l l i s i o n  sequence 

occu rs .  

i n d i c a t i n g  t h a t  such sequences a r e  q u i t e  common. 

To f i t  t h e  d a t a  we r e q u i r e d  a vacancy s u r v i v a l  r a t e  o f  l o o % ,  

W i th  t h e  a i d  o f  o u r  f i t t e d  l i n e  i t  i s  now c l e a r  t h a t  t h i s  d a t a  

c o n t a i n s  a t r a n s i e n t  a l s o ,  no doubt  f o r  t h e  same reason as b e f o r e .  

F i g .  8c i n c l u d e s  t h e  l ow  d i s l o c a t i o n  d e n s i t y  r e s u l t  wh ich  i n  t h i s  case  

o n l y  e x p l a i n s  p a r t  o f  t h e  t r a n s i e n t .  

u s i n g  a s m a l l e r  v a l u e  f o r  E and a c o r r e s p o n d i n g l y  h i g h e r  K. 

would d e v i a t e  f r om t h e  c a l c u l a t e d  K and t h e  E v a l u e  de te rm ined  by K i r k  

and B l e w i t t . ( 1 9 )  

f u r t h e r  e x p l a n a t i o n  i s  r e q u i r e d  f o r  t h e  r e m a i n i n g  t r a n s i e n t  f o r  therma l  

neu t rons  . 

A c l o s e r  f i t  c o u l d  be o b t a i n e d  by 

However, t h i s  

I f  these  va lues  a r e  r e l i a b l e  t h e  r e s u l t s  sugges t  t h a t  a 

The predominance o f  l o n g  rep lacement  c o l l i s i o n  sequences ( i m p l i e d  by 

t t i e  h i g h  vacancy s u r v i v a l  r a t e )  f G r  therma l  neu t rons  i n d i c a t e s  t h a t  t h e  

d i s o r d e r  i n  t h e  e a r l y  s tages  c o n s i s t s  p r i m a r i l y  o f  such sequences. S ince  

each f a u l t e d  row can be e a s i l y  o r d e r e d  by one vacancy moving a l o n g  i t , i t  
i s  p r o b a b l e  t h a t  t h e  o r d e r i n g  r a t e  w i l l  be i n c r e a s e d  i n i t i a l l y ,  u n t i l  

o v e r l a p  o f  sequences occurs .  T h i s  i s  t h e  p r o b a b l e  e x p l a n a t i o n  o f  t h e  
r e m a i n i n g  t r a n s i e n t .  

I n  t h e  f a s t  n e u t r o n  case where most  rep lacements  occu r  i n  t h e  

cascade, t h e  d i s o r d e r e d  r e g i o n  i s  t h ree- d imens iona l .  Only t h e  wrong 

atoms on t h e  ou te rmost  l a y e r  o f  t h e  d i s o r d e r e d  r e g i o n  a r e  a d j a c e n t  t o  

t h e  m a t r i x  wh i ch  i s  d e f i n i n g  t h e  l o o p  range o r d e r  o f  t h e  s i t e s .  Only i n  
t h i s  o u t e r  l a y e r  w i l l  vacanc ies  be a b l e  t o  r e - o r d e r  w i t h  a n y t h i n g  l i k e  t h e  

h i g h  e f f i c i e n c y  o f  vacanc ies  mov ing  a l o n g  rep lacement  c o l l i s i o n  sequence 
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t r a c e s .  S ince  o u r  s i m p l e  model makes no a l l owance  f o r  such d i f f e r e n c e s  

i n  t h e  d i s t r i b u t i o n s  o f  wrong atoms t h e r e  w i l l  be p a r t  of  t h e  t r a n s i e n t  

t h a t  canno t  be f i t t e d  i n  t h e  the rma l  n e u t r o n  ( h i g h  vacancy e f f i c i e n c y )  

case. As r a d i a t i o n  proceeds o v e r l a p  o f  c o l l i s i o n  sequences w i l l  i n c r e a s e  

t h e  th ree- d imens iona l  n a t u r e  of d i s o r d e r e d  r e g i o n s .  The o r d e r i n g  e f f e c -  

t i v e n e s s  o f  vacanc ies  w i l l  t hen  approach t h e  f a s t  n e u t r o n  case.  

The r e m a i n i n g  da ta  f o r  i r r a d i a t i o n  o f  Cu Au i n  t h e  l i t e r a t u r e  i s  3 
much o l d e r  and r e a c t o r  d o s i m e t r y  was l e s s  comp le te .  

t h e  n a t u r e  and magni tude o f  t h e  f l u x e s  a r e ,  t h e r e f o r e ,  l a c k i n g .  However, 

we were a b l e  t o  f i t  a l l  t h e s e  d a t a  s u c c e s s f u l l y  w i t h  o u r  model u s i n g  t h e  

same d e f e c t  parameters  e s t a b l i s h e d  above. 

were pd and K. 

S u f f i c i e n t  d e t a i l s  o f  

The o n l y  parameters changed 

F i g u r e  9 shows o u r  f i t  t o  t h e  d a t a  o f  Cook and Cush ing . (17 )  It i s  

i m p o r t a n t  t h a t  t h e  va lues  o f  E,, and E l  g i v e  t h e  c o r r e c t  t empera tu re  

v a r i a t i o n  s i n c e  t h i s  d a t a  i s  t aken  a t  a tempera tu re  100°C be low t h a t  o f  

K i r k  and B l e ~ i t t . " ~ )  

e s t i m a t e d  a t  4 x 1 0 l 6  neut rons/m /sec  ( 3  x l o - '  d p a / s ) .  

observed s i m i l a r  r e s i s t i v i t y  cu rves  a t  106°C and 35°C .  These t r a n s l a t e  

t o  t h e  d i f f e r e n t  o r d e r  cu rves  shown i n  F i g u r e  9 .  

The i r r a d i a t i o n  r a t e  used by Cook and Cushing was 
2 These worke rs  

These cu rves  were s u c c e s s f u l l y  f i t t e d  w i t h  t h e  i d e n t i c a l  d i f f u s i o n a l  
0 parameters  t o  those  i n  F i g .  8b, i n d i c a t i n g  t h a t  E,, and Em c o r r e c t l y  p r e d i c t  

t h e  tempera tu re  v a r i a t i o n  f r o m  35°C-150"C. These d a t a  ex tend  t o  t w e l v e  

t imes  t h e  dpa o f  t h e  d a t a  i n  F i g .  Ob. I t  i s ,  t h e r e f o r e ,  n o t  s u r p r i s i n g  

t h a t  we f i n d  a h i g h e r  d i s l o c a t i o n  d e n s i t y  necessary  t o  f i t  t h e  c u r v e .  

t r a n s i e n t  i s  v i s i b l e  i n  t h e s e  cu rves ,  presumably due t o  t h e  l o w e r  

tempera tu re .  

No 

F i g u r e  10 shows o u r  f i t s  t o  t h e  the rma l  n e u t r o n  d a t a  o f  G l i c k ,  

e t  a l .  ( 2 3 )  and f a s t  n e u t r o n  d a t a  o f  S i e g e l .  (") We emphasize t h a t  once 

a g a i n  t h e  o n l y  parameter  changes i n v o l v e  pd and K wh ich  t a k e  t h e  v a l u e s  

shown i n  t h e  f i g u r e .  Once a g a i n  a v e r y  s a t i s f a c t o r y  f i t  i s  o b t a i n e d .  
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( 1 7 )  Fig. 9 - The data of Cook and  Cushing for f a s t  neutron i r r a d i a t i o n  
a t  35°C and  106°C. T h e  points  a r e  f i t t e d  w i t h  t h e  curves shown u s i n g  
K = 3 x 10- 

35'C (lower curve) .  

9 14 2 dpa/sec and pd  = 2 . 5  x 10 /in a t  106°C (upper curve) and 
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o'80 t S 

TIME (1000 Minutes)  

F i g .  10a - O r d e r / d i s o r d e r  change under thermal neu-tron i r r a d i a t i o n  a t  80°C 

measured by Glick e t  a l . ,  ( 2 8 )  f i t t e d  u s i n g  K = 2 x lo-' dpa / sec  and 
pd = 1 . 5  x 10 

1 6  2 
/m . Note t h e  very  low va lue  o f  S f o r  t h e  low c u r v e .  

1 2 0  
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TIME ( IOOOMinutes) 

F i g .  10b - The f a s t  neutron d a t a  o f  Siege1 (") a t  4OoC,  f i t t e d  using 
K = 8 x lo-' and pd = 8 x 10 /m . 14 2 
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I n  F i g u r e  l o a ,  t h e  d a t a  o f  G l i c k  (23) d u r i n g  i r r a d i a t i o n  o f  an 

i n i t i a l l y  o rde red  and an i n i t i a l l y  d i s o r d e r e d  sample w i t h  therma l  neu t rons  

a r e  shown. The o rde red  d a t a  can be f i t t e d  a c c u r a t e l y  w i t h  t h e  same 

d i f f u s i o n a l  parameters as b e f o r e .  Fo r  t h e  i n i t i a l l y  d i s o r d e r e d  sample, 

t h e  d a t a  can be f i t t e d  excep t  f o r  t h e  i n i t i a l  t r a n s i e n t .  The e x p l a n a t i o n  

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

f o r  therma l  n e u t r o n  d a t a  above ( F i g .  8 c ) .  However, t h e  v e r y  low v a l u e  of 

S p r o b a b l y  means t h a t  a sma l l  domain s i z e  e x i s t s  i n  t h e  sample and a s h o r t  

range  o r d e r  model shou ld  r e a l l y  be used f o r  t h e  da ta .  

F i n a l l y ,  F i g .  10b shows t h e  f i t t i n g  t o  t h e  f a s t  n e u t r o n  d a t a  o f  

S i e g e l .  (29 )  

i n d i c a t i n g  t h a t  t h e  Em and E: va l ues  c o r r e c t l y  p r e d i c t  t h e  t empera tu re  

v a r i a t i o n .  

