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FOR E WO R D  

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

*Alloy Development f o r  Irradiation Performance ( A D I P )  
'Plasma-MateriaZs Interaction (PMI) 
*Special Purpose Materials (SPM) 

The DAFS program element i s  a n a t i o n a l  e f f o r t  composed o f  con t r i bu-  
t i o n s  f rom a number o f  Na t iona l  Labora to r ies  and o t h e r  government labora-  
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 organized by 
t h e  M a t e r i a l s  and Rad ia t ion  E f f e c t s  Branch, O f f i c e  o f  Fusion Energy, DOE, 
and a Task Group on Damage AnaZysis and Fundamental Studies which operates 
under t h e  auspices o f  t h a t  Branch. The purpose o f  t h i s  s e r i e s  o f  r e p o r t s  
i s  t o  p rov i de  a work ing  t echn i ca l  r eco rd  o f  t h a t  e f f o r t  f o r  t h e  use o f  t h e  
program p a r t i c i p a n t s ,  f o r  t h e  f u s i o n  energy program i n  general ,  and f o r  
t h e  Department o f  Energy. 

Plan o f  t h e  same t i t l e  ( t o  be pub l i shed)  so t h a t  a c t i v i t i e s  and accomplish- 
ments may be f o l l owed  r e a d i l y  r e l a t i v e  t o  t h a t  Program Plan. Thus, t h e  
work o f  a g iven  l a b o r a t o r y  may appear throughout  t h e  r e p o r t .  Chapters 1 
and 2 r e p o r t  t o p i c s  which a r e  gener i c  t o  a l l  o f  t h e  DAFS Program: DAFS 
Task Group A c t i v i t i e s  and I r r a d i a t i o n  Test  F a c i l i t i e s ,  r e s p e c t i v e l y .  
Chapters 3, 4, and 5 r e p o r t  t h e  work t h a t  i s  s p e c i f i c  t o  each o f  t h e  sub- 
tasks  around which the program i s  s t r uc tu red :  A.  Environmental Character-  
i z a t i o n ,  B. Damage Product ion, and C.  Damage M ic ros t ruc tu re  Evo lu t i on  and 
Mechanical Behavior.  The Table o f  Contents i s  annotated f o r  t h e  convenience 
o f  t h e  reader.  

Th i s  r e p o r t  has been compi led and e d i t e d  under the guidance o f  t h e  
Chairman o f  t h e  Task Group on Damage AmZysis and Fundamental Studies, 
D. G. Doran, Hanford Engineer ing Development Laboratory,  and h i s  e f f o r t s ,  
those o f  t h e  suppor t ing  s t a f f  o f  HEDL and t h e  many persons who made tech-  
n i c a l  c o n t r i b u t i o n s  a r e  g r a t e f u l l y  acknowledged. T. C .  Reuther, M a t e r i a l s  
and Rad ia t ion  E f f e c t s  Branch, i s  t h e  Department o f  Energy coun te rpar t  t o  
t h e  Task Group Chairman and has r e s p o n s i b i l i t y  f o r  the DAFS Program w i t h i n  
DOE. 

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

Klaus M. Zwi lsky,  Ch ie f  
M a t e r i a l s  and Rad ia t ion  

O f f i c e  o f  Fusion Energy 
E f f e c t s  Branch 
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CHAPTER 1 

DAFS TASK GROUP ACTIVITIES 
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I. PROGRAM 

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

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

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

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  coord ina te  t h e  a c t i v i t i e s  o f  t he  
DAFS Task Group. 

111. RELEVANT DAFS PROGRAM PLAN TASVSUBTASK 

A1 1 tasks 

I V .  SUMMARY 

DAFS Task Group a c t i v i t i e s  have i nc luded  1 )  a rev iew o f  the  i n i t i a l  

p lans  f o r  c h a r a c t e r i z i n g  the neutron environment o f  t h e  Fusion M a t e r i a l s  
I r r a d i a t i o n  Test f a c i l i t y  t o  be b u i l t  a t  HEDL, 2) an assessment o f  com- 

p u t e r  needs, r e s u l t i n g  i n  a request  f o r  322 hours (equ i va len t  CDC 7600) on 

the  Nat iona l  MFE Computer Network, and 3) t he  development o f  t e s t  mat r i ces  
f o r  i r r a d i a t i o n s  i n  t he  Oak Ridge Research Reactor.  

V .  ACCOMPLISHMENTS AND STATUS 

The p r i n c i p a l  Task Group e f f o r t s  du r i ng  t h i s  r e p o r t i n g  p e r i o d  were 
expended on complet ing the  DAFS Program Plan and on p a r t i c i p a t i n g  i n  t h e  
Program Workshop f o r  M a t e r i a l s  and Rad ia t ion  E f f e c t s  Programs h e l d  a t  
Germantown on January 18-20, 1978. Other a c t i v i t i e s ,  by Subtask Group, 

were as f o l l o w s :  

A. Subtask Group A - Environmental Cha rac te r i za t i on  (L. R. Greenwood, 

ANL, Chairman) 

3 



The Fusion M a t e r i a l s  I r r a d i a t i o n  Test  f a c i l i t y  (FMIT), c u r r e n t l y  

i n  an e a r l y  des ign phase, i s  t o  be b u i l t  a t  HEDL f o r  ope ra t i on  beg inn ing 

i n  1983. The FMIT f a c i l i t y  w i l l  use a 0.1 amp beam o f  deuterons of maximum 

energy 35 MeV s t r i k i n g  a f l o w i n g  l i t h i u m  t a r g e t  t o  produce a h igh  f l u x  o f  

h i g h  energy neutrons.  
t he  FMIT p r o j e c t  requested t h a t  t h e  task  group review the  i n i t i a l  p lans  f o r  

c h a r a c t e r i z i n g  the  environment o f  FMIT. 

a t  ANL on March 9-10, 1978. A t tend ing were D. G. Doran (HEDL), H. Fa r ra r ,  
@I), A. N. Goland (BNL),L. R .  Greenwood (ANL - Chairman),R. R. H e i n r i c h  

RNL), D. M. Pa rk in  (LASL), P. J .  Pers ian? (ANL), T. C .  Reuther (DOE) ,  M. J .  

Saltmarsh (ORNL), A. B. Smith (ANL), and D. L .  Smith (ANL). Not a t t e n d i n g  
b u t  a l s o  p a r t i c i p a t i n g  were N. D. Dudey (EXXON), M. L.  Grossbeck (ORNL), 

G. R. Odet te (UCSB), M. T .  Robinson (ORNL), F. A.  Smidt (DOE), and L .  
Stewart  (LASL). The review focused on those issues t h a t  had an impact 

on t h e  design. 

I n  keeping w i t h  t he  scope o f  t he  DAFS Task Group, 

Th is  was done a t  a meeting h e l d  

6. Subtask Group B - Damage Product ion  (M. T. Robinson, ORNL, 

Chairman) 

Some programs under t h i s  subtask area, e s p e c i a l l y  those engaged 

i n  a t o m i s t i c  model ing and Monte Car lo  neut ron ic5  s tud ies ,  a r e  medium-to- 

heavy users  o f  computers. An assessment of computer needs i n  t h e  damage 

a n a l y s i s  community was c a r r i e d  o u t  by t h e  Subtask Group Chairman t o  a i d  

i n  p repar ing  a request  f o r  t ime  on t h e  Nat iona l  Magnetic Fusion Energy 

Computer Network. The es t imates  f o r  FY 1979 t o t a l e d  322 equ iva len t  CDC 

7600 hours. 

C.  Subtask Group C - Damage M i c r o s t r u c t u r e  Evo lu t i on  and Mechanical 
Behavior  ( C o r r e l a t i o n  Methodology) (G. R. Odette, UCSB, Chairman) 

A concent ra ted e f f o r t  by the  Subtask Group Chairman, a ided  m a t e r i -  

a l l y  by  HEDL m e t a l l u r g i s t s ,  r e s u l t e d  i n  the  d e f i n i t i o n  o f  a t e s t  m a t r i x  

f o r  i n c l u s i o n  i n  t h e  f i r s t  MFE DRR i r r a d i a t i o n  (MFE-1). More d e t a i l  i s  

g i ven  i n  a c o n t r i b u t i o n  t o  t h i s  r e p o r t  which references Tasks I I . C . l  and 

I I .C.2.  
4 



Plans for  a second DAFS i r radia t ion t e s t  were formulated a t  a 
meeting i n  Chicago on January 18, 1978. 
D. G .  Doran ( H E D L ) ,  F. Nolfi ( A N L ) ,  K. Russell (MIT), J .  A. Sprague ( N R L ) ,  
H .  Wiedersich ( A N L ) ,  W .  Wolfer ( U W ) ,  J .  A .  Spitznagel (West. R&D Ctr.) ,  J .  
Swanks ( O R N L ) ,  R .  W .  Powell ( H E D L ) ,  and T .  C .  Reuther ( D O E ) .  

Attendees were E .  E.  Bloom ( O R N L ) ,  
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CHAPTER 2 

IRRADIATION TEST FACILITIES 
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I .  PROGRAM 

T i t l e :  I r radia t ion  Effects Analysis 
Prinicipal Invest igator:  D. G .  Doran 
Af f i l i a t ion :  Hanford Engineering Development Laboratory 

11. OBJECTIVE 

Develop a national program plan for the e f fec t ive  u t i l i z a t i o n  of the 
RTNS-I1 and other high energy neutron f a c i l i t i e s .  

111. RELEVANT DAFS PROGRAM PLAN TASK 

All tasks are relevant in t h a t  the u t i l i za t ion  of high energy neutron 
sources i s  an integral  par t  of the DAFS Program s t ra t egy .  
pected t o  be affected most d i r ec t ly  are: 

TASK II.A.2 High Energy Neutron Dosimetry 

The tasks ex- 

II.A.4 Gas Generation Rates 
II.A.5 Dosimetry Technique Development 
11.6.3 Experimental Characterization of Primary Damage S ta te  
11.6.4 Damage Production in Insulators 
II.C.l  Effect of Material Parameters on Microstructure 
II.C.2 Effect of Helium on Microstructure 
II.C.3 Effect of Hydrogen on Microstructure 
II.C.4 Effect of Solid Transmutation Products on Microstructure 
II.C.6 Effect o f  Damage Rate and Cascade Structure on Micro- 

s t ruc ture  
II.C.18 Relating Low and High Exposure Microstructures 

IV. SUMMARY 

A national program i s  be ing  developed f o r  the u t i l i z a t i o n  of RTNS-I1 
and other  high energy neutron sources in the fusion materials program. 
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V .  ACCOMPLISHMENTS AND STATUS 

A. RTNS-I1 U t i l i z a t i o n  Plan - R. W. Powell and 0. G. Doran 

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

Experiments have been performed by several  l a b o r a t o r i e s  over 

The major f a c i l i t y  f o r  these s tud ies  has been t h e  Ro ta t ing  

the p a s t  few years  t o  assess the e f f e c t s  o f  h i g h  energy neut ron i r r a d i a t i o n  

on m a t e r i a l s .  

Target  Neutron Source- I  (RTNS-I) a t  t h e  Lawrence Livermore Laboratory  (LLL),  

which produces approximately 1 5  MeV neutrons from t h e  0-T r e a c t i o n .  

t r o n s  a t  t h e  Crocker Nuclear Laboratory o f  UC-Davis and a t  Oak Ridge Na- 

t i o n a l  Laboratory  have a l s o  been used t o  produce broad spectrum neutrons 
through t h e  s t r i p p i n g  o f  deuterons by a b e r y l l i u m  t a rge t .  A new, h i g h e r  
f l u x  f a c i l i t y ,  funded by t h e  O f f i c e  o f  Fusion Energy, i s  c u r r e n t l y  under 

c o n s t r u c t i o n  a t  LLL. To be known as RTNS-11, f u l l  power opera t ion  i s  ex- 

pected i n  January 1979. 

a program p l a n  f o r  the u t i l i z a t i o n  o f  RTNS- I1  and o t h e r  h i g h  energy sources 

i s  be ing prepared. 

Cyclo- 

A t  the request  o f  t h e  O f f i c e  o f  Fusion Energy, 

The o b j e c t i v e  of the  p lan  i s  t h e  e f f i c i e n t  u t i l i z a t i o n  o f  

the RTNS-I1 f o r  f u s i o n  m a t e r i a l s  research.  The p l a n  descr ibes t h e  major 

problems f a c i n g  the f u s i o n  m a t e r i a l s  program f o r  which t h e  RTNS-I1 and o t h e r  

h i g h  energy neut ron f a c i l i t i e s  have relevance, t h e  impact o f  pas t  h i g h  

energy neut ron s tud ies  on these problems and t h e  s t r a t e g y  proposed f o r  
u t i l i z i n g  the RTNS-11, i n  p a r t i c u l a r ,  t o  a i d  i n  s o l v i n g  these problems. 

A lso inc luded  i n  t h e  r e p o r t  i s  a comp i la t i on  o f  o t h e r  p o t e n t i a l  uses of 

t h i s  impor tan t  n a t i o n a l  f a c i l i t y .  

More than 120 i n d i v i d u a l s  have been contac ted e i t h e r  i n  

person, b y  telephone o r  by ques t ionna i re  i n  an e f f o r t  t o  p o l l  t h e  community 

on the e f f e c t i v e  use o f  the RTNS-11. Over two dozen completed quest ionna i res  
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have been returned t o  HEDL with projected uses ranging from mechanical 
properties s tudies  t o  basic research in nuclear s t ruc tu re .  

VI. REFERENCES 

None. 

VII.  FUTURE WORK 

A f i r s t  d r a f t  of the plan i s  nearing completion. I t  will  be d i s -  
tr ibuted t o  the task groups for review during the next reporting period. 

VIII.  PUBLICATIONS 

None. 
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CHAPTER 3 

SUBTASK A: ENVIRONMENTAL CHARACTER1 ZATION 
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I .  

11. 

PROGRAM 

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

OBJECTIVE 

The objective of this work is to measure the flux-spectrum at 
various locations in the Oak Ridge Reactor (URR) and to provide do- 
simetry and damage analysis for MFE irradiation effects experiments. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.A.l.l Flux-spectral definition in a tailored fission 
reactor. 

1V. SUMMARY 

A major new effort has been initiated at ORR including three year- 
long irradiations for specimens from Argonne National Laboratory (ANL), 
Hanford Engineering Development Laboratory (HEDL), Oak Ridge National 
Laboratory (ORNL), and Naval Research Laboratory (NRL). A low power 
spectral study has also been planned. The dosimetry effort includes 
multiple foil activation materials and helium accumulation fluence 
monitors (HAFM) prepared by Atomics International (AI). 

V. ACCOMPLISHMENTS AND STATUS 

A. Experiments Planned at ORR -- L. R. Greenwood and R. R. Hein- 
rich (ANL) 
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The Oak Ridge Reactor (ORR)  has been designated as a pr imary DMFE 

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

e f f o r t  t o  cha rac te r i ze  the  neutron environment. Three year- long i r r a -  

d i a t i o n s ,  designated ORR-MFE-I t h r u  ORR-MFE-3, a re  planned f o r  s t a r t s  i n  

February, June, and October of 1978, r e s p e c t i v e l y .  E. E. Bloom (URNL) 

w i l l  coord ina te  t h e  program which inc ludes  ANL, HEDL, ORNL, and NRL. We 

are  respons ib le  f o r  dos imetry  and damage ana l ys i s  f o r  each i r r a d i a t i o n .  

Consequently, we have undertaken a major new 

ORR-MFE-1, now be ing  loaded i n  t h e  reac to r ,  w i l l  con ta in  heaters t o  

keep samples a t  temperatures up t o  550°C. 

wires, 24" i n  leng th ,  i n  each o f  t h e  f o u r  quadrants o f  t he  i r r a d i a t i o n  

assembly. I'he m a t e r i a l s  and expected reac t i ons  are  l i s t e d  i n  Table 1 .  

I n  one quadrant we a l s o  loaded 107 hel ium accumulat ion f l uence  mon i to rs  
(HAFM) prepared by H. F a r r a r  I V  (Atomics I n t e r n a t i o n a l ) .  Th is  w i l l  a l l o w  
us t o  d i r e c t l y  compare our  He gas r a t e  c a l c u l a t i o n s  w i t h  experiment f o r  

Be, A I ,  K ,  S i ,  T i ,  Fe, Cu, N i ,  and Pb. 

We placed f o u r  dos imetry  

Since we have n o t  s tud ied  ORR p r e v i o u s l y  and s ince  t h e  r e a c t o r  has 

a mixed the rma l / f as t  spectrum, we have a l so  planned a low power (1.3 MW) 

spec t ra l  run.  This  w i l l  a l l o w  us t o  s tudy r e a c t i o n s  w i t h  s h o r t  h a l f -  

l i v e s ,  t o  use cadmium covers t o  reduce the  thermal f l u x  on se lec ted  

samples, and t o  use f i s s i o n  mon i to rs  w i t h  h igh  heat genera t ion  r a t e s .  

Two 24" long aluminum capsules were f a b r i c a t e d  a t  ANL. One conta ined 

f i v e  spec t ra l  dos imetry  se ts  and the  o t h e r  conta ined t h r e e  sets.  The 

contents o f  each s e t  i s  l i s t e d  i n  Table 2. The se ts  were separated by 

aluminum spacers. The capsule w i t h  f i v e  se ts  a l s o  conta ined 26 HAFM 

m a t e r i a l s  from A I  i n c l u d i n g  l o g ,  6 L i ,  A l ,  B, L i ,  and N i .  The capsules 

were l eak  checked and welded. Wires, as l i s t e d  i n  Table 1, were placed 

i n  t he  two remain ing quadrants o f  the  dummy capsule. 
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Wire ___ 

TABLE 1 

DOSIMETRY REACTIONS FOR MFE IRRADIATIONS: FLUENCE MONITOR 
GRADIENT WIRES IN GO61 ALUMINUM TUBE 

Fe (10 mil) 5'+Fe(n,p)5'Mn 
5'+Fe( n ,a) 51Cr 
58Fe( n,y ) 59Fe 

Co-A1 (20 mil)* 5'%0(n,y)~~Co 
59Co(n,p) 59Fe 
59co (n ,2n)58co 

Ni ( I O  mil) 58Ni ( n , ~ ) ~ ~ C o  
60Ni (n,p)60Co 

Ti (10 mil) '+6Ti (n,p)'+%c 
47Ti  (n,p)*% 
48Ti ( n  .p J4'SC 

HAFM materials from AI are also included 
*NBS alloy, 0.116 wt. % cobalt 

Half -1 i fe 

312.5 D 
27.7 D 
44.7 D 

5.27 Y 
44.7 D 
70.85 D 
70.85 D 
5.27 Y 
88.9 D 
3.4 D 
1.8 D 

This low power spectral r u n  will be conducted i n  the same reactor 
location as ORH-MFE-2 and the samples will be returned t o  ANL as soon as 
possible following irradiation t o  facilitate counting. The dummy 
capsule has been loaded at ORNL and is scheduled for irradiation in May 
o f  1978. 

VI. REFERENCES 

None 

VII. FUTURE WORK 

Following the low power spectral run in May 1978 irradiated foils 
will be returned t o  ANL for gama counting and HAFM materials will be 
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TABLE 2 

DOSIMETRY REACTIONS FOR ORR SPECTRAL MAPPING: WIRES AND FOILS 
I N  6061 ALUMINUM CAPSULE 

M a t e r i a l  Reaction 

37Np ( n  ,f ) *  

z 3 5 U  ( n  ,f )* 

2 j 8 U  ( n  ,f )*  
Z 3 8 U  

N i  ( w i r e )  

Co ( w i r e )  

Fe ( w i r e )  

Au 

T i  

sc* 

9 5 Z r  

l o 3 R u  
1311 

l'+oBa 

238U(n,2n)237~ 

( n , ~ ) ' ~ ' N p  
58Ni ( n , ~ ) ~ ~ C o  

59co( n ,y)6Oco 

( n , ~ )  59Fe 
(n,Zn)58Co 

5'Fe( n ,p)?'+Mn 
(n  ,D) 5 ' C r  

58Fe( n ,y) 59Fe 

( n  ,2n) 5 7 N i  

7 A ~  [ n , y ) 9 8 A ~  
( n  ,2n) Ig6Au 

4 6 T i  (n,p)%c 

4 7 T i  ( n  ,p )  47Sc 

48T i  ( n , ~ ) " ~ S c  

Sc (n  ,y)'+6sc 

(n,2n )44mSc 

Hal f - 1  i f e  

64.1 D 

39.4 D 

8.0 D 

12.8 D 

6.75 D 
2.36 D 

70.85 D 
36 H 

5.27 Y 

44.6 D 
70.85 D 

312.5 D 

27.7 D 

44.6 D 

2.7 0 
6.1 D 

83.9 D 
3.4 D 

1.8 D 
83.9 D 

2.44 D 

Cadmium + 
Cover 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

HAFM m a t e r i a l s  f rom A I  a r e  a l s o  inc luded  

* I n  ORNL vanadium capsules 

+Yes means t h a t  both  covered and uncovered samples were inc luded  
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sent to A I  for helium analysis. The SAND I1  code will be used to unfold 
the spectrum using detailed neutronics calculations from ORNL as input. 
Future work will depend on the agreement between the experiment and 
calculations. It is hoped that calculations can be validated so that 
the higher fluence measurements can be tied t o  calculated spectra in order 
to compute damage rates. 
planned for ORR-MFE 2 and 3 and are expected to continue well into the 
future. 

Further fluence measurements are now being 

Samples will be received and analyzed in 1979 and 1980. 
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I .  PROGRAM 

Ti t le :  Helium Generation in  Fusion Reactor Materials 
Principal Investigators:  D .  W .  Kneff, H .  Farrar IV 
Aff i l i a t ion :  Rockwell International.  Atomics International Division 

11. OBJECTIVE 

The objective o f  t h i s  work i s  t o  develop and apply helium accumula- 
t ion fluence dosimetry t o  the measurement of neutron fluences and energy 
spectra i n  mixed-spectrum f i ss ion  reactors u t i l i zed  for  fusion materials 
t es t ing .  

111. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

TASK II .A. l  Fission Reactor Dosimetry 
SUBTASK I I . A . l . l  

SUBTASK I I .A .1 .2  Enhance Technique 

Flux-Spectral Definition in a Tailored Fission 
Reactor 

IV. SUMMARY 

Three sets of helium accumulation fluence monitors have been designed 
and prepared f o r  inclusion a s  neutron dosimeters i n  three Magnetic Fusion 
Energy (MFE) i r rad ia t ion  experiments i n  the Oak Ridge Research Reactor 
( O R R ) .  These s e t s  include several d i f f e r en t  monitor materials with vary- 
ing neutron energy s e n s i t i v i t i e s ,  and a re  intended both  fo r  development 
and f o r  application of helium accumulation dosimetry in mixed-spectrum 
f i s s ion  reactor  neutron environments. Two of the s e t s  have been included 
with Argonne National Laboratory (ANL) act ivat ion materials in the long- 
term ORR MFE-1 i r rad ia t ion  and in  the short-term spectral  characterization 
i r rad ia t ion .  
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V .  ACCOMPLISHMENTS AND STATUS 

Helium Accumulation Fluence Dosimetry f o r  I r radia t ions  MFE-1 and 
MFE-2 a t  the Oak Ridge Research Reactor -- 0. W .  Kneff and  H .  Farrar IV 
(Atomics International ) 

Three s e t s  of helium accumulation fluence monitors (HAFM's) were pre- 
pared during the report  period f o r  inclusion in the f i r s t  and second MFE 
i r r ad ia t ions  and i n  a short-term spectral  character izat ion i r radia t ion  in 
O R R .  These HAFM's wil l  complement the ANL ac t iva t ion  materials t h a t  con- 
s t i t u t e  the primary dosimetry f o r  these i r radia t ions .  
pared with consideration b o t h  f o r  providing dosimetry f o r  these experiments, 
and  f o r  character izing and evaluating various monitor materials  f o r  poten- 
t i a l  routine dosimetry use i n  future mixed-spectrum f i s s ion  i r r ad ia t ions .  

The HAFM's were pre- 

Each HAFM cons is ts  bas ica l ly  o f  a small quantity of c r y s t a l l i n e ,  
powder, o r  metal wire monitor material ,  sealed by electron-beam welding 
in  a miniature (-1.3-mm diam, 6.4-mm long) vanadium capsule. 
are i r radia ted  in the neutron environment of i n t e r e s t  and subsequently 
analyzed in  a high- sensi t ivi ty gas mass spectrometer t o  determine the 
to ta l  amount o f  helium generated by neutron interact ions with the con- 
tained material .  The several d i f f e ren t  materials being studied were chosen 
on the basis  of t h e i r  adequately-large energy-dependent reaction cross 
sect ions f o r  helium generation in  the energy ranges of i n t e r e s t .  
d i f f e r ing  energy s e n s i t i v i t i e s  of these materials provide neutron energy- 
dependent fluence information t h a t  will  be improved as the energy-dependent 
helium generat ion cross sect ions become better defined. 

The HAFM's 

The 

The helium accumulation materials prepared f o r  the short-term low- 
power spectral  character izat ion i r radia t ion  in ORR a re  l i s t e d  in Table 1. 
In a l l  t he  materials ,  the helium production i s  based on the  two high (n ,u)  
cross section isotopes 6Li and 'OB, w h i c h  a re  expected t o  generate enough 
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TABLE 1 

HELIUM GENERATION DOSIMETERS PROVIDED BY ATOMICS INTERNATIONAL 
FOR THE ORR LOW POWER MFE DOSIMETRY CHARACTERIZATION IRRADIAT ION 

Number o f  React ions o f  
I n t e r e s t  M a t e r i a l  Specimens Form* 

L i F  ( n a t u r a l )  3 Encapsulated c r y s t a l  

A1-0.6% 6L i  3 Unencapsulated w i r e  

A1 3 Unencapsulated w i r e  

B ( n a t u r a l )  3 Encapsulated c r y s t a l  

1 l B  3 Encapsulated c r y s t a l  

Encapsulated a l l o y  
dnencapsulated w i r e  Ni-0.13% 'OB [$ 

Ni 

V 

3 Unencapsulated w i r e  

3 Empty V capsule 

6L i  (n,aI3H 

6Li(n,a)3H 

background 

1°B(n,a) 7 L i  

10B(n,a)7Li ( 10 B - - 1.5%) 

] " ~ ( n , a ) ~ ~ i  

background 

background 

*The capsules a re  made o f  vanadium, electron-beam welded i n  vacuum. 
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helium for accurate measurement. 
spectral sets of activation materials provided by Argonne National Labora- 
tory. 

This irradiation also included complete 

The HAFM sets prepared for the long-term irradiations MFE-1 and FIFE-2 
are listed in Tables 2 and 3 ,  respectively, and consist primarily of 
developmental HAFM's encompassing a large range of energy sensitivities. 
In these two irradiations, the boron and 6LiF HAFM's that have been devel- 
oped for Breeder Reactor (BR) applications could not be used effectively 
because the 'OB or Li would be burned up in the soft ORR neutron spectrum 
in the first few days. All three HAFM dosimetry sets included a few unen- 
capsulated wire specimens with dimensions approximating the vanadium 
capsules. 

6 

The HAFM sets prepared for the MFE-1 and short-term irradiations were 
shipped to ANL, where they were loaded into the ANL dosimetry tubes. 
HAFM set prepared for MFE-2 will also be shipped to ANL, as soon as the 
final irradiation geometry has been defined. 

The 

VII. FUTURE WORK 

The irradiation o f  the ORR HAFM's will be followed by helium analysis 
in the high-sensitivity gas mass spectrometer at Atomics International. 
The results, which will complement the ANL activation dosimetry data, will 
be combined with data from irradiations of similar sets of materials in 
Breeder Reactor and Light Water Reactor (LWR) neutron spectra, to develop 
energy-dependent HAFM's for mixed-spectrum fission reactors. 

VIII.PUBLICATIONS 

1. H. Farrar I V  (AI) and E. P. Lippincott (HEDL), "Helium Production 
Measurements for Neutron Dosimetrv and Damaoe Correlations." 
Proc. Second ASTM-EURATOM Symposiim on Reactor Dosimetry: *Dosim- 
etry Methods for Fuels, Cladding, and Structural Materials, 
W. C. Morgan, ed., Palo Alto, CA, October 1977. 
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TABLE 2 

HELIUM GENERATION DOSIMETERS PROVIDED BY ATOMICS INTERNATIONAL 
FOR THE LONG-TERM ORR IRRADIATION MFE-1 

Number of Energyt Primary Reactions 
Material Specimens Form* (MeV) of In te res t  

Ni 

TiN 

Ti 

PbS 

Be 

KI 

S i  

54Fe 

Fe 

FeF2 

KC1 

Si02 

c u  

A1 

V 

Encapsulated wire 
Unencapsulated wire 

Encapsulated powder 

Encapsulated wire 
Unencapsulated wire 

Encapsulated powder 

Encapsulated c rys ta l s  

Encapsulated c rys ta l s  

Encapsulated c rys ta l s  

Encapsulated chunks 

Encapsulated wire 
Unencapsulated wire 

Encapsulated c rys ta l s  

I 

I 
Encapsulated c rys ta l s  

Encapsulated powder 

Encapsulated wire 
Unencapsulated wire 

Encapsulated wire 
Unencapsulated wire 

Empty V capsules 

I 
I 

0 

1 .3  

- 

1.5 

2 

2 .5  

2 .7  

3 

3 

3 

3 

3.9 

6 

6.5 

- 

58Ni ( n , r )  59 N i  . (n,a) 56 Fe 

14N( n ,a) "El 

f o r  TiN* 

32~(n ,a)  29 s i  

'Be ( n , al6He 

39K(n,a) C 1 ;  f o r  KC1 
"Si(n,a) 26 Mg; f o r  SiO: 

54Fe(n,a) 51 Cr 

54Fe(n,a) 51 Cr; f o r  FeF: 

l g F ( n  ,a)16N 

3 5 ~ ~  (n,a13'p; 

39K( n ,a)36C1 

36 * 

160(n, .)13c 

6 3 ~ u  ( n  ,a)60~o 

27Al (r~,a) '~Na 

background 

*The capsules were made of vanadium, electron-beam welded i n  vacuum. 
TApproximate lower bound o f  neutron energy response. 
*Several materials were included so t h a t  t h e i r  helium contributions t o  the 

l i s t e d  compounds could be measured. 
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TABLE 3 

HELIUM GENERATION DOSIMETERS PREPARED BY ATOMICS INTERNATIONAL 
FOR THE LONG-TERM ORR IRRADIATION MFE-2 

Energy* Pr imary React ions 
M a t e r i a l  Specimens Form (MeV) o f  I n t e r e s t  t Number o f *  

N i  

T i  N 

T i  

PbS 

KC1 

Ca F2 

Fe 

FeF2 

"2'5 

A1 

V 

Nb 

P t  

3 

3 

3 

3 

6 

3 

3 

3 

3 

c 
3 

3 

Encapsulated w i r e  
Unencapsulated w i r e  

Encapsulated powder 

Unencapsulated w i r e  

Encapsulated powder 

Encapsulated c r y s t a l s  

Encapsulated c r y s t a l s  

Encapsulated w i r e  

Encapsulated c r y s t a l s  

Encapsulated c r y s t a l s  

Encapsulated w i r e  

Empty capsule 
Unencapsulated w i r e  

Unencapsulated w i r e  

1 

Unencapsulated w i r e  

59 . 
0 58Ni (n, 7') NI ( n  ,a)56Fe 

1.3 14N( n , a )  "B 

- background f o r  TiN 

1.5 3 2 ~ ( n , a )  29 s i  . 

39K(n,a)36C1; 

3 5 ~ ~  (n,a13'p 
40Ca(n,a) 37 A r  

2.5 1 
3 1  

2.7 

54Fe( n ,a)51Cr; 
background for FeF2 

19F( n ,a) 16N 3 

3.9 16~(n,a)13~ 

6.5 2 7 A l  (n,~x)'~Na 

- background 

- t e s t  as encapsu la t ing  
m a t e r i a l  

- t e s t  as encapsu la t ing  
mate r ia  1 

~ ~ ~~ 

*Subject  t o  change f o r  c o m p a t i b i l i t y  w i t h  MFE-2 exper iment des ign changes. 

tThe capsules were made o f  vanadium, electron-beam welded i n  vacuum. 

*Approximate lower  bound of  neu t ron  energy response. 
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2. A. Fabry (CEN/SCK), J .  A. Grundl (NBS), W. N. McElroy (HEDL), 
E. P. L i p p i n c o t t  (HEDL), and H. F a r r a r  I V  ( A I ) ,  "Sta tus  Report on 
Dosimetry Benchmark Neutron F i e l d  Development, C h a r a c t e r i z a t i o n  
and App l i ca t ion ,"  
Dosimetry: Dosimetry Methods f o r  Fuels, Cladding, and S t ruc tu-  
r a l  M a t e r i a l s ,  W .  C.  Morgan, ed., Palo A l t o ,  CA, October 1977. 

Proc. Second ASTM Symposium on Reactor 
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I. PROGRAM 

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

11. OBJECTIVE 

The objective of this work is t o  improve spectral unfolding tech- 
niques for fission reactor dosimetry, especially in tailored spectra such 
as the Oak Ridge Reactor (ORR). 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.A.1.2 Enhance Technique 

IV. SUMMARY 

The SAND I1 spectrum unfolding code has been modified to include 
self-shielding and cadmium cover effects for foils and wires in both beam 
flux and isotropic flux geometries. 
must be included in mixed-spectrum environments such as encountered in 
ORR. 

Such effects may be very large and 

V.  - ACCOMPLISHMENTS AND STATUS 

A. Inclusion of Self-shielding and Cadmium Cover Effects in 
SAND I1  -- L. R. Greenwood (ANL) 

The SAND I1 spectral unfolding code has been modified to in- 
These correct- clude self-shielding and cadmium cover effects exactly. 

ions will be required at ORR and other mixed-spectrum facilities where 
resonance effects predominate. For  example, in thin foils at least 50% 
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o f  t h e  a c t i v a t i o n  o f  197Au(n,y) 19*Au i s  due t o  a s i n g l e  narrow resonance 

a t  4.9 eV which has a peak cross s e c t i o n  near 40,000 barns! However, 

t h i c k  f o i l s  ( e . g . ,  % 1 m i l )  w i l l  n o t  f u l l y  i n d i c a t e  t h i s  e f f e c t  s i n c e  t h e  

neutrons near t h e  resonance energy w i l l  be t o t a l l y  absorbed near t h e  sur-  

face o f  t h e  f o i l s  and w i l l  n o t  pene t ra te  t o  t h e  i n s i d e  atoms. 

e f f e c t  i s  c a l l e d  s e l f - s h i e l d i n g  and must be al lowed f o r  w i t h  a l l  reac- 

t i o n s  which have h i g h  resonance o r  thermal c ross- sect ions.  

Th is  

Un fo r tuna te ly ,  s e l f - s h i e l d i n g  f a c t o r s  can n o t  be determined unless 

one knows t h e  spectrum which i s  being measured. 

avoided by lumping t h e  s e l f - s h i e l d i n g  and cadmium cover e f f e c t s  i n t o  t h e  
cross- sect ions used by SAND 11. New s e l f - s h i e l d i n g  e f f e c t s  a r e  then 

a u t o m a t i c a l l y  c a l c u l a t e d  w i t h  each i t e r a t i o n .  

Th is  problem can be 

A code RESATN has been w r i t t e n  which c o r r e c t s  t h e  SAND I1 cross-  

s e c t i o n  l i b r a r y  t o r  each case of s e l f - s h i e l d i n g  w i t h  o r  w i t h o u t  cadmium 

cover by making ve ry  d e t a i l e d  c a l c u l a t i o n s  over each narrow resonance 

f o r  each m a t e r i a l .  

M. Case, et. aZ.’ Wires and f o i l s  can be used w i t h  e i t h e r  a beam o r  
i s o t o p i c  f l u x  geometry. End e f f e c t s  a r e  a l s o  considered t o  f i r s t  o rder  

by r e p l a c i n g  t h e  ac tua l  f o i l  th ickness o r  w i r e  diameter by t h e  mean 

chord g iven by xyz / (xy  + xz + y z )  f o r  a f o i l  o f  l e n g t h  x, w i d t h  y. and 

th ickness z, o r  2 d l / ( d  + 21) f o r  a w i r e  o f  diameter d and l e n g t h  1. 

The c a l c u l a t i o n s  a r e  based on formulas de r i ved  by K .  

The code RESANTN i s  thus supp l ied  w i t h  t h e  types o f  m a t e r i a l s ,  f l u x  

geometries, and mean chord dimensions. 