Once aga in ,  t h e  same d i f f u s i o n a l  parameters a r e  used, 

F igu res  8-10 c o n t a i n  o n l y  v e r y  sma l l  i n i t i a l  t r a n s i e n t s  as compared 

t o  F i g .  7. The f o rmer  were f o r  d a t a  a t  a much l o w e r  t empera tu re  however. 

T h i s  has l i t t l e  e f f e c t  on i n t e r s t i t i a l  m o b i l i t y  so t h a t  vacancy l i f e t i m e  

i s  n o t  a f f e c t e d  much. 

w i t h  i n t e r s t i t i a l s  a t  a l l  t hese  t empera tu res . )  On t h e  o t h e r  hand, s i n c e  

t h e  vacancy jump f r equency  i s  g r e a t l y  reduced a t  t h e  l owe r  tempera tu res ,  

t h e  number o f  o r d e r i n g  jumps made by a vacancy i s  g r e a t l y  reduced a t  t h e  

l o w e r  tempera tu res .  As F i g u r e s  8-10 show t h e  r e s u l t i n g  d i f f e r e n c e s  

between t h e  c u r v e  f o r  r e c o m b i n a t i o n  o n l y  and t h e  c u r v e  f o r  h i g h e r  

d i s l o c a t i o n  d e n s i t y  a r e  much c l o s e r  t h a n  i n  F i g .  7 .  As vacanc ies  become 

l e s s  m o b i l e  a t  l o w e r  tempera tu res ,  r e c o m b i n a t i o n  becomes more i m p o r t a n t  

t han  f l o w  t o  d i s l o c a t i o n s  even f o r  h i g h  d i s l o c a t i o n  d e n s i t i e s .  

i n i t i a l  t r a n s i e n t s  t h e n  become n e g l i g i b l e .  

(Vacancies a r e  e f f e c t i v e l y  s t a t i o n a r y  compared 

The 

5. D i s c u s s i o n  

The s u c c e s s f u l  f i t t i n g  o f  such a v a r i e d  c o l l e c t i o n  o f  d a t e  w i t h  

s i m i l a r  parameters i n  a s t r a i g h t f o r w a r d  phenomenological  model i s  re inark-  

a b l e .  I t  s h o u l d  n o t  be t h o u g h t  t h a t  t h i s  i s  because t h e  cu rves  can be 
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f i t t e d  w i t h  a w ide range o f  d i f f e r e n t  parameter  comb ina t ions .  

c h o i c e  o f  t h e  key parameters  i s  v e r y  n a r r o w l y  r e s t r i c t e d .  

In f a c t  t h e  

The o r d e r i n g  energy  V o  i s  f i x e d  by  t h e  r e q u i r e m e n t  o f  ma tch ing  t h e  

the rma l  e q u i l i b r i u m  o r d e r  a t  l o w  and i n t e r m e d i a t e  tempera tu res .  The 

m u l t i p l e  EK i s  f i x e d  by t h e  l o w  tempera tu re  exper imen ts .  

parameters  a r e  n o t  w e l l  known (Do,, Dei, Eim, E,, EVf;v). 

s t i t i a l  d i f f u s i o n  however must  be r a p i d  a t  t h e s e  tempera tu res  which 

i m p l i e s  t h a t  t h e  e x a c t  v a l u e  o f  m o t i o n  energy  Eim i s  l e s s  i m p o r t a n t  t h a n  

t h e  f a c t  t h a t  i t  i s  s m a l l .  

change i n  vacancy m o t i o n  energy  Em and hence i t  i s  p o s s i b l e  t o  match t h e  

same d a t a  a t  a g i v e n  tempera tu re  w i t h  v a r i o u s  comb ina t ions .  However, i t  

i s  i m p o s s i b l e  t o  match t h e  d a t a  a t  d i f f e r e n t  tempera tu res  i n  t h i s  way. 

In f a c t  t h e  s t r o n g  tempera tu re  v a r i a t i o n  v e r y  c l o s e l y  l i m i t s  t h e  v a l u e s  

o f  Em and E l  t o  t h o s e  g i v e n  i n  T a b l e  1. 
decrease Em and s i m u l t a n e o u s l y  i n c r e a s e  E: i n  such a way t h a t  t h e  q u a l i t y  

o f  f i t  o n l y  decreases s l o w l y .  

f i x  t h e i r  c o m b i n a t i o n  p r e c i s e l y .  The c u r r e n t  v a l u e s  a r e  a c c u r a t e  t o  

k0.05 eV, b u t  t h e  c o m b i n a t i o n  i s  b e t t e r  than  t h a t .  However, w i t h  more 

d a t a  a t  s t e a d y - s t a t e  i t  s h o u l d  be p o s s i b l e  t o  f i x  t h e s e  e n e r g i e s  v e r y  

p r e c i s e l y  s i n c e  t h e  shape o f  t h e  p r e d i c t e d  Sm versus  tempera tu re  c u r v e  

v a r i e s  s t r o n g l y  w i t h  such changes. S i n c e  the.same parameters  used f o r  

t h e  t i m e  dependent c u r v e s  were used t o  d e t e r m i n e  t h e  s t e a d y- s t a t e  o r d e r  

cu rves  o f  F i g .  4, we b e l i e v e  t h a t  t h e  l a t t e r  g i v e s  an a c c u r a t e  p r e d i c t i o n .  

The o n l y  r e m a i n i n g  v a r i a t i o n  i s  t h e  s l o w  change i n  t h e  d i s l o c a t i o n  d e n s i t y  

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

chang ing  d i s l o c a t i o n  d e n s i t y  and i t s  e f f e c t s .  

The d i f f u s i o n a l  

The i n t e r -  0 

Oov and w can be a d j u s t e d  t o  compensate f o r  a 

However, i t  i s  p o s s i b l e  t o  

From t h e  c u r r e n t  d a t a  t h e r e f o r e  we can o n l y  

The n e x t  s t e p  i n  o u r  t h e o r y  w i l l  model such a 

From t h e  p o i n t  o f  v iew  o f  o u r  model t h e  c u r r e n t  d a t a  i s  v e r y  i n -  

Each f l u x  s h o u l d  a l s o  be used a t  
comple te .  

t i m e s  a t  a w ide range o f  t empera tu res .  

l o w  tempera tu res  (be low room t e m p e r a t u r e )  t o  d e t e r m i n e  EK. 
e s s e n t i a l  t h a t  a l l  exper imen ts  b e g i n  w i t h  l a r g e  domain s i z e  and a w e l l  

An i d e a l  exper imen t  wou ld  be t o  i r r a d i a t e  Cu3Au f o r  l o n g e r  

I t  i s  
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def ined  order  parameter. The d i s l o c a t i o n  dens i ty  v a r i a t i o n  should be 
monitored a l s o .  With t h i s  information our model could be t e s t ed  much more 
completely. The r e s u l t s  so  f a r  suggest  t h a t  these  experiments could 
provide accura te  da ta  f o r  poin t  de fec t  behavior in Cu3Au and d e t a i l e d  
information on cascades as  a funct ion  of temperature. 

( 1 5 )  There i s  an urgent  need f o r  an experimental t e s t  o f  Muto's 
model r e l a t i n g  r e s i s t i v i t y  and t h e  long range order  parameter. 

We note  a l s o  t h a t  r a d i a t i o n  i s  a very useful  tool  i n  t h e  study of 
o rde r /d i so rde r  r eac t ions .  The enhanced ordering r a t e  could well be used 
t o  produce more completely ordered ma te r i a l s  a t  lower temperatures where 
t h e  thermal r eac t ion  i s  too slow t o  go t o  completion. In a d d i t i o n ,  lower 
values of S can be obtained by low temperature i r r a d i a t i o n s  than can be 
obtained by thermal t rea tments .  T h i s  wi l l  permit the  s tudy of ordered 
a l l o y s  over a much wider range of S than has been used h i t h e r t o .  

6. Conclusions 

a )  The r a d i a t i o n  d i so rde r  model has been shown t o  success fu l ly  f i t  
a l l  a v a i l a b l e  long time data  f o r  f a s t  and thermal neutron i r r a d i a t i o n s  
of Cu3Au. 

b )  The parameters c r i t i c a l  t o  t h e  f i t t i n g  a r e :  

Em = 0.84 f o r  vacancy motion 
E: = 0.84 eV f o r  ordering vacancy jumps  

The r a t i o  of replacements t o  displacements,  i, i s  80 f o r  f a s t  neutrons a n d  
20 f o r  thermal neutrons.  For t h e  former a survival  r a t e  f o r  f r e e  vacancy 
production i s  5%, f o r  t h e  l a t t e r  i t  i s  100%. 

c )  I n i t i a l  t r a n s i e n t s  occur i n  which the ordering r a t e  is  much 
g r e a t e r .  These a r e  explained by the  longer l i f e t i m e  f o r  vacancies a t  
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e a r l y  .times when recombination alone con t ro l s  t h e  vacancy concentrat ion.  

d )  Predic t ion  f o r  s t eady- s ta t e  condi t ions  have been made and their 
v a r i a t i o n  has been shown t o  be phys ica l ly  reasonable. 

e )  I n t e r p r e t a t i o n s  of experiments which measure ordering r a t e s  and 
obta in  a c t i v a t i o n  energ ies  d i r e c t l y  from them a r e  not  r e l i a b l e  and this  
model should be used ins tead .  
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VII. Future Work 

The next step in this work will be to model the changing dislocation 
density i n  the early stages o f  irradiation. 

V I I I .  Publications 

This paper has been submitted to Philosophical Maqazine. 

127 



I .  

11. 

P ROGRAil  

T i t l e :  E f f e c t s  o f  I r r a d i a t i o n  on Fus ion  Reac to r  i d 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 :  F. V.  N o l f i ,  J r .  and A. P .  L. Tu rne r  

A f f i l i a t i o n :  Argonne N a t i o n a l  L a b o r a t o r y  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  de te rmine  t h e  m i c r o s t r u c t u r a l  e v o l u -  

t i o n ,  d u r i n g  i r r a d i a t i o n ,  o f  f i r s t - w a l l  m a t e r i a l s  w i t h  s p e c i a l  emphasis on 

t h e  e f f e c t s  o f  h e l i u m  p r o d u c t i o n ,  d i sp lacemen t  damage and r a t e s ,  and 

tempera tu re .  

111. RELEVANT DAFS PROGRAM P L A N  TASK/SUBTASK 

SUBTASK I I .C .2 .1  M o b i l i t y ,  D i s t r i b u t i o n ,  and Bubble N u c l e a t i o n  

I V .  SUMMARY 

The t empera tu re  dependence o f  v o i d  s w e l l i n g  i n  316 s t a i n l e s s  s t e e l  

p r e i n j e c t e d  w i t h  h e l i u m  and i r r a d i a t e d  w i t h  N i t  i o n s ,  o r  i r r a d i a t e d  

s i m u l t a n e o u s l y  w i t h  N i t  i o n s  and He 
A bimodal c a v i t y  d i s t r i b u t i o n  was f ound  f o r  d u a l - i o n  i r r a d i a t e d  samples, 

b u t  n o t  i n  p r e i n j e c t e d  s i n g l e - i o n  i r r a d i a t e d  samples. 

o f  i r r a d i a t i o n  a s w e l l i n g  peak was f ound  a t  65OoC as a r e s u l t  o f  a sharp  

peak i n  c a v i t y  number d e n s i t y  a t  t h i s  tempera tu re .  

s w e l l i n g  peak due t o  a peak i n  c a v i t y  s i z e  occu red  a t  6OO0C f o r  d u a l - i o n  

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

t .  i o n s ,  has been measured by T E i l .  

Fo r  b o t h  t ypes  

A second, l a r g e r  

V.  ACCOI~IPLISHMENTS AND STATUS 

A.  Temperature Dependence o f  S w e l l i n g  i n  S i n g l e  and Dua l - Ion  

I r r a d i a t e d  316 S t a i n l e s s  S t e e l  - -  G. A y r a u l t  and ti. A. H o f f  
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1 .  In t roduct ion  

A major question i n  the i r r a d i a t i o n  response of  candidate  
fusion r eac to r  s t r u c t u r a i  ma te r i a l s  i s  the inf luence  o f  concurrent  
displacement damage and helium production. 
heavy-ions f o r  damage production and helium ions t o  s imula te  gas produc- 
t i o n  by transmutation events  provides a Teans of  i nves t iga t ing  such 
e f f e c t s  i n  t h e  absence o f  a h i g h  energy neutron source.  

Dual-ion i r r a d i a t i o n ,  u s i n g  

T h i s  r epor t  presents  prel iminary r e s u l t s  on t h e  temperature 
dependence of  swell ing i n  s i n g l e  and dual- ion i r r a d i a t e d  316 s t a i n l e s s  
s t e e l .  Dose and helium i n j e c t i o n  r a t e  dependences of swell ing wi l l  be 
determined i n  f u t u r e  s t ages  of t h e  program. 

2. I r r a d i a t i o n  Conditions 

Type 316 stainless s t e e l  samples from the MFE heat  were 
50% cold-worked, then so lu t ion  annealed a t  1O5O0C f o r  0.5h and aged a t  
3OO0C f o r  10h. 
3.0 lleV Nit and 0.87 MeV degraded 3Het i n  the ANL Dual-Ion I r r a d i a t i o n  
F a c i l i t y ;  t h e  helium i n j e c t i o n  r a t e  was 15:l appm He:dpa. A second 
s e t  of samples was pre in jec ted  a t  room temperature w i t h  5 appm He, 
and s ingle- ion  i r r a d i a t e d  w i t h  3.0 MeV N i  . For both s e t s  the dose level  
was 12 dpa.  
650 and 70OoC; su r face  temperatures of a l l  samples were measured with an 
in f r a red  pyrometer d u r i n g  i r r a d i a t i o n .  
were e lec t rochemica l ly  sect ioned t o  a depth of  45008 (peak damage is 
a t  55008), and backthinned for TEM inspec t ion .  

One s e t  of samples was simultaneously i r r a d i a t e d  w i t h  

3 
t 

The nominal i r r a d i a t i o n  temperatures were 550, 600, 625, 

Af ter  i r r a d i a t i o n ,  the samples 

3.  P r e c i p i t a t e s  

Most o f  the irradiated samples contained b o t h  c a v i t i e s  and 
i n t r a g r a n u l a r  p r e c i p i t a t e s ,  which were not  present  i n  uni r rad ia ted  cont ro l  
samples w i t h  the same thermal h i s to ry .  In add i t ion ,  t h e  c a v i t i e s  were 
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coa ted  w i t h  p r e c i p i t a t e s  i n  a l l  samples where c a v i t i e s  were found; 

examples o f  t h i s  a r e  shown i n  F i g .  1 .  

4. S w e l l i n g  i n  Dua l - Ion  I r r a d i a t e d  Samples 

Fo r  d u a l - i o n  i r r a d i a t i o n  i n  t h e  t empera tu re  range 550 t o  

65OoC, a bimodal c a v i t y - s i z e  d i s t r i b u t i o n  was found,  F i g .  2a-e; a t  

7OO0C, o n l y  sma l l  c a v i t i e s  were observed,  F i g .  2 f .  La rge  c a v i t i e s  were 
u s u a l l y  a s s o c i a t e d  w i t h  t h e  i n t r a g r a n u l a r  p r e c i p i t a t e s ,  w h i l e  t h e  sma l l  

c a v i t i e s  were found on b o t h  p r e c i p i t a t e s  and d i s l o c a t i o n s .  

Vo id  number d e n s i t i e s ,  mean v o i d  s i z e  and v o i d  volume were 

de te rmined  f ros i  t h e  TEi4 m ic rographs .  
3, 4 and 5. Each d a t a  p o i n t  i s  based on o b s e r v a t i o n s  i n  a t  l e a s t  t h r e e  

d i f f e r e n t  r e g i o n s  o f  t h e  sample; t h e  e r r o r  ba rs  r e f l e c t  v a r i a t i o n s  between 

t hese  r e g i o n s .  I n  numer ica l  d a t a  ana lyses ,  t h e  sma l l  and l a r g e  c a v i t i e s  

i n  t h e  bimodal d i s t r i b u t i o n  were t r e a t e d  s e p a r a t e l y ,  and t h e  c a v i t y  number 

d e n s i t y  and s i z e  a r e  p l o t t e d  s e p a r a t e l y  i n  F i g s .  3 and 4. Fo r  v o i d  

volume, F i g .  5, t h e  two c o n t r i b u t i o n s  have been summed, b u t  when l a r g e  

c a v i t i e s  a r e  p resen t ,  t h e y  account  f o r  n e a r l y  a l l  o f  t h e  volume. 

The da ta  a r e  p resen ted  i n  F i g s .  

The most s t r i k i n g  f e a t u r e  o f  t h e s e  d a t a  i s  t h e  sharp  peak 

The l a r g e  volume change i n  s w e l l i n g  f o r  t h e  sample i r r a d i a t e d  a t  603OC. 

was due t o  t h e  l a r g e  c a v i t i e s  o f  i r r e g u l a r  shape shown i n  F i g .  2c. S te reo  

o b s e r v a t i o n s  showed t h a t  many o f  t hese  c a v i t i e s  were e n t i r e l y  c o n t a i n e d  

i n  t h e  f o i l ,  and d a r k - f i e l d  images o f  t h e  p r e c i p i t a t e  c o a t i n g  on c a v i t y  

s u r f a c e s  e x a c t l y  reproduced t h e  shapes seen i o  b r i g h t - f i e l d  images 

( F i g .  l a ,  b )  c l e a r l y  i n d i c a t i n g  t h a t  t h e y  a r e  t r u l y  vo ids  and n o t  e t c h i n g  
a r t i f a c t s  a s s o c i a t e d  w i t h  t h e  s u r f a c e .  T h i s  s w e l l i n g  peak i s ,  however, 

a s s o c i a t e d  w i t h  c o n s i d e r a b l e  v a r i a t i o n s  i n  r , V / V  f r o m  p o i n t  t o  p o i n t  i n  t h e  

sample. 

The h i g h  s w e l l i n g  i n  t h i s  sample was n o t  reproduced i n  a n o m i n a l l y  i d e n t i -  

c a l  sample, F i g .  2b, i r r a d i a t e d  a t  595OC. 
r e g i o n a l  and sample t o  sample v a r i a t i o n s  a r e  n o t  c l e a r  a t  p resen t .  

Four  d i f f e r e n t  areas gave volume changes r a n g i n g  f r o m  2-6L. 

The reasons f o r  t hese  l a r g e  
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Figure 1. Br igh t- f ie ld  dark- f ie ld  p a i r s  showing prec ip i ta te- coa ted  
c a v i t i e s  i n  p re in jec ted  s ingle- ion and dual- ion i r r a d i a t e d  
316 s t a i n l e s s  s t e e l  (Dose = 12  dpa, dose rate = 3 x 
dpa.s ) ( a )  603OC dual- ion,  ( b )  da rk- f ie ld  of  same region 
a s  ( a ) ,  (c)  650°C preinjected s ing le- ion ,  (d )  dark-field 
o f  same region as (c) .  

-1 

b 

d 
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Absorption c o n t r a s t  micrographs o f  dual- ion i r r a d i a t e d  316 
s t a i n l e s s  s t e e l  ( Jose  = 12  dpa, dose r a t e  = 3 x 10-3dpa.s-1, 
helium i n j e c t i o n  rate = 15:l appm He:dpa). ( a )  54OoC, (b )  
595OC, ( c )  603OC, (d)  633OC, (e )  65OoC, and ( f )  70OoC. 
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IRRADIATION TEMPERATURE I"C1 

Figure 3. Temperature dependence o f  cav i ty  number dens i ty  i n  dual- ion 
i r r a d i a t e d  316 s t a i n l e s s  s t e e l  (dose = 1 2  dpa, dose r a t e  = 

3 3 x 10- d p a - s - ' ) .  The d e n s i t i e s  o f  small and la rge  c a v i t i e s  
in the  bimodal s i z e  d i s t r i b u t i o n s  a r e  p lo t ted  separa te ly .  
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Figure 4.  Temperature dependence o f  cav i ty  s i z e  in dual- ion and pre- 
i n j ec t ed  s ingle- ion i r r a d i a t e d  316 s t a i n l e s s  s t e e l  (dose = 

s i z e s  a r e  p lo t t ed  sepa ra t e ly  f o r  t h e  bimodal s i z e  d i s t r i b u t i o n s  
found in dual- ion i r r ada ted  samples. 