ENDF/B-IV cross s e c t i o n  tapes and computes co r rec ted  a c t i v a t i o n  cross 

s e c t i o n  f a c t o r s .  The SAND I1  program has been m o d i f i e d  t o  read these 

c o r r e c t i o n  f a c t o r s  and a p p l i e s  them t o  i t s  c ross- sec t ion  l i b r a r y  before 

any u n f o l d i n g  i s  attempted. Ca lcu la t ions  appear t o  agree w e l l  w i t h  

values i n  t h e  l i t e r a t u r e 2  and a r e  now be ing t e s t e d  exper imen ta l l y  a t  ANL. 

I t then d i r e c t l y  reads t h e  
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V I .  REFEKENCES 
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V I I .  FUTURE WORK 

We p l a n  t o  con t inue  experimental  t e s t s  o f  t h e  c a l c u l a t e d  cor rec-  

t i o n s  f o r  severa l  r eac t i ons  us ing  t h e  CP5 r e a c t o r  a t  ANL and o t h e r  

f a c i l i t i e s .  

ac t i ons  w i t h  h igh  e l a s t i c  s c a t t e r i n g  c ross  sec t ions  on resonance such as 

59Co(n,y). 

f o r  these cases. 

Problems have been repo r ted  by  o t h e r  researchers f o r  r e -  

We thus p lan  t o  i nc lude  s c a t t e r i n g  c o r r e c t i o n s  i n  our  code 

VIII.PUBLICATI0NS 

An ANL r e p o r t  i s  now being d r a f t e d .  
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I .  

I1 

PROGRAM 

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

OBJECTIVE 

The objective of this work is to develop dosimetry techniques and to 
provide routine dosimetry for DMFE experimenters using Be(d,n) irradia- 
tion facilities. 

111. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.A.2.1 Flux-spectral definition in Be(d,n) field 

IV. SUMMARY 

Dosimetry has been provided for experiments at the University of 
California at Davis Cyclotron using the gBe(d,n) reaction at Ed = 30 and 
40 MeV. 
a t  Ed = 30 MeV placed only 4 nun from the neutron source. 
effects are seen to be severe. 

Results are presented for the irradiation of tensile specimens 
Positional 

V. ACCOMPLISHMENTS AND STATUS 

A. Be(d,n) Irradiation at U. C. Davis, Ed = 30 MeV - - L. R. 
Greenwood and R. R. Heinrich (ANL) 

Dosimetry was provided for D. Styris (PNL) during May 1977 for the 
irradiation o f  tensile specimens (wires). 
ately behind the beryllium target at an average distance of 4 mm from 
the source. 

Samples were placed imnedi- 

The dosimetry package was placed immediately behind the 
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samples and cons is ted  o f  2"  long by 8'' wide s t r i p s  o f  A l ,  Fe, N i ,  Co, Nb, 

In ,  and Au g i v i n g  us t h i r t e e n  independent reac t i ons  t o  mon i to r  f o r  spec- 

t r a l  un fo ld ing .  S h o r t - l i v e d  a c t i v i t i e s  were counted a t  Lawrence L i v e r -  

more Laboratory (LLL) and the  o thers  were counted a t  ANL. The dosimetry  

s t r i p s  were c u t  i n t o  ten  subsect ions i n  o rde r  t o  map f l u x  and spec t ra l  
g rad ien ts .  

t e n s i l e  specimens a re  g iven  i n  Table 1. 

93Nb(n,2n) 92mNb i s  shown i n  F igu re  1 .  

correspond t o  Table 1.)  

making accura te  p o s i t i o n a l  dos imetry  a necess i ty .  

The r e s u l t s  f o r  t he  f o u r  cen ter  cu ts  i n  t he  l o c a t i o n  o f  t he  

A complete a c t i v i t y  map f o r  

(The h ighes t  f o u r  cen ter  p o i n t s  

As can be seen, t h e  g rad ien ts  a re  very  s teep 

An unfo lded spectrum i s  shown f o r  t he  smal l  r e g i o n  o f  h ighes t  i n -  

t e n s i t y  i n  F igu re  2. The t o p  and bottom dashed curves i n d i c a t e  p lus  o r  
minus one s tandard  d e v i a t i o n  l i m i t s  i n  the  un fo lded f l u x .  E r r o r s  a r e  de- 

r i v e d  from the  Monte Car lo  code SANDANL us ing  assumed e r r o r s  i n  cross-  

sect ions,  a c t i v a t i o n  i n t e g r a l s ,  and s t a r t i n g  spectrum. E r r o r  in fo rmat ion '  
and s t a r t i n g  spec t ra2 were based on prev ious work i n  Be(d,n) f i e l d s .  I n -  

t e g r a l  e r r o r s  i n  damage r a t e s  a re  much l e s s  than shown f o r  t he  d i f f e r e n -  

t i a l  f l u x  i n  var ious  energy groups s ince  covar iance e f f e c t s  a re  very 

l a rge .  

t i o n  o f  e r r o r s  i n  damage r a t e s .  

accurate, however absolute e r r o r s  a re  somewhat u n c e r t a i n  s ince  exact  

e r r o r s  i n  c ross- sec t ions  a re  n o t  a v a i l a b l e .  

A complete covar iance m a t r i x  i s  thus computed f o r  the  c a l c u l a -  
R e l a t i v e  e r r o r s  a re  be l i eved  t o  be q u i t e  
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TABLE 1 

FLUX MEASUREMENTS FOR STYRIS 2 (PNL) 
qBe(d,n) - Ed = 30 MeV 

4 m from source, current  = 23.8 VA 

Neutron F l u x  ( x 10l2 n/-cm2-sec) 

Sample Width  ( m m ) :  1.2 1.5 1.8 0.9 
Angular Range*: -40" -28" -28" -8" -8" + 17" +17" + 28" 

Total F l u x  
< 1 MeV 
> 1 MeV 
> 4 MeV 
>10 MeV 
>14 MeV 
>20 MeV 
Q5 MeV 

F l u x  ? % F l u x  t % F l u x  ? % F l u x  i % 

5.23 13 5.77 11 6.37 12  5.40 12 
0.48 30 0.48 38 0.61 34 0.52 45 
4.75 12 5.29 9 5.76 11 4.88 9 
3.36 5 4.01 5 4.27 5 3.79 6 
2.11 6 2.83 6 3.15 6 2.71 5 
1.47 9 1.90 9 2.06 9 1.78 8 
0.60 12 0.76 12 0.84 12 0.78 I5 
0.23 62 0.28 49 0.31 46 0.31 51 

- 

*Estimated; t and - re fe r  t o  degrees above or below the beam ax i s ,  
respectively. 
t o  wire s i zes .  

The horizontal range covered was k40" corresponding 

VII. FUTURE WORK 

Two additional i r r ad ia t ions  were conducted a t  E,, = 40 MeV i n  
February 1978 and the da ta  a re  now being analyzed. 
t o  be somewhat larger  than i n  the present r e s u l t s  s ince cross sections 
a r e  less well-known a t  higher neutron energies. However, we have con- 
ducted integral  cross  section tests a t  the  Oak Ridge Cyclotron a t  
Ed = 40 MeV and expect t o  r e ly  on these t e s t s  t o  guide the  unfolding 
process. 

Errors a re  expected 
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VIII.PUBLICAT1ON.S 

L. R. Greenwood, R. K. Heinrich, R. J. Kennerley, and R. Medrzych- 
o w s k i ,  Development and Testing o f  Neutron Dosimetry Techniques for 
Accelerator Based Irradiation Facilities, Submitted to Nuclear 
Technology. 
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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 :  A.  N. Goland 

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

Damage Ana lys is  and Dosimetry Rad ia t i on  Damage Ana lys is  

11. OBJECTIVE 

Rad ia t i on  damage ana l ys i s  s tud ies  associated w i t h  t he  use o f  

e l e c t r i c a l  i n s u l a t o r s  i n  f u s i o n  reac to rs .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUETASK 

SUETASK I I .A.2.4 F lux  Spectra l  D e f i n i t i o n  i n  FMIT 

SUETASK I I .E .1  C a l c u l a t i o n  o f  Displacement Cross Sect ions.  

I V .  SUMMARY 

Ana lys is  o f  p o s s i b l e  r a d i a t i o n  damage t o  i n s u l a t o r s  i n  c r i t i c a l  

reg ions  o f  a f u s i o n  r e a c t o r  w i l l  be emphasized. As t he  i n i t i a l  s tep  

i n  t h i s  task ,  t he  3-0 neutron t r a n s p o r t  code MORSE'l) (Mu l t ig roup Oak 
Ridge Stochas t ic  Experiment) has been adapted f o r  use on the  BNL 
CDC-7600 computer." ) A subrou t ine  based upon the  s t r i p p i n g  and 

evaporat ion models has been w r i t t e n  t o  generate neutrons w i t h  energy 

and angular d i s t r i b u t i o n s  cons i s ten t  w i t h  experimental  data from 

t h i c k  t a rge ts .  I n i t i a l  runs have been made toward determin ing the  

s p a t i a l  dependence o f  the  neutron f l u x  spectrum i n  an i r r a d i a t i o n  

cave. 
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V.  ACCOMPLISHMENTS AND STATUS 

As a f i r s t  s t ep  i n  r a d i a t i o n  damage s tud ies  l ead ing  t o  t h e  

i d e n t i f i c a t i o n  o f  l i k e l y  i n s u l a t o r  candidate m a t e r i a l s :  

1. t h e  3-0 neut ron t r a n s p o r t  code, MORSE, has been adapted 

f o r  use on t h e  BNL CDC-7600 computer us ing  l a r g e  co re  memory, 

2. a source r o u t i n e  f o r  genera t ing  neutrons w i t h  energy and 

angular  d i s t r i b u t i o n s  cons i s t en t  w i t h  exper imental  da ta (3 )  f rom 

t h i c k  t a r g e t s  has been w r i t t e n  f o r  use w i t h  MORSE, 

3. a c ross- sec t ion  tape con ta i n i ng  i n f o r m a t i o n  f o r  severa l  
nuc l i des  o f  i n t e r e s t  has been w r i t t e n  i n  ANISN fo rmat  from t h e  
ENOF/B da ta  f i l e s ,  and 

4. i n i t i a l  runs o f  MORSE t o  determine t h e  s p a t i a l  dependence 

o f  t h e  neu t ron  f l u x  spec t ra  i n s i d e  an i r r a d i a t i o n  cave a r e  i n  

progress. 

V I .  REFERENCES 

1. R S I C  Computer Code' C o l l e c t i o n :  MORSE-CG, CCC-203A&B. 
Rad ia t i on  Sh ie l d i ng  I n fo rma t i on  Center, Oak Ridge Nat iona l  
Laboratory ,  Oak Ridge, Tenn. 

Mu l t i g roup  Transpor t  Code f o r  Fus ion Reactor B lankets  and 
Sh ie lds  Stud ies" ,  BNL-20376, August 30, 1975. 

2. M. M. Ragheb and C. W. Maynard, "A Vers ion o f  t h e  MORSE 

3. P.  Grand and A.  N. Goland, "An In tense  Neutron Source Based 
Upon t h e  Deuteron- Str ipp ing Reaction", Nuclear Ins t ruments  
and Methods, 145, p. 49 (1977). 
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VII. FUTURE WORK 

The nex t  s teps in  the task will  include: 

1 .  completion of the character izat ion of the neutron environment 
in  an i r r ad ia t ion  cave, 

2. compilation of a cross-section f i l e  f o r  neutron energies above 
14 MeV, 

3 .  reduction of the number of energy groups  o f  the cross-section 
f i l e  t o  enable handling r e a l i s t i c  problems, 

4. formulation of a method of calculat ing meaningful damage 
parameters as they apply t o  insulators  in the various regions of pro-  
posed prototype fusion reactors ,  

5. development of equivalent data f o r  gamma rays i n  cases where 
ionizing radiat ion i s  expected t o  play an important ro le  in  the damage 
process, and 

6. compilation of an  appropriate neutron damage cross-section 
f i l e  f o r  use as inout t o  radiat ion e f fec t s  calculat ion.  

V I I I .  PUBLICATIONS 

None I 
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I .  

I1 

PRO GRAM 

T i t l e :  I r radiat ion Effects Analysis 
Principal Investigator:  D .  G .  Doran 
Aff i l i a t ion :  Hanford Engineering Development Laboratory 

OBJECTIVE 

The objective of th i s  work i s  to predict  the spa t ia l  variations of 
radiation damage parameters within the t e s t  volume of the Fusion Materials 
I r radiat ion Test (FMIT) f a c i l i t y ,  and the s e n s i t i v i t y  of these parameters 
t o  cross section and spectrum uncerta int ies .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.A.2.4 F l u x  Spectrum Definition In FMIT 
SUBTASK 11.6.1.5 Calculation of Displacement Cross Sections 

IV. SUMMARY 

I n i t i a l  resu l t s  indicate  tha t  for  a uniform ( 1  x 10 cm) source there 
i s  l i t t l e  variation in the neutron spectrum throughout the t e s t  region 
where the f l u x  i s  greater  t h a n  1014 n / m 2  s .  For each o f  the deuteron 
energies considered (15,  30, and 35 MeV), the spectral-averaged damage 
energy cross section fo r  copper varies by less t h a n  lo"/, th roughout  the 
region; however, these cross sections decrease by as much as 40 percent 
in going from 35 t o  15  MeV deuterons. 

V. ACCOMPLISHMENTS AND STATUS 

A. FMIT Damage Parameter Sens i t iv i ty  Study - 3 .  0 .  Schiffgens, R .  L .  
Simons, and F. M .  Mann. 
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1 .  Introduction 

An integral  p a r t  of the DAFS program s t ra tegy i s  the use of the 
FMIT f a c i l i t y  t o  ver i fy  and ca i ib ra te  damage corre la t ion models. I t  i s  as 
a damage analys is  tool t h a t  the  g rea tes t  demands wi l l  be placed on neutron 
f i e l d  character iza t ion.  An i n i t i a l  s tep  in th i s  characterization i s  the 
determination of needed accuracies through s tudies  of the spa t i a l  var ia t ion 
of damage parameters i n  the  tes t  region and the  s e n s i t i v i t y  o f  these para- 
meters t o  cross section and spectrum uncer ta in t ies .  This information i s  
needed a l so  i n  the  development of appropriate experimental tes t  assemblies 
Both characterization and t e s t  assembly needs must be ref lec ted i n  the de- 
s ign  of the f a c i l i t y .  

A s e n s i t i v i t y  study has begun using damage energy and helium 
production cross sect ions  a s  t h e  i n i t i a l  damage parameters of i n t e r e s t .  

2 .  I n i t i a l  Results 

FMIT i s  t o  be an accelerator-based h i g h  energy neutron i r r a d i -  
a t ion f a c i l i t y  u t i l i z i n g  the d-Li  breakup reaction to  provide a h i g h  f lux  
of neutrons >lo14 n/cm' s )  w i t h i n  a reasonable t e s t  volume(>500 cm3). 
deuteron energy range i s  to  be 15-35 MeV and the beam current  0.1 amp. 
Deuteron breakup i s  characterized by a neutron spectrum which i s  broadly 
d i s t r ibu ted  i n  energy compared w i t h  a fusion f i r s t  wall spectrum. F i g .  1 
shows s e v e r a l  calculated FMIT neutron spect ra ' ' )  compared with a d-T 
fusion reactor  f i r s t  wall spectrum.") The f i r s t  wall flux-spectrum corres-  
ponds t o  a neutron wall loading of 1.25 MW/m2. The FMIT flux- spectra 
correspond to  the  h ighes t  f l u x  posit ions f o r  deuteron energies of 35, 30, 
and 15 MeV, and a beam current  of 0.1 amp. The FMIT spectra peak near 
neutron energies o f  13, 1 1 ,  and 6 MeV, respectively,  showing t h a t  the  
f a c i l i t y  has considerable spectrum f l e x i b i l i t y  w i t h  s a t i s fac to ry  t o t a l  
neutron f luxes.  

The 
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In FMIT, neutrons will  be produced as deuterons are  slowed 
down in a lithium target .  Since the neutron yield  has n o t  been measured 
for  a l l  deuteron energies and neutron emission angles of i n t e r e s t  a t  t h i s  
time, calculated spectra are  being used in t h i s  study. The d-Li interac-  
t ion model used in  these calculat ions  includes neutron s t r i p  ing and com- 
pound nucleus formation.") The method described by Serber(3' i s  used t o  
model the s t r ipping process, while an evaporation model i s  used t o  t r e a t  
compound nucleus formation. W i t h  cross sections derived from these models 
the neutron f lux and  spectrum i s  calculated t h r o u g h o u t  the t e s t  region be- 
h i n d  the lithium ta rge t .  

FMIT conceptual design c a l l s  fo r  a flowing lithium t a rge t  2 cm 
thick backed by a 0.32 cm thick s t a in l e s s  s teel  p l a t e .  Although the source 
geometry i s  expected t o  be a parallelepiped, 10 cm wide, 1 cm high, and R 

cm deep, where R i s  the  deuteron range in lithium (1 .4  cm fo r  35 MeV deu- 
te rons) ,  the  height of the beam i s  n o t  t reated exp l i c i t l y  a t  t h i s  time. 
For t h i s  study, the  spa t ia l  d i s t r ibu t ion  of deuterium ions s t r i k ing  the 
lithium i s  assumed t o  be e i the r  uniform o r  Gaussian along the width of the 
ta rge t  with an edge in tens i ty  1/100 tha t  o f  the center .  
contour maps in Fig. 2 show, for  the uniform source case,  the  dimensions 
and magnitude of the t e s t  volume within which the flux i s  greater  than the 
s ta ted  amount. 

The neutron flux 

The r a t e  a t  which the t e s t  volume shrinks with increasing 
These f igures  show plots  of f lux i s  demonstrated inFiqs .  3, 4 ,  and 5. 

f lux versus distance normal to  the source surface for  various y-coordinates 
on an x-y plane fo r  which the z-coordinate i s  0.1, 0.5,  0.9 cm, respectively.  
As shown in these f igures ,  the f lux i n  the x-direction changes f a s t e s t  near 
the x-y midplane where the flux i s  highest. 

Fig. 6 defines a test  region, within the i r rad ia t ion  c e l l ,  by 
a coordinate system superposed on the source volume. 
deuteron energies of 35, 30, and 15  MeV have been calculated a t  the twelve 
posit ions shown. 

Neutron spectra for  

Fig. 8 shows the hardest and s o f t e s t  of these spectra for  
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35 MeV deuterons (posi t ions 2 and 10 in Fig. 6 ) .  With these d a t a ,  spectral  
averaged damage energy cross sections have been calculated using the copper 
damage energy cross section of Roberto and Robinson. ( 4 )  The mean neutron 
energies and  corresponding averaged cross sections for  each of the twelve 
positions shown in  Fig. 6 are presented in Table 1 .  For each given deuteron 
energy, the spectral-averaged cross section varies  by l e s s  than 10% th rough-  
o u t  the specif ied region. However, the spectral  averaged cross sect ions 
decrease by as  much as 40 percent in go ing  from 35 t o  15 MeV deuterons. 
This decrease i s  fur ther  i l l u s t r a t e d  by the histograms presented in Fig. 
8. These show the percent response, i . e . ,  the percentage of the  reactions 
which occur within a given neutron energy range, versus energy. 
fo r  35 MeV deuterons, 95 percent of the displacements a re  produced by neu- 
trons with energies l e s s  than 31 MeV, while, fo r  15 MeV deuterons, 
cent are produced by neutrons w i t h  energies l e s s  than 19 MeV. Similar ly,  
fo r  35 MeV deuterons, 50 percent o f  the displacements occur in the neutron 
energy range 10 t o  20 MeV, while the  corresponding range fo r  15  MeV deu- 
terons i s  4 t o  10 MeV. 

Note t h a t ,  

95 per- 

VI. REFERENCES 

1. For a discussion of the method employed in calculat ing these 
spectra see F .  M .  Mann, "Neutron Environment in d-Li F a c i l i t i e s , "  
HEDL-SA-1464, 1978. 

2 .  G .  L. Kulcinski, ed.,  " A  Wisconsin Toroidal Fusion Reactor De- 
s i y , "  University of Wisconsin, 1, UWFDM 68, March 1974. 

3. R .  Serber,  m. B., 72, pg .  1008 (1947). 

4. 3 .  B .  Roberto and  M .  T .  Robinson, _ _ _ _  J .  Nucl. Mat., - 61,  p. 149 (1976). 

VII.  FUTURE WORK 

Calculations t o  define the e f f e c t  o f  d a t a  uncertaint ies  fo r  FMIT will  
be continued, including analyses of spectral-averaged helium production 
cross sect ions.  
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FIGURE 1. Ca lcu la ted  FMIT Neutron Spectra f o r  Deuteron 
, and Energies o f  35 ( - - - - ) ,  30 (- - - - )  

15 (- - -1 MeV, and a Beam Current  o f  0.1 amp, 
Compared w i t h  a D-T Fusion Reactor F i r s t  Wall 
Spectrum (---). 
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Neutron Spectra Were Calcu la ted.  
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FIGURE 7. Ca lcu la ted  Neutron Spectra a t  P o s i t i o n s  2(- - - - )  and 
10 ( 
The Deuteron Energy- Is 35 MeV, The Beam Current  Is 0.1 amp, 
and t h e  Mean Neutron Energies Are 13.7 and 12.3 MeV, Respect ive ly .  

) i n  t h e  Test  Region, As Shown i n  F igu re  6. 
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I .  PROGRAM 

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

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

A f f i l i a t i o n :  Rockwell I n t e r n a t i o n a l ,  Atomics I n t e r n a t i o n a l  D i v i s 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  measure hel ium genera t ion  r a t e s  o f  

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

neut ron  environment. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I .A.4.2 T(d,n) Helium Gas Product ion Data 

I V .  SUMMARY 

The t o t a l  he l ium genera t ion  cross sec t ions  o f  twelve pure elements 

and Type 316 s t a i n l e s s  s t e e l  have been determined exper imenta l l y  f o r  t he  

14.8- MeV neutron environment o f  t he  Ro ta t i ng  Target Neutron Source 

(RTNS-I) a t  Lawrence Livermore Laboratory (LLL). 
ob ta ined by measuring the  t o t a l  he l ium product ion i n  i r r a d i a t e d  specimens 

us ing  Atomics I n t e r n a t i o n a l ' s  h igh- sensi  t i v i t y  gas mass spectrometer, 

and determin ing the  neutron f l uence  rece ived  by each specimen from a 

f luence map cons t ruc ted  from rad iome t r i c  f o i l  and hel ium accumulat ion 

dosimetry  i n fo rma t ion .  

The r e s u l t s  were 

The r e s u l t s  show t h a t  80% o f  the  hel ium generated i n  Type 316 
s t a i n l e s s  s t e e l  can be accounted f o r  by the  f o u r  elements Fe, N i ,  C, 

and Mo. 
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V.  ACCOMPLISHMENTS AND STATUS 

Helium Generat ion Cross Sec t ion  Resul ts  from the  F i r s t  A I  RTNS- I  

I r r a d i a t i o n  -- H. Fa r ra r  I V  and D. W .  Knef f  (Atomics I n t e r n a t i o n a l )  

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

The Atomics I n t e r n a t i o n a l  ( A I )  program t o  measure hel ium genera- 

t i o n  cross sec t ions  o f  m a t e r i a l s  o f  Magnetic Fusion Reactor (MFR) i n t e r e s t  
i n  high-energy neutron environments i s  based on i r r a d i a t i n g  those m a t e r i a l s  

i n  an app rop r i a te  neutron f i e l d ,  and subsequently ana lyz ing  them f o r  t o t a l  

he l ium by h i g h - s e n s i t i v i t y  gas mass spectrometry.  The r e s u l t s  a re  combined 

w i t h  the  neutron f l uence  rece ived by each sample t o  determine the  t o t a l  
he l ium genera t ion  c ross  sect ions.  The s p e c i f i c  f luence i n fo rma t i on  i s  
de r i ved  f rom the  same experiment by mapping rad iome t r i c  f o i l  f l uence  

dosimetry  i n f o r m a t i o n  and r e l a t i v e  he l ium genera t ion  concent ra t ions  i n  
hel ium accumulat ion w i res  over t he  i r r a d i a t i o n  volume. 

Dur ing t h i s  r e p o r t  pe r i od  the  f i n a l  he l ium analyses have been com- 

p l e t e d  f o r  a l l  m a t e r i a l s  i r r a d i a t e d  i n  t he  f i r s t  A I  RTNS- I i r r a d i a t i o n .  

These m a t e r i a l s  i nc lude  twe lve  pure elements and Type 316 s t a i n l e s s  s t e e l .  
The geometry o f  t he  experiment has been descr ibed i n  d e t a i l  elsewhere, (1) 

and i s  s u m a r i z e d  b r i e f l y  i n  t he  d e s c r i p t i o n  o f  t he  f i n a l  RTNS- I  f l uence  
map f o r  t h i s  i r r a d i a t i o n  (Subtask I I . A . 5 . 1  o f  t h i s  r e p o r t ) .  

used t o  deduce the  hel ium genera t ion  cross sec t ions  from the  present  hel ium 

ana l ys i s  data. 

This  map was 

E. Helium Generat ion Ana lys is  Resul ts  

The r e s u l t s  f o r  t he  hel ium concent ra t ion  analyses o f  t he  mate- 

r i a l s  i r r a d i a t e d  i n  t h i s  experiment a re  g iven i n  Tables 1 and 2. These 

t a b l e s  om i t  t he  59 segments compr is ing the  f o u r  A l ,  Cu, and Fe hel ium 

accumulat ion f luence dosimetry  w i r e  r i ngs ,  as those r e s u l t s  a re  presented 
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TABLE 1 

HELIUM CONCENTRATIONS IN PURE ELEMENTAL SPECIMENS 
FROM FIRST RTNS-I IRRADIATION** 

4He 
Mass After Number of 4 He Concentration 

Element Specimen Etching (mg) Atoms Released (appb) 

C EC-1 
EC-3 

13 2.3813 1.886 x lol2 
1.0577 8.240 x 10 

158.0 
155.37 

7.697 
ETi -2 1.6807* 1.610 x lol1 7.616 
ETi -3A 1.6806* 1.539 x lol1 7.285 
ETi -36 1.3799* 1.199 x 10 6.910t 

11 Ti ETi -1 2.1165* 2.048 x lol1 

2.898 
EV-1B 2.6179* 9.648 x lol1 3.117 
EV-2 7.5115* 3.266 x 10 3.678 

11 V EV-1A 5.1852* 1.776 x lolo 

Fe EFe-1A 
EFe-16 
EFe-2A 
EFe-2B 
EFe-3 
EFe-F3 
EFe-F4 

Ni ENi -lA 
ENi-16 
EN1 -2 
ENi-3 

11 1.8019* 1.659 x lol1 
1.3558* 1.320 x lol1 
2.2848* 2.193 x lol1 
1.4586* 1.396 x 10.. 
2.5695* 2.198 x 10;; 
6.846 5.851 x lol1 
8.392 7.960 x 10 

11 1.9627* 3.715 x lol1 
2.7754* 5.482 x lol1 
3.5241* 6.732 x lol1 
2.8632* 4.626 x 10 

8.537 
9.025 
8.901 
8.876 
7.933 
7.922 
8.792 

18.45t 
19.25 
18.62 
15.78 

2.220 1.296 x lolo 11 Zr EZr-1 8.8429 
EZr-2 2.4769 4.127 x 10 2.340t 

3.066 10 Nb ENb-1A 4.5068* 8.673 x 10.. 
ENb-1B 5.6642* 1.097 x 10;; 2.989 

ENb-24 9.637 2.172 x 10 3.476 
ENb-23 8.1704 1.972 x lol1 3.724t 

3.249 
EMO-1B 5.0622* 1.120 x lol1 3.414 
EMo-2 4.1971* 1.002 x 10 3.803t 

1.132 x lol1 11 Mo EMO-1A 5.3749* 

Continued .... 
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TABLE 1 (Continued) 

HELIUM CONCENTRATIONS IN PURE ELEMENTAL SPECIMENS 
FROM FIRST RTNS-I IRRADIATION** 

4 Mass After Number of He 
Element Specimen Etching (mg) Atoms Released 

11 Pt EPt-F1 29.87 16 1.391 x lol1 
EPt-F2 23.4698 1.010 x lol1 
EPt-F3 23.7246 2.165 x 10 

11 Au EG-40 11 .E359 2.619 x lol1 
EG-41 12.7367 1.624 x lol1 
EG-42 12.7864 1.729 x 10.- 
EG-43 
EG-44 

11.929 8.048 x 10;; 13.174 9.310 x 10 
11 316SS ESS-1A 1.5707* 1.732 x lol1 

ESS-1B 1.7990* 2.091 x lol1 
ESS-1C 1.3789* 1.589 x lol1 
ESS-10 1.6928" 1.881 x lol1 
ESS-2A 2.4024* 2.620 x 10 

4He 
Concentration 

(appb) 

1.508 
1.394+ 
2.956 

7.210t 
4.170 
4.423 
2.207 
2.311 

10.18 
10.74 
10.64+ 
10.27 
10.07 

*Asterisked specimens were etched to remove the effects o f  helium recoil 
into or out of the material. 

TSpecimens analyzed for both He and 4He were not spiked, and therefore 
the absolute helium concentration has -twice the uncertainty o f  the 
other specimens. The small amount of helium in EZr-2 has a +8% 
uncertainty. 

the fluence map to account for flux gradients, before helium generation 
cross sections can be calculated. 

3 

**Note significant adjustments must be made to the individual data using 
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NEUTRON ENERGY (MeV) 
HEDL 7804-242.7 

FIGURE 8. Percent Response Versus Neutron Energy f o r  
35 (--------- ) and 15 ( ) MeV Deuterons. 
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TABLE 2 

CONCENTRATIONS OF 4He IN UNIRRADIATED AND 
3He IN RTNS-I IRRADIATED MATERIALS 

Helium Concentration (Parts per Billion) 

3He in RTNS- 
Irradiated Material 

4He in Unirradiated 
Mater i a 1 Mater i a 1 

C 0.61-0.93 < 0.013 

A1 
Ti 
Fe 
Ni 
cu < 0.003 

Zr 

< 0.008 <0.03 
< 0.003 <0.03 
~0.006 <0.04 
50.047 ~0.03 

~ 0 . 0 5  
~0.04 <0.04 

Nb < 0.001 - 
< 0.002 <0.02 

<0.013 <0.01 

Mo 
Au 
Pt 

316SS 

50.05 <0.03 

<0.035 (0.04 

G1 



under Subtask II.A.5.1 of this report. Over 100 helium analyses were con- 
ducted on both irradiated and unirradiated samples. Table 1 Sives the He 
results for the irradiated samples. Table 2 gives the 
measured in unirradiated (but otherwise identically treated) samples of 
the same materials, and the measured upper limits o f  He generated in the 
irradiated materials. It should be be noted that the helium generation 
results in Table 1 must be adjusted individually for fluence gradients 
before the data from separate specimens can be compared and the helium 
generation cross sections can be deduced. 

4 

He concentrations 4 

3 

3 Examination of Table 2 shows that no detectable He was generated by 
the RTNS-I irradiation in the stainless steel or in the 10 elements ana- 
lyzed for this isotope. Unexpectedly, the two unirradiated diamonds 
released 4.26 x l o l o  atoms (0.61 appb) and 7.58 x lo1' atoms (0.925 appb) 
of He, respectively. Even though this is well above the background and 
mass spectrometer system memory, it is still two orders of magnitude less 
than that generated by the irradiation. To account for this in the final 
cross section results, an average helium level of 0.77 appb was subtracted 
from the carbon results presented in Table 1, Column 5. An uncertainty of 
only 0.14% was introduced into the final helium generation results from 
this correction. 

4 

The data reduction leading to these results included a detailed study 
of the background levels that contribute to the total helium measured using 
the mass spectrometer system. This study led to improvements in the system 
that increased its sensitivity for the measurement of low helium levels. 

C. Total Helium Generation Cross Sections 

The total helium generation cross section results for 14.8-MeV 
neutrons are presented in Table 3. 
measurements of total helium generation cross sections for a T(d,n) fusion 
neutron spectrum. 

These results are the first direct 
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TABLE 3 

HELIUM GENERATION CROSS SECTIONS 
FOR 14.8-MeV NEUTRONS 

Mater ia  1 
Cross Sect ion (mb) 

Helium Ana lys is  Magnetic Quadrupole 
(Present Resul ts)  Spectrometert  

C* (diamond) 900 ? 70** 
A1 143 i 7 121 ? 25 
T i  38 f 3 34 ?- 7 
V 18 i 2 17 ?- 3 
Fe 48 i 3 43 t 7 
N i  98 f 6 97 k 16 
cu 51 _+ 3 42 ? 7 

Z r *  10 + 2 
Nb 17 t 5 14 _+ 3 

Mo 15 f- 2 
P t *  9 + 6  

Au* 24 t 12 
316 SS 57 ? 4 48 _+ 7 

+Reference 3 

*Correct ions f o r  a - r e c o i l  e f f e c t s  have n o t  been made i n  the  present 
r e s u l t s  f o r  C, Z r ,  P t .  and Au, which were not  etched; t h i s  i s  re f l ec ted  
i n  t h e  cross sec t i on  unce r ta in t i es  f o r  those elements. 

**The carbon cross sec t i on  inc ludes hel ium product ion  by the  12C(n,na) Be 
react ion,  which y i e l d s  3 hel ium nuc le i .  

8 
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Most of the he1 ium generation specimens were acid-etched prior t o  
analysis to  remove a l l  possible e f fec t s  of helium recoi l .  
reasons, however, the elements C ,  Zr, P t ,  and Au were n o t  o r  could n o t  be 
etched effect ively.  
was c lear ly  demonstrated with the helium accumulation fluence monitors, as 
described under Sub task  II.A.5.1 of t h i s  report. 
par t icular ly  s ignif icant  f o r  elements with low helium generation cross 
sections,  such as  platinum, irradiated adjacent to carbon-containing mate- 
r i a l s .  The increased uncertainties introduced by the recoil effects  are  
reflected in the cross sections of these four unetched materials. The cross 
section uncertainties quoted for  some elements are  expected t o  be reduced 
following the analysis of numerous additional specimens tha t  have been 

For a variety of 

The e f fec t  t h a t  lack of etching can have on the resu l t s  

The recoil e f fec t s  are 

subsequently i r radiated in RTNS-I. ( 2 )  

One revealing correlation t h a t  can be made between these resu l t s  i s  
the comparison of the measured 57-mb effect ive cross section for  N-Lot 
Fas t  F l u x  Test Faci l i ty  (FFTF) Type 316 s ta in less  steel  with the cross 
section calculated from the pure element resul ts .  The combined cross 
sections of C ,  Fe, Ni, and  Mo, weighted in proportion t o  the i r  composi- 
t ions in the s t e e l ,  and substi tuting the i r o n  cross section for the as  
yet  unmeasured chromium cross section, give an effect ive cross section of 
54 f 3 mb. The excellent agreement between these resu l t s  provides addi- 
t ional confidence in the measurements and the fluence mapping, and gives 
the important information t h a t  minor consti tuents af s ta in less  s tee l  
(other t h a n  carbon) are  n o t  major contrlbutors to  the to ta l  helium pro- 
duction rate in a 14.8-MeV neutron spectrum. Comparing the measured 
s ta in less  s teel  and elemental cross sections d i rec t ly  shows t ha t  I n  t h i s  
Type 316 s t a in l e s s  s t e e l ,  the C ,  Fe, N i  and Mo generated 1.377, 58%, 21% 
and 0.7% of the helium, respectively, w i t h  chromium and other consti tuents 
providing the 20% balance. 
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Table 3 also lists some helium production cross section results of 
Haight and Grimes,(3) based on a series of (n,xa) measurements using a 
magnetic quadrupole spectrometer. 
between the results. 

There is generally very good agreement 
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VII. FUTURE WORK 

Work is now in progress on the analysis of a more extensive set o f  

pure elements, alloys, and separated isotopes that have been irradiated 
in a second RTNS-I T(d,n) experiment,and in a Be(d,n) neutron environment 
for 30-MeV deuterons. 
II.A.4.3.1 The RTNS-I results will refine the present measurements and 
provide helium generation cross sections for additional materials of MFR 
importance. 

[The 8e(d,n) analyses will be a part o f  Subtask 

VIII.PUBLICATIONS 

A paper entitled "Helium Generation in Twelve Pure Elements by 
14.8-MeV Neutrons" has been accepted for presentation at the American 
Nuclear Society 1978 Annual Meeting, San Oiego, CA, June 1978. 
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I .  

11. 

PROGRAM 

Title: Helium Generation in Fusion Reactor Materials 
Principal Investigators: D. W .  Kneff, H. Farrar IV 
Affiliation: Rockwell Internatfonal, Atomics International Division 

OBJECTIVE 

The objective of this work is to develop helium accumulation fluence 
monitors for neutron fluence and energy spectrum dosimetry for long-term 
irradiations in fusion program neutron environments. 

111. RELEVANT DAFS PROGRAM PLAN TASWSUBTASK 

SUBTASK II.A.5.1 Helium Accumulation Monitor Development 

IV. SUMMARY 

The helium generation results have been completed for all materials 
irradiated in the first Atomics International (AI) experiment at the 
Rotating Target Neutron Source (RTNS-I) at Lawrence Livermre Laboratory 
(LLL). 

etry, to adjust the neutron fluence map of the irradiation volume pre- 
viously calculated from radiometric foil dosimetry. The final fluence 
map reflects the nonuniformities in the time-averaged neutron profile 
from the T(d,n) source, and demonstrates the value of helium accumulation 
fluence dosimetry for fusion neutron irradiations. The map has been used 
to determine helium generation cross sections for all of the irradiated 
materials, as described in the Atomics International contribution to DAFS 
Subtask II.A.4.2 of this report. 

Part of these results have been used for neutron fluence dosim- 
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V. ACCOMPLISHMENTS AND STATUS 

Detailed Fluence Map f o r  the R o t a t i n g  Target Neutron Source (RTNS-I) -- 
D .  W .  Kneff and H .  Fa r ra r  IV (Atomics International)  

A .  Introduction 

Helium accumulation fluence dosimetry fo r  the characterization 
of a neutron environment i s  based on the i r radiat ion of selected materials 
i n  the region of i n t e r e s t ,  and the subsequent measurement with a high- 
sens i t i v i t y  gas mass spectrometer of the t o t a l  amount of helium genera- 
ted .  Dosimetry information can be extracted e i t he r  from a knowledge of 
the helium production cross sections or from a comparison of re la t ive  
helium generation ra tes  in multiple specimens of the same material.  
technique is par t icu la r ly  well-suited fo r  long-term i r rad ia t ions ,  since 
the helium measurements can be made accurately even a t  parts per b i l l ion  
leve ls ,  the reaction product of  interest i s  s table ,  and the method can be 
used to obtain both  neutron fluence and energy information from combina- 
t ions  of helium-generating materials ,  

T h i s  

The f i r s t  application of this technique t o  fusion neutron spectra 
was i t s  use in constructing a deta i led neutron fluence map f o r  the i r r ad i -  
a t ion volume of the f i r s t  AI RTNS-I experiment. The purpose of this 
experiment was t o  measure the 14.8-MeV to t a l  helium generation cross 
sections of twelve pure elements and Type 316 s ta in less  s t ee l .  
fluence map was required t o  calculate  cross sections from the measured 
helium generation concentrations in  the  various samples. 
map has successfully demonstrated the use o f  helium accumulation fluence 
dosimetry i n  high-energy neutron i r radiat ions .  

. experiment has provided he1 ium generation cross sections fo r  future 
dosimetry applications.  
evaluated cross sections are presented I n  this report under Sub task  
II.A.4.2. 

The 

The resul tant  

Equally important, the 

The f i na l  fluence map i s  described here, and the 
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B. I r radiat ion and In i t i a l  Analysis Summary 

The i r radiat ion experiment has been described in de ta i l  e l se-  
where. (”*) The experimental geometry consisted of a small s ta in less  
s teel  capsule containing four pure element wire rings and multiple 
samples of numerous helium generation specimens. 
arranged in layers and sandwiched between s e t s  of thin f o i l s .  
sule  assembly was i r radiated with the plane of the f o i l s  perpendicular to  
the neutron source axis.  
in to  small segments f o r  individual radiometric counting a t  Argonne 
National Laboratory ( A N L )  and L L L .  
with the segment masses t o  determine an average neutron fluence for  each 
f o i l  segment. An analytical procedure was t h e n  used to  derive an approxi-  
mate neutron fluence map for  the i r radiat ion volume from the radiometric 
fluence dosimetry resul ts .  

The specimens were 
The cap- 

Following the i r radiat ion,  the f o i l s  were cut 

The counting resu l t s  were combined 

(1) 

The pure element wire rings were cut into small segments, etched t o  
remove the e f fec t s  of helium recoil into o r  out of the segments, and 
analyzed individually for  helium in the high-sensit ivity gas mass spectro- 
meter. 
T ( d , n )  neutron energy spectrum, their re la t ive  helium generation resu l t s  
could be used to  adjust  the fluence map for  de t a i l s  for  which the large 
f o i l  segments were insensit ive.  An i n i t i a l  analysis u s i n g  preliminary 
he1 ium generation results effect ively demonstrated t h i s  procedure. 
During t h i s  report  period the helium data analysis was completed and a 
f inal  fluence map was constructed. 

Since a l l  segments of each wire ring were subject t o  the same 

(2 )  

C. Helium Generation Analysfs Results 

The f inal  helium concentration resu l t s  for the 59 segments 
comprising the four A l ,  C u ,  and Fe helium accumulation dosimetry wire 
rings are  given in Tables 1-3. The rings were positioned concentric with 
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TABLE 1 

HELIUM CONCENTRATIONS I N  COPPER DOSIMETRY R I N G  
FROM FIRST RTNS- I IRRADIAT ION 

4 Mass A f t e r  Number o f  He Helium Concentrat ion 
Specimen Etch (mg) Atoms Released (Parts per  B i l l i o n )  

ECU-WA 
ECU-WB 

ECU-WC 

ECU-WO 

ECU-WE 

ECU-WF 
ECU-WG 
ECU-WH 

ECU-WI 
ECU-WJ 

ECU-WK 
ECU-WL 
ECU-WM 

ECU-WN 

ECU-WO 

ECU-WP 
ECU-WQ 
ECU-WR 
ECU-WS 

ECU-WT 
ECU-WU 

ECU-WV 
ECU-WW 

ECU-WX 
ECU-WY 

5.9477 
2.8714 
3.5119 
4.0111 
3.8774 
3.1544 
3.6980 
4.1164 
3.8474 
3.8072 
3.9767 
3.7531 
4.0280 
4.5793 
4.1803 
3.6006 
3.9581 
2.9760 
4.1733 
2.3567 
4.2422 
3.2501 
3.9650 
3.9704 
4.2035 

3.787 x 1011 
1.921 x l o l l  
2.443 x l o l l  
2.755 x l o l l  
2.821 x 10l1 
2.436 x 1011 
3.088 x lo1' 

3.403 x lo1' 
3.252 x lo1' 
3.403 x 10l1 

11 3.151 x 10 
3.500 x 1011 
3.685 x 10l1 
3.232 x 10l1 
2.806 x lo1' 
3.064 x lo1' 

11 2.310 x 10 
3.382 x 1011 
1.784 x 1O1l  
3.091 x lo1' 
2.316 x 1011 
2.670 x 1011 
2.523 x 10l1 
2.767 x 10l1 

3.499 x l o l l  

6.720* 
7.061* 
7.342* 
7.250 
7.680 
8.151 
8.814* 
8.972 
9.337 
9.015 
9.033 
8.859 
9.170* 
8.494 
8.159 
8.226 
8.172 
8.191 
8.552* 
8.004 
7.689 
7.521 
7.109 
6.706 
6.949* 

*Seven specimens were n o t  etched, t o  study the  e f fec ts  o f  hel ium r e c o i l  
i n t o  or o u t  of t h e  copper wire.  
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TABLE 2 

HELIUM CONCENTRATrONS I N  OUTER ALUMINUM DOSIMETRY RING 

FROM FIRST RTNS- I  IRRADIATION 

4 Mass A f te r  Number o f  He Helium Concentrat ion 
Specimen Etch (mg) Atoms Released (Par ts  per  B i l l i o n )  

EA1 -WA 
EA1-WE 

EA1 -WC 

EA1 -WD 
EA1 -WE** 
EA1 -WF 

EA1 -WG 
EA1 -WH 

EA1 -W I 
EA1 -WJ 
EA1 -WK 

EA1 -WL 

0.0738 
1.9198 
1.4407 
1.7178 
1.6402 
1.1426 
1.4355 
0.9747 
1.4617 
1.5984 
1.5667 
0.9124 

2.797 x 10" 
11 7.614 x 10 

6.540 x 10l1 
8.339 x 10l1 
5.900 x 10" 
6.011 x IO" 
7.481 x 10l1 
4.812 x 10l1 
6.864 x 1011 
7.378 x IO1' 
7.146 x lo1' 
4.052 x IO1' 

16.98 
17.76 
20.33 
21.74* 
16.11* 
23.56 
23.34 
22.11 
21.03 
20.67 
20.43 
19. 89 

EA1 -WM 1.5660 6.465 x 10'' 18.49 
EA1 -WN 1.3616 5.243 x 10l1 17.25 

*Two specimens were n o t  etched, t o  study the e f f e c t s  o f  hel ium r e c o i l  
i n t o  o r  o u t  of the aluminum wire.  

**Adjacent t o  Segments EA1-WA and EA1-WN. 
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TABLE 3 

HELIUM CONCENTRATIONS I N  I R O N  AN0 INNER ALUMINUM DOSIMETRY R I N G S  

FROM FIRST RTNS-I IRRADIATION 

4 Mass A f t e r  Number o f  He Hel ium Concentra t ion 
Specimen E t ch  (mg) Atoms Released (Par ts  pe r  B i l l i o n )  

EFe-WA 
EFe-WB 

EFe-WC 

EFe-WD 

EFe-WE 

EFe-WF 

EFe-WG 
EFe-WH 

EFe-WI 

EFe-WJ 
EFe-WK 

EFe-WL 

EA1 -W2A 

EA1 -W28 

EA1 -W2D 

EA1 -W2E 

EA1 -W2F 

EA1 -W2G 

EA1 -W2H 

EA1 -W2I 

1.6218 
1.1066 
1.2638 
1.0488 
1.3770 
1.3192 
2.0559 
1.4387 
0.8629 
0.9763 
0.9792 
1.3206 

1.1128 
0 .~828  
0.9655 
1.0445 
0.9610 
0.7481 
1.0389 
1.0900 

1 .  

1.261 x 10'' 
10 8.208 x 10 
10 9,960 x 10 

1.183 x lo1' 
1.129 x 10l1 

11 1.788 x 10 

1.204 x 1011 
10 6.939 x 10 
10 7.762 x 10 

9.668 x l o lo  

8.748 x io1O 

7.542 x 1010 

7.208* 
6.878 
7.308 
7.734 
7.966 
7.936 
8.065* 

7.760 
7.457 
7.372 
7.142 
6.789 

25.90* 11 6.434 x 10 
5.585 x IO1' 28.33 
6.915 x 1011 32. 08 

7.409 x 10" 31.77 
6.651 x IO1' 31.00 
5.046 x I d 1  30.21 
6.793 x 10" 29.30 
6.671 x 10l1 27.41 

*Three specimens were n o t  etched, t o  s tudy  t h e  e f f e c t s  o f  hel ium r e c o j l  
i n t o  o r  o u t  o f  t h e  i r o n  and aluminum wires.  
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the  a x i s  of the i r radiat ion capsule, and the  helium resu l t s  show generally 
smooth var ia t ions  as a function o f  position around each ring.  The d i f fe r-  

ence between these variat ions and the gradients i n  the foil-generated 
fluence map provides a measure of the adjustment required in the map. 

0. Adjusted Neutron Fluence Map 

The fluence map constructed fo r  RTNS-I from the radiometric 
f o i l  data i s  g i v e n  analyt ical ly  by the form ( I ) .  . 

where R i s  the radial  distance from the neutron source axis and AZ i s  
the axial distance from the f ront  face of the capsule. The Ci  a re  con- 
s tan ts ,  P i s  a correction factor  fo r  the changing radial  shape of the 
fluence curve as a function of AZ, and a i s  the normalization of the 
radial  p rof i l e  a s  a function of the distance 2 from the neutron source. 
The measured o f f se t  (Xo,Yo) of the  capsule axis from the neutron source 
axis  i s  incorporated in Equation (1) by transforming the capsule coordi- 
nates ( R ' , B ' )  of the position of interest t o  coordinates (R,8) re la t ive  
t o  the neutron source axis before calculating the fluence. 

When the helium generation r e su l t s  a re  combined w i t h  t h i s  map, a 

refinement in the capsule o f f s e t  (Xo,Yo). and an adjustment in Equa- 
t ion (1) then produces the following equation for neutron fluence: 

where A(R,B) i s  given empirically by the multiplicative factor:  

A ( R , B )  = 1 + K(B) sin[Z(B - 8,) + 4. 
RO 

( 3 )  

73 



As a r e su l t ,  the f inal  fluence mapping i s  represented by the equation: 

Here 0 i s  the polar angle re la t ive  t o  the neutron source axis,  and Bo, 
R o ,  and K(B) are constants. 
in  which e l i e s ,  and represents a small percentage adjustment (510%) t o  
the fluence. A ( R , 8 )  r e f lec t s  the noncircular shape of the fluence pro-  
f i l e  f o r  a g iven  (R,B)  plane. 

K i s  double-valued, depending on the quadrant 

Figure 1 compares the helium generation resu l t s  from Tables 1-3 
w i t h  the fluence nap previously obtained from the radiometric f o i l s  
alone ("*) (dashed l ine ) ,  and  with the  new fluence map (Equation 4 )  
obtained w i t h  a l l  the additional information from t h e  helium accumulation 
fluence dosimeters ( so l id  l i n e ) .  
shows c lear ly  how much better the new fluence map describes the measured 
helium accumulation dosimetry values a t  a l l  the locations considered. I t  
i s  a lso  apparent t h a t  there i s  a considerable amount of f i ne  s t ructure  in 
the fluence prof i le  a t  around 270°, de t a i l s  of which could not be 'd is-  
cerned from the coarser radiometric f o i l  data. I t  should be noted tha t  
fluence values obtained from the new (combined radiometric and he l ium 
accumulation) mapping a t  some locations d i f f e r  from the fluence values 
obtained from the radiometric f o i l s  alone by a s  much as 12%. 

Examination of the curves in Figure 1 

The helium generation resu l t s  plotted i n  Figure 1 include those from 
both the etched and  unetched wire segments ( f i l l e d  and open c i r c l e s ,  
respectively).  
of specimen etching before helium analysis t o  remove the e f fec t s  of 
helium recoi l .  (3 )  The unetched copper segments a t  approximately 7O,  60°, 
93O, 187', and 277', and the unetched iron segments a t  80' and 270°, were 
adjacent t o  carbon-containing materials d u r i n g  the i r radiat ion.  

Comparison of these resu l t s  demonstrates the importance 

Their 
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h igh  hel ium-generat ion values are  a t t r i b u t e d  t o  hel ium r e c o i l  i n t o  the 

specimens from t h e  carbon, which has an order-of-magnitude h igher  hel ium 

product ion  cross sect ion. The unetched aluminum segments, on the  o ther  

hand, were adjacent  t o  ma te r ia l s  w i t h  cross sect ions s i g n i f i c a n t l y  lower 

than the  aluminum, and t h e i r  low hel ium generat ion values ( r e l a t i v e  t o  
t h e  map) a re  assumed due t o  a ne t  h e l i m  r e c o i l  o u t  o f  the aluminum. A l l  

o f  the  unetched r i n g  specimens were omi t ted  from the f i n a l  c a l c u l a t i o n  o f  

he1 ium product ion  cross sect ions (Subtask II.A.4.2, t h i s  r e p o r t ) .  

The nonuni formi ty  o f  the  neutron f luence map (Equation 4 )  can be 

c l e a r l y  seen i n  F igure  2, which p l o t s  contours o f  constant  f luence r e l a -  

t i v e  t o  the  capsule a x i s  i n  the capsule plane conta in ing  most  o f  the 

hel ium generat ion mater ia ls .  The f luence p r o f i l e  i s  seen t o  be approxi-  
m a t e l y  e l l i p t i c a l .  
neutron source a x i s  i s  (-0.3 mm, 0.8 mm).  

The o f f s e t  of the capsule a x i s  ( X o , Y o )  from the 

The absolute unce r ta in t y  i n  t h i s  f luence map w i t h i n  the  i r r a d i a t i o n  

volume o f  i n t e r e s t  i s  est imated t o  be ?6%. This inc ludes an est imated 

?3.5% r e l a t i v e  unce r ta in t y  f r o m  the  f luence map, an absolute unce r ta in t y  

o f  ?2.5% i n  t h e  rad iomet r i c  count ing r e s u l t s ,  and an absolute unce r ta in t y  

o f  *4% i n  the  93Nb(n,2n)92mNb cross sect ion,  t o  which the  map i s  normal- 
ized. The 93Nb(n,2n)92mNb cross sec t i on  used i s  463 mb a t  14.8 MeV. ( 4 )  

The absolute lu uncer ta in t y  i n  the  mass spectrometr ic  measurements 

An ana lys is  o f  the  numerous 
as these low hel ium concent ra t ion  l e v e l s  ( 6  t o  30 atomic p a r t s  per  

b i l l i o n ) ,  i s  est imated t o  be l ess  than 3%. 

hel ium measurements from the  etched Cu, A1 and Fe w i r e  segments shows 

t h a t  the  hel ium concentrat ions have r e l a t i v e  lr standard dev ia t ions  w i t h  

respect  t o  t h e  f luence map o f  1.6%, 2 . 3 % ,  and 1.8%, respect ive ly .  
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vr r .  FUTURE WORK 

The hel ium accumulation ana lys is  procedures used i n  t h i s  work w i l l  

be f u r t h e r  developed and extended t o  mapping the  neutron f luence and 
energy spectra f o r  the second A I  RTNS- I i r r a d i a t i o n  and f o r  the recent  

Be(d,n) i r r a d i a t i o n .  Both o f  these i r r a d i a t i o n s  inc luded a s i g n i f i c a n t l y  

broader range o f  hel ium generat ion ma te r ia l s  

niques and t o  measure hel ium dosimetry cross sect ions.  

i r r a d i a t i o n  i n  p a r t i c u l a r  w i l l  prov ide data t o  demonstrate the  energy 

s e n s i t i v i t y  o f  hel ium accumulation dosimetry mater ia ls .  

t o  r e f i n e  dosimetry tech-  

The Be(d,n) 
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I .  PROGRAM 

T i t l e :  Damage Analysis 
Principal Investigator:  M .  T .  Robinson 
Aff i l i a t ion :  Oak Ridge National Laboratory 

11. OBJECTIVE 

The objective of this  work is t o  construct both atomistic azd con- 
tinuum ( t ransport  theory) models o f  co l l i s i on  cascade development i n  
sol ids  and t o  apply these models t o  radiation damage production, t o  sput-  
ter ing,  and t o  plasma pa r t i c l e  backscattering problems. 

111. RELEVANT DAFS AND PMI TASK/SUBTASK 

DAFS SUBTASK 11.8.2.3: Cascade Production Methodology 

PMI SUBTASK 111 .B.1.3: Development of Theoretical Model Descriptions 
of Ref1 ec t i on and Backscatter 4 ng 

PMI SUBTASK III.C.l .6: Development of Theoretical Models fo r  Physical 
and Physichemical Sputtering 

I V .  SUMMARY 

Methods o f  applying exis t ing neutral pa r t i c l e  transport  codes to 
radiation damage production problems are being developed. 
ref lect ion of 10 eV t o  5 keV hydrogen isotopes from various sol ids  has 
been continued, including the e f f ec t s  of implanted hydrogen on the r e su l t s .  

adapted t o  CDC hardware. 

Studies of the 

' The co l l i s ion  cascade simulation code MARLOWE has been improved and 
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V.  ACCOMPLISHMENTS AND STATUS 

A .  Transport Theoretical Studies of Oamaqe Production --  T. J .  
Hoffman ( U C C N O  Computer Sciences Division), H .  L .  Dodds, J r .  (University 
o f  Tennessee, Knoxville), M .  T .  Robinson ( O R N L ) ,  and 0 .  K. Holmes ( O R N L )  

In previous research," ) i t  was shown t h a t  the neutral pa r t i c l e  
d i sc re te  ordinates computer code ANISN could be used to  calculate  sput- 
tering yie lds  i f  provided with a su i tab le  multigroup cross section t a b l e  
t o  describe the relevant atomic scat ter ing problems. 
to ANISN i t s e l f  were required t o  t r e a t  charged pa r t i c l e  transport .  
Instead, the tota l  macroscopic cross section was modified t o  account 
fo r  e lect ronic  excitat ions and small-scattering-angle e l a s t i c  interac-  
t ions.  
treatment o f  atomic scat ter ing o f  Lindhard and h i s  co-worker;(*) with 

No modifications 

T h e  cross section table  was based on  the well-known approximate 

low energy modifications as given by Sigmund. ( 3 )  

Although the one-dimensional ANISN code was suf f ic ien t  fo r  the sput- 
ter ing problems investigated before, most applications of transport  
theory must use two- or even three-dimensional models. 
cylindrical  symet ry  o f  a co l l i s ion  cascade i n  an amorphous medium 
requires two-dimensional calculat ions .  
the two-dimensional d i sc re te  ordinates code DOT. ( 4 )  
Monte Carlo transport  code MORSE(5) a l s o  uses t h e  same kind o f  cross 
section tables  as do ANISN and DOT. 
p a r t i c l e  range and  energy deposition calculations i s  b e i n g  explored. 
They have the po ten t ia l i ty  of supplying superior replacements fo r  exis t ing 

( 6 )  codes such as E- DEP- 1.  

For example, the 

These may be accomplished using 
The three-dimensional 

The appl icab i l i ty  of these codes t o  

Both ANISN and MORSE have been used t o  calculate  range dis t r ibut ions  
for  100-keV lg6Au atoms recoil ing in  A u .  
of avai lable  calculations u s i n g  the atomistic code MARLOWE and a lso 
because experimental data a r e  available.  ( 7 )  

T h i s  case i s  o f  i n t e r e s t  because 

The ANISN and MORSE mean 



penetrations agree with each other within the s t a t i s t i c a l  uncertainty o f  

the l a t t e r .  The comparison w i t h  MARLOWE s t i l l  requires the  resolution 
of differences between the two models. The transport resu l t s  agree f a i r l y  
well also w i t h  the calculations of Winterbon(8) whose model i s  essen t ia l ly  
similar.  

B .  Computer Simulation of the Reflection o f  Hydrogen, Deuterium and  
Tritium from Amorphous and Polycrystalline Solids -- 0.  S .  Oen ( O R N L ;  on 
assignment a t  Max-Planck-Insti t u t  fu r  Plasmaphysik, Garching, W .  Germany) 
and M .  T .  Robinson ( O R N L )  

The ref lect ion (backscattering) of 0.01 t o  5 keV hydrogen, deuterium 
and tr i t ium atoms from amorphous and polycrystalline sol ids  has been 
studied using the binary co l l i s ion  cascade program, MARLOWE. 
ions s t r ik ing  the target a r e  followed co l l i s ion  by co l l i s ion  until they 
e i the r  emerge t h r o u g h  the target surface or t he i r  energy f a l l s  below 1 eV. 
Each co l l i s ion  with a target  atom consists of an e l a s t i c  par t  described 
by a Thomas-Fermi potential  and a n  ine las t ic  part  wh ich  i s  proportional 
to the velocity o f  the project i le .  The targets chosen were Be, Fe, Mo, 
W and composite materials such as FeH. For the l a t t e r ,  the sputtering 
yield of the l i g h t  atom consti tuent was also calculated by following the 
complete co l l i s ion  cascade as i t  developed i n  the  so l id .  

Incident 

The reflection coeff ic ients  increase w i t h  increasing target  atomic 
number. For 100 eV T ions, for  instance, the ref lect ion from amorphous 
W i s  an order of magnitude larger  t h a n  from Be. Hydrogen ref lect ion 
decreases as  the hydrogen content of the target  increases (replacing 
metal atoms by hydrogen) and the ref lect ion of H from a pure hydrogen 
ta rge t  becomes vanishingly small. 
the target, the,  sputtering yield of hydrogen increases, passes t h r o u g h  a 
maximum and then decreases t o  almost zero. This r e su l t  may be explained 
by noting t h a t  most o f  the sputtering i s  produced by the reflected pro- 
j e c t i l e s  as they emerge through the surface. 

With increasing hydrogen content of 
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The r e f l e c t i o n  increases w i t h  increas ing  i n c i d e n t  angle such t h a t  
t o t a l  r e f l e c t i o n  occurs f o r  angles greater  than a c r i t i c a l  angle. 

inc reas ing  i n c i d e n t  angle, t h e  spu t te r i ng  y i e l d  o f  the  l i g h t  atom con- 

s t i t u e n t  increases, goes through a maximum, and subsequently decreases. 

With 

C.  Computer Simulat ion o f  Rad ia t ion  E f f e c t s  i n  Metals -- M. T .  
Robinson (ORNL) 

The computer program MARLOWE generates c o l l i s i o n  cascades i n  c r y s t a l -  

l i n e  and amorphous media us ing the b i n a r y  c o l l i s i o n  approximation t o  
generate i n d i v i d u a l  p a r t i c l e  t r a j e c t o r i e s .  The numerical model has been 

improved i n  a number o f  respects and both t h e  runn ing  t ime and the  memory 

requirements have been s i g n i f i c a n t l y  reduced. The program ( o r i g i n a l l y  
w r i t t e n  f o r  I B M  System/360 equipment) has been adapted t o  CDC 7600 hard- 
ware and has been tes ted  on a machine a t  LLL us ing the na t i ona l  MFE com- 

pu t i ng  network and on a machine a t  the  Idaho Nat ional  Engineering Labora- 
t o r y  us ing  a r e c e n t l y  i n s t a l l e d  l i n k  from ORNL. The code runs considerably  

f a s t e r  on a CDC 7600 than i t  does on a 360/195 b u t  requ i res  r e l a t i v e l y  more 

o f  t h e  machine storage capac i ty .  A t  present,  displacement cascades i n  Cu 

cou ld  be r u n  on a CDC 7600 up t o  about 50 keV, where on the 360/195, 

energies as h i g h  as 300 keV can be achieved w i thou t  reprogramming. 

adequate access t o  t h e  NMFECC can be assured, i t  can be used very e f f e c -  

t i v e l y  i n  damage ana lys is  app l i ca t i ons .  

I f  
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V I I .  FUTURE WORK 

The t r a n s p o r t  theory  models w i l l  be improved by  developing a code t o  

Th is  w i l l  a l l o w  c l o s e r  comparisons w i t h  a t o m i s t i c  models as 
prepare the requ i red  mu l t i g roup  cross sect ions,  based on s c a t t e r i n g  from 

a p o t e n t i a l .  
w e l l  as more f l e x i b i l i t y  i n  f i t t i n g  experimental  s i t u a t i o n s .  

An improved adapta t ion  of MARLOWE t o  CDC hardware w i l l  be begun us ing  

t h e  INEL machine. 
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I .  PROGRAM 

Ti t l e :  Irradiation Effects Analysis 
Principal Investigator:  0. G .  Doran 
Aff i l i a t ion :  Hanford Engineering Development Laboratory 

XI. OBJECTIVE 

The objective of t h i s  work i s  t o  determine the character is t ics  of re- 
placement sequences in face-centered cubic metals, in order t o  define the 
behavior required of a code t o  simulate high energy cascades. The l a t t e r  
will be used t o  generate defect product ion functions for  correlation analy- 
ses of r ad ia t ion  e f f ec t s .  

111. RELEVANT DAFS PROGRAM PLAN TASWSUBTASK 

SUBTASK II.B.2.3 Cascade Production Methodology 

IV. SUMMARY 

Results of computer simulations of <loo>, <110>, and <111> replacement 
sequences i n  copper are presented, including displacement thresholds, fo- 
cusing energies, energy losses p e r  replacement, and replacement sequence 
lengths. These parameters are tabulated fo r  s i x  interatomic potentials  
and shown t o  vary in a systematic way with potential s t i f fnes s  and range. 
Comparisons of resu l t s  from calculations made with ADDES, a quasi -dynamical 
code, and COMENT, a dynamical mde, show excellent  agreement, demonstrating 
tha t  the former can be calibrated and used s a t i s f ac to r i l y  i n  the analysis 
of low energy displacement cascades. Upper l imi t s  on <loo>, <110>, and 
<111> replacement sequences were found t o  be $10, -30, and %14 replacements, 
respec t i  vel y . 
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V .  ACCOMPLISHMENTS AND STATUS 

A. Computer S i m u l a t i o n  o f  Replacement Sequences i n  Copper -- J .  0. 
S c h i f f g e n s  (HEDL) and 0. M. Schwartz (Ca l .  S t a t e  U n i v e r s i t y ,  N o r t h r i d g e ,  CA.) 

1 .  I n t r o d u c t i o n  
Dur ing  r e a c t o r  o p e r a t i o n ,  most o f  t h e  p r i m a r y  knock-on atoms 

(PKA's) formed b y  neu t ron  i n t e r a c t i o n s  i n  r e a c t o r  components produce vacan- 

c i e s  and i n t e r s t i t i a l s ,  some o f  which a n n i h i l a t e  r a p i d l y  w h i l e  o t h e r s  c l u s -  

t e r  o r  m i g r a t e  t o  v a r i o u s  extended s t a t i o n a r y  d e f e c t s .  Subsequent p r o p e r t y  
changes a re ,  f o r  t h e  most p a r t ,  a d i r e c t  r e s u l t  o f  t h e  accumu la t ion  and 

growth o f  such d e f e c t s .  I f  vacanc ies and i n t e r s t i t i a l s  a r e  formed c l o s e  t o  

each o t h e r ,  t h e  p r o b a b i l i t y  o f  a n n i h i l a t i o n  i s  h igh ,  and n e t  damage p r o-  
d u c t i o n  i s  low.  Consequently, i t  i s  i m p o r t a n t  t o  r e c o g n i z e  and ana lyze  
t h e  phenomena c o n t r o l 1  i n g  t h e  magni tude o f  t h i s  i n i t i a l  v a c a n c y - i n t e r s t i t i a l  

s e p a r a t i o n .  

assumed t h a t  atoms o f  a c r y s t a l  l a t t i c e  can be t r e a t e d  as though they  a r e  

i n s t a n t l y  e j e c t e d  f rom l a t t i c e  s i t e s  when t h e y  r e c e i v e  energy i n  excess 

o f  some t h r e s h o l d  ET, independent o f  t h e  d i r e c t i o n  i n  wh ich  t h e y  a r e  s t r u c k .  

However, t h e  ins tan taneous  e j e c t i o n  as t h e  energy r e c e i v e d  b y  l a t t i c e  atoms 

exceeds ET i s  unreasonable.  The f a t e  o f  an atom h a v i n g  an energy near ET 

must be c r i t i c a l l y  dependent upon t h e  manner i n  which p a r t i c u l a r  c o n f i g u -  

r a t i o n  o f  t h e  ne ighbors  responds t o  i t s  mot ion.  T h i s ,  i n  turn, depends upon 

t h e  l o c a l  chemical  composi t ion,  t h e  n a t u r e  o f  t h e  chemical  bond, t h e  temp- 

e r a t u r e ,  and t h e  d i r e c t i o n  i n  which t h e  atom moves. Hence, t h e  p r o b a b i l i t y  

o f  e j e c t i o n  must v a r y  s y s t e m a t i c a l l y  f rom zero t o  u n i t y  o v e r  an energy range 
ET - E < E < ET + E - ,  where 

placement t h r e s h o l d )  i n  Val ue. 

When t h e  mean f r e e  p a t h  o f  a d i s p l a c e d  atom decreases t o  t h e  

o r d e r  o f  t h e  l a t t i c e  parameter  ( i . e . ,  has k i n e t i c  energy 21 keV) t h e  r e p e t i -  

t i v e  l a t t i c e  symmetry i m p o s e s c o n d i t i o n s  upon t h e  p o s s i b l e  modes o f  momentum 

t r a n s f e r .  The r e s u l t  i s  an  i n c r e a s e  i n  t h e  p r o b a b i l i t y  o f  i n i t i a t i n g  a s e t  

o f  c o r r e l a t e d  c o l l i s i o n s ,  such as an energy p u l s e  propagated a long  a row o f  

E a r l y  t h e o r i e s  on r a d i a t i o n  induced a tomic  d isp lacement  

( 1 )  

I A A 

E -  may be l a r g e r  than ET ( t h e  average d i s -  



atoms. 
nearest neighbor atoms t o  the row are  d i s tan t  a n d  do l i t t l e  more t h a n  siphon 
off small quant i t ies  of energy, o r  of the kind proposed by Nelson and  Thomp- 
son(4) fo r  which nearest ne ighbor  atoms t o  the row a re  close and tend to 
serve as windows or  lenses t o  focus momentum down the row. 
i s  transported the phenomenon i s  referred t o  as a focusson; when energy and 
mass are transported the phenomenon i s  referred t o  as a replacement sequence. 
The former i s  associated primarily with close packed rows (<110> rows in  
fcc and <111> rows i n  bcc) and provides a mechanism for  the rapid transport  
of energy f a r  from the i n i t i a t i n g  event. In contras t ,  the l a t t e r  consis ts  
o f  a se r ies  of  consecutive replacement col l is ions  along a given crysta l lo-  
graphic direction and provides a mechanism fo r  the formation of a vacancy 
and i n t e r s t i t i a l  many l a t t i c e  spacings a p a r t .  

These pulses may be of the kind proposed by S i l ~ b e e ‘ ~ )  for which 

When only energy 

Although the existence of replacement sequences i s  commonly 
accepted in  the f i e l d  of radiation e f f ec t s ,  there i s  l i t t l e  d i r ec t  experi- 
mental evidence fo r  them and  w h a t  i s  available i s  contradictory. ( 5 )  
example, with various experimental techniques, rep!acement sequence lengths 
have been deduced t o  be from <20,(6) t o  a few h u n d r e d , ( 7 )  t o  >1000(8) re- 
placements. I n  addition t o  analyzing such data as sputtering patterns from 
the back-scattering of charged particles(’) or  transmission sput ter ing,  ( 6 )  

the disordering of ordered alloys has been employed t o  determine replacement 
sequence length. 
changes i n  the saturation magnetizing of Ni3Mn d u r i n g  thermal neutron i r r a d i -  

at ion i s  an example of the l a t t e r .  
developed th i s  technique, estimate the average length of <110> sequences 
per 450 eV ( n , y )  recoil a t  from 66 t o  132 replacements. 
t h i s  range i s  considerably longer t h a n  the  longest sequence obtained in t h i s  
analysis.  

of replacement sequences. 
has been t o  choose a s ingle  computational method and a s ingle  interatomic 
potential ( t o  model a given material)  and  then explore the implications of 
t h i s  par t icular  combination. The objective here i s  the determination of 
replacement sequence charac te r i s t i cs  i n  copper and the analysis o f  t h e i r  

For 

Relating the length of <110> replacement sequences t o  

Kirk, Blewitt,  and Scot t ,  ( l o )  who have 

As will be shown, 

This paper i s  concerned with the atomistic computer simulation 
In most previous studies of t h i s  kind the  approach 
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s e n s i t i v i t y  t o  t h e  cho ice  o f  i n t e r a t o m i c  p o t e n t i a l ,  u s i n g  two computat iona l  
methods. 

have been performed by t h e  dynamical method, (11’12) t h e  b i n a r y  c o l l i s i o n  

method, (13 ’14)  and t h e  quasi- dynamical  method. (15’16) 

p o i n t  o f  view, t h e  dynamical  method, wh ich  i n c o r p o r a t e s  a many-body t r e a t -  

ment, i s  i d e a l l y  s u i t e d  t o  t h e  a n a l y s i s  o f  low energy cascades, i n  genera l ,  

and rep lacement  sequences, i n  p a r t i c u l a r .  However, t h i s  method r e q u i r e s  
c o n s i d e r a b l e  computer memory and r e l a t i v e l y  l o n g  r u n  t imes,  making compu- 

t a t i o n  expensive.  The b i n a r y  c o l l i s i o n  method, as i t s  name suggests,  

c o n s i d e r s  o n l y  s i n g l e  i n t e r a c t i o n s  between i n d i v i d u a l  p a i r s  o f  atoms a t  
any s p e c i f i c  t ime  d u r i n g  t h e  e v o l u t i o n  o f  a sequence. 

l a t i o n s  a r e  v e r y  f a s t ,  t h e y  cannot  a c c u r a t e l y  s i m u l a t e  replacement sequences 

which r e q u i r e  c o n s i d e r a t i o n  o f  many r e l a t i v e l y  weak f o r c e s  a r i s i n g  f rom 

mu1 t i p l e  s imul taneous i n t e r a c t i o n s .  ( 1 7 )  

i n t e n d e d  t o  combine much o f  t h e  accuracy and r e a l i s m  o f  t h e  dynamical  

method w i t h  t h e  speed and economy o f  t h e  b i n a r y  c o l l i s i o n  method. 

quas i- dynamica l  method c o n s i s t s  o f  a r e s t r i c t e d  many-body t r e a t m e n t  w i t h  
v a r i o u s  c a l c u l a t i o n a l  parameters which may be s e t  so as t o  approx imate t h e  

dynamical  method as c l o s e l y  as d e s i r e d .  The key t o  e f f i c i e n t  a p p l i c a t i o n  

o f  t h i s  method l i e s  i n  s e t t i n g  t h e  c a l c u l a t i o n a l  parameters i n  a optimum 

way, i . e . ,  so as t o  y i e l d  a c c e p t a b l e  accuracy a t  reasonably  h i g h  computa- 
t i o n a l  speeds. 