1 2  dpa, dose r a t e  = 3 x 10- 3 dpa .s - ' ) .  Small and l a rge  cav i ty  
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Figure 5. Temperature dependence of swelling in dual-ion and preinjected 
single-ion irradiated 316 stainless steel (dose = 12 dpa, 
dose rate = 3 x 10-3dpa.s-'). 
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A second peak i n  t h e  s w e l l i n g  cu rve  i s  found  a t  650°C. 
T h i s  peak i s  a l s o  o u t  o f  t h e  o r d i n a r y  i n  t h a t  a s w e l l i n g  i n c r e a s e  

w i t h  t empera tu re  u s u a l l y  r e s u l t s  f r om an i n c r e a s e  i n  c a v i t y  s i z e ,  b u t  

t h i s  peak i s  due p r i m a r i l y  t o  a sha rp  r i s e  i n  number d e n s i t y .  A l t hough  

d u p l i c a t e  d u a l - i o n  samples have n o t  y e t  been i n s p e c t e d  f o r  t h i s  i r r a d i a -  

t i o n  t empera tu re  we have c o n f i d e n c e  t h a t  t h e  b e h a v i o r  i s  r e p r o d u c i b l e  

because i t  was repea ted  even more d r a m a t i c a l l y  i n  t h e  p r e i n j e c t e d  

s i n g l e - i o n  i r r a d i a t i o n s  ( see  F i g .  6 ) .  

5. S w e l l i n g  i n  S i n g l e - I o n  I r r a d i a t e d  Samples 

I n  t h e  p r e i n j e c t e d  and s i n g l e - i o n  i r r a d i a t e d  samples, t h e  

c a v i t y  s i z e  d i s t r i b u t i o n s  were n o t  b imoda l ,  and r a p i d  s w e l l i n g  nea r  600°C 
was n o t  observed.  However t h e  s w e l l i n g  peak a t  650°C r e s u l t i n g  f r o m  
a peak i n  v o i d  number d e n s i t y  was a l s o  observed  f o r  t h e  s i n g l e - i o n  

i r r a d i a t i o n s .  No c a v i t i e s  were observed  i n  t h e  625 and 7OO0C sample 

and i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  u n l i k e  a l l  o t h e r  i r r a d i a t e d  samples, 

no i n t r a g r a n u l a r  p r e c i p i t a t e s  were observed  e i t h e r .  T h i s  suggests  a 

r e l a t i o n s h i p  between p r e c i p i t a t i o n  and c a v i t y  f o r m a t i o n .  b u t  does 

n o t  e x p l a i n  t h e  absence o f  b o t h .  

V I I .  FUTURE WORK 

The unusual s w e l l i n g  b e h a v i o r  f ound  i n  t h e  samples examined t o  

d a t e  r e q u i r e s  t h a t  t h e  c o n s i s t a n c y  o f  t h e  b e h a v i o r  b e  checked on d u p l i c a t e  

samples t h a t  a r e  a v a i l a b l e .  A d d i t i o n a l  samples have been i r r a d i a t e d  a t  

575 and 6 7 5 O C  t o  g i v e  s m a l l e r  t empera tu re  s teps ;  t h e s e  w i l l  be examined 

i n  t h e  n e a r  f u t u r e .  Data on t h e  e f f e c t s  o f  dose and h e l i u m  i n j e c t i o n  

r a t e  c u r r e n t l y  b e i n g  c o l l e c t e d  s h o u l d  g i v e  f u r t h e r  i n s i g h t  t o  t h e  be- 
h a v i o r  t h a t  has a l r e a d y  been observed.  Breakaway s w e l l i n g  a t  a c r i t i c a l  

dose o r  ext reme s e n s i t i v i t y  t o  h e l i u m  i n j e c t i o n  r a t e  c o u l d  e x p l a i n  some 

of  t h e  v a r i a b i l i t y  observed. F u r t h e r  i n s i g h t  w i l l  be sought  t h rough  

i n v e s t i g a t i o n  o f  i r r a d i a t i o n  i nduced  or  enhanced p r e c i p i t a t i o n .  
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IRRADIATION TEMPERATURE I"CI 

Figure 6. Teoiperature dependence of  cav i ty  number dens i ty  in p re in jec ted  
s ingle- ion i r r a d i a t e d  316 s t a i n l e s s  s t e e l  (dose = 1 2  d p a ,  

dose r a t e  = 3 x 10-3dpa.s-1).  
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I .  

I1 

PROGRAM 

T i t l e :  I r r a d i a t i o n  Ef fec t s  Analysis (b/tlOll/EDAj 
Principal  Inves t iga to r :  3 .  G .  Doran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory 

The ob jec t ive  of t h i s  work i s  t o  a s ses s  the e f f e c t s  of c y c l i c  var ia-  
t i o n s  i n  i r r a d i a t i o n ,  s t r e s s ,  and temperature on the evolut ion of the  damage 
microstructure to  enable the  pro jec t ion  o f  s t eady- s t a t e  i r r a d i a t i o n  data  t o  
c y c l i c  condi t ions .  

111. R E L E V A N T  aAFS PROGRAM PLAr4 TASK/SUBTASK 

I I .C .5  Ef fec t s  of Cycling on Microstructure 

IV. SUMWARY 

A computer model developed previously t o  siniulate micros t ruc ture  evol-  
u t ion  d u r i n g  cyc l i ca l  i r r a d i a t i o n  neglected the  t r a n s i e n t s  i n  d e f e c t  con- 
cen t r a t ions  a t  t h e  beginning and end o f  each pulse.  
t o  include approximations f o r  t h i s  t r a n s i e n t  behavior.  The e f f e c t s  of 
damage r a t e ,  i r r a d i a t i o n  temperature, and cycle  period (50% duty f a c t o r )  
on void s i z e ,  void concent ra t ion ,  and swell ing a r e  discussed.  The revised 
model i s  more c o n s i s t e n t  w i t h  experimental observat ions than was the  o ld  
model. Like t h e  o l d  model, i t  p red ic t s  a more pronounced s e n s i t i v i t y  of 
micros t ruc ture  evolut ion t o  displacement r a t e  and temperature i n  c y c l i c  
i r r a d i a t i o n s  than i n  s teady i r r a d i a t i o n s .  

The model was re f ined  

V .  ACCOMPLISHMENTS A N D  STATUS 

A .  The E f f e c t  of Pulsed I r r a d i a t i o n  on ldicrostructure Evolution - -  
il. L .  Greenslade and R .  W .  Powell ( H E D L )  
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1 .  Introduct ion 

A previous paper") discussed a model t o  p r e d i c t  microstruc-  
ture evolu t ion  during pulsed (HVEM) i r r a d i a t i o n .  The model assumed a 
square wave d e f e c t  concent ra t ion  i n  phase w i t h  the cyc l i ca l  displacement 
r a t e .  
s t i t i a l )  concentrat ions were s e t  equal t o  t h e i r  s teady s t a t e  values.  
D u r i n g  the  "beam o f f "  condi t ion ,  thermal equil ibr ium concent ra t ions  were 
used. This model d i d  n o t  agree w i t h  a l l  of the  r e s u l t s  of a companion ex- 
perimental s tudy.  

During the  "beam on" condi t ion ,  t h e  de fec t  ( s i n g l e  vacancy or i n t e r -  

T h e  purpose of t h i s  work was t o  incorpora te  t r a n s i e n t s  i n  de- 
f e c t  concent ra t ions  i n t o  the model anti t o  study the e f f e c t s  of peak damage 
r a t e ,  i r r a d i a t i o n  temperature, and cycle  per iod .  I r r a d i a t i o n  parameter 
ranges examined were peak damage r a t e s  of 0.5 x t o  2 x dpa/s,  
i r r a d i a t i o n  temperatures of 550 + l O " C ,  and cycle  periods of 100 t o  1000s 

whereby t h e  pulse dura t ion  was l o n g  compared t o  the l i f e t i m e  of a vacancy. 
Unlike the  e a r l i e r  work, t h r o t t l i n g  ( reduct ion  of the  void nucleat ion r a t e  
due t o  the annealing of s u b- c r i t i c a l  vacancy c l u s t e r s  between pulses)  was 
n o t  included. 

2 .  Model Revisions 

This work included v e r i f i c a t i o n  of  the  v a l i d i t y  of c e r t a i n  a s-  
sumptions made in cha rac te r i z ing  the t r a n s i e n t  de fec t  concent ra t ions .  The 
approximations t h a t  were used g r e a t l y  s impl i f i ed  ca l cu la t ions  and t h u s  re- 
duced computer time. Typical d e f e c t  concent ra t ion  p r o f i l e s  during an i r -  
r a d i a t i o n  cyc le  f o r  both models a r e  shown i n  Figure 1 .  

TS s i g n i f i e s  the  time f o r  the  i n t e r s t i t i a l s  t o  e q u i l i b r a t e  w i t h  
the  d i s l o c a t i o n  s t r u c t u r e  and can be approximated by 
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where D .  = i n t e r s t i t i a l  d i f f u s i v i t y ,  and Ki = i n t e r s t i t i a l  s i n k  s t r e n g t h .  
1 

i denotes t h e  vacancy decay t i m e  and i s  approx imated  by 

where Dv = vacancy d i f f u s i v i t y ,  Kv  = vacancy s i n k  s t r e n g t h ,  C v s s  = s teady  

s t a t e  ( d u r i n g  "beam on" )  vacancy c o n c e n t r a t i o n ,  and Cv th  = therma l  e q u i l  i- 

br iun i  vacancy c o n c e n t r a t i o n .  