The procedure f o l l o w e d  i n  t h i s  s t u d y  c o n s i s t s  o f  u s i n g  a 

dynamical  code, COMENT, ( I 2 )  t o  c h a r a c t e r i z e  t h e  expected b e h a v i o r  f o r  a 

g i v e n  i n i t i a l  PKA momentum v e c t o r  and a p a r t i c u l a r  c h o i c e  o f  i n t e r a t o m i c  

p o t e n t i a l  f u n c t i o n .  Parameters a r e  a d j u s t e d  i n  t h e  quasi- dynamical  code 

ADDES(’6) t o  o b t a i n  b o t h  accep tab le  agreement between t h e  two methods and 
t o  e s t a b l i s h  a r e l a t i v e  accuracy f o r  t h e  quasi- dynamical  method. ADDES i s  

then  employed t o  economica l l y  c h a r a c t e r i z e  t h e  b e h a v i o r  o f  t h e  t h r e e  we1 1 - 
e s t a b l i s h e d  t ypes  o f  f c c  rep lacement  sequences (<110>, <loo>,  <111>) o v e r  a 

wide range o f  e n e r g i e s  and a n g u l a r  d e v i a t i o n s ,  thus  e s t a b l i s h i n g  t h e o r e t -  

i c a l  bounds on replacement sequence behav io r .  

A t o m i s t i c  computer s i m u l a t i o n s  o f  r a d i a t i o n  damage p r o d u c t i o n  

From a c a l c u l a t i o n a l  

A l though  such c a l c u-  

The quas i- dynamica l  method i s  

The 

90 



2 .  Replacement Sequence Characterist ics 
Before discussing the re la t ive e f fec t s  of d i f fe ren t  in te r-  

atomic potentials on replacement sequences, i t  i s  desirable t o  define the 
sequence character is t ics  of primary in te res t .  
energy, the average energy loss per replacement, and the replacement se- 
quence length. 

sequence will focus. 
nth atom such tha t  the focusing parameter 

These are the focusing 

a .  The focusing energy Ef i s  the energy below which the 
I t  i s  defined as the maximum kinetic energy of the 

i s  unity. 
from the sequence ax is ,  measured when the i r  kinetic energies E n  and En+l 
are maxima. 

The a’s are the angular deviations of successive replaced atoms 

b .  The energy dissipated t o  the atoms adjacent t o  a replace- 
ment sequence axis i s  defined for  each col l is ion as 

AE = En - E n + l  

I n  calculating the average energy loss ,  A;, the atypical loss in the f i r s t  
replacement i s  omitted. 

The  length of the replacement sequence i s  defined as the 
number of replacements, N ,  in the sequence. 

I t  should be noted tha t  dynamical resu l t s  indicate tha t  
the number of replacements in  a <110> sequence often develop in  two stages.  

The f i r s t  stage consists of those replacements occurring during the i n i t i a l  
expansion of the sequence while the second stage consists of the replace- 
ments occurring during the final  relaxation of the l a t t i c e .  As will be 
discussed l a t e r ,  the quasi-dynamical method does not model the second 
stage of the <110> sequences unless uneconomical parameter se t t ings  are 
employed. 

c .  

( 1 2 )  

3 .  Interatomic Potentials 
In atomistic computer simulations, the interactions among 

nuclei and electrons during atomic col l is ions  are included to some acceptab 
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degree o f  accuracy i n  a u s u a l l y  s imp le  i n t e r a t o m i c  p o t e n t i a l  f u n c t i o n .  

v e r y  h i g h  i n t e r a c t i o n  energ ies  ( o r  smal l  i n t e r a t o m i c  s e p a r a t i o n s )  e x p e r i -  

menta l  i n f o r m a t i o n  i s  sparse.  However, i n  t h i s  r e g i o n ,  t h e  a tomic  e l e c t r o n s  

c o n s t i t u t e  a m i n o r  p e r t u r b a t i o n  on a s t r o n g  n u c l e a r  r e p u l s i o n  so t h a t  theo-  

r e t i c a l  p o t e n t i a l s  shou ld  be  q u i t e  s a t i s f a c t o r y .  

e q u i l i b r i u m  s e p a r a t i o n s )  phenomenological p o t e n t i a l s  may be r e a d i l y  deduced 

f rom t h e  g e n e r a l l y  abundant c r y s t a l  e q u i l i b r i u m  da ta  b y  parameter ad jus tment  

o f  some assumed f u n c t i o n .  I n  t h e  r e g i o n  between extremes, t h e r e  i s  a s e r i o u s  

l a c k  o f  t h e o r e t i c a l  and exper imen ta l  i n f o r m a t i o n .  I n  t h i s  r e g i o n ,  the 

e f f e c t  o f  t h e  o v e r l a p  o f  c l o s e d  e l e c t r o n  s h e l l s  i s  s u b s t a n t i a l ,  and t h e  des- 

c r i p t i o n  o f  i n t e r a c t i o n s  i s  u s u a l l y  handled by e x t r a p o l a t i o n  o f  e i t h e r  t h e  

h i g h  energy o r  " e q u i l i b r i u m "  p o t e n t i a l  based on some reasonab le  p h y s i c a l  

model. 

v i a  t h e  Thomas-Fermi model i s  an example o f  t h e  fo rmer .  

metal  w i t h  a tomic  w e i g h t  near  t h a t  o f  i r o n  and because t h e r e  a r e  c o n s i d e r a b l e  

data  f rom wh ich  i n t e r a t o m i c  p o t e n t i a l s  can be  d e r i v e d .  S i x  copper p o t e n t i a l s  

were chosen f o r  t h i s  s t u d y  i n  an e f f o r t  t o  cover  t h e  range o f  p h y s i c a l l y  

reasonable  p o s s i b i l i t i e s ;  t h e y  i n c l u d e  the most commonly used p o t e n t i a l s .  
Three o f  t h e  p o t e n t i a l s  a r e  pure  r e p u l s i v e ,  w h i l e  t h e  remainder have an  

a t t r a c t i v e  p a r t .  

I n  r e c e n t  r a d i a t i o n  damage work  (14 '16)  t h e  screened r e p u l s i v e  

Mol i e r e  approx imat ion  (18)  t o  t h e  Thomas-Fermi p o t e n t i a l  has been employed. 

T h i s  p o t e n t i a l  has a s i n g l e  parameter, rs, t h e  F i r s o v  sc reen ing  r a d i u s ,  and 

i s  g i v e n  i n  eV b y  

A t  

A t  l ow  energ ies  ( o r  near  

A p p l i c a t i o n  o f  a sc reen ing  f u n c t i o n  t o  t h e  n u c l e a r  coulomb p o t e n t i a l  

Copper has been s e l e c t e d  f o r  s i m u l a t i o n  because i t  i s  an f c c  

V ( r )  = (Z1Z2e2/ r )  { 0.35 exp(-0 .3  r / r s )  + 0 .55 exp(-1.2 r / r s )  ( 3 )  

+ 0.10 exp(-6 .0  r / r s )  

As t h e  va lue  o f  rs inc reases ,  t h e  p o t e n t i a l  r i s e s  more r a p i d l y ,  r e s u l t i n g  

i n  g r e a t e r  r e p u l s i v e  f o r c e s  ( i n c r e a s e d  s t i f f n e s s ) .  I n  p r e v i o u s  work ( 1 6 )  it 

was e s t a b l i s h e d  t h a t  a p u r e l y  r e p u l s i v e  M o l i e r e  p o t e n t i a l  w i t h  rs = 0.00780 

nm w i l l  g i v e  good va lues  f o r  t h e  d isp lacement  t h r e s h o l d  energy.  ( l g )  On t h e  

o t h e r  hand a sc reen ing  r a d i u s  o f  0.00738 nm y i e l d s  a M o l i e r e  p o t e n t i a l  t h a t ,  
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w h i l e  underest imat ing the displacement th resho ld  by ~ 3 0 % ,  has the  same value 
a t  the nearest  neighbor d is tance as a Born-Mayer p o t e n t i a l  ( i d e n t i f i e d  by BM) 

w i t h  parameters determined from e l a s t i c  constant  data.(")These two p o t e n t i a l s  

w i l l  be r e f e r r e d  t o  below as the 738M and 780M p o t e n t i a l s .  

pu l s i ve  p o t e n t i a l ,  a Born-Mayer p o t e n t i a l ( 2 1 )  was a lso  employed. 
t e n t i a l  i s  g iven by 

To observe the e f f e c t  o f  changes i n  func t i ona l  form o f  a re-  

This po- 

(4)  
-B( r  - r d ) / r o  V ( r )  = A e 

where A = 0.051 el!, B = 13.0 and r, = 0.2556 nm. (11) A l l  three r e p u l s i v e  - 
p o t e n t i a l s  are shown i n  F ig .  1. Note t h a t  the BM p o t e n t i a l  i s  i n h e r e n t l y  
s t i f f e r  than the 738M o r  789M p o t e n t i a l s  f o r  l a r g e  i n t e r a c t i o n  energies.  

I n  o rder  t o  r e a l i s t i c a l l y  s imulate e q u i l i b r i u m  l a t t i c e  behav- 

i o r ,  in te ra tomic  fo rces  should conta in  a t t r a c t i v e  as we l l  as r e p u l s i v e  com- 

ponents. The polynomial technique developed by Johnson (22 )  and r e f i n e d  by 

Eng le r t  (23)  i s  f requen t l y  employed t o  de r i ve  the  l ong  range p o r t i o n  of the 

in te ra tomic  p o t e n t i a l .  

made up o f  cubic  polynomials:  

The Eng le r t  p o t e n t i a l ( 2 3 )  i s  a s p l i n e  f u n c t i o n  

V ( r )  = Ak( r  - r k ) 3  t B k ( r  - r.k)2 t Ck(r  - rk) t Dk ( 5 )  

where, over the  range o f  i n t e r e s t  (0.234 nm - -  i r < 0.4418 nm f o r  t h i s  work),  

k runs from 1 through 8 and the rk are the i n te ra tom ic  separat ions a t  which 
adjacent  cubics are  j o ined .  I n  t h i s  study, the Eng le r t  p o t e n t i a l  i s  sp l i ced  
t o  the Mol ie re  p o t e n t i a l s  w i t h  the  func t i on :  

V ( r )  = A ( r  - r 1 ) 5  t B ( r  - r1)4 t C( r  - r , )3+ ( 6 )  
D(r  - r 1 ) 2  t E ( r  - rl) t F 

where c o e f f i c i e n t s  are chosen so t h a t  t h e  p o t e n t i a l  and i t s  s lope and curva-  
t u r e  are  continuous a t  the s p l i c e  po in t s ,  r = 0.155 nm and r = 0.235 nm. 

Combining Eq. ( 6 )  w i t h  bo th  t h e  738M and 780M potentia:s g ives two more 
p o t e n t i a l s  which w i l l  be r e f e r r e d  t o  below as 738M-E and 780M-E. 

c o e f f i c i e n t s  f o r  Eqs. (5)  and ( 6 )  are presented i n  Table 1 .  

noted t h a t  the  mixed Mol i e re- Eng le r t  p o t e n t i a l  y i e l d s  th resho ld  energies 

A l l  

I t  should be 

which agree bes t  w i t h  experiment(19) when rs = 0.00738 nm. ( 1 2 )  
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FIGURE 1.  Plots of the Interatomic Potentials 738M (- -), 
780M (--I, and B M  I---)  Versus Interatomic Distance. 
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has the form of a power s e r i e s :  The Johnson po ten t i a l  (22)  

V(r) = 611.17172 - 11426.2204 r t 85480.690 r2  - 319656.06 r 3  ( 7 )  

+ 596902.0 r4 - 444795.0 r5 

where, as  f o r  Eqs. (5 )  and ( 6 ) ,  V(r) i s  i n  eV and r i s  i n  nm.  In t h i s  
s tudy,  t h e  Johnson potent ia l  i s  sp l iced  d i r e c t l y  t o  the 8M po ten t i a l  a t  
r = 0.17 nm. The r e s u l t i n g  potent ia l  wi l l  be r e fe r r ed  t o  below a s  the 
BM-J p o t e n t i a l .  The 738M-E, 780M-E, and 8M-J p o t e n t i a l s  and r e spec t ive  

in tera tomic  forces  a r e  presented in F i g .  2 .  

4 .  Threshold Calcula t ions  

, Odette and Schwartz' 24)  have r e c e n t l y  shown t h a t ,  by assuming 
a spontaneous recombination d i s t ance  o f  0.7230 nm (two l a t t i c e  u n i t s ) ,  t h e  
ADDES code y i e l d s  de fec t  production da ta  which f i t  the experimental da ta  of 
Riley and Jung .  (25)  Table 2 shows the  displacement thresholds obtained w i t h  

TABLE 2 
THRESHOLD ENERGIES, ET AND CORRESPONDING 

AOOES PARAMETER SETTINGS, E M ,  PM, T F  

ET (eV) 
Potent  i a1 <loo> <110> E,,, (eV) PM (ev)  TF (eV) 

Repul s i  ve 
~ 

738M 14-1 6 12-14 0.23 0.90 1 .13 
780M 20-22 20-22 0.36 1.20 1 .56 

8M 26-28 22-24 0.20 1 .oo 1 .25 

Repulsive and A t t r a c t i v e  
73811-E 20-22 16-18 0.20 -0.60 -0.30 
7GOM-E 26-28 22-24 0 .33  -0.60 -0.30 
EM- J 26-28 24-26 0 .oo -0.30 -0.05 
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AOOES u s i n g  t h i s  spontaneous recomb ina t ion  r a d i u s .  Thresho ld  va lues,  ET, 
a r e  g i v e n  f o r  PKA's i n  b o t h  t h e  <110> and <loo> d i r e c t i o n s .  
w i t h  t h e  e x c e p t i o n  o f  t h e  780M p o t e n t i a l  t h e  l o w e s t  t h r e s h o l d s  were found  

i n  t h e  <110> d i r e c t i o n s .  A l l  t h r e s h o l d  va lues  were o b t a i n e d  employing 

p o l a r  and az imutha l  ang les o f  87.9" and 42.9", r e s p e c t i v e l y ,  for  t h e  <110> 

and 88.6" and 1.4', r e s p e c t i v e l y ,  f o r  t h e  < l o o > .  
impact  parameter o f  d . 0 1 3 0  nm. 

t h e  p o t e n t i a l s  i n  g o i n g  f rom t h e  s o f t  738M ( o r  735M-E) t o  t h e  s t i f f  BM 

( o r  EM-J). A s  w i l l  be d i scussed  l a t e r ,  t h i s  i n c r e a s e  i s  a l s o  r e f l e c t e d  i n  
r e l a t i v e l y  h i g h e r  f o c u s i n g  energ ies  f o r  t h e  s t i f f e r  p o t e n t i a l s .  

t h r e s h o l d  va lues a r e  shown i n  Table  2 .  The t h r e e  parameters a re :  

Note t h a t  

These cor respond t o  an 

Table  2 shows c l e a r l y  t h e  i n c r e a s e d  enerqy s t i f f n e s s  o f  

The ADDES parameter s e t t i n g s  employed i n  d e t e r m i n i n g  t h e  

E = t h e  minimum p a i r  i n t e r a c t i o n  p o t e n t i a l  energy f o r  i n i t i a t i o n  M 
o f  a tomic  mot ion;  

P = t h e  maximum p o t e n t i a l  energy below which an a t o m ' s  m o t i o n  M 
may be te rm ina ted ;  

TF = t h e  maximum t o t a l  energy below which an a tom 's  m o t i o n  may 
b y  t e r m i n a t e d .  

The va lues o f  these  parameters de te rm ine  t h e  degree o f  r i g o r  i n  ADOES 

c a l c u l a t i o n s .  To g a i n  i n s i g h t  i n t o  t h e i r  s i g n i f i c a n c e ,  i t  i s  h e l p f u l  t o  

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

s t a t i o n a r y  ( " f r o z e n " )  u n t i l  i t  i s  "bumped" b y  a moving atom such t h a t  t h e  
p o t e n t i a l  energy o f  p a i r  i n t e r a c t i o n  exceeds EM. A t  t h i s  p o i n t  i n t e g r a t i o n  

o f  t h e  equa t ions  o f  mot ion  o f  t h e  atom b e g i n s .  The i n t e g r a t i o n  w i l l  c o n t i n u e  

u n t i l  i t s  t o t a l  energy ( k i n e t i c  p l u s  p o t e n t i a l )  i s  below TF and i t s  p o t e n t i a l  

energy i s  below PF. 

imum amount o f  k i n e t i c  energy t h a t  w i l l  be  a r t i f i c i a l l y  d i s s i p a t e d  when 

mot ion  i s  f rozen ,  b u t ,  a t  t h e  same t ime ,  a v o i d  f r e e z i n g  s l o w l y  moving atoms 

j u s t  e n t e r i n g  i n t o  s t r o n g  p a i r  i n t e r a c t i o n s .  

ADOES c a l c u l a t i o n  can be  made 'to approx imate a dynamical  c a l c u l a t i o n .  

An atom i s  assumed 

T h i s  double  r e s t r i c t i o n  a l l o w s  one t o  a d j u s t  t h e  max- 

The l o w e r  t h a t  EM, PF, and TF a r e  se t ,  t h e  more c l o s e l y  an 

The 
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values chosen in Table 2 were selected empirically a s  t h e  lowest computa- 
t iona l ly  t ractable  se t t ings .  Because the search procedures in ADDES are  
designed for  50 t o  100 atoms moving a t  any ins tant  during a r u n ,  the run 
times increase rapidly when the parameters a r e  decreased substant ia l ly  below 
the values shown i n  Table 2. These re la t ive ly  inef f ic ien t  choices were only 
employed in the threshold determinations. 

5. Calibration and Validity of the Quasi-Dynamical Method 
In general, ca l ibrat ion of ADDES requires d i f fe ren t  parameter 

se t t ings  fo r  each potent ia l .  These parameters were selected by requiring 
t ha t  ADDES and COMENT resu l t s  from selected calculations agree as accurately 
as possible while demanding short computation times for  ADDES r e l a t i ve  t o  
COMENT. The i n i t i a l  PKA energies and direct ions  chosen fo r  cal ibrat ing 
ADDES were 25 eV a t  polar and azimuthal angular deviations of 1" from the 
<110>, and 150 eV a t  angular deviations of 1.76" and l o ,  respectively,  
from the <111>. 
of <110> sequences t o  both the s t i f fnes s  and range of the interatomic po- 
ten t ia l  and the de t a i l s  of the calculational model, and the s ens i t i v i t y  

o f  the <111> sequences to  only the s t i f fnes s  of the interatomic potent ia l .  

ical calculations a r e  most sensi t ive  t o  the  value of the parameter EM.  As 
EM i s  lowered, the accuracy of the ADDES calculations in reproducing COMENT 
calculationsincreases s ignif icant ly  for  near <110> replacement sequences; 
the <111> sequences are re la t ive ly  insensit ive t o  EM. 

of the l a t t e r  i s  due t o  the predominance of in teract ions  with energies well 
above EM ( > > 1  eV) in  determining the <111> replacement sequence character- 
i s t i c s .  
sequence experience interact ion energies comparable t o  EM (*l eV). Un- 
fortunately,  the increase in accuracy obtained in the <110> by lowering 
the EM threshold i s  accompanied by a systematic increase in r u n  time, most 
notably for  the higher index <111> events, due t o  the increase in the 
number of moving atoms. 

Table 3 along with the PF and TF values discussed below. 

These choices were based on the predetermined sens i t iv i ty  

I t  was found tha t  the accuracy and speed of the quasi-dynam- 

The insens i t iv i ty  

In contras t ,  t he  window atoms neighboring a <110> replacement 

The f inal  EM values chosen for each potential a r e  l i s t e d  in 
A value o f  E,4 = 
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TABLE 3 

AODES PARAMETER SETTINGS 

P o t e n t  i a1 EM Corresponding t o  EM PF ( e v )  TF ( e v )  
S e p a r a t i o n  (nm) 

738M 1 .o .190 2.25 3.25 
780M 1 .o .199 3.5 4 .5  

BM 0.75 .203 2.3 3 .3  
738M- E 1 .o .191 0.1 1 .1 

780M-E 1 .o .198 0 .l 1 .1 
BM-J 0.50 ,202 0.1 1.1 

1.0 eV proved s a t i s f a c t o r y  f o r  b o t h  t h e  M o l i e r e  and M o l i e r e - E n g l e r t  poten-  
t i a l s .  Because 1.0 eV r e s u l t e d  i n  a poor  comparison between t h e  q u a s i -  

dynamical  and dynamical  s i m u l a t i o n s  f o r  t h e  25 eV <110> even t ,  somewhat 

l o w e r  va lues  o f  0.75 and 0.5 eV were r e q u i r e d  f o r  t h e  Born-Mayer and Born- 
Mayer-Johnson p o t e n t i a l s .  

BM and BM-J p o t e n t i a l s  a r e  r e l a t i v e l y  " s t i f f "  i n  comparison t o  t h e  M and 
M-E p o t e n t i a l s .  

A v a l u e  o f  PF was s e l e c t e d  f o r  each p o t e n t i a l  such t h a t  t h e  

t e r m i n a t i o n  o f  m o t i o n  f o r  an atom i n  an expanding <110> sequence would  

occur  o n l y  a f t e r  i t  had t r a n s f e r r e d  e s s e n t i a l l y  a l l  o f  i t s  a v a i l a b l e  

energy t o  t h e  n e x t  atom i n  t h e  sequence. 
t o  y i e l d  a c c e p t a b l y  a c c u r a t e  r e s u l t s  f o r  even ts  near  t h e  <110> and gave 

reasonab le  r u n  t imes  when s i m u l a t i n g  events  near  t h e  <111>. 
A f t e r  c a l i b r a t i n g  ADDES, t h e  v a l i d i t y  o f  t h e  quas i- dynamica l  

method was t e s t e d  by comparing r e s u l t s  f rom AODES and COMENT c a l c u l a t i o n s  

on replacement sequences. 

a n g u l a r  d e v i a t i o n s  ( p o l a r ,  a z i m u t h a l )  f r o m  g i v e n  f o c u s i n g  d i r e c t i o n s :  

The source o f  t h i s  d i f f e r e n c e  i s  t h a t  b o t h  t h e  

S e t t i n g  TF = PF + 1.0 was found  

We chose PKA's w i t h  t h e  f o l l o w i n g  energy and 
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150 eV (1.76', 1") <111>, 

40 eV ( l o ,  1") <loo>,  

25 eV ( l o ,  1" )  s110>, and 

50 eV ( 5 " ,  5")  <110>. 

Replacement sequences in  the <110>, < l o o > ,  and ~ 1 1 1 ,  have been regularly 
observed in computer simulations. Preliminary code comparisons indicated 
t ha t  the most s ignif icant  differences occur for small deviations from the 
<110> direct ion.  Therefore, two near <110> direct ions  were used to deter-  
mine the s ens i t i v i t y  of the quasi-dynamical code t o  the angular deviation 
from the <110> direct ion.  

6. Results and Discussion 
Table 4 shows values of the focusing energy E F ,  the average 

energy loss per replacement AE, and the replacement sequence length N ob- 
tained w i t h  COMENT in f ive  directions and with ADDES in  three directions 
near the <loo> and ~ 1 1 0 1 ,  fo r  a l l  s i x  potent ia ls .  
obtained by f i t t i n g  the focusing parameter data t o  

The E F  values were 

and finding EF bysolving n ( E F )  = 1 .  

the replacement atom; hence, the uncertainty in EF should generally n o t  
exceed AE, the average energy loss  per replacement. 
the ADDES and COMENT values seldom d i f fe r  by more than t h i s ,  which supports 
the choice of ADDES parameters. 
out  t o  be too much below the <111> focusing energy (as  shown l a t e r  in t h i s  
section) t o  be useful in determining EF. 

Note t h a t ,  within about - + 15 percent, the focusing energy ob- 
tained with a given potential i s  independent of PKA i n i t i a l  energy and 
angular deviation from the nominal crystallographic focusing direct ion.  
For each potent ia l ,  the focusing energy froum COMENT runs was averaged for 
a l l  PKA i n i t i a l  energies and angular deviations from a nominal di rect ion.  

Ei i s  the maximum kinet ic  energy of 

.. 
Except near the <llO> 

Focusing energies fo r  the 150 eV turned 
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The averaged focusing energies using the 738M, 780M, 8M, 738M-E, 780M-E, 
and BM-J potentials  a re ,  fo r  <110> sequences, 21 ,  25,  30, 20, 27 ,  and 33 
eV, respectively,  and, fo r  <loo> sequences, 20, 30, 41 ,  13, 22, and  42 eV, 
respectively. 
creases by about 40 percent in g o i n g  from the s o f t e s t  (738M o r  738M-E) t o  
the hardest(8M o r  BM-J) potent ia ls .  While the addition of an a t t r ac t i ve  
par t  t o  the repulsive potentials  changed the averaged focusing energy by 
l e s s  than 10% for  near <110> replacement sequences, a reduction of as much 
as 35% was found fo r  near <loo> sequences when using the s o f t  potent ia ls .  

The h i ' s  i n  Table 4 exclude the f i r s t  replacement since i t  i s  
unlike a l l  other replacements in a sequence i n  t ha t  the PKA i s  surrounded 
by s ta t ionary neighbors as i t  begins t o  move and hence requires a larger  
amout of energy. ;E values obtained in the <110> are low and the i n i t i a l  
energy loss i s  re la t ive ly  more s ign i f ican t  t h a n  in the other di rect ions .  
Provided t h a t  a t  l e a s t  three replacements were observed, a standard devi- 
ation f o r  LE i s  a lso  included i n  Table 4 .  While the energy loss per re-  
placement a f t e r  the f i r s t  replacement i s  qu i te  constant f o r  sequences near 
the <110>, these losses tend t o  increase fo r  sequences propagating i n  other 
focusing direct ions .  
on the average energy loss per replacement i s  excel lent .  

sequence fo r  sequences near the  <loo> and <111> (see Table 4 ) .  
near t h e  <110> present a special problem. however, owing t o  the weakness 
of in teract ions  between sequence and window atoms. For such sequences 
(except those obtained with the 738M-E and 780M-E po ten t i a l s ) ,  atoms tend 
t o  come t o  rest midway between l a t t i c e  sites. and remain there  for  long 
periods o f  time, making ident i f icat ion o f  replacement sequence length 
d i f f i c u l t .  For the same reason, ADDES tends t o  freeze window atoms shor t ly  
a f t e r  maximum interaction with a given sequence atom, preventing the "clos- 
ing of windows" from contributing t o  the sequence length. 
relaxation can only be modeled by ADDES with uneconomical parameter set-  
t i n g s .  
as calculated by the quasi-dynamical method will typically be two t o  s i x  
replacements shorter  t h a n  those calculated by the  dynamical method. 

The averaged focusing energy fo r  PKA's near the <110> in- 

The agreement between r e su l t s  from ADDES and COMENT 

Agreement i s  a l s o  very good on the number o f  replacements per 
Sequences 

This f inal  

W i t h  the parameter se t t ings  used here, the length of <110> sequences 
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I n  a d d i t i o n  t o  t h e  AOOES/COMENT comparisons, ADDES was used t o  

make an exhaus t i ve  su rvey  o f  ang les and energ ies  t o  o b t a i n  es t ima tes  o f  

average replacement sequence b e h a v i o r .  
and 6. Each e n t r y  i n  Table  5 i s  based on t h e  a n a l y s i s  o f  about  15 r e p l a c e -  

ment sequences, t e n  o f  which were a t  a d e v i a t i o n  o f  lo, 1" f rom t h e  nominal  
c r y s t a l l o g r a p h i c  d i r e c t i o n  w h i l e  f i v e  were a t  an asymmetric d e v i a t i o n  o f  

Z " ,  3". 

The r e s u l t s  a r e  shown i n  Tables 5 

The procedure f o l l o w e d  f o r  each ang le  was t o  b e g i n  w i t h  a PKA 

TABLE 5 
MAXIMUM REPLACEMENT SEQUENCE LENGTHS N AS OBTAINED CiITH ADOES 

ma x 

738M 8 45 17 25 14 300 
780M 8 65 18 35 11 400 

BM 10 80 24 45 14 600 
738EM 7 45 12 37.5 12 300 
780EM 8 65 14 50 10 350 

JBM 9 82.5 1 8  52.5 13 550 

AVERAGE 8.3 i 1.0 17.3 ?r 4.1 12.3 i 1.6 

* These va lues a r e  b e l i e v e d  t o  be  t o o  sma l l  b y  abou t  s i x  r e p l a c e-  

ments, as i n d i c a t e d  i n  Table  4 .  

energy f o r  which t h e  sequence c o m p l e t e l y  defocuses, then  decrease t h e  PKA 

energy i n  s teps  of  2.5 eV f o r  t h e  <110> and < loo>,  and 50 eV f o r  t h e  <111> 
t o  l o c a t e  t h e  maximum rep lacement  sequence l e n g t h .  The maximum sequence 

l e n g t h  and co r respond ing  PKA energy a r e  p resen ted  i n  t h e  t a b l e .  These va lues  
have n o t  been c o r r e c t e d  f o r  t h e  above ment ioned tendency o f  ADDES t o  under-  

e s t i m a t e  t h e  l e n g t h  o f . l lO> replacement sequences. Note t h a t  i n  each case 
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the  maximum sequence l eng th  occurs a t  an energy we l l  i n  excess o f  the f o -  
cusing energy. 

a number o f  replacements, t h e i r  energy drops below the focusing energy be- 
f o r e  they break up, y i e l d i n g  sequences longer than those presented i n  Table 
4. As would be expected, t h e  runs g i v i n g  the  maximum lengths were a l l  from 

the s e t  t h a t  h a d  the  smal les t  angular dev ia t i on  from t h e  c r y s t a l l o g r a p h i c  
focusing d i r e c t i o n .  

Table 6 shows the  average focusing energy f o r  each p o t e n t i a l  
and nominal d i r e c t i o n .  From e i g h t  t o  twelve replacement sequences were 

That i s ,  al though these sequences i n i t i a l l y  defocus f o r  

TABLE 6 

AVERAGE FOCUSING ENERGY i, ( e v )  AS OBTAINED WITH ADDES 

POTENT I AL < l o o >  < l i e >  <111> 

738M 22 f 2 16 ? 2 260 + 10 

780M 29 17 260 

BM 40 30 330 
738M-E 20 16 240 

780M-E 25 23 27 0 

BM-J 40 32 410 

analyzed t o  o b t a i n  these values. 

than the  focusing energy, and, f o r  about h a l f  o f  the  sequences, the i n i t i a l  

angular d e v i a t i o n  o f  the PKA from the  c r y s t a l l o g r a p h i c  focusing d i r e c t i o n  
was greater  than 4". The focusing energy was obta ined by p l o t t i n g  t h e  

focusing parameter versus energy f o r  a l l  (8 t o  12) sequences near a g iven 

c r y s t a l l o g r a p h i c  d i r e c t i o n ,  drawing a smooth curve through the  po in ts ,  

and no t i ng  the energy ( t o  w i t h i n  5 2 eV f o r  < l o o >  and <110>, and 5 10 eV 

f o r  <111>) f o r  which the  focusing parameter i s  u n i t y .  F i g .  3 i s  a t y p i c a l  
p l o t  based on twelve sequences w i t h  PKA energies from 28 t o  120 eV and 

The PKA energies were always greater  
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i n i t i a l  angular deviations from the <110> of from 1.8 t o  10.1". 
From Tables 5 and 6 i t  i s  c lear  t ha t ,  in general, the presence 

o r  absence of a potential well on b o t h  Nmax and E F  i s  small, with the only 
c lear  e f fec t  in the Nmax values obtained in the <110> direct ion.  The pre- 
sence of an a t t rac t ive  well resul ts  in a small decrease in sequence lengths 
for  most cases. 

timates of i n i t i a l  vacancy- interst i t ial  separations. The upper l imi t  fo r  
such separations i s  N A check of Table IVagainst Table max ~ 

6 shows tha t  an increase in E F  i s  usually accompanied by an  increase in ! iE 
f o r  <ill> and <loo> sequences. 
in a given sequence while the increase in A E  acts  t o  diss ipate  the energy 
more rapidly; hence, the  two changes have mutually compensating e f fec t s  on 
N .  As a r e su l t  the values of Nmax are re la t ive ly  insensit ive t o  the 

choice of potential fo r  <111> and <loo> sequences. 
in A E  i s  not observed in the <110>,, Nmax i s  also re la t ive ly  insensit ive t o  
potentials in t h i s  direction.  
our calculations indicate tha t  the upper l imits  on <loo>, <110>, and  ' :Ill> 
replacenent sequence lengths are ~ 1 0 ,  ~ 3 0 ,  an3 ~ 1 4  replacements, respec- 
t ive ly .  
a1 . ( l o )  from the i r  experimnts.  

One of the most s ignif icant  resu l t s  of t h i s  study a re  the es- 

(see Table v ) .  

The increase in EF acts t o  trap more energy 

Even t h o u g h  th i s  change 
* 

T h u s ,  for a wide range of possible poten;ials,  

Th?se values are considerably less  than those deduced by Kirk e t .  

7. Conclusions 
a .  Simulation indicates t ha t  the upper l imits  on <loo>,  <110>, 

and <111> replacement sequence lengths are -10, %30, and  ~ 1 4  replacements, 
respecti  vel y . 

ment with the recent experimental observations o f  Kirk e t .  a l .  on replacement 
sequence lengths. 

dynamical method) and COMENT (dynamical method) on the calculated character- 
i s t i c s  o f  replacement sequences. 

b .  The resu l t s  o f  these computer simulations are not in agree- 

c. Excellent agreement can be obtained between ADDES (quasi- 

d .  While the focusing energy i s  a function of interatomic 
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p o t e n t i a l ,  i t  i s  independent t o  w i t h i n  about - + 15 percent  of  i n i t i a l  PKA 
energy and angular  devia t ion  from the nominal c rys t a l log raph ic  focusing 

d i r e c t i o n .  

r e s u l t s  in a 20 t o  30 percent  unce r t a in ty  in p red ic t ions  of replacement se- 
quence length  by computer s imula t ion .  

e .  A range o f  phys ica l ly  reasonable in te ra tomic  p o t e n t i a l s  
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VII. FUTURE WORK 

This work i s  being continued to include an  analysis o f  the e f f ec t  
of temperature on replacement sequences. 
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A paper describing t h i s  work has been submitted t o  Radiation 
Effects.  
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I .  PROGRAM 

Title:  
Pr inc ipa l  Inves t iga to r :  Don M. Parkin 
A f f i l i a t i o n :  Los Alamos S c i e n t i f i c  Laboratory, Universi ty of 

Radiation Damage Analysis and Computer Simulation 

Cal i forn i  a 

11. OBJECTIVE 

The ob jec t ive  of t h i s  work i s  t o  develop displacement funct ions  f o r  
multicomponent systems. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK 11.6.2.3 Cascade Production Methodology 
11.6.4.1 
11.6.4.2 Develop theory of  s p e c t r a l  and r a t e  e f f e c t s  

In t e r f ace  w i t h  o the r  designs and o t h e r  t a sks  

IV. SUMMARY 

A computer code, DISPLCA, has been w r i t t e n  t o  c a l c u l a t e  displacement 
funct ions  f o r  multicomponent systems. Two displacement funct ions  a r e  c a l -  
cu la t ed ,  t h e  t o t a l  displacement funct ion and t h e  ne t  displacement funct ion  
The t o t a l  displacement funct ion ,  n . . (E ) ,  is  t h e  number of atoms of type j ,  

o t h e r  than t h e  i n i t i a l  knock on atom, which a r e  d isp laced  from their s i t e s  
when an atom of type i i n i t i a l l y  has energy E. The  n e t  displacement func- 
t i o n ,  g . . ( E ) ,  is t h e  number o f  atoms of  type j including t h e  i n i t i a l  
knock on atom ihi8cli w i l l  be d isp laced  and not subsequently retrapped i n  a 
replacement c o l l i s i o n  when an atom of  type i i n i t i a l l y  has energy E. 

13 

1 J  

v .  ACCOMPLISHMENTS A N D  STATUS 

A. Displacement Functions f o r  Multicomponent Systems -- D .  M. 
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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, U n i v e r s i t y ,  

A1 abama) 
1. I n t r o d u c t i o n  

Damage parameters have been developed f o r  me ta ls  and a r e  

w i d e l y  u t i l i z e d  as c o r r e l a t i o n  parameters and exposure i n d i c e s .  

requ i rement  o f  u s i n g  i n s u l a t o r s  i n  i n t e n s e  r a d i a t i o n  env i ronments  i n  

f u s i o n  r e a c t o r s  comes t h e  r e a l i z a t i o n  t h a t  s i m i l a r  damage parameters a r e  

r e q u i r e d  f o r  t h e s e  m a t e r i a l s .  I r t i t i a l  s t e p s  i n  d e v e l o p i n g  damage para-  

meters  f o r  mul t icomponent  systems (e .g .  i n s u l a t o r s ,  a l l o y s )  a r e  d e s c r i b e d  

i n  t h i s  r e D o r t .  

Wi th  t h e  

2.  D isp lacement  F u n c t i o n s  

The work i n  t h e  p r e v i o u s  f i s c a l  y e a r  has been extended t o  

t h e  c a l c u l a t i o n  o f  d i sp lacement  f u n c t i o n s  i n  mul t icomponent  systems. L e t  
n..(E) be t h e  number o f  atoms of  t y p e  j, o t h e r  t h a n  t h e  i n i t i a l  atom, 

wh ich  a r e  d i s p l a c e d  from t h e i r  s i t e s  when an atom o f  t y p e  i i n i t i a l l y  has 

energy E .  
c a s e ( ' )  one can show t h a t  n obeys t h e  e q u a t i o n  

1J 

By r e a s o n i n g  e x a c t l y  s i m i l a r  t o  t h a t  used f o r  t h e  monatomic 

M . . E  do . . (E,T) 
1J ~ 1J  

Si (E)n . . (E )  = N .  J dT dT Pk(T)  
1J J O  

+ ( 1  - p k ( T )  Xik(E-T))n. . (E-T) - n.  . ( E ) ]  
1J  1.I 

where p k ( T )  i s  t h e  p r o b a b i l i t y  t h a t  a n  atom o f  t y p e  k r e c e i v i n g  energy 

T w i l l  be d i s p l a c e d  f r o m  i t s  s i t e  and Xik(E) i s  t h e  p r o b a b i l i t y  t h a t  an 

atom of t y p e  i l e f t  w i t h  energy E a f t e r  i t  d i s p l a c e s  an atom o f  t y p e  k 
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from i t s  s i t e  will  be trapped in  t h a t  s i t e .  
ment function g . . ( E )  i s  defined t o  be the number of atoms of type j 
including the original  atom which will be displaced and n o t  subsequently 
retrapped in  a replacement col l is ion when an atom of type i i n i t i a l l y  has  
energy E.  I t  can be shown tha t  g . . (E )  s a t i s f i e s  an  equation exactly l i k e  
t h a t  fo r  n .  .(E) above, except t h a t  the  f i r s t  term on the  r igh t  hand s ide  
i s  missing. The boundary conditions fo r  the two functions a re  d i f f e r en t ,  
however, with n. . (E) approaching a value of zero a t  i t s  threshold energy 
value fo r  a l l  i ,  j ,  while the g i i ( E )  approach i n i t i a l  values of 1 a t  t h e i r  
energy thresholds. 

Similarly,  the  net displace- 

1 J  

1J 

1 J  

1 J  

3. Results 

A computer program DISPLCA t o  calculate  b o t h  the displace- 
ment functions n and the net displacement functions g has been developed. 
DISPLCA ca lcu la tes  b o t h  s ingle  element and multicomponent displacement 
functions. Preliminary resu l t s  fo r  C u ,  Ed = 22 eV and A1203, E d ( A 1 )  = 

40 eV and Ed(0) = 70 eV,(') are i l l u s t r a t ed  i n  Tables I t h r u  111. Detail- 
ed analysis of the r e su l t s  and  s ens i t i v i t y  s tudies  have not  been complet- 
ed.  
i s  near 0.8 in  a l l  cases. 

However one feature  t ha t  can c lear ly  be seen i s  t h a t  the  G / N  r a t i o  

V I .  REFERENCES 

1. A. Alton Coulter and Don M. Parkin, Trans. Am. Nucl. SOC. 27, 
300 (1977). 

2 .  W .  Dale Compton and G .  W .  Arnold,  Disc. Faraday SOC. __ 31, 130 
( 1 961 ) . 

VII. FUTURE WORK 

Future work will focus on s tudTing the resu l t s  obtained from the 
model and o b t a i n i n g  displacement functions for  materials of i n t e r e s t  f o r  
the fusion materials program. 
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TABLE I 

DISPLACEMENT FUNCTIONS FOR COPPER WITH Ed = 22 eV 

ENERGY (eV) N (Cu,Cu) G (Cu,Cu) G1N 

2.2x101 
1 4 . 4 ~ 1 0  
2 

2 

2 

1 .ox10 

2.ox10 

4 . 5 ~ 1 0  
3 1 .ox10 
3 4 . 0 ~ 1 0  
4 1.1x10 

4 . 2 ~ 1 0 ~  
5 1.1x10 
5 4 . 3 ~ 1 0  
6 1.1x10 

1 .oo 
1.27 
2.25 

4.06 

1 .92x101 
1 7 . 1 5 ~ 1 0  
2 1 . 7 8 ~ 1 0  

6 . 4 4 ~ 1 0 ~  

1 .53x103 
4 . 7 3 ~ 1 0 ~  
9 . 0 2 ~ 1 0 ~  

a. 75 

1 .oo 
1 .oo 
1.70 

3.13 

1 .50x l  O1 

5. 6Ox1O1 
1 .4Ox1O2 
5 .O5x1O2 

3 . 7 1 ~ 1 0 ~  
7 . 0 7 ~ 1 0 ~  

6.81 

1 .2oX1o3 

1 .oo 
0.79 

0.76 

0.77 

0.78 

0.78 

0.78 

0.78 
0.78 

0.78 

0.78 

0.78 
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TABLE I 1  

DISPLACEMENT FUNCTIONS I N  A1203 FOR ALUMINUM ATOMS HAVING INITIAL ENERGY 

E, Ed(A1) = 40 eV AND Ed(0)  = 70 eV 

G,! N ENERGY (eV) N (A l ,  A l )  G (A1 , A l )  - 

1 

2 

2 
2 

3 

4 . 0 ~ 1 0  

l . l x l 0  
2.1x10 

4 . 1 ~ 1 0  

1 .ox10 
3 
4 

4 . 4 ~ 1 0  
l . l x 1 0  

4 4 . 1 ~ 1 0  

4 . 3 ~ 1 0 ~  
6 1.1x10 

1 .oX1o5 

7 . 5 ~ 1 0 ~  
2 1.1x10 
2 2.2x10 
2 4 . 4 ~ 1 0  
3 1 .ox10 
3 4 . 1 ~ 1 0  
4 1.1x10 

4 . 4 ~ 1 0 ~  
5 1 .ox10 

4 . 1 ~ 1 0 ~  

1. 1x106 

1.09 

1.21 
1.60 

2.36 
4.70 

1 .64x101 
3.71 x10 ' 
1 .13x1OC 

4 . 7 3 ~ 1  O2 
6.34~10' 

2.21 x102 

1 .oo 
1.01 
1.22 

1.86 

3.86 
1 .38~10 '  

3.1 5x101 
9 . 5 8 ~ 1 0 ~  
1 .88xlO2 

4 .O3x1O2 
5.41 x102 

1 .oo 
0.83 
0.76 

0.79 

0.82 
0.84 

0.85 
0.85 
0.85 

0.85 
0.85 

0 .oo 
5.13x10-' 

3 .56~10-1  

1.06 
2.87 

1 1 . 2 3 ~ 1 0  
2 . 9 9 ~ 1  O1 

1 .84xl  O2 

3 . 9 1 ~ 1 0 ~  

5. 27x102 

1.01x102 

0.00 

4.66x10-' 
3 . 0 0 ~ 1  0-1 

8 .54~10 - '  
2.25 

9.52 
2 . 3 1 ~ 1 0 '  

7 . 7 9 ~ 1 0 ~  

1 .42x102 
3 . 0 2 ~ 1 0 ~  

4. 09x102 

1 .oo 
0.91 

0.84 

0.80 
0.78 

0.77 
0.77 
0.77 

0.77 

0.77 
0.77 
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TABLE I11  

DISPLACEMENT FUNCTIONS I N  A1203 FOR OXYGEN ATOMS H A V I N G  INITIAL ENERGY 

E, Ed(A1) = 40 eV AN0 Ed(0) = 70 eV 

ENERGY (eV) 

7 . 0 ~ 1 0  
1.1x10 

4 . 1 ~ 1 0 '  

4. 6x103 

4 . 2 ~ 1  O4 
5 1.1x10 
5 4 . 1 ~ 1 0  
6 1.ox10 

1 
2 

2 .ox102 

1 . iX1o3 

1 . 0 ~ 1 0 ~  

4 . 3 ~ 1 0 '  
2 1 .ox10 
2 2.1x10 
2 4 . 5 ~ 1 0  
3 1.1x10 

4 . 1 ~ 1 0 ~  
4 1.1x10 

4 . 3 ~ 1 0 ~  
5 1 .ox10 

4 . 0 ~ 1 0 ~  
6 1.1x10 

N (0,O) 

1 .oo 
1.08 

1.33 

1.99 

4.01 
1.35 
2 . 7 3 ~ 1 0 ~  
8 . 0 6 ~ 1  O1 

1 .39~10'  
2 . 2 4 ~ 1 0 ~  

2. 74x102 

N (0, A I )  

0.00 

1 .55~10 - '  

5 . 5 0 ~ 1  0-1 

1.41 

3.63 
1 1 . 3 8 ~ 1 0  

3 . 3 5 ~ 1 0 ~  

9 . 5 7 ~ 1 0 ~  

1 .59x102 
2 . 6 7 ~ 1 0 ~  

3.31~10'  

G (0,O) 

9 . 4 4 ~ 1 0 - 1  

8 . 8 2 ~ 1  0-1 

9 . 7 0 ~ 1 0 - 1  

1.46 

3.03 
1.03 

1 2.1OxlO 
6 . 2 1 ~ 1 0 ~  

1 . 0 7 ~ 1 0 ~  
2 1 . 7 3 ~ 1 0  

2.  12x102 

G (0, A11  

0.00 

1. 50x10-1 

5 . 0 4 ~ 1  0-1 

1.25 

3.15 

1 .18x101 

2 . 8 6 ~ 1 0 ~  

8 . 1 6 ~ 1 0 ~  

1 .36x102 

2 . 2 8 ~ 1 0 ~  

2.83~10'  

G/N 

0.94 

0.82 

0.73 

0.73 

0.75 
0.76 
0.77 
0.77 

0.77 
0.77 

0.77 

# N  

1 .oo 
0.96 

0.92 

0.89 
0.87 

0.86 
0.85 

0.85 

0.85 
0.85 

0.85 

- 
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CHAPTER 5 

SUBTASK C: DAMAGE MICROSTRUCTURE EVOLUTION 

AND MECHANICAL BEHAVIOR 
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I .  PROGRAM 

Ti t l e :  I r radia t ion Effects Analysis 
Principal  Investigator: D. G.  Doran 
Aff i l ia t ion:  Hanford Engineering Development Laboratory 

11. OBJECTIVE 

The objective of . th i s  work i s  t o  i n i t i a t e  i r rad ia t ions  in the Oak Ridge 
Reasearch Reactor (ORR)  t o  study the combined e f fec t s  of helium and  displace- 
ment damage on microstructures and t ens i l e  behavior. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

TASK I I .C. l . l  Effects o f  Material Parameters on Microstructure 
TASK I I . C . 2 . 2  Effects of Helium on Microstructure 

IV. SUMMARY 

The  f i r s t  fusion materials experiment inserted i n  O R R ,  designated 
MFE-1, includes specimens provided by the OAFS program. 
primarily nickel-base a l loys  in the form of specimens for  transmission 
electron microscopy (TEM), were selected with an emphasis on studying 
phase s t a b i l i t y  and the e f f ec t s  of composition on helium-displacement 
in teract ions .  

The materials ,  

V .  ACCOMPLISHMENTS AND STATUS 

A.  DAFS Experiment in the ORR MFE-1 Test - R. W .  Powell (HEDL)  and 

G .  R .  Odette (UCSS) 

1 .  Introduction 

Experiments are being conducted in the Oak Ridge Research 
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Reactor  (ORR) t o  assess t h e  e f f e c t s  o f  n e u t r o n  i r r a d i a t i o n  and h i g h  h e l i u m  

g e n e r a t i o n  r a t e s  on t h e  p r o p e r t i e s  o f  m e t a l s .  The DAFS Task Group i s  p a r -  

t i c i p a t i n g  i n  these  i r r a d i a t i o n s  t o  determine t h e  combined e f f e c t s  o f  he1 ium 
g e n e r a t i o n  and d isp lacement  damage on mechanisms o f  m i c r o s t r u c t u r e  e v o l u t i o n  
and mechanical  b e h a v i o r .  

2. S t a t u s  

The f i r s t  o f  a s e r i e s  o f  f u s i o n  m a t e r i a l s  exper iments i n  ORR, 

des igna ted  MFE-1, began i r r a d i a t i o n  on February  8, 1978. ' 

t e s t  m a t r i x  f o r  t h i s  exper iment  was rev iewed b y  t h e  M i c r o s t r u c t u r a l  Evo lu-  

t i o n  and Mechanical Behav io r  Subtask Group, and specimens were f a b r i c a t e d ,  

engraved, h e a t  t r e a t e d ,  and encapsula ted a t  HEDL and sh ipped t o  ORNL f o r  
i n c l u s i o n  i n  t h e  t e s t .  

The OAFS 

The o r i g i n a l  t e s t  m a t r i x  f o r  t h e  DAFS p o r t i o n  o f  t h e  exper iment  

c o n s i s t e d  o f  a few t e n s i l e  specimens and many TEM d i s k s  a t  i r r a d i a t i o n  temp- 
e r a t u r e s  o f  350, 450, 550, and 650°C and f l uences  o f  0 .3  x and 1 .O x 

gamma h e a t i n g  have l e d  t o  a change i n  t h e  r e a c t o r  c o r e  l o a d i n g  and a prob-  
a b l e  r e d u c t i o n  o f  f l u e n c e s  t o  r o u g h l y  one- ten th  o f  those planned. 

n/crn2 (E>0.1 MeV). Problems w i t h  tempera tu re  c o n t r o l  due t o  excess ive  

The a l l o y s  i n c l u d e d  i n  t h e  t e s t  a r e  g i v e n  i n  Tab le  1. The 
s i m p l e  Fe-Ni-Cr t e r n a r y  s e r i e s ,  t h e  most b a s i c  s e t ,  i s  t o  s tudy  t h e  r e l a -  

t i o n s h i p s  between m a j o r  e lement composi t ion,  s w e l l i n g  and h e l i u m  e f f e c t s .  

Two hea ts  o f  n i c k e l  were i n c l u d e d  t o  t i e  w i t h  t h e  da ta  bases a t  t h e  Naval 

Research L a b o r a t o r y  (NRL) and a t  B a t t e l l e ' s  P a c i f i c  Nor thwest  L a b o r a t o r y  

(PNL). There i s  e x t e n s i v e  f a s t  r e a c t o r  (EBR-11) exper ience  on A I S 1  316; 
two hea ts  were i n c l u d e d  i n  MFE-1 t o  compare E B R - I 1  and ORR i r r a d i a t i o n s .  

Phase s t a b i l i t y  i n  n o m i n a l l y  s o l i d  s o l u t i o n  a l l o y s  i s  b e i n g  s t u d i e d  w i t h  

a l l o y s  D9, 011, D9-Cl and 011-B1; t h e  f i r s t  two a l l o y s  have e x h i b i t e d  ex-  

t e n s i v e  molybdenum-rich secondary p r e c i p i t a t i o n  d u r i n g  E B R - I 1  i r r a d i a t i o n .  

The b i n a r y  a l l o y s  were i n c l u d e d  t o  s t u d y  s o l u t e  s e g r e g a t i o n  e f f e c t s  ana 

s w e l l i n g  v a r i a b i l i t y  w i t h  compos i t i on .  S t r e n g t h e n i n g  phase r e d i s t r i b u t i o n  
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ef fec t s  i n  precipitat ion hardened alloys are being studied for  the y '  phase 
with Nimonic PE16 and D25, and fo r  the y"  phase with Inconel 706. Two heats 
and d i f fe ren t  solutioning temperatures fo r  Nimonic PE16 were ipcluded t o  in- 
vestigate carbide redis t r ibut ion.  Precipitat ion o f  secondary precipi ta tes  
such as G phase, n ,  and  M3B2 (enhanced helium production) i s  being studied 
with A-286, D21, D21-B1 and D25. Titanium-base a l loys  were included t o  
support mechanical properties tests being performed by the Alloy Development 
for  I r radiat ion Performance Task Group. 

VI.  REFERENCES 

1 .  J .  W .  Woods, A .  F. Zulliger and E. E .  Bloom, "Status of ORR-MFE-1 
and - 2  Irradiation Experiments," ADIP Progress Report, April 1978. 

VI. FUTURE WORK 

The MFE-1 experiment i s  expected t o  be removed from the reactor in June 
1978. Post- irradiation examination of selected specimens will be i n i t i a t ed  
shor t ly  a f t e r  t e s t  disassembly . 
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A l l o y  S e r i e s  
Des i q n a t i o n  

Fe-Ni - C r  Te rnary  

Pure N i  

A I S 1  316 

TABLE 1 
OAFS 

MFE-1 TEST MATRIX 

TEM SPECIMENS 

ma 
E39 (Fe-ZONi-7.5Cr) 
E19 (Fe-20Ni-15Cr)  
E20 (Fe-25Ni - 1 5Cr)T 
E21 (Fe-30Ni-15Cr)  
E37 (Fe-35Ni-7.5Cr)  
E22 (Fe-35Ni-15Cr)T 
E38 (Fe-35Ni-20Cr) 
E23 (Fe-45Ni-15Cr)T 
E24 (Fe-75Ni-15Cr)T 
E36 (Fe-85Ni-15Cr) 

NRL h e a t  
BNW h e a t  

M2783 
N-Lot 

Phase S t a b i  1 i ty 09 
D9 
D9 
09 
09-Cl 
D9-Cl 
01 1 
01 1-81 

B i n a r y  A l l o y s  Ni-Be 
N i - S i  
N i - S i * *  
Ni-Mo 
N i - T i  
N i  -A1 
N i  -A1 ** 
Ni-Cu 

y' Redi s tri b u t  i on Nirnonic PE16 
Nimonic PE16 

b Hea t  Treatment  

1038"C/1 hr/AC 
1038"C/1 hr/AC 
1038"C/1 hr/AC 
1038"C/1 hr/AC 
1038"C/1 hr/AC 
1038"C/1 hr/AC 
1038" C/ 1 h r /  AC 
1038"C/1 hr/AC 
1038"C/1 hr/AC 
1038"C/1 hr/AC 

* 
700°C/2 hr/AC 

20% cw 
20% cw 
11OO0C/O.25 hr/AC 
10% cw 
20% cw 
30% CW 
20% cw 
llOOoC/O.25 h r / A C  
11OO0C/0.25 hr/AC 
1 l O O " C / O  .25 hr/AC 

9OO0C/3 hr /FC a t  Tor r (ANL)  
900°C/3 hr/FC a t  l o u 6  Torr (ANL)  
9OO0C/3 hr/FC a t  Torr(Al4L) 
9OO0C/3 hr /FC a t  Tor r (ANL)  
900°C/3 hr/FC a t  Tor r (ANL)  
9OO0C/3 hr /FC a t  Tor r (ANL)  
125OoC/0.5 hr/WQ 
7OO0C/2 hr/AC 

1038"C/4 hr/AC 
1038"C/4 hr/AC + 900°C/1 hr/AC + 
750°C/8 hr/AC 
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TABLE 1 (Cont 'd )  

A l l o y  Ser ies 
Designat ion 

y" R e d i s t r i b u t i o n  

Carbide P r e c i p i t a -  
t i o n  

Minor Phase 
Forma ti on 

T i tan ium A l l oys  

Alloys 
Nimonic PE16 

D25 

Inconel  706 
Inconel 706 

Nimonic PE16 

Nimonic PE16 

Nimonic PE16** 

A-286 
A-286** 
021 

021-61 

D25 

Ti-6A1-4V 
Ti-6A1-4V 
T i  -6A1-4V 
Ti-5621 
Ti-6242 
T i  -1 5-333 

b Heat Treatment 

1038"C/4 hr/AC + 90OoC/1 hr/AC + 
750°C/8 hr/AC f 765"C/320 hr/AC 
1O5O0C/0.5 hr/AC + 7OO0C/24 hr/AC + 
80OoC/0.5 hr/AC 

1066"C/1 hr/WQ 
954"C/1 hr/WQ + 843"C/3 hr/AC + 
718"C/8 hr/FC t o  621°C h o l d  18 h r  
to ta l /AC 

1O8O0C/4 hr/AC + 90OoC/1 hr/AC + 
750°C/8 hr/AC 
115OoC/4 hr/AC f 900°C/1 hr/AC + 
750°C/8 hr/AC 
1O8O0C/4 hr/AC + 90OoC/1 hr/AC + 
75OoC/8 hr/AC 

982"C/1 hr /AC f 718"C/16 hr/AC 
982"C/1 hr/AC + 718"C/16 hr/AC 
105OoC/0.5 hr/AC + 7OO0C/24 hr/AC + 
8OO"C/O .5  hr/AC 
105OoC/0.5 hr/AC + 7OO0C/24 hr/AC + 
80OoC/0.5 hr/AC 
105OoC/0.5 hr/AC f 7OO0C/24 hr/AC + 
80OoC/0. 5 hr/AC 

* 
* 
* 
* 
* 
* 

a. T - Tens i l e  specimens inc luded a lso .  

* * -  D i f f e r e n t  heat.  

b. A C -  A i r  cc:oled; FC - Furnace cooled; W Q  - Water quenched 

* - Heat t reatment  performed by another l abo ra to ry .  
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I .  PROGRAM 

Title: Phase Stability in Irradiated Metals 
Principal Investigator: Kenneth C. Russell 
Affiliation: Department of Materials Science and Engineering, 

Massachusetts Institute of Technology 

11. OBJECTIVE 

The objective is to model the stability o f  incoherent precipitates 
under irradiation. 

111. RELEVANT DAFS PROS RAM PLAN TASK/SUBTASK 

SUBTASK II.C.1.2 Effect of Material Parameters on Microstructure/ 
Modelling and Analysis. 

IV. SUMMARY 

A computer solution is given for a mathematical model describing the 
formation of incoherent precipitates from dilute solutions of substitution- 
al impurities. Irradiation increases the calculated steady state nuclea- 
tion rates by many orders of magnitude to cause precipitation when even 
substantial solute supersaturations are by themselves inadequate. The 
effect of interstitial capture and radiation dissolution is to decrease 
the nucleation rate, but by factors small compared to the catastrophic 
enhancement effect o f  irradiation induced vacancies. Impurity drag, which 
is not a factor for oversized Ge atoms but should be operative for the 
smaller Si atoms in Al, is not included in the model. With this simplifi- 
cation, similar results are obtained for both the Si-A1 and Ge-A1 systems. 
The results of the calculations are in agreement with the experimental 
work on precipitation in quenched or irradiated A1-Si alloys. 
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V .  ACCOMPLISHMENTS AND STATUS 

A. The E f f e c t  o f  I r r a d i a t i o n  on t h e  N u c l e a t i o n  o f  Incoheren t  S i  

P r e c i p i t a t e s  i n  A1-Si A l l o y s  -- M.R. Mruz ik  (M.I.T,) and K.C.  Russe l l  

(M.I.T.) 

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

The r e l a t i v e  s t a b i l i t y  o f  v a r i o u s  a tomic  s t r u c t u r e s  can be 

1-3 
d r a s t i c a l l y  d i s r u p t e d  by t h e  energy and mass f l u x e s  c h a r a c t e r i s t i c  o f  

neut ron,  e l e c t r o n ,  o r  heavy i o n  bombardment . 

A t h e ~ r y ~ - ~ o f  t h e  phase s t a b i l i t y  o f  i n c o h e r e n t  p r e c i p i t a t e s  

under i r r a d i a t i o n  was r e c e n t l y  developed, which may be a p p l i e d  t o  p r e c i p i -  

t a t e  n u c l e a t i o n .  T h e  comp le te  mathemat ica l  model c o n s i s t s  o f  a sys tem of 

f i r s t  o r d e r  d i f f e r e n t i a l  equa t ions  d e s c r i b i n g  t h e  t i m e  dependent concen- 

t r a t i o n s  o f  p r e c i p i t a t e s  o f  a l l  s i z e s  and excess vacancy c o n t e n t s .  

though no s i m p l e  a n a l y t i c  s o l u t i o n  e x i s t s ,  an e x a c t  d e t e r m i n a t i o n  o f  t h i s  

system has been accompl ished i n  t h i s  paper by numer ica l  techn iques  u s i n g  

m a t e r i a l s  parameters a p p r o p r i a t e  f o r  d i l u t e  A1-Si a l l o y s .  Recent e x p e r i -  

menta l  

son o f  r e s u l t s .  

A l -  

of these  a l l o y s  p r o v i d e  a conven ien t  b a s i s  f o r  a compari-  

2. Numerical  Computat ion 

A system o f  f i r s t  o r d e r  d i f f e r e n t i a l  equa t ions  i s  genera ted  

by w r i t i n g  a o / a t  (where p = p r e c i p i t a t e  number d e n s i t y )  f o r  every p r e c i p i -  

t a t e  s i z e  c l a s s  (n,x) ( n  = excess vacancies,  x = s o l u t e  atoms) i n  some 

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

so l a r g e  t h a t  u s i n g  an average v a l u e  f o r  even a sma l l  sub- reg ion  i s  n o t  

p r a c t i c a l .  The r e g i o n  i n  (n,x) space necessary t o  a c c u r a t e l y  de te rm ine  

s teady  s t a t e  n u c l e a t i o n  r a t e s  was chosen so  t h a t  a l l  s i z e  c l a s s e s  l v i n g  

o u t s i d e  a r e c t a n g u l a r  a rea  have z e r o  d e n s i t i e s .  R e f l e c t i n g  boundary 
c o n d i t i o n s ,  which p r e v e n t  any n e t  m i g r a t i n g  a f  p r e c i p i t a t e s  across t h e  

D e n s i t y  v a r i a t i o n s  between a d j a c e n t  s i z e  c l a s s e s  a r e  
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boundary, have been applied on three sides. 
boundary i s  chosen to  maximize the area in ( n , x )  space a n d  t o  include the 

c r i t i c a l  sized (n*,x*) precipi ta te .  Mass t r a n s p o r t  across t h i s  absorbing 
boundary occurs in only one direct ion ( i . e .  t o  larger x ) .  
subscript  ( n , x )  ident i f ing each s ize  c lass  may be replaced with a s ingle  
monotonically increasing integer i = n+(x- l ) (n  t l ) ,  where n 
t h e  maximum values o f  n and  x respectively in the region of in te res t .  
Using vector notation, our system of eq::ations may thus be written as 

I T ,  A i s  a banded (imaxx imax)  a b / a t  = A6 where E = bP1'p2, ... 
matrix whose components are functions of the  capture and emission ra tes  

{ B V ,  8,,  av. a x ) ,  m 
classes considered. 

The location o f  the remaining 

The usual double 

and xm a re  m m 

imax 

and imax = (nmt l )x  -1 i s  the to ta l  number of s i ze  

Although computer storage requirements require an  imax 2 

Region s i ze  i s  thus n o t  o f  cru- 
1500, several computations using d i f fe ren t  s i ze  regions of  (n,x) space 
gave nearly identical  nucleation ra tes .  
c i a l  importance. 
values of p i  t o  those along the ref lect ing boundary approached one googol 
and since the c r i t i c a l  s ize  c lass  (n*,x*) was always included in the  region 

This i s  not surprising since the r a t i o  of the la rges t  

By establishing fixed concentrations of vacancies Cv and 
solute  atoms C,, the steady s t a t e  densi t ies  ( and  nucleation r a t e s )  may be 
obtained by solving A ' p  = c. I n  t h i s  expression A '  has been modified 
t o  eliminate those components involving the  densi t ies  p ( 0 , l )  = Cx/nm and 
p( l ,O)  = Cv/nm which cons t i tu te  the  only non-zero components of the vector 
c .  The corresponding f r ee  energies a r e  simply hG(0,l) = -kgTlnCx and 
aG(1,O) = -kBTlnCv. 
of a a /  a t =  A p" by f i r s t  factoring A '  i n to  upper  and lower t r iangular  
matrices and then obtaining p by recursion. 
negligible as verif ied by monitoring the  residuals 6 .  The steady s t a t e  
nucleation r a t e  i s  simply the calculated value of Jx  which i s  now inde- 
pendent o f  x. 

- 

Sparse matrix techniques permitted an exact solution 

The error o f  these steps was 
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3. R e s u l t s  

An advantage o f  t h e  model i s  v e r s a t i l i t y  i n  t h a t  a d d i t i o n a l  

mechanisms such as i n t e r s t i t i a l  c a p t u r e  o r  r a d i a t i o n  d i s s o l u t i o n  may be 

e a s i l y  i n c l u d e d .  The e f f e c t  o f  i n t e r s t i t i a l  c a p t u r e  on s teady  s t a t e  

n u c l e a t i o n  i s  i l l u s t r a t e d  i n  F ig .  ( 1 )  f o r  S i  p r e c i p i t a t e s .  I n c r e a s i n g  t h e  

i n t e r s t i t i a l  c a p t u r e  r a t e  B decreases t h e  n u c l e a t i o n  r a t e ,  b u t  w i t h  

p r o g r e s s i v e l y  l e s s  e f f e c t  as t h e  r a t i o  Bi/Ev i nc reases  f r o m  zero.  

decrease i s  seen t o  be m i n o r  compared t o  t h e  enhancement due t o  t h e  excess 

vacancies.  As Bi/BV approaches u n i t y ,  t h e  n u c l e a t i o n  r a t e  must approach 

z e r o  and t h i s  l a t t e r  d e c l i n e  i s  r e l a t i v e l y  p r e c i p i t o u s  f o r  pi/@, 2 U.99. 

The c a t a s t r o p h i c  enhancement e f f e c t  ( f a c t o r s  o f  1U 

however, remains o v e r  t h e  e n t i r e  range o f  Bi/6,. 

i 
T h i s  

5U ) o f  excess vacanc ies,  

I n  genera l ,  n u c l e a t i o n  i s  enhanced f o r  l a r g e r  supersa tu ra-  

t i o n s  and, a l l  e l s e  b e i n g  equal ,  i n c r e a s e d  temperature .  

damage r a t e  and composi t ion,  however, t h e  enhancement caused by a temper- 

a t u r e  i n c r e a s e  may be overwhelmed by t h e  commensurate decrease o f  s o l u t e  

and vacancy s u p e r s a t u r a t i o n .  

A t  a c o n s t a n t  

Exper imenta l  d i f f i c u l t i e s ,  which l i m i t  t h e  a c c u r a t e  

measurement and even o b s e r v a t i o n  o f  many n u c l e a t i o n  r e l a t e d  phenomena, 

f r u s t r a t e  a complete comparison w i t h  o u r  h i g h l y  q u a n t i t i v e  t h e o r e t i c a l  

p r e d i c t i o n s .  

p r e c i p i t a t e  d e n s i t i e s  as a f u n c t i o n  o f  sample p r e p a r a t i o n ;  b u t  n o t  e a r l y  

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

process.  For  example, exper imen ta l  o b s e r v a t i o n s  t e n d  t o  r e p o r t  h i g h l y  

non- spher i ca l  ( r o d  shaped) p r e c i p i t a t e s  which a r e  d i c t a t e d  m o s t l y  a t  l o n g  

t i m e s  b y  i n t e r f a c i a l  a t tachment  k i n e t i c s  and n o t  t h e  s p h e r i c a l  forms which 

a r e  t h e  r u l e  a t  t h e  n u c l e a t i o n  s t a g e  where thermodynamics dominates. 

The exper iments  do conform w i t h  t h e  t h e o r e t i c a l  model, however, t o  t h e  

e x t e n t  t h a t  p r e c i p i t a t e s  a r e  o n l y  observed under those  c i rcumstances where 

n u c l e a t i o n  i s  t h e o r e t i c a l l y  p r e d i c t e d  by t h i s  model on t h e  l z b o r a t o r y  t i m e  
s c a l e .  

I n  genera l ,  t h e  exper imen ta l  work p r o v i d e s  s teady s t a t e  
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FIGURE 1.  The Steady State  Nucleation Rate JS(m-3~-1) f o r  S i 4 1  a t  25°C 
as a Function o f  the Biasing Ratio ( f 3 i / ~ v ) ,  and Solute and 
Vacancy Supersaturations. 
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The next step in modelling will be to study the stability of oxide- 
dispersal strengthened alloys under pulsed irradiation. 
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I. PROGRAM 

Ti t le :  Effects of I r radiat ion on Fusion Reactor Materials 
Principal Investigator: F. V.  Nolfi, J r .  
Aff i l ia t ion:  Argonne National Laboratory 

11. OBJECTIVE 

The objective of t h i s  work i s  t o  determine the microstructural evolu- 
t i o n ,  d u r i n g  i r rad ia t ion ,  of f i rs t-wal l  materials w i t h  special emphasis on 
the e f fec t s  of helium production, displacement damage and ra tes ,  and 
temperature. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.2.1 Mobility, Distribution, and Bubble Nucleation 

IV. SUMMARY 

Single and dual-ion i r rad ia t ions  o f  an Fe-2ONi-15Cr ternary a l loy,  a 
V-15Cr binary a l loy,  and selected Ti al loys (Ti-64, Ti-811, and Ti-15333) 

have been performed over a range of doses, helium t o  dpa r a t i o s ,  and  tem- 
peratures. For the Fe-ZONi-15Cr a l loy ,  a dose dependence study a t  7 O O O C  
revealed t ha t  specimens injected w i t h  helium a t  a r a t e  of 50:l (appm He: 
dpa) exhibited less  swelling t h a n  specimens injected a t  15:1, and t h a t  this 
lower swelling i s  associated w i t h  higher cavity number densi t ies  and de- 
creased cavity growth rates. Furthermore, the simultaneous inject ion of 
helium d i d  n o t  cause a s ign i f ican t  change in the peak swelling temperature 
of t h i s  a l loy b u t  did tend t o  i nh ib i t  cavity growth a t  h igher  temperatures. 

A dose dependence study (5-55 dpa)  on the V-15Cr a l loy a t  650" reveal- 
ed *20% void swelling a t  55 dpa w i t h  void diameters approaching 900 A. 
irradiation-induced precipi ta t ion occurred a t  any o f  the doses, b u t  consid- 
erable solute  (Cr) enrichment near the  surface (*50%) was observed by 

0 

No 
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Auger spectroscopy. 

t o o  deep t o  be G ibbs ian  i n  nature .  

gates t o  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 p r o v i d e  t h e  f i r s t  exper imen ta l  

ev idence o f  i r r a d i a t i o n - i n d u c e d  s o l u t e  s e g r e g a t i o n  i n  bcc a l l o y s .  