To c a l c u l a t e  t h e  t r a n s i e n t  d e f e c t  c o n c e n t r a t i o n s ,  r a t e  equa- 

t i o n s  based upon t h e  c o n s e r v a t i o n  o f  p o i n t  d e f e c t s  were used. The two s i -  

mul taneous,  n o n l i n e a r ,  f i r s t - o r d e r  d i f f e r e n t i a l  equa t i ons  d e s c r i b i n g  t h e  

t i m e  r a t e  o f  change o f  d e f e c t  c o n c e n t r a t i o n s  a r e  

I - t  Old  Model 

-- New Model 

F I G U R E  1 .  T y p i c a l  Vacancy and I n t e r s t i t i a l  C o n c e n t r a t i o n  P r o f i l e s  Ou r i ng  
an I r r a d i a t i o n  C y c l e  (exaggera ted  t o  show d e t a i l s ) .  
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C v  = K t Ke - a C i C v  - D V K v 2  C, C31 

C. = K - a C i C v  - D i K i 2  C i  
1 

where C,, C i  = vacancy and i n t e r s t i t i a l  concent ra t ions ,  r e spec t ive ly ;  
K v ,  K i  = vacancy and i n t e r s t i t i a l  s ink s t r eng ths ,  respec t ive ly ;  

K = displacement rate; 
Ke = thermal emission rate; 
a = recombination cons tan t ;  

ov,oi  = vacancy and i n t e r s t i t i a l  d i f f u s i v i t i e s ,  r e spec t ive ly .  

Note t h a t  equations [ 3 j  and [4]  a r e  coupled by the recombination term. 

To eva lua te  C i  and C v  as funct ions  of t ime, c e r t a i n  s impl i fying 
assumptions were made. 
were then compared with the "exact" so lu t ion  of the  system which was obtained 
using a time consuming numerical method. 
the approximations. 

These a r e  shown i n  Table 1 .  These approximations 

Figures 2 and 3 j u s t i f y  the use of 

A l l  the expressions l i s t e d  i n  Table 1 which descr ibe  the de fec t  
concentra t ions  during the  i r r a d i a t i o n  cyc le  were then incorporated i n  the  
e a r l i e r  computer model. 
t i r e  defec t  concentra t ion p r o f i l e  was u t i l i z e d  i n  t h e  microst ructure  model. 

Time s t eps  were ca r e fu l l y  a l t e r e d  so t h a t  t h e  en- 

3. Review of E a r l i e r  Results  

I t  i s  worthwhile t o  review the experimental observat ions" ) and 
the pred ic t ions  of the e a r l i e r  model. 
H V E M  i r r a d i a t i o n  of a simple Fe-Ni-Cr a l l o y  a t  6OOOC were: 

The experimental r e s u l t s  of pulsed 

( I )  the  swell ing r a t e  decreased compared to  s teady i r r a d i a t i o n ,  
( 2 )  t h e  swell ing r a t e  decreased a s  the  cycle  period was increased from 

( 3 )  the  average void s i z e  decreased while the void concentra t ion in -  
2 .5  t o  60 seconds, 

creased a s  compared t o  steady i r r a d i a t i o n .  
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T I M I  8StC , 

F IGURE 2 .  Defect Concentration P r o f i l e s  Dur ing  I n i t i a l  Trans ient .  

TIME , P C . I  

FIGURE 3. Defect Concentration P r o f i l e s  D u r i n g  I n i t i a l  Trans ient .  
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The e a r l i e r  computer model,  wh i ch  i n t r o d u c e d  t h r o t t l i n g  o f  v o i d  

n u c l e a t i o n ,  p r e d i c t e d  t h a t :  

( 1 )  t h e  s w e l l i n g  r a t e  shou ld  decrease compared t o  s teady  i r r a d i a t i o n ,  

( 2 )  t h e  s w e l l i n g  r a t e  shou ld  i n c r e a s e  w i t h  i n c r e a s i n g  c y c l e  p e r i o d  

( 3 )  t h e  v o i d  c o n c e n t r a t i o n  shou ld  decrease  compared t o  s teady  i r r a d i -  

f o r  t h e  range o f  p e r i o d s  i n v e s t i g a t e d  e x p e r i m e n t a l l y ,  

a t i o n .  

I n  t h e  absence of t h r o t t l i n g ,  t h e  d i f f e r e n c e s  f ound  between 

p u l s e d  and s teady  i r r a d i a t i o n  were v e r y  s m a l l .  

4. Parameter  S tudy  w i t h  C u r r e n t  Model 

The e f f e c t s  o f  v a r y i n g  such parameters  a s  t h e  i r r a d i a t i o n  temp- 

e r a t u r e ,  damage r a t e ,  and p u l s e  p e r i o d  on t h e  f l u e n c e  dependence o f  v o i d  

s i z e ,  v o i d  c o n c e n t r a t i o n ,  and s w e l l i n g  a r e  shown i n  F i g u r e s  4 t h rough  1 5 .  
Note t h a t  F i g u r e s  5, 8, and 11 show t h e  d i f f e r e n c e s  between t h e  o l d  and new 

models due t o  changes i n  d e f e c t  c o n c e n t r a t i o n  c h a r a c t e r i z a t i o n  o n l y ;  t h r o t -  

t l i n g  was o m i t t e d  f r o m  t h e  o l d  inodel i n  these  cases.  

The r e s u l t s  can  be summarized as  f o l l o w s  (Tc r e f e r s  t o  t h e  

c r i t i c a l  c y c l e  p e r i o d  be low wh ich  no v o i d s  form,  e.g. ,  abou t  200 seconds a t  

560°C f o r  t h e  parameters used i n  t h i s  work; Tc i n c r e a s e s  w i t h  i n c r e a s i n g  

tempera tu re )  : 

a.  E f f e c t s  on average v o i d  d i a m e t e r  (dv) 

p e r i o d s  g r e a t e r  t han  Tc. 

s g r e a t e r  t han  t h e  s teady  i r r a d i a t i o n  v a l u e  f o r  

ncreases as t h e  p e r i o d  decreases t o  Tc .  

ncreases f o r  b o t h  s teady  and p u l s e d  i r r a d i a t i o n  

zv decreases as t h e  damage r a t e  i n c r e a s e s  ( o r ,  equ iva-  

as t empera tu re  i n c r e a s e s .  

l e n t l y ,  as  t h e  number o f  c y c l e s  dec reases ) .  
( 4 )  
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F I G U R E  4 .  Fluence Dependence o f  Void Growth f o r  Several Pulse Periods a t  
540°C. 
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FIGURE 5. Fluence Dependence o f  Void Growth for Several Pulse Periods a t  
550°C. 

145 



F I G U R E  6 .  Fluence Dependence of Void Growth f o r  Several Pulse Periods a t  
560°C. 
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F I G U R E  7 .  Fluence Dependence of Void Concentration f o r  Several Pulse Periods 
a t  540°C. 
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FIGURE 8. Fluence Dependence o f  Void Concentration f o r  Several Pulse Periods 
a t  550’C. 

I lk rn~ l  
c. 

i l l U l 6  

l ,lOlj 

i 
1 ’ ’ o 1 5 * { z y  1 

1 . It :: 
~ I /  , 

Cr 0 i l ) R  2mi lPtRl00 

0 0  0 5  I O  I 5  2 0  

147 



.la# ; 

.G"I 

.0a, 

, o n  
. Gb! 

,051 

OM 

.ox 

.02L 

. O L I  

~ 

~ 

~ 

~ 

- 

- 

0 0  G. 5 1.0 I 5  2. 0 
GPA 

FIGURE 10. Fluence Dependence of Void Swelling f o r  Several Pulse Periods 
a t  540°C. 

I.  5 2.0 
DPA 

FIGURE 1 1 .  Fluence Dependence of Void Swelling f o r  Several Pulse Periods 
a t  550°C. 

148 



FIGURE 1 2 .  
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FIGURE 14. F luence  Dependence o f  Void C o n c e n t r a t i o n  f o r  Seve ra l  Damage 
Rates a t  553°C. 

I 

FIGURE 15. F luence  Dependence o f  Vo id  Growth f o r  Severa l  Damage Rates a t  
550°C. 
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( 5 )  zv f o r  pulsed i r r a d i a t i o n  approaches t h a t  of steady 
i r r a d i a t i o n  a s  the damage r a t e  increases .  

b .  Ef fec t s  on void dens i ty  ( C v l  

( 1 )  

( 2 )  

(3)  

( 4 )  
( 5 )  

C v  i s  g r ea t e r  than the steady i r r a d i a t i o n  value f o r  

C v  may increase  or decrease with increasing period 

C, decreases a s  the temperature i s  increased and fo r  

C v  increases  with damage r a t e .  
C v  f o r  pulsed i r r a d i a t i o n  approaches t h a t  of steady 

some periods g rea t e r  than Tc. 

f o r  periods greater than Tc ,  depending s e n s i t i v e l y  on temperature.  

periods g rea t e r  than Tc approaches the steady i r r a d i a t i o n  value.  

i r r a d i a t i o n  a s  the damage r a t e  increases .  

c .  Ef fec t s  on swel l ing  

( 1 )  

( 2 )  

The swell ing r a t e s  a t  2.0 dpa a r e  g r ea t e r  t h a n  steady 

The swell ing r a t e  may increase  or decrease with in-  
i r r a d i a t i o n  values f o r  some periods g r e a t e r  than Tc.  

creas ing per iod;  the  s e n s i t i v i t y  of t h e  swell ing rate t o  the period in-  
creases  with decreasing temperature. 

( 3 )  
b o t h  pulsed and steady i r r a d i a t i o n .  

The dependence of the  swell ing r a t e  on displacement 
r a t e  i s  not monotonic because of opposing e f f e c t s .  
increases  with displacement r a t e  while the mean void s i z e  decreases ( just  
a s  under steady i r r a d i a t i o n ) .  
m u m  in swell ing r a t e  near the  in termediatedisplacement  rate ( 1  x 10-3 'dpa / s )  
used here .  A t  higher displacement r a t e s ,  the  pulsed and steady i r r a d i a t i o n s  
produce higher (and e s s e n t i a l l y  equal) swell ing r a t e s .  