The depth o f  C r  r e d i s t r i b u t i o n  was ~ 1 0 0 0  !, which i s  

These r e s u l t s  suggest t h a t  C r  segre-  

V. ACCOMPLISHMENTS AND STATUS 

M i c r o s t r u c t u r e  o f  I r r a d i a t e d  Fus ion  Reac to r  F i r s t - w a l l  M a t e r i a l s  -- 
S. C. Agarwal and G. A y r a u l t  

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

One o f  t h e  m a j o r  problems i n  t h e  deve l ipment  o f  s t r u c t u r a l  a l l o y s  

f o r  use i n  f u s i o n  r e a c t o r s  (FR) i s  t h e  l a c k  o f  s u i t a b l e  m a t e r i a l s - t e s t i n g  
f a c i l i t i e s .  T h i s  o b t a i n s  because o p e r a t i n g  f u s i o n  r e a c t o r s ,  even o f  t h e  

exper imen ta l  s i z e ,  do n o t  e x i s t .  A p r i m a r y  t a s k  i n  t h e  e a r l y  s tages o f  FR 

a l l o y  development w i l l  be t o  adapt  c u r r e n t l y  a v a i l a b l e  i r r a d i a t i o n  f a c i l i -  

t i e s  f o r  use i n  m a t e r i a l s  development. 

t h a t ,  a t  l e a s t  f o r  t h e  n e x t  s e v e r a l  y e a r s ,  s t u d i e s  o f  i r r a d i a t i o n  e f f e c t s  

i n  an FR env i ronment  on t h e  m i c r o s t r u c t u r e  and mechanical  p r o p e r t i e s  o f  

s t r u c t u r a l  m a t e r i a l s  must u t i l i z e  i o n  and f i s s i o n - n e u t r o n  s i m u l a t i o n s .  

S p e c i a l  problems w i l l  a r i s e  because, i n  a d d i t i o n  t o  d isp lacement  damage, 

an F R- r a d i a t i o n  env i rcnment  w i l l  produce, i n  cand ida te  s t r u c t u r a l  m a t e r i -  

a l s ,  h i g h e r  and more s i g n i f i c a n t  c o n c e n t r a t i o n s  o f  gaseous n u c l e a r  t r a n s-  

m u t a t i o n  p roduc ts  (e.g., h e l i u m  and hydrogen) t h a n  found  i n  a f a s t - b r e e d e r  
r e a c t o r .  These e f f e c t s  must be taken i n t o  account  when s i m u l a t i o n  t e c h-  
n iques a r e  employed, s i n c e  they  impact  h e a v i l y  upon i r r a d i a t i o n  m i c r o-  
s t r u c t u r e  development and, hence, mechanical  p r o p e r t i e s .  

Thus, i t  i s  g e n e r a l l y  recogn ized  

2. R e s u l t s  and D i s c u s s i o n  

I n  o r d e r  t o  s t u d y  t h e  e f f e c t s  on m i c r o s t r u c t u r e  o f  r a d i a t i o n  dam- 

age and s imul taneous d isp lacement  damage and h e l i u m  p r o d u c t i o n  t h a t  w ; l l  

o c c u r  i n  s t r u c t u r a l  m a t e r i a l s  i n  FRs, t h e  f o l l o w i n g  i n v e s t i g a t i o n s  were 
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performed. 

A. Dual-ion I r radiat ion of an Fe-15Cr-20Ni Alloy_ 

Annealed specimens o f  t h i s  experimental aus ten i t i c  al loy were 
i r radiated simultaneously with a 3.0-MeV 58Nit beam and a degraded 0.95-MeV 
3Het beam a t  the ANL Dual-ion I r radiat ion Fac i l i ty ,  Fig. 1 ,  and subsequent- 
ly  examined by transmission electron microscopy (TEM). Nominal dose levels 
ranged from 3-25 dpa, the dose ra te  was %3 x dpa-s- ' ,  the i r r a d i a t i o n  
temperature was 700"C, and the nominal He(appm):dpa rat ios  were 5:1, 15:1, 
and 50:l (a 15:l He:dpa r a t i o  i s  considered typical fo r  FR operation). 
For comparative s tudies ,  specimens preinjected a t  room temperature with 15 
appm He and  i r rad ia ted  only with Ni ions were a l so  included. 
and i r rad ia t ion  temperatures were the same as above. A temperature depen- 
dence study was a l so  carried o u t  in the range 600-800OC in order t o  deter- 
mine any s h i f t  in the swelling peak associated with the high helium levels.  
For t h i s  study, the dose and He:dpa r a t i o  were held constant a t  1 2  dpa and 
15:1, respectively. 

The doses 

From the temperature dependence study, peaks in  b o t h  the swelling 
curve and cavity s ize  were observed t o  occur a t  ~650°C indicating a n  appar- 
ent weak e f fec t  of helium on the swelling peak temperatures, Fig. 2 ( the  
peak swelling temperature for t h i s  al loy is  -,700°C(1) when preinjected 
with 15 appm He and Ni-ion-irradiated a t  lo-' dpa-s- l ) .  B o t h  the cavity 
number density and dislocation density decrease with increasing tempera- 
ture  and show a plateau in the v ic in i ty  of the peak swelling temperature, 
Fig. 3. 
microstructure on He:dpa r a t i o  was observed, Fig. 4. A bimodal s ize  dis-  
t r ibut ion of cav i t i es  was found t o  pers i s t  t o  %25 dpa in the 50:l speci- 
mens and t o  %6 dpa in the 15:l specimens. For b o t h  He:dpa r a t i o s ,  the 
cavity number density decreased with increasing dose, Fig. 5 ,  and  was 
generally higher fo r  the 50:l He:dpa ra t io .  In contrast ,  the dislocation 
density was nearly independent of dose and He:dpa r a t i o ,  Fig. 6. 
study also showed tha t  u p  t o  %6 dpa ,  the swelling i s  comparable fo r  b o t h  

In the dose dependence study, a strong dependence of cavity 

This 
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AN0 HELIUM INJECTION 

FIGURE 1.  Schematic o f  ANL Dual-Ion Irradiation System. 
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FIGURE 2. 
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Temperature dependence of swel l ing  and cav i ty  s i z e  i n  Fe-20Ni- 
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FIGURE 3. 
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Temperature dependence o f  the dislocation and cavity number 
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Dose dependence o f  dislocation density in Fe-2ONi-15Cr 
dpaes-’, temperature = 7 O O O C ) .  
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V .  ACCOMPLISHMENTS A N D  STATUS 

A .  Transport Theoretical Studies of Damaqe Production --  T. J .  
Hoffman ( U C C N D  Computer Sciences Division), H .  L .  Dodds, J r .  (University 
o f  Tennessee, Knoxville), M .  T .  Robinson ( O R N L ) ,  and 0 .  K. Holmes ( O R N L )  

In previous research," ) i t  was shown t h a t  the neutral pa r t i c l e  
d i sc re te  ordinates computer code ANISN could be used to  calculate  sput- 
tering yie lds  i f  provided with a su i tab le  multigroup cross section t a b l e  
t o  describe the  relevant atomic scat ter ing problems. 
t o  ANISN i t s e l f  were required t o  t r e a t  charged pa r t i c l e  transport .  
Instead, the tota l  macroscopic cross section was modified t o  account 
fo r  e lect ronic  excitat ions and small-scattering-angle e l a s t i c  interac-  
t ions.  T h e  cross section table  was based on  the wel l- known aooroximate 

No modifications 

treatment of atomic scat ter ing of Lindhard and h i s  co-workerk'(2) with 
1 - 1  

low energy modifications a s  given by Sigmund."' 

Although the one-dimensional ANISN code was suf f ic ien t  fo r  the sput- 
tering problems investigated before, most applications of transport  
theory must use two- or even three-dimensional models. 
cylindrical  symet ry  of a co l l i s ion  cascade in  an amorphous medium 
requires two-dimensional calculat ions .  
the two-dimensional d i sc re te  ordinates code DOT. (4 )  
Monte Carlo transport  code 
section tables  as do ANISN and DOT. 
p a r t i c l e  range and  energy deposition calculations i s  b e i n g  explored. 
They have  the po ten t ia l i ty  of supplying superior replacements fo r  exis t ing 

(6) codes such as E- DEP- 1.  

For example, the 

These may be accomplished u s i n g  
The three-dimensional 

a l s o  uses t h e  same kind of cross 
The appl icab i l i ty  of these codes t o  

Both ANISN and MORSE have been used t o  calculate  range d i s t r ibu t ions  
for  100-keV lg6Au atoms recoil ing in  Au.  
of available calculations using the atomistic code MARLOWE and a lso 
because experimental data a r e  available.  ( 7 )  

T h i s  case i s  o f  i n t e r e s t  because 

The ANISN and MORSE mean 



DOSE (dpo) 

FIGURE 7 .  
(dose r a t e  = 3 x 

Dose dependence of swelling in Fe-2ONi-15Cr 
dpa-s-’, temperature = 700°C). 
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Transmission-electron micrographs o f  the v o i d  popu la t ion  obta ined 
under absorpt ion c o n t r a s t  cond i t i ons  i n  samples i r r a d i a t e d  a t  650°C t o  

peak doses o f  5, 15, 30, and 60 dpa a re  shown i n  Fig. 8. 
i n  v o i d  s i z e  occurs w i t h  an increase i n  dose, bu t  no obvious change i n  

number dens i t y  i s  apparent. Contro l  samples t h a t  were sh ie lded from the  
i o n  beam were a l s o  mounted i n  the i r r a d i a t i o n  r i g  t o  ensure the same the r-  

mal h i s t o r y  as the  i r r a d i a t e d  samples. Micrographs showed t h a t  t he  con- 
t r o l  samples were very c lean and were charac ter ized  by a low d i s l o c a t i o n  

dens i t y  (% lo  cm ). 

A s t rong increase 

8 -2 

The e f f e c t  o f  dose on the  d i s l o c a t i o n  mic ros t ruc tu re ,  imaged under 

two-beam cond i t ions  us ing  a {110} d i f f r a c t e d  beam i n  an 10011 f o i l ,  i s  

shown i n  Fig. 9. An in te rconnec ted  c e l l u l a r  d i s l o c a t i o n  s t r u c t u r e  i s  ob- 
served a t  5 dpa, which coarsens and s t a b i l i z e s  by %27 dpa. Regions o f  
lower d i s l o c a t i o n  dens i t y  appear t o  con ta in  t he  m a j o r i t y  o f  t h e  voids. 

Th is  c o r r e l a t i o n  i s  more c l e a r l y  demonstrated i n  Fig. 10. 
micrograph shows an area i n  t he  27-dpa specimen imaged under s t rong  d i s -  

l o c a t i o n  c o n t r a s t  cond i t ions ,  and the  lower micrograph shows the  same 

area under absorp t ion  c o n t r a s t  cond i t i ons  t o  enhance the  v i s i b i l i t y  o f  

t he  vo id  mic ros t ruc tu re .  

The upper 

Q u a n t i t a t i v e  v e r i f i c a t i o n  o f  the general s w e l l i n g  behavior presented 

i n  Figs. 9 and 10 was a l s o  obtained. 

v o i d  diameter as a f u n c t i o n  o f  i r r a d i a t i o n  dose a t  650'C. 

v o i d  diameter increases l i n e a r l y  w i t h  dose, f rom %75 a t  5 dpa t o  more 

than 900 The void-number dens i t y  and t o t a l  s w e l l i n g  ( A V / V )  

are  p l o t t e d  as a f u n c t i o n  o f  dose i n  Fig. 12. 
crease i n  number dens i t y  occurs between 5 and 55 dpa, t h e  l a r g e  increase 

i n  v o i d  s i z e  over t h i s  damage regime r e s u l t s  i n  a dramatic increase i n  

t o t a l  swe l l ing .  A c o r r e c t i o n  i s  inc luded i n  t h e  c a l c u l a t e d  t o t a l  s w e l l i n g  

r e s u l t s  t o  account f o r  t he  vo ids t h a t  i n t e r s e c t  t he  f o i l  surface. Since 

t h e  f o i l  th ickness va r i es  between 1000 and 2000 A, t h i s  c o r r e c t i o n  i s  i n -  

s i g n i f i c a n t  a t  t h e  lower doses. 

(1200 i) and v o i d  s i z e  (900 A T  are comparable, and t h i s  in t roduces a l a r g e  

F igure  11 'gives the  measured average 

The average 

a t  55 dpa. 
Al though o n l y  a s l i g h t  i n -  

0 

However, a t  55 dpa the f o i l  th ickness 
0 
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FIGURE 8. Absorption contrast micrographs of V-15Cr 
specimens irradiated a t  65OoC to different dose levels.  
(a) 5 dpa, ( b )  1 1  dpa, ( c )  27 dpa, and ( d )  55 dpa. 
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FIGURE 9. Dislocation contrast micrographs of V-15Cr 
specimens irradiated a t  650°C to different dose levels.  
(a )  5 dpa, (b) 27 dpa,  and ( c )  55 dpa. 
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s e n s i t i v i t y  t o  the  choice o f  in te ra tomic  p o t e n t i a l ,  us ing two computational 
methods . 

have been performed by t h e  dynamical method, (11’12) the b ina ry  c o l l i s i o n  
method,(13y14) and the  quasi-dynamical method. (’ ’’ 6, From a c a l c u l a t i o n a l  
p o i n t  o f  view, t h e  dynamical method, which incorporates a many-body t r e a t -  
ment, i s  i d e a l l y  s u i t e d  t o  the  ana lys is  o f  low energy cascades, i n  general, 
and replacement sequences, i n  p a r t i c u l a r .  
considerable computer memory and r e l a t i v e l y  long run times, making compu- 
t a t i o n  expensive. 

considers on ly  s i n g l e  i n t e r a c t i o n s  between i n d i v i d u a l  p a i r s  o f  atoms a t  
any s p e c i f i c  t ime dur ing  the  evo lu t i on  o f  a sequence. Although such calcu-  
l a t i o n s  are very fas t ,  they cannot accura te ly  s imulate replacement sequences 
which requ i re  cons idera t ion  o f  many r e l a t i v e l y  weak fo rces  a r i s i n g  from 
m u l t i p l e  simultaneous in te rac t i ons .  (17) 
intended t o  combine much o f  the  accuracy and rea l i sm o f  t he  dynamical 
method wi th the  speed and economy o f  the  b ina ry  c o l l i s i o n  method. 
quasi-dynamical method cons is ts  o f  a r e s t r i c t e d  many-body treatment w i t h  
var ious c a l c u l a t i o n a l  parameters which may be s e t  so as t o  approximate t h e  
dynamical method as c l o s e l y  as desired. The key t o  e f f i c i e n t  a p p l i c a t i o n  
o f  t h i s  method l i e s  i n  s e t t i n g  t h e  c a l c u l a t i o n a l  parameters i n  a optimum 

way, i.e., so as t o  y i e l d  acceptable accuracy a t  reasonably h igh  computa- 
t i o n a l  speeds. 

The procedure fo l lowed i n  t h i s  study cons is ts  o f  us ing  a 

dynamical code, COMENT, (I2’ t o  charac ter ize  the expected behavior f o r  a 
given i n i t i a l  PKA momentum vector  and a p a r t i c u l a r  choice o f  in te ra tomic  

p o t e n t i a l  funct ion.  Parameters are adjusted i n  the  quasi-dynamical code 
ADDES(16) t o  ob ta in  both acceptable agreement between the  two methods and 
t o  e s t a b l i s h  a r e l a t i v e  accuracy f o r  the  quasi-dynamical method. ADDES i s  
then employed t o  economically charac ter ize  the  behavior o f  the  th ree we1 1- 
es tab l ished types o f  f c c  replacement sequences (<110>, <loo>, <111>) over a 

wide range o f  energies and angular deviat ions,  thus es tab l i sh ing  theore t-  

i c a l  bounds on replacement sequence behavior. 

A tomis t ic  computer s imula t ions  o f  r a d i a t i o n  damage product ion 

However, t h i s  method requ i res  

The b ina ry  c o l l i s i o n  method, as i t s  name suggests, 

The quasi-dynamical method i s  

The 

90 

degree o f  accuracy i n  a usua l l y  simple in tera tomic  p o t e n t i a l  func t ion .  A t  



0 V-15 wt % Cr 
A UNALLOYED V 

0.01 
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DOSE ldpo) 

FIGURE 12.  Void number dens i ty  and ca lcula ted  t o t a l  
swell ing f o r  V-15Cr as a funct ion of t o t a l  dose. The 
t o t a l  swell ing of the  unalloyed V s tock is  a l s o  shown. 
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correction fo r  surface voids. 
ing the correction ( u p p e r  l i m i t ) ,  i s  42%; without the correction, the value 
of to ta l  swelling a t  55 dpa i s  8.5% (lower l imi t )  so t ha t  we estimate the 
actual swelling t o  be ~ 2 0 %  a t  t h i s  dose. 

The computed swelling a t  t h i s  dose, includ- 

Figure 12 a lso  shows the swelling curve for the unalloyed V of the 
same stock i r radiated under essent ia l ly  identical  conditions in a previous 
study. ( 2 )  In  unalloyed V ,  the swelling i n i t i a l l y  increases with dose t o  a 
peak value of %0.4% a t  ~ 1 4  dpa ,  and then decreases as the dose increases. 
This decrease in swelling a t  higher doses i s  accompanied by an increasing- 
ly high density o f  irradiation-induced coherent {012}-type precipitates.  
These precipi ta tes  appear t o  be associated with the presence of i n t e r s t i -  
t i a l  impurities ( C ,  0 ,  and N ) .  (3)  

Work on the temperature dependence o f  the single-ion and dual-ion 
i r radiated specimens of V-15Cr i s  in progress. 

Auger spectroscopy measurements on t h i s  V-15Cr alloy have been per- 
formed by L. E. Rehn under  Basic Energy Sciences (BES) funding and a re  re- 
ported here because of t h e i r  significance w i t h  respect t o  radiation e f fec t s  
in V alloys. 
specimens showed tha t  Cr segregates t o  the surface (and presumably t o  
other point-defect s inks)  during i r radiat ion.  
the surface was %45% a f t e r  15 dpa, which i s  a fac tor  of three larger  than 
the average concentration in the bulk ( ~ 1 5 % ) ,  F ig .  13. Profi l ing of the 
segregation by sputtering away surface layers showed a subsurface region 
reduced in Cr concentration and a return t o  essen t ia l ly  bulk value a t  a 
depth of ~ 1 0 0 0  A from the original  surface. This d e p t h  i s  too large fo r  
the segregation t o  have been Gibbsian in nature and suggests i r radia t ion-  
induced segregation. 

Auger studies of the surface of i r radia ted and unirradiated 

The Cr concentration near 

0 

Cr i s  undersized i n  V and causes a fractional change in l a t t i c e  para- 
meter per atom fract ion of solute  equal t o  -6%. (4)  The observed enrichment 

of Cr a t  the surface,  which serves as a sink fo r  bo th  i n t e r s i t i t a l -  and 
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FIGURE 13. Cr concentration vs. depth p r o f i l e s  for 
an un i r r ad ia t ed  cont ro l  (0  dpa) and two i r r a d i a t e d  
specimens (15 and 60 dpa peak dose) .  
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vacancy-type defects, i s  t he re fo re  cons is ten t  w i t h  t h e  s i z e- e f f e c t  p red ic -  
t i o n  o f  Okamoto and Wiedersich. (5 )  S i m i l a r  measurements a t  our  Laboratory 

on V- ion- i r rad ia ted  V-4Si a l s o  show enrichment o f  t h e  undersize S i  a t o m  

a t  the  surface. An attempt t o  p r o f i l e  the  overs ize  s o l u t e  T i  i n  a V-1OTi 

a l l o y  was n o t  successful  because o f  i n te r fe rence  between the T i ,  V, and N 

Auger t r a n s i t i o n s .  However, the  sur face enrichment o f  C r  and S i  i n  V i n d i -  
cates t h a t  t h e  s ign  o f  the  s o l u t e  m i s f i t  parameter may determine the  d i rec-  

t i o n  o f  s u b s t i t u t i o n a l  s o l u t e  segregat ion dur ing  i r r a d i a t i o n  a t  e levated 
temperatures i n  b ina ry  a l l o y s  o f  body-centered-cubic (bcc) V as w e l l  as i n  

f c c  N i .  (6' 
s ions: 

The r e s u l t s  o f  the  present work suggest the  f o l l o w i n g  conclu- 

(a) The sweJl ing i n  V-15Cr increases r a p i d l y  w i t h  dose a t  61OOC and 
i s  much g rea te r  than f o r  unal loyed V a t  h igh  doses; no p r e c i p i t a t i o n  a t  any 
dose i s  observed i n  V-15Cr. These observat ions are  cons is ten t  w i t h  the  

t h e s i s  t h a t  r e f r a c t o r y  a l l o y s  tend t o  be low s w e l l i n g  because o f  a general 
p ropens i ty  toward p r e c i p i t a t i o n  dur ing  i r r a d i a t i o n .  

du r ing  i r r a d i a t i o n  o f  V-15Cr and prov ide  t h e  f i r s t  d i r e c t  experimental 
evidence f o r  i r rad ia t i on- induced  segregat ion o f  s u b s t i t u t i o n a l  s o l u t e  atoms 

i n  a bcc a l l o y .  

(b )  The present r e s u l t s  show t h a t  C r  atoms move toward de fec t  s inks  

C. Rad ia t ion  Damage i n  Comnercial Ti-base A l l o y s  ( i n  c o l l a b o r a t i o n  

w i t h  McDonnel-Douglas Astronaut ics Corporat ion)  

T i tan ium a l l o y s  have been suggested as candidate ma te r ia l s  f o r  Frs. 

However, i n fo rma t ion  regarding t h e i r  response t o  displacement producing 

r a d i a t i o n  i s  sparse and nonexistent  f o r  concurrent  h igh  hel ium product ion.  

Three comnon Ti-base commercial ,al loys, Ti-64 ( 6  w t  % A1 - 4 w t  % V ) ,  
Ti-811 (8  w t  % A1 - 1 w t  % Mo - 1 w t  % V )  and Ti-15333 (15 w t  % V - 3 w t  % 

C r  - 3 w t  % A1 - 3 w t  % Sn) were i r r a d i a t e d  w i t h  2.4-MeV 51Vt ions, and 

a l s o  dua l- ion  i r r a d i a t e d  w i t h  V+ and 0.95-MeV degraded He ions. The ir- 

r a d i a t i o n  temperatures were 450, 550, and 65OOC. For the  s ing le- ion  i r- 

r a d i a t i o n s  t h e  dose l e v e l s  ran ied  from 3 t o  25 dpa, and f o r  t h e  dua l- ion  

3 + .  
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i r radiat ions  specimens were i r radiated to  a fixed dose o f  25 dpa and 1O:l 
He:dpa ra t io .  TEM examination and data analysis of the above alloys are  
i n  progress. 

D. 

During dual-ion i r radiat ions ,  we use energy degradation o f  the 
helium beam to  reduce the range and t o  spread the dis t r ibut ion for  proper 
placement o f  injected helium i n  the heavy-ion damaged region. 
i n i t i a l  implants, Brice Code resu l t s  for He incident on nickel were used 
to  calculate energy dis t r ibut ions  of the degraded beam as a function of 
degrader fo i l  thickness and incident ion energy. The implant dis t r ibut ion 
was measured dur ing  each dual ion run using s ta in less  steel-copper calibra 
t ion s t r i p s  of variable thickness. These strips were implanted with He, 
and the 
t ions during subsequent deuteron bombardment. In these i n i t i a l  implants, 
the helium was found to  be substant ia l ly  shallower and a t  a much lower 
concentration than expected. Subsequent examination of the data and cal- 
culations indicated tha t ,  because of inaccurate stopping powers used in 
the Brice Codes, the He ranges in nickel were overestimated. Subsequent 
dual-ion experiments were performed using a thinner degrader f o i l ,  and 

3 3 the proper He energy was confirmed by energy analysis o f  the degraded He 
using Rutherford backscattering from a gold t h i n  f i lm ( the ion-beam analy- 
s i s  techniques reported here were developed by K. S .  Grabowski under BES 

funding). 

In o u r  
3 

3 
3 4 He(d,p) He reaction was used to  determine to ta l  3He concentra- 

3 
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He]. 

2. TEM examinations o f  s ing le-  and dual- ion i r r a d i a t e d  V-15Cr a l l o y  
are i n  progress [temperature dependence studies (450-650OC) a t  a dose of 
25 dpa, and 1O:l He:dpa r a t i o  f o r  t h e  dual- ion i r r a d i a t e d  samples]. 

3 .  TEM examinations of  the T i  a l l o y s  a r e  i n  progress.  
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I .  PROGRAM 

T i t l e :  I r r a d i a t i o n  Response of  Materials  
Pr inc ipa l  Inves t iga to r s :  J .  A .  Sp i tznagel ,  W .  J .  Choyke 
A f f i l i a t i o n :  Westinghouse Research and  Development Center 

11. OBJECTIVE 

The ob jec t ive  of this  work is t o  a s ses s  t h e  phenomenology and  
mechanisms of  micros t ruc tura l  evolut ion i n  ma te r i a l s  exposed t o  simul- 
taneous helium in j ec t ion  and c rea t ion  of  atomic displacement damage by a 
second ion beam. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.2.1 Helium Mobil i ty ,  D i s t r ibu t ion  and Bubble 
Nucleation 

IV. SUMMARY 

The e f f e c t s  o f  momentum t r a n s f e r ,  detrapping and radiation-enhanced 

Experiments scheduled 
d i f fus ion  of  helium i n  various mater ia l s  can be s tudied  u s i n g  t h e  e l a s t i c  
s c a t t e r i n g  o f  h i g h  energy alpha p a r t i c l e s .  (’ ’2 ’3)  

t o  s t a r t  i n  the next repor t ing  period will focus on characterizing helium 

d i s t r i b u t i o n s  i n  ion bombarded b.c.c.  metals usinq this technique. 

V .  ACCOMPLISHMENTS AND STATUS 

Work i s  scheduled t o  s t a r t  i n  June FY-78. 
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V I I .  FUTURE WORK 

Specimens o f  Mo and V s u i t a b l e  f o r  a lpha- a lpha  s c a t t e r i n g  measure- 

ments u s i n g  18 MeV a l p h a  p a r t i c l e s  w i l l  be prepared  f o r  h e l i u m  i rnp lanta-  

t i o n .  T h i n  f o i l  s tandards  o f  these  m e t a l s  w i l l  be g i v e n  s h a l l o w  s u r f a c e  

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

VIII.PUBLICATIONS 
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I. PROGRAM 

Title: Effects of Irradiation on Fusion Reactor Materials 
Principal Investigator: F. V. Nolfi, Jr. 
Affiliation: Argonne National Laboratory 

11. OBJECTIVE 

The objective of this work is to develop physically based models for 
microstructural evolution that occurs during simulated fusion reactor 
irradiation. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.2.4 Modeling 

IV. SUMMARY 

Calculations of the low-dose (< - 1 dpa) microstructural development 
have been made for nickel using a time-dependent nucleation and growth 
model that includes both interstitial and vacancy clustering. These cal- 
culations are being compared with experimental data obtained in ion- 
irradiation studies . 

V. ACCOMPLISHMENTS AND STATUS 

Microstructural Modeling -- B. Okray Hall 

1. Introduction 

A comprehensive time-dependent nucleation and growth model that 
includes dislocation loops, voids, and helium bubbles is being developed 
t o  describe the effects of simultaneous helium production and displacement 
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damage on microstructural evolution in  metals. The modeling complements 
the dual-ion i r rad ia t ion  studies and i s  designed t o  aid i n  in terpreta t ion 
of the experimental results .  

2. Results and Discussion 

A t  present, i n t e r s t i t i a l  loop nucleation and growth and void 
nucleation i n  the absence o f  helium have been studied w i t h  the time- 
dependent nucleation and growth model. 
parameters for nickel ,  show tha t  ( 1 )  loop nucleation i s  essen t ia l ly  com- 
plete  a t  very low doses (of the order of t o  dpa)  f o r  a wide 
range of dose rates and temperatures; ( 2 )  experimental dependencies o f  
loop number densi t ies  on sink-annihilation probabil i ty,  dose rate, and  
temperature can be  reproduced qua l i t a t ive ly ;  ( 3 )  the formation of  vacancy 
c lus te rs  i s  i n i t i a l l y  suppressed because the i n t e r s t i t i a l  flux i s  larger  
than the vacancy flux unt i l  quasi-steady-state i s  reached; and ( 4 )  a bias 
i s  n o t  essent ia l  f o r  loop nucleation, b u t  i s  required f o r  void nucleation, 
which occurs in the quasi-steady-state regime. 

The calculat ions ,  performed using 

In res t r ic ted  regimes, simplified models, which t r e a t  only seg- 
ments of the fu l l  problem, give resu l t s  in good numerical agreement w i t h  
those calculated using the complete model. 
t o  parameterize portions of  the problem, loop nucleation f o r  example, and 
extend the  model t o  higher doses and nonzero helium concentrations. 

I t  may be possible, therefore,  

An experiment designed to  verify and ca l ib ra te  the model calcula- 
t ions has been performed in  cooperation with D. I. Pot ter  under Basic 
Energy Sciences fund ing .  Nickel and several nickel a l loys  have been i r -  
radiated w i t h  Ni ions t o  doses ranging from 0.001 t o  0.6 dpa. The speci- 
mens have been sectioned and examined using transmission electron micro- 
scopy and resu l t s  are currently being compared with model predictions. 

+ 
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V I .  REFERENCES 

None 

V I I .  FUTURE WORK 

The time-dependent model w i l l  be expanded t o  i nc lude  mobi le hel ium 

and i t s  e f f e c t  on vacancy c lus te r i ng .  

model w i l l  continue. Impur i t y  e f f e c t s  on loop behavior w i l l  be examined. 

Parameter izat ion o f  segments o f  t h e  

VIII.PUBLICATIONS 

B. Okray Ha l l  and H. Wiedersich, " E f f e c t  o f  Trapping and Detrapping 

o f  Helium on Void Nucleation," Proc. I n t l .  Conf. on "Breeder Reactor 
S t r u c t u r a l  Mater ials,"  M. L. B le ibe rg  and J. W. Bennet, eds., 

pp. 387-394, 1977. 

A manuscript, on t h e  time-dependent nuc lea t ion  and growth model i s  

c u r r e n t l y  i n  preparat ion. 

163 





I .  PROGRNI 

T i t l e :  Phase S t ab i l i t y  I n  Irradiated Metals 
Principal Investigator: Kenneth C. Russell 
Aff i l ia t ion:  Department of Materials Science and Engineering 

Massachusettts I n s t i t u t e  of Technology 

11. OBJECTIVE: 

The objective of t h i s  work i s  t o  model from f i r s t  principles void 
nucleation in i r radia ted metals. 

111. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.2.4 Effects of Helium Microstructure/Modeling 

IV. SUMMARY 

An atomistics-based theory f o r  void nucleation has  been used t o  
calculate  - fo r  the f i r s t  time- terminal void number densi t ies  fo r  i r rad-  
iated type 316 s t a in l e s s  s tee l  and the Ni-base a l loy ,  PE-16. 
absolute magnitudes. and temperature dependences of the  void number 
dens i t i es  a re  i n  agreement w i t h  exper iment .  T h e  void nucleation param- 
e t e r ,  9 ,  which governs spontaneous void nucleation was evaluated f o r  the 
two materials;  the r e su l t s  are in agreement with experiment. T h e  
c r i t i c a l  gas content fo r  rapid void growth was calculated fo r  PE-16 and 
type 316 s ta in less  s t e e l ,  and was found t o  increase from about lU helium 
atoms a t  the lower end of the void swelling range t o  some 1 U  
the  upper end. 
new d i s t r ibu t iqn  o f  voids a f t e r  a drop i n  temperature during i r rad ia t ion .  

Both  the 

4 atoms a t  
The theory was a l so  found t o  predict  re-nucleation of a 

V .  ACCOMPLISHMENTS AND STATUS 

A. W r i c a l  Simulation o f  Void Nucleation in I r radiated Stainless  
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Steel and Nimonic PE-16 -- S. I .  daydet (M.I.T.) and K . C .  Russell (M.I.T.) 

1. Introduction 

I n  order t ha t  low swelling materials be developed, greater 
ins ight  in to  the mechanistics o f  the  swelling process i s  needed. 
Reactor studies are extremely expensive and often d i f f i c u l t  t o  control t o  
the  degree desired, so t ha t  various out-of-reactor modelling schemes are 
desirable.  Experimental simulation techniques typical ly  involve bombard- 

ment of the  material with high energy par t ic les  (e lect rons ,  p ro tons ,  sel  
ions,  other heavy ions) .  
achieved in re la t ive ly  short  time because the defect production r a t e  i s  
about 3 orders of magnitude larger  than in- reactor.  In t h a t  void nuclea 
t ion u n d e r  reactor conditions i s  usual ly  catalyzed by transmutation-pro- 
duced helium , these simulations often include pre- injection or  simulta- 
neous inject ion of a controlled amount of helium g a s  by alpha par t ic le  
bombardment. ( 4 )  

(1 -4 )  

High effect ive  dose levels  ( 6 0  dpa) may be 

Various investigators have concerned themselves w i t h  formulating 
theories of void nucleation based upon the current level o f  understanding 
of the radiation damage and nucleation processes, and then tes t ing  these 
theories against  observed phenome'na 2 s  a measure of t h e i r  val idi ty .  
Russell (5)  and  Katz and  Weidersich (6)  independently developed the theory 
of homogeneous nucleaton of voids in the absence o f  gas atoms. 
theory fo r  the  co-precipitat ion of vacancies and i n t e r s t i t i a l s  was then 
extended t o  include nucleation on s ingle  gas atoms (7,8), on gas atom 
c lus te rs  ( 8 )  and on highly mobile and immobile non gaseous impurities ( 7 )  
and t o  include t h e  e f f ec t s  of mobile i ne r t  g a s  ( 8 ) .  

This 

A l l  these treatments have shortcomings which have been resolved by a 
unified treatment of the nucleation process ( l U ) ,  which proceeds atomisti-  
c a l l y  from f i r s t  principles t o  derive equations fo r  terminal void number 
dens i t i es  under a var ie ty  of conditions. This paper presents a nunierical 
evaluation of t h i s  theory for  materials with the physical parameters o f  
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type J16 stainless steel and the Nimonic alloy PE-16. 
derived for spontaneous (no activation barrier) void formation, and 
terminal void number densities are calculated and compared with experi- 
mental results on each material, 

Conditions are 

2. Theory: Nodal Line Formalism 

The theory considers the motion of a void in a phase 
space of n (number and vacancies) and x (number of helium atoms). Equations 
are written for void movement in (n,x) space. 
ential equations i n  which time does not appear explicitly (termed Autono- 
mous) and which may be linearized in the region of interest lend them- 
selves to analysis through a rather well-developed branch of mathematics 
associated with the name of Poincare (13-15). 
the loci of points wnere n or x are zero (nodal lines) and points of 
intersection, where n = x = 0 (critical points). 
formalism to radiation effects problems is described in detail elsewhere 

Such first-order differ- 

. 
This analysis emphasizes 

The application of this 

(1b). 

Simultaneous solution of x = n = 0 shows intersections of 
the nodal lines (critical points) to occur at n values given by: 

1 3  
n ’ = A ?r A (I+)’/’ 

3me me 
where 

.. 
2 113 

A = (3brrR ) y/kT 

When (I> 1 no activation barrier t o  nucleation exists and 
any (n,x)-mer is free to grow spontaneously and rapidly upon reaching a 

critical gas content (x* ) .  
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3 .  - Termina l  V o i d  - Number D e n s i t y  

One i m p o r t a n t  and e x p e r i m e n t a l l y  measurable q u a n t i t y  i n  

v o i d  s w e l l i n g  i s  t h e  number d e n s i t y  o f  v o i d s ,  i . e .  v o i d s  p e r  u n i t  volume 

(pc ) .  However, p c  may g e n e r a l l y  n o t  be o b t a i n e d  s i m p l y  by m u l t i p l y i n g  t h e  
n u c l e a t i o n  r a t e  by t h e  i r r a d i a t i o n  t i m e  as n u c l e a t i o n  i s  o f t e n  preceded b y  

an i n c u b a t i o n  t i m e  and o f t e n  t e r m i n a t e s  e a r l y  i n  t h e  i r r a d i a t i o n .  

Once begun, n u c l e a t i o n  i s  assumed t o  proceed u n t i l  i t  i s  

t e r m i n a t e d  b y  t h e  growing v o i d s ,  wh ich  t h r o u g h  t r a p p i n g  o f  vacanc ies  o r  

gas atoms 

f a c t o r s  t o  r e n d e r  $ < l .  I n  t h a t  a l l  t h r e e  o f  these  q u a n t i t i e s  a r e  r e l a t e d  
t o  t h e  s i n k  s t r e n g t h  i t  f o l l o w s  t h a t  a c e r t a i n  c r i t i c a l  v o i d  s i n k  s t r e n g t k  
k:, w i l l  be r e q u i r e d  t o  t e r m i n a t e  t h e  n u c l e a t i o n  process.  

o r  by dec reas ing  t h e  b i a s i n g  o r  by a comb ina t ion  o f  these  

4. R e s u l t s  and D i s c u s s i o n  

The v o i d  n u c l e a t i o n  parameter,$, was e v a l u a t e d  f o r  each o f  

t h e  m a t e r i a l s  as a f u n c t i o n  o f  t h e  homologous tempera tu re  (T/T,). 

a l l o w e d  t h e  reg ime o v e r  wh ich  v o i d  n u c l e a t i o n  i s  spontaneous t o  be de- 

t e r m i n e d  f o r  a g i v e n  p r e - i n j e c t i o n  c o n c e n t r a t i o n  o f  he l ium.  

o f  316 SS under  a f a s t  n e u t r o n  f l u x ,  t h e  a n a l y s i s  was a p p l i e d  w i t h  h e l i u m  

c o n c e n t r a t i o n s  a p p r o p r i a t e  t o  one y e a r  o f  exposure i n  f i s s i o n  ( C ;  = 2u 
appm*) and f u s i o n  ( C ;  = 300 appm) env i ronments ) .  