As the damage r a t e  increases ,  pulsed i r r a d i a t i o n  swel- 

l i n g  behaved e s s e n t i a l l y  the same as steady i r r a d i a t i o n  swel l ing.  

Swelling r a t e  decreases a s  temperature increases  f o r  

(4)  
The void concentra t ion 

The magnitudes a r e  such as t o  c r e a t e  a mini- 

( 5 )  
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5. Conclusions 

This work has r e su l t ed  in the  establ ishment  of some useful ap- 
proximations and a model t h a t  agrees somewhat more c l o s e l y  with experimental 
observat ions than a previous model. The cu r ren t  model y i e l d s  l a r g e r  void 
concent ra t ions  under pulsed condit ions than under s teady i r r a d i a t i o n  for 
c e r t a i n  cyc le  per iods .  Thro t t l i ng  e f f e c t s ,  however, were neglected which 
may have caused the  void concentrat ion f o r  the s h o r t e r  pulse period i r r a d i -  
a t i o n s  ( < Z O O  s )  t o  be overestimated. I n  the e a r l i e r  work, the  inc lus ion  of 
t h r o t t l i n g  produced the major d i f f e rences  between pulsed and steady i r r a d i -  
a t i o n s .  I n  the  present  work, s i g n i f i c a n t  d i f f e rences  were found even i n  
t h e  absence of t h r o t t l i n g .  
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I .  PROGRAM 

T i t l e :  S i m u l a t i n g  t h e  CTR Environment i n  t h e  HVEM 

P r i n c i p a l  I n v e s t i g a t o r s :  W .  A. Jesser ,  R. A. Johnson 

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

1 1 .  OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  temp- 

e r a t u r e  and h e l i u m- i o n  i r r a d i a t i o n  on t h e  occur rence  o f  de fo rmat ion  

t w i n n i n g  d u r i n g  f r a c t u r e  o f  t y p e  316 s t a i n l e s s  s t e e l .  

I I I .  RELEVANT DAFS PROGRAM TASK 

Task I I . C . 1 3  Crack I n i t i a t i o n  and Propaga t ion  

I V .  SUMMARY 

U n i r r a d i a t e d ,  a u s t e n i t i c  s t a i n l e s s  s t e e l  samples p u l l e d  t o  f r a c t u r e  

a r e  f r e e  from de fo rmat ion  t w i n s  when t e n s i l e  t e s t e d  a t  room temperature  

b u t  c o n t a i n  de fo rmat ion  t w i n s  when t e s t e d  a t  60OoC. N e u t r o n - i r r a d i a t e d  

samples t e s t e d  t o  f a i l u r e  a t  room temperature  and e l e v a t e d  temperature  

a r e  f r e e  f rom de fo rmat ion  t w i n s .  H e l i u m- i r r a d i a t e d  samples e x h i b i t  

d e f o r m a t i o n  t w i n n i n g  d u r i n g  f r a c t u r e  t e s t s  a t  60OoC. 

v a t e d  temperatures o r  hel ium i r r a d i a t i o n  can promote t h e  f o r m a t i o n  o f  

d e f o r m a t i o n  t w i n s  i n  s t a i n l e s s  s t e e l  p u l l e d  t o  f r a c t u r e  w h i l e  n e u t r o n  

i r r a d i a t i o n  does n o t  s i g n i f i c a n t l y  promote t h e  f o r m a t i o n  o f  de fo rmat ion  

t w i n s .  

In  summary, e l e -  
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V.  ACCOMPLISHMENTS & STATUS 

The Occurrence o f  Deformat ion Twinning d u r i n g  T e n s i l e  T e s t i n g  o f  
Type 316 S t a i n l e s s  S tee l  I r r a d i a t e d  by Hel ium Ions. J. A .  Hor ton  
& W .  A. Jesser ,  Department o f  M a t e r i a l s  Science, U n i v e r s i t y  o f  
V i  r g  i n i a ,  Cha r l  o t t e s v  i 1 1 e, V i  r g  i n i a. 

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

I t  i s  commonly observed t h a t  h i g h  s t resses  a r e  r e q u i r e d  to  produce 

de format ion  tw ins .  Consequently t he  idea o f  a c r i t i c a l  s t r e s s  necessary 

f o r  t w i n n i n g  emerges. A l a r g e  a m u n t  o f  work harden ing  pe rm i t s  h i g h  

s t resses  t o  be reached. One f i n d s  t h a t  low temperatures and h i g h  s t r a i n s  

a re  a s s o c i a t e d  w i t h  h i g h  s t resses ,  and hence l e a d  t o  the  occur rence o f  

de format ion  tw ins  . The concept o f  a l a r g e  c r i t i c a l  s t r e s s  f o r  t he  

i n i t i a t i o n  o f  de fo rma t i on  t w i n n i n g  suggests t h a t  t h e  harden ing  produced 

by i r r a d i a t i o n  m i g h t  promote the  f o r m a t i o n  o f  de format ion  t w i n s  i n  i r r a -  

d i a t e d  m a t e r i a l s .  Cont ra ry  t o  t h i s  e x p e c t a t i o n ,  de fo rma t i on  t w i n s  

a p p a r e n t l y  do n o t  occu r  r e a d i l y  i n  i r r a d i a t e d  m a t e r i a l .  

1,2 

I t  i s  t h e  purpose o f  t h i s  r e p o r t  to  present  s e l e c t e d  c o n d i t i o n s  

under  which de fo rma t i on  t w i n n i n g  occurs  i n  i r r a d i a t e d  m a t e r i a l  d u r i n g  

t e n s i l e  t e s t i n g  a t  e l e v a t e d  tempera tures .  

2.  Exper imenta l  D e t a i l s  

T e n s i l e  samples o f  t y p e  316 s t a i n l e s s  s t e e l ,  shaped as r i bbons  w i t h  

an e l e c t r o p o l i s h e d  c e n t r a l  r e g i o n  t r a n s p a r e n t  t o  500 kV e l e c t r o n s ,  were 

p u l l e d  a t  e l e v a t e d  temperature i n  t h e  h i g h  v o l t a g e  e l e c t r o n  microscope.  

U n i r r a d i a t e d  samples as w e l l  as samples i r r a d i a t e d  w i t h  80 keV h e l i u m  

i ons  were t e n s i l e  t e s t e d  a t  60OoC. The c rack  p ropaga t i on  behav io r  was 

c h a r a c t e r i z e d  i n  t h e  HVEM and t h e  f r a c t u r e  su r faces  were c h a r a c t e r i z e d  
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i n  t h e  SEM. For  d e t a i l s  o f  t h e  equipment and t e n s i l e  t e s t  c o n d i t i o n s  o f  

s i m i l a r ,  low- temperature de fo rma t ion  experiments, one may r e f e r  to  p re-  

v ious  DAFS r e p o r t s .  The f l u x  and f l u e n c e  o f  h e l i u m  for t h e  p resen t  

exper iments i s  t y p i c a l l y  near 3 x I O l 4  cm-2sec-1 and 3 x lo1' an-'. 

3 .  Exper imental  Resu l t s  

a. Twinning i n  Un i , . rad ia ted Ribbons 

Deformat ion  t w i n n i n g  i n  t y p e  316 s t a i n l e s s  s t e e l  i s  n o t  observed i n  

samples t e n s i l e  t e s t e d  a t  ambient temperature.  However, when t h e  t e s t  

tempera ture  i s  e l e v a t e d  t o  6 O O 0 C ,  de fo rma t ion  t w i n n i n g  may o c c u r  i n  t h e  

very  t h i n  l igaments  which fo rm a long  t h e  c rack  f l a n k s  d u r i n g  t h e  l a s t  

s tages o f  f r a c t u r e .  

near t h e  c r a c k  f l a n k s  i n  t h e  t h i c k  reg ions  o f  t h e  sample. The l igaments  

wh ich  form tend t o  resemble " tee th"  whose edges l i e  near low index d i r e c -  

t i o n  and whose th i ckness  i s  a few hundred angstroms. These t e e t h  a r e  

p resen t  i n  b o t h  t h e  low tempera ture  as w e l l  as the h i g h  tempera ture  

t e s t s ;  however, o n l y  t h e  t e e t h  formed d u r i n g  t e n s i l e  de fo rma t ion  a t  

e l e v a t e d  temperature c o n t a i n  t w i n s .  A mic rograph o f  t w i n - c o n t a i n i n g  

t e e t h  i s  shown i n  f i g u r e  1 which i s  from a group o f  12 s i m i l a r  t e e t h  i n  

a row a long  t h e  c r a c k  f l a n k .  A t y p i c a l  t o o t h  f rom t h i s  group i s  s e l e c t e d  

for c h a r a c t e r i z a t i o n  and is l a b e l l e d  i n  t h e  f i g u r e .  The e l e c t r o n  beam 

d i r e c t i o n  corresponds t o  [ T l O ]  and t h e  main edge o f  t h e  c rack  f l a n k  i s  

nea r  [lll]. The t o o t h  i s  shaped l i k e  a dog- leg hav ing an obtuse, dog- leg 

a n g l e  o f  145' between t h e  [110] edge which ex tends from t h e  c rack  f l a n k  

and t h e  ad jacen t  [111] edge of t h e  l igament .  

I n  a d d i t i o n  t o  t h e  l igaments,coarse s l i p  s teps  occu r  

- 
Only t h a t  p a r t  of t h e  t o o t h  
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bounded by t h i s  [Ill] edge con ta ins  a s i g n i f i c a n t  number o f  t w i n s  a l l  o f  

which a r e  l ong  t h i n  reg ions  p a r a l l e l  to  [115]. 