T h i s  

In t h e  case 

I n  t h e  case o f  PE-16 w i t h  C; = 1 appm, $ > 1  i n  t h e  i n t e r -  

v a l  0.32< T/Tm< U.59. 
s u b s t a n t i a l  t empera tu re  range  even a t  C; = 1 appm. 

For  316 SS under  n e u t r o n  i r r a d i a t i o n  J, > 1 o v e r  a 

The i n t e r v a l  f o r  wh ich  $ > 1 appears t o  agree w i t h  t h e  

These tempera tu re  i n t e r v a l  o v e r  wh ich  v o i d s  have been observed ( 2 6 ) .  

*appm = a tomic  p a r t s  p e r  m i l l i o n  
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resu l t s  a l so  reproduce the  re la t ive  suscep tab i l i t i es  of 316 SS and PE-16 

t o  swelling reported by Johnshon e t  a l .  ( 2 7 ) .  
swell with C; = 1 appm i s  explainable in the context of the  theory. 
bohh nodal l ine  intersections occur a t  suf f ic ien t ly  small values of (n,x), 
the s i tua t ion  i s  essen t ia l ly  t h a t  a small, eas i ly  produced vacancy : gas 
aggregate i s  s tab le ,  o r  small f luctuat ion may result in observable void 
nucleation. 

The  f a c t  t h a t  PE-16 does 
When 

A crucial t e s t  o f  a theory of void nucleation i s  i t s  
3 a b i l i t y  t o  predict  the void number densi t ies  (voids/cm ) observed in  

i r radia ted materials. I f  agglomeration of voids during growth i s  ignored 
and the nucleation rate i s  considered n o t  t o  be a function o f  time, the 
f inal  vo id  number density i s  obtained in terms of an equation which 
involves no adjustable parameters, and although the re i s  uncertainty in 
some of the physical parameters ( i n  par t icular  p d ,  KZ and K*), t h i s  i s  
n o t  enough t o  great ly  a f f ec t  the  resu l t s  o f  the calculation.  
of s ta in less  s t e e l ,  the calculations were performed before the experimental 
r e su l t s  were obtained fo r  comparison, so the calculations a re  in no sense 
curve f i t t i n g .  

I n  the case 

The calculated void densi t ies  fo r  the case of spontaneous 
nucleation a re  depicted in Figs. 1 , 2  f o r  316 SS and PE- lb in re la t ion  t o  
measured values. In  the case of PE-16, the theory predicts void number 
dens i t i es  somewhat higher than a re  actual ly  observed. However, t h i s  
calculation did not consider the ro le  of coherent y' precipi ta tes  as 
point defect t raps;  t h i s  omission would give too high calculated number 
densi t ies .  In the case of tyce 316 s t a in l e s s  s teel ,  the extremely good 
agreement i s  par t ly  fo r tu i tous ,  as theory and experiment re fe r  t o  two 
d i f fe ren t  damage ra tes .  T h e  agreement s h o u l d ,  however, s t i l l  be reason- 
ably good for  data taken under the displacement conditions assumed in the 
calculations.  
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Type 316 Stainless S t e e l  

Exper imenta l  Points; 
I O  o p p m  He 
46.5 M e V  Ni+6 ions 

C a l c u l a t e d  Curve : 
2 0  oppm H e  
z i  / Z "  = 1.02 
K = 1 0 - 6 / s e c  

I O  
1.6 1.8 2.0 2.2 2.4 2.6 2.8 

Reciproca l  Homologous Temperature (Tm/T 
0 

FIGURE 1. Comparison o f  Measured and Calculated Void Number Densities in 
Type 316 SS. 
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E x p e r i m e n t a l  Points  
I O  a p p m  He 
46.5 MeV NI+= ions 

Z I / Z "  = 1.02 
K = 1 0 - ~ / s e c  

0 

C a l c u l a t e d  Curve  
I 013 

10121 1 I I I I I I 
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

R e c i p r o c a l  Homologous Temperature ( T m / T )  

FIGURE 2. Comparison of Measured and Ca lcu la ted  Void Number Dens i t i es  
i n  PE-16. 
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VII. FUTURE WORK 

The next step is to model void nucleation on dislocations and 
precipitates. 
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diated Metals" will shortly be submitted to Journal of Nuclear Materials. 
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I. 

11. 

PROGRAM 

T i t l e :  Mechanical Proper t ies  

P r i n c i p a l  I n v e s t i g a t o r :  R. H. Jones 
A f f i l i a t i o n :  B a t t e l l e  - P a c i f i c  Northwest Laboratory 

OBJECTIVE 

The displacement damage produced i n  M a t e r i a l s  Research Corporat ion 

Marz grade n i c k e l  and niobium and r e a c t o r  grade 316 SS by 16 MeV protons 

and (D,T) and (D, Be) neutrons i s  be ing c o r r e l a t e d  on the  bas is  o f  c l u s t e r  

s i z e  and d e n s i t y  and y i e l d  s t rength .  The e f f e c t s  o f  both steady s t a t e  and 
c y c l i c  f l u x ,  temperature and s t ress  on the  m i c r o s t r u c t u r e  and f l o w  s t ress  

i s  be ing studied.  The r e l a t i o n s h i p  between t h e  r a d i a t i o n  induced micro-  

s t r u c t u r e  and f low p rope r t i es  i s  a l s o  being s tud ied .  I r r a d i a t i o n  damage 

s tud ies  o f  path B and C a l l o y s  a re  planned. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I . C . 5  E f f e c t s  o f  Cyc l ing  on M ic ros t ruc tu re  

SUBTASK I I . C . l l  E f f e c t s  o f  Cascades and F lux  on Flow 

SUBTASK II.C.12 E f f e c t s  o f  Cyc l ing  on Flow and F rac tu re  

I V .  SUMMARY 

The damage produced i n  n i c k e l  and niobium by 16 MeV protons and 

T(d,n) neutrons has been c o r r e l a t e d  as a f u n c t i o n  o f  p a r t i c l e  f luence on 

t h e  bas is  o f  m ic ros t ruc tu re  and f l o w  s t ress .  Proton and neutron i r r a d i a -  
t i o n s  were performed on m a t e r i a l  taken from t h e  same source; w i t h  t he  

same geometry, g iven  i d e n t i c a l  heat t reatments,  prepared and evaluated 
by the  same techniques, and i r r a d i a t e d  a t  20-30°C a t  a f l u x  lo1’  p a r t i -  

c les lcm -5. 
2 
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16 MeV protons produced an equ iva len t  amount o f  hardening per  par-  

t i c l e  i n  the n i c k e l  as t h e  T(d,n) neutrons and about 20% more hardening 

per p a r t i c l e  i n  the  niobium a t  1017 par t ic les/cm2. 
o f  the y i e l d  s t reng th  increase o f  16 MeV pro ton  and T(d,n) neutron i r - 

rad ia ted  n i c k e l  and niobium were equal, w i t h i n  the  experimenta7 e r r o r .  

The f luence dependence 

Pre l im inary  c l u s t e r  s i z e  and dens i t y  r e s u l t s  f o r  p ro ton  and neutron 

i r r a d i a t e d  n i c k e l  i n d i c a t e  a s i m i l a r i t y  i n  s i z e  bu t  a h igher  dens i t y  f o r  

t h e  pro ton  i r r a d i a t e d  ma te r ia l .  The average c l u s t e r  diameters were 25A0 
and 35A0 f o r  the  proton and neutron i r r a d i a t e d  n i c k e l ,  r espec t i ve l y ,  w h i l e  

the  c l u s t e r  d e n s i t i e s  were 2 . 5 ~ 1 0 ~ ~  cm-3 and 1x10 16 cm-3 , respec t i ve l y .  

V. ACCOMPLISHMENTS AND STATUS 

A. L i g h t  I o n  and Fusion Neutron Damage Studies -- R. H. Jones, 

0. L. Styris and E. R. Bradley (PNL) 

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

The use o f  energet ic  l i g h t  ions  f o r  s imu la t i ng  the  r a d i a-  

t i o n  damage e f f e c t s  o f  14 MeV neutrons on m ic ros t ruc tu re  and mechanical 
p rope r t i es  looks a t t r a c t i v e  because o f  t h e i r  penet ra t ing  power, h igh  

a v a i l a b l e  f l u x e s  p+/cm - s )  and pr imary knock on spectra which 

c l o s e l y  s imulates t h a t  produced by 14 MeV neutrons i n  some mate r ia l s .  

Ca lcu la t ions  by Logan e t . a l .  " )  i nd i ca ted  t h e  r e c o i l  energy spectra of 

16 MeV protons c l o s e l y  s imu la te  t h a t  o f  14 MeV neutrons i n  niobium w h i l e  

2 

damage energies and displacement c ross- sec t ion  repor ted  by Omar e t .  a l ,  (2) 

i n d i c a t e  t h a t  the  h igh  energy r e c o i l  damage produced by 16 MeV protons and 

14 MeV neutrons should be very s i m i l a r  wh i l e  the  low energy (> 1 keV) 

r e c o i l  damage w i l l  d i f f e r .  Transmission e l e c t r o n  microscopy observat ions 
by M i t c h e l l  e t . a l .  ( 3 )  showed a s i m i l a r i t y  between the  s i z e  and d e n s i t y  

o f  d e f e c t  c l u s t e r s  i n  copper i r r a d i a t e d  w i t h  16 MeV protons and 14.8 MeV 

neutrons. Experiments have been undertaken t o  evaluate and compare the  
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e f f e c t s  o f  damage produced by energet ic  l i g h t  ions and f u s i o n  energy neu- 
t rons  on the m ic ros t ruc tu re  and f l o w  s t ress  o f  n i c k e l ,  niobium and 316SS. 

2. 16 MeV Proton I r r a d i a t i o n s  

An apparatus f o r  mon i to r ing  and c o n t r o l l i n g  t h e  i r r a d i a t i o n  

environment o f  ma te r i a l s  dur ing  bombardment w i t h  energet ic  l i g h t  ions  

(<28 MeV pf, df, a+t) has been assembled and loca ted a t  t h e  Nuclear Phys- 

i c s  Laboratory o f  t h e  U n i v e r s i t y  o f  Washington. The i o n  beam from t h e  

U n i v e r s i t y  o f  Washington Tandem Van de G r a i f f  i s  con t i nous l y  monitored by 

a p r o f i l e  moni tor ,  quadrant co l l ima to rs ,  t h ree  chromel-alumel thermo- 

couples i n  the  same plane a s  the specimens and a vacuum faraday cup. The 

specimens, c o l l i m a t o r  and beam scanner are, 2, 5 and 25 cm i n  f r o n t  o f  the  
faraday cup, respec t i ve l y .  P a r t i c l e  f luence i s  determined from t h e  

i n teg ra ted  faraday cup cu r ren t  and a 0.04mm t h i c k  vanadium dosimeter po- 
s i t i o n e d  d i r e c t l y  i n  f r o n t  o f  the specimens. The 51V (p,n) 5 1 C r  r e a c t i o n  
c ross- sec t ion  i s  taken t o  be 325 mb cross- sec t ion  f o r  16 MeV protons 

The vacuum faraday cup i s  i s o l a t e d  from the  i r r a d i a t i o n  chamber by a t h i n  
Havar window and maintained a t  a pressure o f  ~ x I O - ~  t o r r  by a 2 k / s  i o n  

pump. The i n teg ra ted  cup c u r r e n t  and t h e  vanadium dosimeter agree w i t h i n  

10%. 

(4,5) 

Specimen c o o l i n g  i s  accomplished w i t h  e i t h e r  a s t a t i c  o r  

f l o w i n g  hel ium atmosphere. 

s tee l  diaphram pump, p u r i f i e d  w i t h  a l i q u i d  n i t r o g e n  cryopump and moni- 
to red  w i t h  a quadrapole mass analyzer and oxygen analyzer .  

i n i t i a l l y  vacuum processed a t  200°C t o  a pressure o f  lo - '  t o r r ,  and back 

f i l l e d  w i t h  h igh  p u r i t y  hel ium bo i l ed  from a l i q u i d  hel ium dewar. The 

a f fec t i veness  o f  t h e  f l ow ing  hel ium gas f o r  coo l i ng  t h e  w i re  specimens 
was r e c e n t l y  demonstrated by a 3 pa/cm 

protons where t h e  specimen temperature was 300°C i n  s t a t i c  hel ium and 
30°C i n  f l o w i n g  helium. 

The hel ium f l o w  i s  maintained w i t h  a s t a i n l e s s  

The system i s  

2 2 (2x lO l3  p+/cm - s )  beam o f  16 MeV 
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The yield strength change of i r radia ted nickel and niobium 
i s  shown in Figures 1 and 2 
t ion and tes t ing techniques for  the 0.25mm diameter wires and comparison 
of the unirradiated flow properties with bulk specimens have been reported 
previously. (6,7)  

3s a function of pa r t i c l e  fluence. Prepara- 

___ 

12 + 2 A NICKEL- 16 MeV PROTONS. 10 p I C m  -I .  20% 
0 NICKEL- T Id. n) NEUTRONS. lo1' n ICm'-S, #C 

NICKEL- Be id, n) NEUTRONS, 

v 316 5 5  - Be Id. n l  NEUTRONS, 

n lcm'-S, 20% i> 0.1 MeVl 
nlcmz-s. 2CfC i> 0.1 MeVl 

I 
/~ 

m / 
/ 

/ 
/ 

T id. n) NEUTRONS, 20% 
/ COPPER, LLL DATA 

/ 
/ 

F I G U R E  1 .  Yield strength increase versus par t i c le  fluence for 
16 MeV proton and 14 MeV neutron i r radiated nickel. 
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NIOBIUM *I(d. n)NEUIRONS, 1012n/cm2-r. ~0% 
60 NIOBIUM Be w, nl NEUTRONS, -ion n /cm2-s, mDc I> 0.1 MeV) 

- 

50 - 
m 

2 
& 
5'40- z 
3 - 

/ A  
a 
5 
'IT 30 

- 5 I 

- 
E 

I - - 
a 

20 k T  Id, nl  NEUTRONS, 20'C - 
f NIOBIUM.  LLL DATA 

/ 

10 c 
0 

1016 lo1' 1018 
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FIGURE 2. Y i e l d  s t r e n g t h  increase versus p a r t i c l e  f l uence  f o r  
16 MeV pro ton  and 14 MeV neutron i r r a d i a t e d  niobium. 

16 MeV protons produced an equal amount of hardening i n  n i c k e l  and 20% 

more hardening i n  niobium than T(d,n) neutrons a t  equal p a r t i c l e  f luences.  

However, a t  equal damage energies the  16 MeV protons produced about 20% 

l e s s  hardening a t  5x10-* eV i n  n i c k e l  and equal hardening i n  niobium, as 

shown i n  F ig.  3. 

were used f o r  these c a l c u l a t i o n s .  W i t h i n  t h e  experimental  s c a t t e r  o f  
- + lo%, t h e  hardening dependence on 16 MeV pro ton  and T(d,n) neut ron  

The damage energy cross sec t ions  g iven  by Omar e t  a l .  ( 2 )  
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fluence are  equal in  bo th  nickel and niobium. 
needed t o  confirm t h i s  conclusion. 

Certainly more data i s  

0 NICKEL, 16 MeV PROTONS 

V NIOBIUM, 14 Mev MEUTRONS 

NICKEL, 14 Mev NEUTRONS 
A NIOBIUM, 16 MW PROTONS 

3a 
I I I , , I  0 

10- 10-1 10-2 10-1 

D A M G E  ENERGY, eV/atom 
( a )  ( b )  

FIGURE 3. Yield strength increase versus damage energy f o r  16 MeV 
proton and 14 MeV neutron i r radiated a )  nickel, b )  niobium. 

Preliminary c lu s t e r  s i ze  versus density r e su l t s  for  16 MeV 
proton and 14 MeV neutron i r radiated nickel a r e  shown in Figure 4.  
microscopy r e su l t s  are  too preliminary t o  allow quant i ta t ive  comparisons; 
however, they do indicate tha t  16 MeV protons produce a larger  defect  
c lus te r  density t h a n  T ( d , n )  neitrons in nickel. These r e su l t s  a r e  not in  

The 
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agreement with the calculated recoil spectra (' ") and microstructural re- 
sults in copper(3) for 16 MeV proton and 14 MeV neutron irradiated mate- 
rial. Further microstructural studies are underway to help clarify these 
differences. 

A Ni.  1bMeVPROTONS. 9 ~ 1 0 ' n l c m  

B Ni. RTNS. 2 x  IOl7 n l c m 2  

c cu. RTNS. 1.3 x 1017 n/cm2 

D Cu, Be (d. nl. 2 x  10 n l c m  17 2 

E-ORNL DATP \ 
0 20 40 60 80 100 120 144 

CLUSTER DIAMEER. A 

FIGURE 4. Preliminary results showing point defect cluster density 
versus size for 16 MeV proton and 14 MeV neutron irradia- 
ted nickel. Curve C is LLL data and D is ORNL data. 
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3. Be ( d , n )  Neutron I r radiat ions  

wires and 
18 t o  1x10 

f o r n i a  a t  

. - , n )  neutron i r rad ia t ions  of nickel ,  niobium and 316 SS 
2 f o i l s  have been completed over a fluence range of lx1017 n/cm 

2 n/cm a t  20°C using the cyclotron a t  the University of Cali- 
( N . 1  MeV) was ob- Davis. - 2 s-l A neutron flux o f  6 ~ 1 0 ~ ’  cm 

tained by placing the  1 . 5  mm thick wire-foil packet against  a beryllium 
ta rge t  on which a 22ma beam of 40 MeV deuterons was directed.  
was bu i l t  by Lawrence Livermore Laboratory and the multi- foil  dosimetry 
i s  being done by Argonne National Laboratory and L L L .  The 7x50 mm dosi- 
meter f o i l s  were s l iced in to  2nnn wide s t r i p s  perpendicular t o  the longi- 
tudinal specimen axis  t o  give some spat ia l  information about neutron 
energy and f lux.  
i r rad ia t ion  t o  lo1* n/cm2 a r e  shown i n  Figures 1 and 2 .  
response of the  nickel i s  greater than a s t r a igh t  l i n e  extrapolation o f  

the T ( d , n )  nickel data while the n iob ium results are s l i gh t ly  l e s s .  
31655 had a hardening response of approximately 1 / 2  tha t  of the nickel. 
Quantitative comparison between the Be ( d , n )  and T ( d , n )  r e su l t s  should 
be possible w i t h  the  evaluation of the specimens i r rad ia ted  t o  1x10 

2 and 5x10l7 n/cm . 

The target  

The yie ld  strength resu l t s  fo r  the Be ( d , n )  neutron 
T h e  hardening 

The 

17 

6. Effect of Energetic Par t ic les  on the Tensile Properties 
of Nickel and Niobium 

The proton and neutron i r radiated wire specimens have been 
strained t o  f a i l u r e  t o  evaluate the e f f ec t s  of energetic pa r t i c l e  damage 
on the ult imate t e n s i l e  strength and s t r a i n  t o  f a i l u r e .  While t h i s  data 
i s  n o t  of the same qual i ty  as the flow s t r e s s  data because of the greater  
degree of s ca t t e r  in  the d a t a  and larger  divergence of the wire properties 
from bulk properties,  some interes t ing trends are observed. The r e su l t s  
fo r  16 MeV proton and T ( d , n )  and Be ( d , n )  neutron i r radiated nickel and 
niobium are  shown i n  Figures 5 and 6. 
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E ' I  

FIGURE 5. Ultimate t ens i l e  strength and to ta l  elongation versus 
par t i c le  fluence fo r  16 MeV proton and 14 MeV neutron 
i r radia ted nickel. 
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I T 

0 16MeV PROTONS, 1012p+icm2-s. Bloc 
0 TId. nlNEUTRONS, 1012nlcm2-s, ZO°C ' [ A Be Id, nl NEUTRONS, 10' nicm2-s, @C 

103 

e r 

FIGURE 6. Ultimate t ens i l e  strength and to ta l  elongation versus 
pa r t i c l e  fluence for  16 MeV pro ton  and 14 MeV neutron 
i r radiated niobium. 

The ultimate t ens i l e  strength and to ta l  elongation of nickel 
decreased with increasing par t ic le  fluence while the ultimate t ens i l e  
strength of niobium increased with fluence and the to ta l  elongation de- 
creased. The present data i s  insuff ic ient  t o  allow comparisons between 
the various par t ic les ;  however, the t ens i l e  property changes coincide with 
the onset of defect  agglomeration into  c lus te rs .  
hardening r a t e  i s  apparently r-educed by the presence of the defect  

I n  n iob ium,  the work 
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c l u s t e r s  such t h a t  on l y  inhomogeneous s t r a i n  ( l ude rs  band type deformation) 

occurs. 
t i o n  channel ing as observed i n  f i s s i o n  neutron i r r a d i a t e d  niobium by 
Wechsler e t .  a l .  (8 )  

Th is  inhomogeneous s t r a i n  i s  probably associated w i t h  d i s loca-  
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The second 16 MeV pro ton  i r r a d i a t i o n  mi lestone i s  t o  
14 

t i o n s  a t  a f l u x  o f  
p+/cm a t  20°C. 

perform elevated temperature i r r a d i a t i o n s  a t  f l uxes  o f  

p /cm -s .  

p+/cm - s  over a f luence range o f  t o  10 
2 

t o  2x10 
+ 2  

The next f u s i o n  neutron mi les tone i s  t o  evaluate the  specimens i r-  
2 .  rad ia ted  t o  l x l d 7  n/cm2 and 5x10l7 n/cm 

second f u s i o n  neutron i r r a d i a t i o n  mi les tone i s  ambient and e levated tem- 
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cured. 

w i t h  Be(d,n) neutrons. The 

V I I I .  PUBLICATIONS 

1 .  D. L.  S t y r i s  and R. H. Jones, "Experimental Studies Using L i g h t  
Ions t o  Simulate Fusion Neutron Damage E f f e c t s  on Mechanical 

Proper t ies"  24th Nat ional  Vacuum Symposium, Nov. 8-11, 1977, 

Boston, MA. 

186 



I .  

!I 

PROGRAM 

T i t l e :  14 MeV Neutron I r r a d i a t i o n  Studies 
P r i n c i p a l  I n v e s t i g a t o r :  Richard R. Vandervoort 

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

OBJECTIVES 

Th is  p r o j e c t  has t h e  f o l l o w i n g  p r i n c i p a l  ob jec t i ves :  1)  t o  charac- 
t e r i z e  14 MeV neutron damage; 2 )  t o  compare r a d i a t i o n  damage from 14 MeV 

neutrons, Be(D,n) neutrons, and f i s s i o n  reac to r  neutrons; and 3 )  t o  
evaluate t he  e f f e c t  o f  hel ium on the mechanical p rope r t i es  o f  Nb and 

Nb-1 % Z r .  

111. RELEVANT OAFS PROGRAM PLAN TASUSUBTASK 

SUBTASK 11. C. 6.3 Low Energy-High Energy Neutron Cor re la t i ons  
I I .C.7.1 Helium I n j e c t i o n  Experiments 
I I .C.11.4 High Energy Neutron I r r a d i a t i o n s  

II.C.18 Re la t i ng  Low and High Exposure Mic ros t ruc tu res  

I V .  SUMMARY 

.A. 14 MeV Neutron Damage 

Tens i le  specimens o f  copper, vanadium, and niobium were i r r a d i a t e d  

by high-energy neutrons from t h e  Rota t ing  Target Neutron Source (RTNS-I) 
and the  6e(D,n) Source a t  t he  U n i v e r s i t y  o f  C a l i f o r n i a  a t  Davis and by 
lower-energy neutrons from t h e  Livermore Pool -Type Reactor (LPTR). A f t e r  

be ing i r r a d i a t e d ,  t he  specimens were t e n s i l e  tes ted ,  and t h e  increases i n  

t h e i r  O.Z%-offset y i e l d  s t rengths  were r e l a t e d  t o  t h e  neutron f luences. 

I n  these metals, about 20 t imes as g rea t  a f luence o f  neutrons (E > 0.5eV) 

from t h e  LPTR was requ i red  t o  produce the  same increase i n  y i e l d  s t reng th  
as RTNS 14 MeV neutron f luences above 10 n/cm2; t h e  corresponding r a t i o  17 
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f o r  Be(D,n) neu t rons  t o  RTNS neu t rons  was abou t  1.3. I n  terms o f  y i e l d -  

s t r e n g t h  i n c r e a s e  versus d i sp lacement  damage energy (eV/atom), t h e  r e s u l t s  

showed t h a t  t h e  r a d i a t i o n  s t r e n g t h e n i n g  i n  these m e t a l s  was e s s e n t i a l l y  

i d e n t i c a l  f o r  t h e  RTNS and Be(D,n) sources,  w h i l e  i t  t o o k  about  t w i c e  as 

much damage energy t o  produce t h e  same s t r e n g t h e n i n g  w i t h  LPTR n e u t r o n s .  

B. E f f e c t  o f  He l ium on t h e  Mechanical  P r o p e r t i e s  o f  Nb and Nb-1%Zr 

An o p t i m i z e d  process has been developed f o r  dop ing  Nb and Nb-1Zr 

specimens w i t h  h e l i u m  u s i n g  t h e  t r i t i u m  decay method. 
commonly c a l l e d  t h e  " t r i t i u m  t r i c k " .  

400'C t o  g i v e  a r e s u l t a n t  Nb t o  

p ressure  o f  1.33 Pa o v e r  t h e  specimens. 

3H + 3He + B- a t  a r a t e  t h a t  produces about  7 a tomic  ppm h e l i u m  per  day i n  
t h e  h o s t  m i c r o s t u c t u r e .  Mechanical  p r o p e r t i e s  specimens can be success- 

f u l l y  doped t o  500 appm He i n  l e s s  t h a n  10 weeks u s i n g  t h i s  techn ique .  

T h i s  process i s  

T r i t i u m  i s  d i s s o l v e d  i n  t h e  meta l  a t  
3 H r a t i o  o f  20 and an e q u i l i b r i u m  p a r t i a l  

The t r i t i u m  decays by  t h e  r e a c t i o n  

3 

T e n s i l e  t e s t s  were done on annealed specimens and specimens h a v i n g  

Tes ts  were s e v e r a l  3He c o n c e n t r a t i o n s  i n  b o t h  Nb and Nb-1Zr m a t e r i a l s .  

conducted under h i g h  vacuum t o  tempera tu res  as h i g h  as 800°C. 

Hel ium g e n e r a l l y  caused an i n c r e a s e  i n  s t r e n g t h  and decrease i n  
d u c t i l i t y  i n  b o t h  m a t e r i a l s  o v e r  t h e  range o f  t e s t  temperatures .  

t h e  loss i n  d u c t i l i t y  was s i g n i f i c a n t ,  i t  was n o t  c o n s i d e r e d  t o  be 

d e l e t e r i o u s .  

Wh i le  

V. ACCOMPLISHMENTS AND STATUS 

A. 14 MeV Neu t ron  Damage -- J .  B. M i t c h e l l  

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

Fus ion  neu t rons  w i l l  c r e a t e  a l a r g e r  number o f  atom d i s p l a c e -  

ments p e r  p r i m a r y  c o l l i s i o n  t h a n  l o w e r  energy (1- 2 MeV) f a s t  f i s s i o n  
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neu t rons  and i n t e r n a l  h e l i u m  g e n e r a t i o n  f r o m  (n,a)  r e a c t i o n s  w i l l  be sub- 

s t a n t i a l l y  g r e a t e r  f o r  f u s i o n  neu t rons  t h a n  f o r  f a s t  f i s s i o n  neu t rons .  

Thus, we expec t  t h a t  t h e  d e l e t e r i o u s  e f f e c t s  o f  r a d i a t i o n  damage t h a t  have 

been exper ienced  i n  f i s s i o n - r e a c t o r  m a t e r i a l s  w i l l  be even more severe i n  

f u s i o n  r e a c t o r s .  

S t u d i e s  a r e  i n  p rog ress  t o  de te rm ine  t h e  c h a r a c t e r i s t i c s  and e f f e c t s  

o f  14 MeV n e u t r o n  damage and t o  compare t h e  n a t u r e  and magni tude o f  these  

e f f e c t s  w i t h  r a d i a t i o n  damage f rom Be(D,n) neu t rons  and f i s s i o n  r e a c t o r  

n e u t r o n s .  

2 .  Specimens and Exper imenta l  Procedure 

Small t e n s i l e  specimens o f  copper,  n iob ium,  and vanadium were 

machined f r o m  0 .5  mm t h i c k  (0 .020 i n . )  shee t  s t o c k .  

l e n g t h  was 28.6  mn. The gage s e c t i o n  was 6.35 mm l o n g  and 1.57 mm wide.  

A chemical  a n a l y s i s  o f  t h e  copper i s  shown i n  T a b l e  I ,  and t h e  i n t e r s t i t i a l  

i m o u r i t i e s  i n  t h e  n i o b i u m  and vanadium a r e  shown i n  Tab le  11. 

O v e r a l l  specimen 

T a b l e  I Chemical A n a l y s i s  o f  I m p u r i t y  
Elements i n  Cominco Copper 

C o n c e n t r a t i o n  
Element (appm) 

Fe 

S i  

Mg 

Ag 
Ca 

co 

N i  

A1 

Be 

400 

150 

10 
2 

2 

< 10 

< 3  

< 3  
< 1  
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Table I 1  Chemical Ana lys is  o f  I n t e r s t i t i a l  
I m p u r i t i e s  i n  Niobium and Vanadium 

Concentrat ion (appm) 

Element LLL Niobium MRCa Niobium MRCa Vanadi urn 

C 15 15 21 0 

0 208 40 110 

N 70 5 60 

aMater ia ls  Research Corp. 

The niobium and vanadium specimens were annealed f o r  1 hour a t  1200 and 

l O O O " C ,  r espec t i ve l y ,  i n  0.13 pPa (- lo- '  t o r r )  vacuum. 

mens were annealed f o r  1 hour a t  600OC i n  1.3 mPa t o r r )  vacuum. 
These t imes and temperatures were se lec ted  t o  o b t a i n  g r a i n  s izes  t h a t  would 

g i ve  a t  l e a s t  t e n  g ra ins  over t he  0.5 mm specimen th ickness t o  i n s u r e  

reproduc ib le  p o l y c r y s t a l  l i n e  t e n s i l e  behavior.  

The copper speci-  

Specimens were i r r a d i a t e d  a t  t he  Rota t ing  Target Neutron Source 
(RTNS-I), 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  Davis, 

and a t  t h e  Livermore Pool Type Reactor (LPTR). 
specimens were t e s t e d  i n  an I n s t r o n  t e s t i n g  machine a t  about 26°C and a 
crosshead r a t e  o f  0.05 m / m i n  (0.002 in . /min) .  

s t ress  was determined us ing  t h e  I n s t r o n  crosshead motion as t h e  sample 

extension. 

A f t e r  i r r a d i a t i o n ,  t he  

The 0.2% o f f s e t  y i e l d  

3. Resul ts  and Discussion 

The increase i n  O.Z%-offset y i e l d  s t ress  versus neutron 

f luence f o r  t e n s i l e  specimens o f  Cu, Nb, and V a re  shown i n  Figs. 1, 2, 
and 3, r espec t i ve l y .  It i s  apparent from these p l o t s  t h a t  t h e  high-energy 

neutrons from the  RTNS and Be(D,n) sources are considerably  more e f f e c t i v e  

than the  lower-energy neutrons from t h e  LPTR i n  s t rengthening a l l  o f  t he  

metals.  
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If we compare t h e  25°C RTNS and 65OC LPTR data f o r  the  Cu, Nb, and V,  

we f i n d  t h a t  about 20 t imes as great  a f luence o f  neutrons ( E  > 0.5 eV) 

from the  LPTR i s  requ i red  t o  produce the  same increase i n  y i e l d  s t reng th  
2 as 14 MeV neutron f luences above about l O I 7  n/cm . ( I f  t h e  LPTR neutron 

f luence i s  experessed i n  terms o f  E > 0.1 MeV, t h i s  r a t i o  reduces t o  about 

1 0 . )  

Comparison o f  the  2 5 O C  RTNS and Be(D,n) data gives a r a t i o  o f  Be(D,n) 

neutrons ( E  > 1.0 MeV) t o  RTNS neutrons o f  about 1.3 f o r  t h e  same 

strengthening. 

LPTR i r r a d i a t i o n  produced greater  s t rengthening i n  LLL Nb than i n  

Ma te r ia l s  Research Corp. (MRC) Nb. The on l y  apparent d i f f e r e n c e  between 
the  two ma te r ia l s  i s  t h e  h igher  i n t e r s t i t i a l  i m p u r i t y  content  i n  the  LLL 

Nb (see Table 11). 

i m p u r i t i e s  can s i g n i f i c a n t l y  increase the  r a d i a t i o n  st rengthening o f  Nb 

It has p rev ious l y  been shown t h a t  i n t e r s t i t i a l  

i r r a d i a t e d  w i t h  f i s s i o n- r e a c t o r  neutrons. (1 1 

The ambient- temperature r e s u l t s  f o r  Cu and Nb are  p l o t t e d  i n  Figs. 4 

and 5 as y i e l d - s t r e n g t h  increase versus displacement damage energy. 

p l o t s  normal ize the  r e s u l t s  w i t h  respect  t o  t h e  d i f f e rences  i n  neutron 
energies from t h e  th ree  sources. 

These 

Figures 4 and 5 show t h a t  the  ambient- temperature r a d i a t i o n  s t rength-  

ening produced i n  Cu and Nb by RTNS and Be(D,n) i r r a d i a t i o n s  are  e s s e n t i a l -  

l y  i d e n t i c a l  on the  bas is  o f  damage energy, whereas i t  takes about tw i ce  
a s  much damage energy t o  produce t h e  same st rengthening w i t h  LPTR neutrons. 

The same e f f e c t  would be observed i n  V.  

These d i f f e rences  i n  r a d i a t i o n  st rengthening produced f o r  t h e  same 

amount o f  displacement damage energy r e s u l t  from d i f f e rences  i n  t h e  r e s u l t -  

t a n t  s t r u c t u r a l  damage. Transmission electron-microscopy observat ions 

reveal  t h a t  t h e  damage s t ruc tu res  produced by t h e  RTNS, Be(D,n), and LPTR 

i r r a d i a t i o n  cons i s t  o f  t h e  same k i n d  o f  pr imary defects,  i .e . ,  vacancy 
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and i n t e r s t i t i a l  c l u s t e r s  and smal l  Frank and p r i s m a t i c  d i s l o c a t i o n  loops. 

I n  t h e  pure metals i r r a d i a t e d  t o  a g iven  damage energy l e v e l ,  t he  damage 

s t r u c t u r e s  produced w i t h  high-energy RTNS and Be(D,n) neutrons appear t o  

d i f f e r  f rom those produced w i t h  lower-energy LPTR neutrons i n  t he  number 

dens i t y  and s i z e  d i s t r i b u t i o n  o f  t h e  defects .  Thus, i t  can be concluded 

t h a t  t he  f r a c t i o n  o f  rad iat ion- produced displacment damage r e t a i n e d  i n  t h e  

form o f  po in t - de fec t  c l u s t e r s  i s  g rea te r  f o r  high-energy neutrons than f o r  
f i s s i o n - r e a c t o r  neutrons. 

6. E f f e c t  o f  Helium on t h e  Mechanical Proper t ies  o f  Nb and Nb-1%Zr - -  
W. L. Barmore and R. R. Vandervoort 

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

High energy (E % 14 MeV) neutron r a d i a t i o n  from fus ion  

reac to rs  w i l l  cause enhanced damage t o  t h e  m ic ros t ruc tu res  o f  component 

ma te r i a l s .  
and cross sec t ions  f o r  (n,a) reac t i ons  a l s o  a re  h igher  f o r  f u s i o n  neutron 

i r r a d i a t i o n  than f o r  f i s s i o n  neutron i r r a d i a t i o n .  