The t e n s i l e  a x i s  was determined to  l i e  a l ong  [3341 because many o f  

. t h e  l i gaments  showed narrow reg ions  which had necked-down t o  becomepara l -  

l e 1  to  [33&] w i t h  f r a c t u r e  edges normal t o  t h i s  d i r e c t i o n .  The t e n s i l e  

a x i s  p a r a l l e l  to  the  [33&1 d i r e c t i o n  i s  16 f rom t h e  main c rack  f l a n k  

normal and g i v e s  r i s e  t o  the h i g h e s t  Schmid f a c t o r s  o f  .336 on t h e  s l i p  

systems ( l l T ) [ O l T l  and ( T l T ) [ l O T ]  and o f  .485 on o n l y  one t w i n  system 

(TT1) [2T l ] .  

(111)[112] and has a Schmid f a c t o r  o f  .194 i n  t h i s  case. 

s imp le  c o n s i d e r a t i o n  o f  a t e n s i l e  a x i s  and h i g h e s t  Schmid f a c t o r  i s  

inadequate to  e x p l a i n  t h e  r e s u l t s .  

0 

The t w i n  system which produced t h e  t w i n s  i n  t h e  l i gaments  i s  

C l e a r l y  t he  

One can r a t i o n a l i z e  t h e  f o r m a t i o n  o f  de fo rmat ion  tw ins  on t h e  

(111)[112] t w i n  system w i t h  the lower  Schmid f a c t o r  when the  o v e r a l l  

n a t u r e  o f  t he  t e e t h  a l ong  t h e  c rack  f l a n k s  i s  cons idered.  The s e r i e s  

o f  t e e t h  a r e  formed by s l i p  processes which l e a d  t o  a s e r i e s  o f  h o l e s  

whose edges are  p a r a l l e l  t o  l o w  index d i rec t ions ,  e.g. [110]. When the 

between two ne ighbo r i ng  ho les  becomes narrow, h i g h  

3n i n  the 

. L.IuI,I..I lllyuII aLlri.a ilLCICC i s  found i n  

,e i s i d e r a t i o n .  F i g u r e  2 shows 

a h i g h  rnagnir icacion micrograpn or m e  cwinned r e g i o n  o f  t h e  s e l e c t e d  

t o o t h .  One observes t h a t  t h i s  reg ion,  which i s  21 nm t h i c k ,  has f r ac-  

t u r e d  a long  i t s  l e n g t h  by t h e  p ropaga t i on  o f  a smal l  c rack  p a r a l l e l  t o  

b r i d g i n g  ma te r i a  

s t r e s !  

the  1 iga  l e c t e d  t o o t h  under con 

-.- ._.. I - r  -... 
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Figure 2. Transmission electron micrograph of a single "tooth" from 
figure 1. Note the set of parallel deformation twins and 
small crack in the ligament. 
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t h e  d i r e c t i o n  o f  t h e  t e n s i l e  a x i s .  Such a secondary f r a c t u r e  i s  cons is-  

t e n t  w i t h  a l o c a l i z e d  t e n s i l e  s t r e s s  i n  t h e  f i l m  p l a n e  and n e a r l y  normal 

t o  t h e  c r a c k  p ropaga t ion  d i r e c t i o n ,  i . e .  a l o c a l i z e d  t e n s i l e  a x i s  r o t a t e d  

from [ 3 3 & ]  toward [ I l l ] .  Th is  e f f e c t i v e  l o c a l i z e d  t e n s i l e  a x i s  d i r e c t i o n  

l i k e l y  i s  near  [44Tl which corresponds t o  t h e  a x i s  hav ing  t h e  maximum 

Schmid f a c t o r  on t h e  ( l l l ) [ l l ? ]  t w i n  system and the reby  c o u l d  account f o r  

t h e  f o r m a t i o n  o f  t w i n s  on t h e  ( 1 1 1 ) [ 1 1 ~ ]  system. 

0 
The dog- leg a n g l e  o f  145 may a r i s e  from a combinat ion o f  t h e  t w i n  

shear on ( 1 1 1 ) [ 1 1 ~ ]  and conven t iona l  s l i p  on t h e  favored  1 1 1 1 3 < i l O >  sys- 

tems. The combined e f f e c t  o f  t h e  t w i n n i n g  shear and conven t iona l  s l i p  

c o u l d  t r a n s f o r m  t h e  edge d i r e c t i o n  [ I 1 0 1  of t h e  t o o t h  i n t o  t h e  observed 

edge d i r e c t i o n  near [ l l i ] .  

s u f f i c i e n t  to accompl ish t h e  t r a n s f o r m a t i o n .  I n  o r d e r  to  determine t h e  

amount o f  t h i s  shear accommodated by t h e  f o r m a t i o n  o f  t h e  de fo rmat ion  

t w i n s ,  a d a r k  f i e l d  micrograph was produced f rom the t w i n  r e f l e c t i o n .  A 

measurement o f  t h e  c u m u l a t i v e  t w i n  t h i c k n e s s  i n  t h e  l igament  showed t h a t  

53% o f  t h e  l i gament  was twinned. The amount o f  shear accommodated by t h e  

t w i n s  i s  IOo and hence 25 o f  t h e  shear a n g l e  remains t o  be accommodated 

by homogeneous s l i p .  Evidence t h a t  homogeneous s l i p  of t h e  c o r r e c t  s i g n  

i s  p r e s e n t  i s  found i n  t h e  long  edge o f  t h e  t o o t h  approx imate ly  p a r a l l e l  

t o  [ l I O ] .  T h i s  edge near [I101 i s  deformed from one end t o  t h e  o t h e r  

th rough  an ang le  o f  l o o  i n  t h e  same sense as t h a t  which c a r r i e s  [I101 i n t o  

[ I l r ] .  A l l  o f  t h e  t e e t h  resembled each o t h e r  i n  t h i s  respect  and a l l  o f  

t h e  dog- leg ang les observed i n  t h e  group o f  t e e t h w e r e n e a r l y  equal  to  each 

o t h e r .  

A shear ang le  o f  35' i n  t h e  l igament  p l a n e  i s  

0 
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b .  Twinning i n  I r r a d i a t e d  Ribbons 

The occur rence o f  de fo rma t i on  tw ins  i n  n e u t r o n - i r r a d i a t e d  r ibbons  o f  

t y p e  304 s t a i n l e s s  s t e e l  has n o t  been documented here  f o r  e i t h e r  h i g h-  

temperature t e n s i l e  t e s t s  or t e n s i l e  t e s t s  conducted a t  ambient tempera- 

t u r e .  There have been i s o l a t e d  obse rva t i ons  o f  p r e e x i s t i n g  t w i n s  i n  some 

samples and these may a c t  as s i t e s  for c rack  p ropaga t i on .  I n d i r e c t  e v i -  

dence o b t a i n e d  from the  shape o f  t he  f r a c t u r e  edge and f r a c t u r e  su r face  

suggests t h a t  t w i n n i n g  occurs  d u r i n g  de fo rma t i on  o f  h e l i u m- i r r a d i a t e d  

s t a i n l e s s  s t e e l  p u l l e d  a t  room temperature.  

The f i r s t  d i r e c t  ev idence f o r  deformat i on  t w i n n i n g  i n  i r r a d i a t e d  

t y p e  316 s t a i n l e s s  s t e e l  has been ob ta ined  f o r  samples i r r a d i a t e d  w i t h  

80 keV h e l i u m  i ons  t o  a f l u e n c e  o f  3 x 10’’ cm-’ and t e n s i l e - t e s t e d  t o  

f r a c t u r e  a t  60OoC. 

i s  near  282 nm; however, t he  depth beneath t h e  en t rance s u r f a c e  mechani- 

c a l l y  a f f e c t e d  by t h e  h e l i u m  i s  observed t o  be  much g r e a t e r  than t h e  mean 

range. The th i ckness  o f  t h e  r i b b o n  i n  t he  r e g i o n  c o n t a i n i n g  t w i n s  i s  

r ough l y  2000 nm. The twinned reg ions  a r e  de tec ted  by means o f  a combined 

secondary e l e c t r o n  d e t e c t o r  image and t ransm iss ion  e l e c t r o n  image formed 

from t h e  t h i c k  reg ions  o f  t h e  sample and the  ad jacen t  e l e c t r o n  t r a n s -  

p a r e n t  r eg ions .  The shape o f  t h e  sample s u r f a c e  combined w i t h  t he  

s e l e c t e d  area d i f f r a c t i o n  p a t t e r n s  o f  t he  t h i n  reg ions  pe rm i t  one t o  

de termine  w i t h  reasonable conf idence the  l o c a t i o n  and o r i e n t a t i o n  o f  t he  

tw ins .  F i g u r e  3 shows a scanning e l e c t r o n  mic rograph o f  t he  sample near  

t he  f r a c t u r e  edge. The c rack  f l a n k s  form a p r o j e c t e d  shape resembl ing  an 

The mean, p r o j e c t e d  range o f  t h e  80 keV he1 ium ions  
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Figure 3. Scanning electron micrograph o f  a crack f lank i n  type 316 
stainless steel i f f a d i a ~ e d  wi th  helium ions o f  80 keV to a 
fluence o f  3 x 10 cm and tensi le- tested a t  60OoC. Note 
the coarse s l i p  steps and "roof-top" appearance associated 
with deformation twinning. 
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0 
"M" i n s t e a d  o f  t h e  109.5 ang le  expected between ad jacen t  segments o f  t h e  

"M" i n  t h e  absence o f  any s l i p  i n  t h e  t w i n  or  ad jacen t  m a t r i x .  C l e a r l y  

s i g n i f i c a n t  s l i p  i s  o c c u r r i n g  and t h e  idea o f  a s imp le  t e n s i l e  a x i s ,  w h i l e  

s u f f i c i e n t  t o  account for t h e  s l i p ,  i s  inadequate t o  e x p l a i n  t h e  t w i n  

f o rma t ion .  J u s t  as w i t h  t he  t e e t h  of t h e  p rev ious  sec t i on ,  a t e n s i l e  

a x i s  o t h e r  than t h e  "macroscopic" one was invoked to  e x p l a i n  t h e  r e s u l t s ,  

h e r e  too a s i g n i f i c a n t  s t r e s s  on the  t w i n  system ( l l l ) [ l l ? ]  seems to  re-  

q u i r e  t h e  presence o f  a m o d i f i e d  l o c a l i z e d  s t r e s s .  

The he1 i u m - i  r r a d i a t e d  samples showing " tee th"  a l o n g  t h e  c r a c k  f l a n k s  

d i d  n o t  revea l  t w i n s  i n  t he  l igaments .  The h e l i u m - i r r a d i a t e d  samples 

formed t w i n s  o n l y  i n  t h i c k  reg ions .  

su r faces  o f  t h e  samples con f i rmed  t h a t  t h e  de fo rma t ion  t w i n  extends 

th rough t h e  e n t i r e  t h i ckness  o f  t h e  sample. L ikewise ,  t he  coarse s l i p  

s teps  a r e  found on b o t h  t o p  and bot tom su r faces  o f  t h e  m a t r i x  and a l s o  

t h e  tw in .  

Observa t ion  o f  the  top  and bo t tom 

4 .  Discuss ion  

It was found t h a t  i n  u n i r r a d i a t e d  s t a i n l e s s  s t e e l ,  t he  t h i n  l igaments  

which were p u l l e d  out  from t h e  c r a c k  f l a n k s  under c o n d i t i o n s  o f  h i g h  

s t r a i n  con ta ined  l ong  narrow deformat ion  tw ins ,  a l l  p a r a l l e l  t o  each 

o t h e r ,  and rough ly  a l i g n e d  w i t h  t h e  p ropaga t i on  d i r e c t i o n  o f  a smal l  

c rack  i n  t h e  l igament .  S ince c racks  tend t o  propagate a l o n g  d i r e c t i o n s  

normal t o  a t e n s i l e  a x i s ,  t h e  o b s e r v a t i o n  o f  a s e t  o f  l ong  de fo rma t ion  

t w i n s  a l o n g  a s i m i l a r  d i r e c t i o n  i s  c o n s i s t e n t  w i t h  p rev ious  obse rva t i ons  

i n  t h i n  f cc  c r y s t a l s  t h a t  o f t e n  de fo rma t ion  t w i n s  form a l o n g  a d i r e c t i o n  
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3- 5  normal t o  the  t e n s i l e  a x i s .  

From t h e  shape and ang les  o f  t he  edges o f  t he  u n i r r a d i a t e d  and he l i um 

i o n - i r r a d i a t e d  s t a i n l e s s  s t e e l ,  one can conclude t h a t  b o t h  de fo rma t i on  

t w i n n i n g  and homogeneous s l i p  a re  p resent  i n  t he  samples. The coarse s l i p  

s teps  on t h e  t op  and bo t tom su r faces  o f  t h e  u n i r r a d i a t e d  and i r r a d i a t e d  

samples i n d i c a t e  t h a t  p e r s i s t e n t  s l i p  on a ve ry  narrow packet  o f  s l i p  

p lanes  may a l s o  occu r  i n  these samples i n  a s i m i l a r  manner to  t h a t  ob- 

served i n  u n i r r a d i a t e d  a-brass . Fu r the r ,  f rom the  l a c k  o f  a macroscopic 

t e n s i l e  a x i s  p r o v i d i n g  a h i g h  Schmid f a c t o r  on t he  t w i n n i n g  system, i t  i s  

suggested t h a t  a u n i a x i a l  s t r e s s  s t a t e  i s  n o t  p resen t  i n  these samples, 

b u t  r a t h e r  t h a t  a t  l e a s t  a b i a x i a l  s t r e s s  s t a t e  i s  r e s p o n s i b l e  f o r  t h e  

de fo rma t i on .  The e f f e c t  o f  i r r a d i a t i o n  by h e l i u m  ions  i s  to  enhance t h e  

coarse  s l i p  and t o  promote t h e  f o rma t i on  o f  de fo rma t i on  t w i n s  i n  t he  t h i c k  

r e g i o n  o f  t h e  sample w h i l e  suppress ing  de fo rma t i on  t w i n n i n g  i n  t he  l i g a -  

ments. 

6 

The minimum shear s t r e s s  r e q u i r e d  t o  move a p a r t i a l  d i s l o c a t i o n  o f  

Burgers v e c t o r ,  b which c r e a t e s  an extended s t a c k i n g  f a u l t  beh ind  t h e  

d i s l o c a t i o n  as i t  moves, i s  y /b  where y i s  t he  s t a c k i n g  f a u l t  energy. 

I f  one takes t h e  va lue  o f  y as t h a t  quoted f o r  t ype  304 s t a i n l e s s  s t e e l ,  

21 ergs/cm , and an average Schmid f a c t o r  o f  0.4 on t he  t w i n n i n g  system, 

then the  minimum a p p l i e d  normal s t r e s s  r e q u i r e d  f o r  de fo rma t i on  t w i n n i n g  

i s  360 MPa. 

n e u t r o n - i r r a d i a t e d  t o  40 dpa and t e n s i l e  t e s t e d  a t  600 C i s  near  400 MPa 

P ’  

P’  

2 

The u l t i m a t e  t e n s i l e  s t r e n g t h  o f  t ype  304 s t a i n l e s s  s t e e l  

0 

which agrees w i t h  t h e  above e s t i m a t e  o f  360 MPa.’ A s t r e s s  o f  400 MPa was 
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reached i n  a room temperature  t e s t  o f  u n i r r a d i a t e d  t y p e  316 s t a i n l e s s  s t e e l  

t o  a s t r a i n  o f  12% and i n  t h i s  case de fo rmat ion  t w i n s  were observed. * I t  

would appear t h a t  de fo rmat ion  t w i n s  would be common i f  t h e  c r i t i c a l  s t r e s s  

c r i t e r i o n  were a s u f f i c i e n t  one. Venables proposed t h a t  t h e  d i f f i c u l t y  o f  

n u c l e a t i n g  t w i n s  accounted fo r  t h e i r  r a r i t y  i n  f c c  c r y s t a l s . ’  

p resented o b s e r v a t i o n s  i n  t h i n  f i l m s  t h a t  agreed w i t h  t h i s  idea. 

Matthews 

5 

I t  i s  tempt ing  to  approach t h e  r o l e  o f  i r r a d i a t i o n  and t h e  r o l e  o f  

temperature  on t h e  f o r m a t i o n  o f  de fo rmat ion  t w i n s  from t h e  p o i n t  o f  v iew 

o f  p r o v i d i n g  n u c l e a t i o n  s i t e s  fo r  t w i n  growth.  I n  t h e  case o f  t h e  u n i r -  

r a d i a t e d  samples, the combinat ion o f  h i g h  s t r a i n ,  h i g h  temperature  and 

a v a i l a b l e  l i gament  edges f o r  t w i n  n u c l e a t i o n  may a l l o w  t h e  t w i n s  t o  nu- 

c l e a t e  and grow w h i l e  t h e  same c o n d i t i o n s  a t  l o w  temperature  may n o t  l e a d  

t o  t w i n  n u c l e a t i o n .  I n  t h e  case o f  t h e  samples i r r a d i a t e d  w i t h  h e l i u m  

ions,  t h e  h i g h  h e l i u m  t o  dpa r a t i o  may be f a v o r a b l e  f o r  t w i n  n u c l e a t i o n  

and growth a t  t h e  h e l i u m  en t rance  s u r f a c e  where b o t h  he1 ium c o n c e n t r a t i o n  

and dpa va lues a r e  h i g h .  T h i s  sugges t ion  i s  i n  agreement w i t h  r e s u l t s  o f  

Kohyama, who observed t h a t  deformat ion t w i n n i n g  accompanied b l  i s t e r  f o r -  

ma t ion  i n  some h e l i u m- i r r a d i a t e d  meta ls .  The e f f e c t  o f  t h e  h e l i u m  

i r r a d i a t i o n  on t h e  p u l l e d - o u t  l igaments  from beneath t h e  s u r f a c e  i s  not 

c l e a r  b u t  p o s s i b l y  t h e  presence o f  h e l i u m  i n  t h e  t h i n  l i gaments  h i n d e r s  

t w i n  n u c l e a t i o n  and growth.  

IO 

5. Conclusions 

I n  a u s t e n i t i c  s t a i n l e s s  s t e e l  samples p u l l e d  t o  f r a c t u r e  a t  e l e v a t e d  

temperature,  de fo rmat ion  t w i n n i n g  occurs  i n  t h e  1 igaments o f  un i  r r a d i a t e d  
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specimens and i n  t h e  " t h i c k "  reg ions  o f  specimens i r r a d i a t e d  w i t h  he l i um 

ions .  Deformat ion t w i n n i n g  i s  absent i n  n e u t r o n - i r r a d i a t e d  samples t e s t e d  

under s i m i l a r  c o n d i t i o n s  t o  those o f  t he  h e l i u m- i r r a d i a t e d  and u n i r r a -  

d i a t e d  samples. I t  i s  a l s o  absent i n  t h e  l igaments  o f  h e l i u m- i r r a d i a t e d  

sampl es. 

Homogeneous s l i p ,  inhomogeneous s l i p  c o n f i n e d  to  a narrow packet  o f  

s l i p  p lanes,  and de fo rma t i on  t w i n n i n g  may occu r  i n  t he  sample reg ions  near  

t he  f r a c t u r e  su r faces  o f  u n i r r a d i a t e d  and h e l i u m- i r r a d i a t e d  s t a i n l e s s  

s t e e l .  The exaggerated, inhomogeneous s l i p  i s  enhanced a t  e l e v a t e d  temp- 

e r a t u r e s  i n  bo th  uni  r r a d i a t e d  and i r r a d i a t e d  samples. 

The a p p l i c a t i o n  of Schmid f a c t o r s  c a l c u l a t e d  f rom a "macroscopic" 

t e n s i l e  a x i s  and the  concept o f  a c r i t i c a l  shear  s t r e s s  f o r  t w i n n i n g  may 

n o t  be s u f f i c i e n t  t o  account  f o r  t h e  occur rence of  deformat ion  tw ins .  The 

n u c l e a t i o n  o f  t w i n s  may be t he  c o n t r o l l i n g  f a c t o r .  
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