The displacement damage per  i n c i d e n t  14 MeV neutron i s  greater ,  

Mechanical p rope r t i es  o f  component m a t e r i a l s  a re  changed by l a r g e  

concent ra t ions  o f  i n t e r n a l l y  generated helium. 
cross sec t ions  s i g n i f i c a n t  q u a n t i t i e s  o f  he l ium w i l l  be produced i n  f u s i o n  
r e a c t o r  m a t e r i a l s  i r r a d i a t e d  by 14 MeV neutrons i n  a r e l a t i v e l y  s h o r t  t ime 

span. 
i n  niobium by a f u s i o n  neutron f l u x  o f  % lo1* neutrons m sec 

y e a r ' s  exposure. 
m a t r i x  having low he l ium s o l u b i l i t y ,  a r e  thermodynamically unstable and 

have a h igh  d r i v i n g  f o r c e  t o  coalesce i n  t h e  m ic ros t ruc tu re  a t  var ious 
de fec ts .  Thus, hel ium atoms tend t o  migra te  t o  d i s l o c a t i o n s ,  p r e c i p i t a t e s ,  

g r a i n  boundaries i m p u r i t y  p a r t i c l e s  and microcracks where they  coalesce t o  

form bubbles. These helium- induced de fec ts  gene ra l l y  cause embr i t t lement .  

Because o f  h igh  (n,u) 

A concent ra t ion  o f  25-50 appm he l ium w i l l  be produced i n t e r n a l l y  
w i t h  one -2 -1 . 

Helium atoms produced a t  a h i g h  concent ra t ion  i n  a hos t  
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3 Changes i n  t h e  mechanical p rope r t i es  o f  Nb and Nb-1%Zr doped w i t h  He 
by t h e  " t r i t i u m  t r i c k "  method t o  as h igh  as 500 appm a re  under i nves t i ga-  

t i o n .  

2. Helium Doping Procedure 

The niobium and Nb-1Zr m a t e r i a l s  used i n  t h i s  s tudy were 

ordered i n  wrought form. 

th ickness  w i t h  a 50% reduc t i on  on the  f. inal pass. Before use i n  t he  
t r i t i u m  t r i c k  process, niobium specimens were g iven  a two-hour anneal a t  

1200"C, and t h e  Nb-1Zr specimens were annealed a t  160OOC f o r  one hour. 

Pressures i n  t he  furnace chamber were l e s s  than 1.3 UPa t o r r )  i n  a l l  

t he  anneal ing runs. These i n i t i a l  heat  t reatments produced m ic ros t ruc tu res  
w i t h  uniform, equiaxed gra ins .  
was 50 m. 

Sheets were c r o s s - r o l l e d  t o  1.59 mm (.0625 i n . )  

The average g r a i n  s i z e  i n  both m a t e r i a l s  

Helium i s  charged i n t o  niobium o r  Nb-1Zr by f i r s t  d i s s o l v i n g  about 5 
atom percent  t r i t i u m  i n  t h e  metal  a t  e leva ted  temperature. The specimens 

a re  h e l d  a t  constant  temperature, and the  t r i t i u m  undergoes a spontaneous 

r a d i o a c t i v e  decay t o  he l ium by the  r e a c t i o n  H + 3He + B-. When the  
des i red  l e v e l  o f  He has been in t roduced i n t o  t h e  metal, most of t he  

t r i t i u m  i s  removed by vacuum e x t r a c t i o n  a t  t h e  same temperature used i n  

charging. 

3 

3 

The he l ium doping procedure i s  as f o l l ows :  Niobium ( o r  Nb-1Zr) p ieces 

a re  weighed and p laced i n  t h e  r e a c t i o n  vessel .  The vessel i s  evacuated 

and then b a c k - f i l l e d  w i t h  h i g h  p u r i t y  helium. 

p laced i n t o  a res i s tance  heated furnace t h a t  i s  enclosed i n  a secondary 
containment vessel. Th is  ou te r  vessel i s  evacuated t o  4 Pa. Temperature 

i s  c o n t r o l l e d  a t  4OOOC by mon i to r i ng  thermocouples spaced r e g u l a r l y  a long 
the  ex te rna l  w a l l  o f  t h e  i n n e r  vessel.  The i n n e r  vessel i s  evacuated t o  

4 Pa and purged w i t h  h i g h  p u r i t y  hel ium severa l  t imes t o  d i l u t e  and remove 

gaseous i m p u r i t i e s  from t h e  system. A f t e r  f i n a l  evacuat ion t o  4 Pa, t h e  
ho t  i n n e r  chamber i s  f i l l e d  w i t h  a predetermined amount o f  t r i t i u m  which 

The r e a c t i o n  vessel i s  
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is controlled by precise volumetric techniques. 
required in the system is the sum of that dissolved in the niobium or Nb- 
1Zr giving a metal-to-tritium atom ratio of 20 and an equilibrium pressure 
of 1.33 kPa (10 nun Hg) around the specimens at 400OC. 
ditions helium is formed in the specimens at a rate of 7 appm per day. 
Constant temperature of 400°C is maintained until a preselected concentra- 
tion of He is introduced into the metal microstructure. Most of the 
tritium is subsequently removed by evacuating the system at 4 Pa for one 
week at 400OC. 
transferred to a second reaction vessel attached to a vacuum system capable 
of 133 UPa torr). After purging with helium, this vessel and its 
contents are heated to 55OOC for 170 hr (% 1 week) to lower the tritium 
concentration in the specimens to a level where specimens ran be handled 
safely by standard laboratory techniques. Residual tritium concentrations 
are typically less than 10 appm. Helium analyses for selected specimens 
are done in a precision mass spectrometry system at Atomics International. 

The amount of tritium 

Under these con- 

3 

Next, the reactor is cooled and the various specimens are 

(2) 

3. Tensile Test Procedure 

Short term tensile tests are done in a stainless steel clam- 
shell furnace mounted on an Instron Universal testing machine. All flange 
seals are Viton, and a six-inch diffusion pump coupled with a liquid 
nitrogen cold trap provide testing pressures less than 13 UPa torr). 
This unit has a tungsten mesh heating element and heat shields and a copper 
cold wall. 
of the furnace chamber. 

Tensile loads are applied through a metal bellows at the base 

4. Results and Discussion 

The tensile properties of Nb and Nb-1%Zr at temperatures up 
to 800°C as a function of helium concentration are given in Tables 111 and 
IV. For Nb, the helium causes an increase in yield strength at tevper- 
atures above room temperature and some loss in ductility at high helium 
concentrations. For Nb-1%Zr alloy, the strengthening effects and losses 
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Table I11 T e n s i l e  Tests  on Nb 

He1 i um Tes t  Y i e l d  S t ress  U l t i m a t e  S t ress  
( a p p m )  Temp. " C  MPa ( k s i )  MPa ( k s i )  

E longa t ion  Reduct ion 
% i n  area 7; 

0 23 122 (18)  202 (30)  
25 23 123 (18)  206 (30)  

100 23 126 (18)  212 (31) 
250 23 111 (16)  202 (30)  

500 23 117 (17)  212 (31)  

0 200 43 ( 6 )  150 (22)  
25 200 72 (10)  175 (25)  

0 400 32 ( 5 )  125 (18)  

25 400 58 ( 8 )  151 (22)  

0 600 44 ( 6 )  125 (18)  

25 600 61 ( 9 )  123 (18)  

0 800 23 ( 3 )  64 ( 9 )  
25 800 31 ( 5) 62 ( 9)  

100 800 66 (10)  76 (11)  

250 800 52 ( 8 )  71 (10)  

500 800 56 ( 8 )  75 (11) 

62 95 

60 95 

46 85 

35 55 

30 50 

41 95 

46 95 

41 95 

41 95 

42 95 

48 95 

69 95 

64 95 

65 80 

59 80 

50 80 
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Table I V  T e n s i l e  Tests on Nb-1%Zr 

He1 i um Test  Y i e l d  S t ress  U l t i m a t e  S t ress  E longa t i on  Reduct ion 
(appm) Temp. "C MPa ( k s i )  MPa ( k s i )  % i n  area % 

0 

25 

100 

0 
25 

100 

0 
25 

100 

0 

25 
100 

0 
25 

100 

23 150 (22)  260 (38)  

23 165 (24)  279 (41)  

23 234 (34)  355 (52)  

200 106 (15)  202 (29)  

200 92 (13)  194 (28)  
200 158 (23)  275 (40)  

400 102 (15)  202 (29)  

400 92 (13)  194 (28)  
400 147 (21)  244 (35)  

600 70 (10)  222 (32)  
600 85 (12)  208 (30)  
600 116 (17) 236 (34) 

800 65 ( 9 )  204 (30 )  
800 78 (11)  221 (32)  
800 186 (25) 292 (42) 

53 

46 

36 

43 
45 

30 

27 
33 

30 

32 

31 
25 

31 

27 
12 

95 

95 

65 

95 

95 

85 

95 

95 

75 

95 

95 

55 

95 

65 

30 
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i n  d u c t i l i t y  caused by hel ium were more pronounced, p a r t i c u l a r l y  a t  a con- 

c e n t r a t i o n  o f  100 appm. 
con ta in ing  100 appm hel ium should be noted. 

temperature and deformation may lead t o  rearrangement o f  hel ium i n  t h e  

metal m a t r i x  causing de le te r i ous  changes i n  t h e  mic ros t ruc ture .  E lec t ron  

microscopy observat ions showed a homogeneous d i s t r i b u t i o n  o f  hel ium i n  

as-charged specimens a t  25 appm, b u t  as t h e  hel ium concentrat ion increased, 

t h e r e  was a greater  tendency f o r  hel ium bubbles t o  form on g ra in  boundaries. 

The l oss  i n  d u c t i l i t y  a t  800°C i n  the  specimen 

The combined e f f e c t  o f  

Fractured specimens were examined w i t h  a scanning e lec t ron  microscope, 

and a l l  f r ac tu res  were duc t i le- d imple .  No evidence o f  b r i t t l e  f r a c t u r e  

was found i n  any o f  the  t e s t  specimens. 
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I. PROGRAM 

T i t l e :  Simulating t h e  CTR Environment i n  t h e  HVEM 

P r i n c i p a l  Inves t iga to r :  D. Kuhlmann-Wilsdorf 

A f f i l i a t i o n :  Universi ty of Virg in ia  

11. OBJECTIVE 

The o b j e c t i v e  of t h i s  work i s  t o  eva lua te  t h e  e f f e c t s  of helium and 

i r r a d i a t i o n  on t h e  f r a c t u r e  of 304 and 316 s t a i n l e s s  steel.  

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

SUBTASK II.C.8.2 Pos t- I r r ad ia t ion  Test ing 

I V .  SUMMARY 

-__ I n- s i t u  HVEM t e n s i l e  t e s t s  of un i r r ad ia t ed  316 s t a i n l e s s  s t e e l  and 

neutron i r r a d i a t e d  304 s t a i n l e s s  steel samples from EBR-I1  were performed 

a t  room temperature andat600"C.  

Typical c rys t a l log raph ic  crack formation was observed during t h e  

d u c t i l e  f a i l u r e  of t h e  uni r rad ia ted  s a m p l e s .  I r r a d i a t e d  samples  f a i l e d  

i n  a b r i t t l e  mode wi th  p reex i s t ing  d i s l o c a t i o n  loops  a c t i n g  t o  promote 

p l a s t i c  deformation around t h e  crack.  P reex i s t ing  voids enlarged i n  

diameter by a f a c t o r  of  two when t h e  c rack  propagated near  them a t  600°C. 

No s t rong evidence of helium embr i t t led  g ra in  boundary cracking has been 

observed y e t .  
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V.  ACCOPPLISHXENTS AND STATUS 

A .  In-Situ HVEM Tens i le  Tes ts  of I r r a d i a t e d  and Unirradiated 

S t a i n l e s s  S t e e l  -- W .  A.  J e s s e r ,  .I. A. Horton and 3 .  I. Bennetch, Univ- 

e r s i t y  of V i rg in i a ,  C h a r l o t t e s v i l l e  VA. 

1. In t roduct ion  

Comparisons on t h e  d i f f e r e n c e s  i n  modes of f r a c t u r e  of un i r r ad ia t ed  

and i r r a d i a t e d  bulk  ma te r i a l  have been c a r r i e d  out  i n  some d e t a i l  i n  t h e  

p a s t .  In order  t o  improve t h e o r e t i c a l  f r a c t u r e  models a t tempts  have been 

made t o  c o r r e l a t e  gross  property changes wi th  observed micros t ruc tura l  

d i f f e r e n c e s  i n  t h e  specimens. In t h e  l i t e r a t u r e  many a r t i c l e s  have been 

published showing micrographs of  a l t e r a t i o n s  i n  t h e  i n t e r i o r  and on t h e  

s u r f a c e s  of t h e  f r ac tu red  ma te r i a l  obtained by us ing  o p t i c a l  and e l e c t r o n  

microscopy. A necessary companion t o  these  bulk s t u d i e s  is t h e  i n- s i t u  

examination of f r a c t u r e  i n  a high vol tage  e l e c t r o n  microscope (HVEM), 

which would enable one t o  view d e t a i l e d  changes i n  micros t ruc ture  a s  de- 

formation progresses.  Saka, Noda, Ilatsumoto, Imura a t  Nagoya Univers i ty  

have employed a high temperature t e n s i l e  device i n  a 1 MeV HVEM t o  study 

d i s l o c a t i o n  behavior i n  i r r a d i a t e d  n i cke l .  Valle ,  Martin and Stohr 

have designed a s i m i l a r  t e n s i l e  s t age  t o  t h a t  used i n  Nagoya Univers i ty  

f o r  t h e  research  3 MeV f a c i l i t y  a t  Toulouse. France.") A t  t h e  Univers i ty  

of Virg in ia ,  dynamic i n- s i t u  f r a c t u r e  with a 500 KeV HVEM have previous ly  
( 3 9 4 )  

been accomplished wi th  var ious  ma te r i a l s  inc luding  s t a i n l e s s  s t e e l .  

This  present  work i s  a prel iminary examination of  mic ros t ruc tu ra l  changes 

a s  f r a c t u r e  progresses  i n  neutron i r r a d i a t e d  s t a i n l e s s  s t e e l  a s  compared 
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t o  helium i r r a d i a t e d  and non i r r ad ia t ed  s t a i n l e s s  steel. 

2 .  Experimental Data 

The tensi le  tests repor ted  here were conducted i n  a RCA 500 kV 

e l e c t r o n  microscope a t  t h e  Universi ty of Virg in ia .  

i n  t h e  t e n s i l e  s t a g e  i s  provided by a sp r ing  r e s t r a i n e d  by a f l u i d  f i l l e d  

bellows. As  f l u i d  escapes t h e  bellows through a con t ro l l ed  l e a k  a 

mechanically smooth pu l l ing  a c t i o n  occurs over a wide range o f  regula ted  

e longat ion  r a t e s .  

a x i s  of t i lt .  

The loading f o r c e  

The s t age  a l s o  allows hea t ing  t o  600°C and a s i n g l e  

(5) 

A 200 kV ion  a c c e l e r a t o r  i s  a t tached t o  t h e  microscope s o  t h a t  t h e  

l i g h t  ion beam can s t r i k e  t h e  sample i n s i d e  t h e  HVEM whi le  t h e  sample is  

under observa t ion .  

The non- irradiated samples were type-316 s t a i n l e s s  s t e e J ,  40 pm 

t h i c k ,  obtained from A.D.  Mackay, Darien, CT. They were annealed a t  

1200°C f o r  one hour and e lec t ropol i shed  a t  room temperature i n  10% 

p e r c h l o r i c  a c i d  and 90% a c e t i c  ac id .  The two i r r a d i a t e d  samples ( type  

304 s t a i n l e s s  s t e e l )  were i r r a d i a t e d  a t  about 375'C intheEBR I1 and were 

provided by J. 0. S t i e g l e r  a t  These samples were obtained from 

bulk  t e n s i l e  specimens by mechanically lapping t o  0 . 2  mm before  punching. 

Tlie samples w e r e  then e l ec t ropo l i shed  to per fo ra t ion  under t h e  same 

condi t ions  a s  f o r  t h e  un i r r ad ia t ed  samples. The sample of Experiment 5 

showed a high defec t  c l u s t e r  dens i ty  ( 4  x 

(108-109 ~ m - ~ )  of 200 nm diameter voids w h i l e  t h e  sample of Experiment 4 

~ m - ~ )  and a low dens i ty  
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showed a high dens i ty  ~ m - ~ )  o f  30 nm diameter voids. The experi-  

mental condit ions f o r  t h e  HVEM i n- s i t u  t e n s i l e  t e s t s  a r e  summarized i n  

t h e  t a b l e .  

SUMMARY OF IN-SITU HVEM TENSILE EXPERIMENTS 

Experiment N B  Sample Type Test Temperature 

1 316 S t a i n l e s s  S t e e l  ( S S )  600°C 

316 S t a i n l e s s  S t e e l  600'C 

316 S t a i n l e s s  S t e e l  Room Temperature 

I r r a d i a t e d  304 SS 600°C 

I r r a d i a t e d  304 SS Room Temperature 

3. Resul ts  and Discussion 

Room temperature t e n s i l e  t e s t s  on un i r r ad ia t ed  samples showed t h a t  

t h e  f r a c t u r e  behavior and crack propagation mode were similar t o  t h a t  

p rev ious ly repor t ed  i n  t h e  l i t e r a t u r e .  For example, i n  Experiment 3 t h e  

f ami l i a r  hole formation i n  f r o n t  o f  the  crack t i p  occurred. Also a 

c rys t a l log raph ic  tooth- l ike  f r a c t u r e  occurred i n  t h e  p l a s t i c  region,  see 

Figure 1. The crack t i p  ( r ad ius  around 150 nm) was preceeded by a long 

p l a s t i c  reg ion  which i s  cons i s t en t  wi th  high d u c t i l i t y  and extens ive  

d i s l o c a t i o n  motion. 

(3) 

The high temperature (6OOOC) un i r r ad ia t ed  samples behaved s i m i l a r l y .  

The crack t i p  r ad ius  was about 100 nm. The p l a s t i c  zone ahead of t h e  

c rack  w a s  longer than t h e  room temperature experiment. Some of t h e  same 

c rys t a l log raph ic  cracking occurred however i t  was l e s s  pronounced a s  may 

206 



be expected a t  high temperature where d i s l o c a t i o n  climb is a c t i v e .  

The neutron i r r a d i a t e d  sample which was pul led  a t  room temperature 

(Experiment 5) showed a high de fec t  dens i ty  wi th  a few l a r g e  (220 nm) 

voids .  

s t r u c t u r a l  s l i p  bands in s t ead  of g ra in  boundaries.  The mode of f r a c t u r e  

appeared more b r i t t l e  as evidenced by a smaller  p l a s t i c  region i n  f r o n t  of 

the  crack t i p  but  s t i l l  bole formation ahead of t h e  crack occurred.  The 

crack t i p  r ad ius  was  about 100 nm which is the  same va lue  obtained f o r  

t h e  un i r r ad ia t ed  s a m p l e s  pul led  a t  600OC. The f i n a l  f r a c t u r e  i tself  

tended not  t o  fol low c rys t a l log raph ic  l i n e s  but  s t i l l  pu l l ed  out  some 

l igaments  along t h e  f l a n k s  of t h e  c racks .  Prel iminary observa t ions  on 

these  samples suggest  t h a t  t h e  unfaul ted  d i s l o c a t i o n  loops present  a f t e r  

neutron i r r a d i a t i o n  may con t r ibu te  t o  t h e  p l a s t i c  deformation a s soc ia t ed  

wi th  crack p r o p g a t i o n  by e longat ion  of t h e  d i s l o c a t i o n  loop. 

The crack tended t o  propagate i n  t h e  t h i m e r  a r e a s  along micro- 

The i r r a d i a t e d  sample t h a t  was pul led  a t  600°C exhib i ted  a high 

void dens i ty  (d4 ~ m - ~ ) .  

e l e c t r a n  t ransparent  a rea ,  w i th  a round e l ec t ro th inned  hole  showing no 

p r e e x i s t i n g  cracks.  Crack i n i t i a t i o n  was observed t o  b e  a t  90" t o  t h e  

t e n s i l e  a x i s .  No g ra in  boundary, second phase p a r t i c l e  o r  o t h e r  micro- 

s t r u c t u r a l  f e a t u r e  was observed a s  a nuc lea t ion  s i t e  f o r  t h e  crack.  In  

t h i s  case  t h e  crack t i p  r ad ius  of 200 nm i s  l a r g e r  than t h a t  of t h e  o the r  

cases .  Ahead of t h e  crack t i p  very l i t t l e  p l a s t i c  deformation occurred 

but  t h e  voids wi th in  a region which extended about 200 nm from t h e  f l a n k  

This sample had very s t eep  w a l l s ,  i . e .  l i t t l e  

of  t h e  crack enlarged from t h e i r  o r i g i n a l  30 nm t o  around 60 nm i n  diameter. 
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The shdpe of t h e  enlarged voids a t  t h e  crack f l a n k s  seemed to  be s l i g h t l y  

elongated wi th  no obvious c o r r e l a t i o n  t o  t h e  d i r e c t i o n  of c rack  ( see  

Figure 2 ) .  Scanning e l e c t r o n  microscope observat ions of t h e  f r a c t u r e  

su r face  showed a void shee t  of very l a r g e  (250 t o  1200 nm) voids commonly 

r e f e r r e d  t o  a s  dimples. It i s  l i k e l y  t h a t  an a rea  which exh ib i t ed  small  

dimples experienced a l a r g e  deformation r a t e  wi th  t h e  a rea  w i t h  l a r g e  

dimples l i k e l y  experienced a s low deformation r a t e .  
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Figure 1 Figure 2 

FIGURE 1 400 kV Electron Micrograph of Unirradiated 316 SS Fractured 
at Room Temperature. Note the Tooth-Like Plastic Region in 
the Crack. 

FIGURE 2 400 kV Electron Micrograph of Neutron Irradiated 304 SS 
Fractured at 600'C. Note the Void Enlargement at the Crack 
Flanks and at the Crack Tip. 
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V I I .  FUTURE WORK 

Tens i l e  tests w i l l  be  continued i n  o rde r  t o  compare t h e  f r a c t u r e  

mechanisms of neutron i r r a d i a t e d  samples t o  t h e  un i r r ad ia t ed  samples. 

Fu r the r  f r a c t u r e  tests of i n- s i t u  HVEM helium i r r a d i a t e d  samples w i l l  be 

performed. These samples w i l l  be  i r r a d i a t e d  t o  var ious  f luences  and 

d e f e c t  s t r u c t u r e s  i n  an e f f o r t  t o  e l u c i d a t e  i n  a con t ro l l ed  manner the 

mechanisms of helium embritt lement and t h e  r o l e  of p r e e x i s t i n g  micro- 

s t r u c t u r a l  f e a t u r e s  t o  t h e  tens i le  test r e s u l t s .  

21 0 



I .  PROGRAM 

T i t l e :  I r r a d i a t i o n  Response o f  M a t e r i a l s  
P r i n c i p a l  I n v e s t i g a t o r s :  J. A .  S p i t z n a g e l ,  W .  J. Choyke 

A f f i l i a t i o n :  Westinghouse Research and Development Center  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  assess t h e  phenomenology and 

mechanisms o f  m i c r o s t r u c t u r a l  e v o l u t i o n  i n  m a t e r i a l s  exposed t o  s i m u 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 tomic  d i sp lacement  damage by  a 

second i o n  beam. 

I I I .  RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I 1  .C.11 .1 L i g h t  P a r t i c l e  I r r a d i a t i o n s  

I V .  SUMMARY 

C u r r e n t  emphasis i s  on s c a l i n g  u n i a x i a l  t e n s i o n  specimens t o  d e t e r -  

mine t h e  e f f e c t s  o f  specimen s i z e ,  geometry, and m i c r o s t r u c t u r e  on  t h e  

s t r e s s - s t r a i n  response. 
sources o u t s i d e  DOE. 

The s c a l i n g  s t u d i e s  a r e  b e i n g  funded f rom 
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I. PROGRAM 

T i t l e :  E f f e c t s  o f  I r r a d i a t i o n  on Fusion Reactor Ma te r i a l s  
P r i n c i p a l  I nves t i ga to r :  F. V. N o l f i ,  Jr. 

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

I I. OBJECTIVE 

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

n e t  p o i n t  de fec t  product ion ra tes  obta ined du r ing  l i g h t - i o n  and neutron 
i r r a d i a t i o n s  t h a t  have t h e  same ca l cu la ted  damage ra tes  deduced from 
exposure parameters. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I . C . l l . l  L i g h t  P a r t i c l e  I r r a d i a t i o n s  

I V .  SUMMARY 

Trans fer  of  t h e  Torsional-Creep Apparatus from t h e  Hanford Engineer- 

i n g  Development Laboratory t o  ANL has been completed. 
t i o n  damaged and mal func t ion ing  e l e c t r o n i c  equipment a re  underway and 
i n s t a l l a t i o n  of the  apparatus a t  the  ANL Cyc lo t ron  i s  i n  progress. 

Repairs o f  i r r a d i a -  

V. ACCOMPLISHMENTS AND STATUS 

Damage Cor re la t i on  -- H. Yamada 

The method we use t o  e s t a b l i s h  a l i n k  between t h e  damage produced i n  
f i r s t - w a l l  ma te r i a l s  by ions  and neutrons w i t h  energies s i m i l a r  t o  those 
of t h e  f u s i o n  r e a c t o r  regime i s  by load- re laxat ion  and creep measurements 

where t h e  deformation i s  c l imb- cont ro l led .  The r a t e  of c l imb- con t ro l l ed  
p l a s t i c  deformation i s  p ropo r t i ona l  t o  t h e  r a t e  a t  which an excess o f  
vacancies o r  i n t e r s t i t i a l s  arr ' ives a t  d is loca t ions .  Since these 
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measurements a re  f lux sens i t ive  and do n o t  depend upon fluence during the 
short t e s t  time involved, i r radia t ion can be performed i n  low-flux neutron 
environments without prohibit ively long experimental times. As a r e su l t ,  
microstructure can be controlled,  and the measurements are more sens i t ive  
and accurate than, for example, void-growth measurements. 
study, experimental measurements of load relaxation and creep a re  made 
under the influence of Cyclotron ( l ight- ion)  bombardments and high-energy 
neutron i r radiat ion.  These data are used t o  correla te  the e f fec t ive  
displacement ra tes  t h a t  obtain during i r rad ia t ion  w i t h  neutrons and ener- 
ge t ic  l i g h t  ions. Neutron data a re  obtained from, fo r  example, experiments 
in Cyclotron-based Be(d,n)  sources. The damage correlation between ener- 
ge t ic  l i gh t  ions and heavy ions i s  made on the basis of void- growth and 
other microstructural data t ha t  a re  readily obtained. 

In t h i s  type of 

VI. REFERENCES 

None 

VII. FUTURE WORK 

Upon completion of the ins ta l la t ion  and repair  o f  the torsional-creep 
apparatus, i t  will be checked out by performing thermal-creep measurements 
on Type 316 s ta in less  s tee l .  Following successful t es t ing ,  creep measure- 
ments on t h i s  material will be made during alpha-particle bombardment a t  
the ANL Cyclotron. 
laboration with Eric Opperman of the Hanford Engineering Development 
Laboratory. 

These i n i t i a l  experiments will  be carr ied out in col- 

VIII.PUBLICATIONS 

H. Yamda, "Effect of Fast-neutron I r radiat ion on P las t ic  Deformation 
of Type 304 Stainless  Steel ,"  submitted fo r  publication in the Proc. 
of the Symposium on the Metal Physics of Sta inless  Steels ,  AIME A n n u-  
al  Meeting, February 26-March 2 ,  1978, Denver, Colorado. 
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I .  PROGRAM 

T i t l e :  E f f e c t s  o f  I r r a d i a t i o n  on Fusion Reactor Ma te r i a l s  

P r i n c i p a l  I nves t i ga to r :  F. V .  N o l f i ,  Jr. 

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

11. OBJECTIVE 

The ob jec t i ves  o f  t h i s  work a re  t o  determine, us ing  l i g h t - i o n  

i r r a d i a t i o n s  o f  m i n i a t u r e  specimens, t he  r e l a t i o n s h i p  between changes i n  
mechanical behavior, and i r r a d i a t i o n  and i r rad ia t i on- induced  mic ros t ruc-  

t u r e  w i t h  spec ia l  emphasis on the  e f f e c t s  o f  helium. 

I I I .  RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.12.1 L i g h t  I o n  I r r a d i a t i o n s  

I V .  SUMMARY 

Dur ing t h e  e a r l y  p a r t  o f  FY 1978, the mechanical behavior a c t i v i t y  

has been concentrated on preparat ions f o r  the experimental  programs. The 

h y d r a u l i c  mechanical t e s t i n g  system has been ordered and i s  t o  be d e l i v e r -  
ed l a t e r  i n  FY 1978. An environmental chamber f o r  i r r a d i a t i o n  o f  m in ia-  

t u r e  mechanical t e s t  specimens us ing  a hel ium beam from the  ANL Cyc lo t ron  

has been designed and w i l l  be constructed by the  t ime  the  mechanical t e s t -  

i n g  system i s  ava i lab le .  Type 316 s t a i n l e s s  s t e e l  (HT No. 15893) has been 
obta ined from the  Magnetic Fusl'on Energy (MFE) s t o c k p i l e  and i s  being 

processed i n t o  su i  t a b l e  form f o r  t he  program needs. 

V. ACCOMPLISHMENTS AND STATUS 

E f f e c t s  o f  I r r a d i a t i o n  and I r r a d i a t i o n  M ic ros t ruc tu re  on Mechanical 
Behavior -- A. P. L. Turner 
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The i n fo rma t i on  a v a i l a b l e  t o  p r e d i c t  mechanical p rope r t i es  such as 
d u c t i l i t y  and creep r a t e s  from q u a n t i t a t i v e l y  charac ter ized  mic ros t ruc-  
tu res  i s  very  l i m i t e d .  Th is  work i s  designed t o  o b t a i n  i n fo rma t i on  about 

the r e l a t i o n s  between m ic ros t ruc tu re  and mechanical p rope r t i es  du r i ng  and 

a f t e r  i r r a d i a t i o n .  Because o f  cos t  and envi ronmenta l- contro l  considera-  

t i ons ,  m i n i a t u r e  t e s t  specimens w i l l  be employed i n  t h i s  i n v e s t i g a t i o n  t o  

a l a r g e  ex ten t  so t h a t  mechanical t e s t s  can be conducted dur ing  high-energy 

charged- par t i c le  i r r a d i a t i o n s .  Although the  ques t ion  o f  q u a n t i t a t i v e  pre- 

d i c t i o n s  of design data from r e s u l t s  on m i n i a t u r e  t e s t  specimens has no t  
been resolved, l i t t l e  doubt e x i s t s  about t he  usefulness o f  t he  wel l -estab-  

l i s h e d  q u a l i t a t i v e  c o r r e l a t i o n s  between r e s u l t s  on m i n i a t u r e  and on bu l k  

mechanical t e s t  specimens f o r  a l l o y  development. 

M i n i a t u r e  t e n s i l e  specimens o f  annealed and 20% c o l d  work Type 316 
s t a i n l e s s  s t e e l  (MFE reference m a t e r i a l )  have been f a b r i c a t e d  and a r e  

be ing  prepared f o r  a l p h a- p a r t i c l e  i n j e c t i o n  i n  t h e  ANL Cyclot ron.  

V I .  REFERENCES 

None 

V I I .  FUTURE WORK 

The m i n i a t u r e  t e n s i l e  specimens w i l l  be i n j e c t e d  w i t h  He a t  room tem- 
A f t e r  e leva ted  temperature annealing, pera tu re  t o  var ious  concentrat ions.  

these specimens w i l l  be t es ted  a t  temperature and the  behavior  o f  t he  an- 
nealed m a t e r i a l  w i l l  be compared t o  t h a t  o f  20% cold-worked ma te r i a l .  

Transmission and scanning e l e c t r o n  microscopy w i l l  be performed on the  

specimens i n  both t h e  as- in jec ted  and p o s t - t e s t i n g  cond i t ions .  

environmental chamber becomes ava i l ab le ,  the r e s u l t s  o f  these t e s t s  w i l l  be 

compared t o  s i m i l a r  t e s t s  b u t  where the  He has been i n j e c t e d  a t  e leva ted  

temperatures. 

When the  

V I I I .  PUBLICATIONS 

None 
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I .  PROGRAM 

T i t l e :  I r r a d i a t i o n  Response o f  M a t e r i a l s  

P r i n c i p a l  I n v e s t i g a t o r s :  J. A .  S p i t z n a g e l ,  W .  J. Choyke 

A f f i l i a t i o n :  Westinghouse Research and Development Center  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  assess t h e  phenomenology and 

mechanisms o f  m i c r o s t r u c t u r a l  e v o l u t i o n  i n  m a t e r i a l s  exposed t o  s i m u 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 tomic  d i sp lacement  damage by  a 

second i o n  beam. 

111. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I1 .C.18.1 N u c l e a t i o n  Exper iments 

I V .  SUMMARY 

Emphasis d u r i n g  t h i s  r e p o r t i n g  p e r i o d  has been on t h e  " b a s e l i n e "  o r  

c a l i b r a t i o n  exper iments  r e q u i r e d  f o r  program s t a r t - u p .  

i n g  i o n  was based on c o n s i d e r a t i o n  o f  p r i m a r y  r e c o i l  s p e c t r a  c a l c u l a t i o n s  
and s o l u b i l i t y  and d i f f u s i v i t y  o f  t h e  i m p l a n t e d  i o n s .  Beam h e a t i n g  ca l cu-  

l a t i o n s  and exper iments  and i o n  m i l l i n g  ( t a r g e t  s e c t i o n i n g )  c a l i b r a t i o n s  

were comple ted.  Type 316 s t a i n l e s s  s t e e l  f rom t h e  Magnet ic  Fus ion  Energy 

(MFE) h e a t  was processed t o  produce t a r g e t s  s u i t a b l e  f o r  i r r a d i a t i o n  w i t h  

co- imp ing ing  i o n  beams. Thermomechanical p r o c e s s i n g  was chosen t o  produce 

i n i t i a l  m i c r o s t r u c t u r e s  i d e n t i c a l  w i t h  those  f o r  t h e  MFE-I n e u t r o n  ir- 
r a d i a t i o n  exper iments .  

Choice o f  bombard- 

T a i l o r i n g  o f  t h e  h e l i u m  c o n c e n t r a t i o n  p r o f i l e  t o  match t h e  " f l a t "  

damage energy d e p o s i t i o n  r e g i o n  f o r  t h e  second i o n  beam was ach ieved .  

Des ign and c o n s t r u c t i o n  o f  a r e s i d u a l  gas a n a l y z e r  wh ich w i l l  p e r m i t  
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i n - s i t u  measurements o f  t h e  gaseous env i ronment  i n  t h e  t a r g e t  chamber 

d u r i n g  i o n  bombardment o f  t h e  r e a c t i v e  r e f r a c t o r y  m e t a l s  were i n i t i a t e d .  

I n i t i a l  exper iments  t o  de te rm ine  t h e  e f f e c t s  o f  h e l i u m  i m p l a n t a t i o n  tech-  

n ique  on v o i d  and d i s l o c a t i o n  l o o p  n u c l e a t i o n  i n  20% c o l d  worked 316SS a r e  

i n  p rog ress .  

V .  ACCOMPLISHMENTS AND STATUS 

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

The s imul taneous p r o d u c t i o n  o f  h e l i u m  from (n,u) r e a c t i o n s  and 

a tomic  d i sp lacement  damage by  e n e r g e t i c  neu t rons  i n  r e a c t o r  s t r u c t u r a l  

a l l o y s  i s  expected t o  have a s t r o n g  i n f l u e n c e  on t h e i r  i r r a d i a t i o n  r e -  
sponse f o r  f i r s t  w a l l  and s t r u c t u r a l  a p p l i c a t i o n s  i n  f u s i o n  power r e a c t o r s .  
P rev ious  s t u d i e s  i n  a f i s s i o n  r e a c t o r  env i ronment  have i n d i c a t e d  t h a t  h i g h  

and low h e l i u m  g e n e r a t i o n  r a t e s  r e s u l t  i n  marked ly  d i f f e r e n t  v o i d  and 
d i s l o c a t i o n  s t r u c t u r e s  i n  an a u s t e n i t i c  s t a i n l e s s  s t e e l .  ( l )  

p a r t i c l e  bombardment o f f e r s  t h e  p o s s i b i l i t y  o f  assess ing  t h e  phenomenology 

and mechanisms o f  m i c r o s t r u c t u r a l  e v o l u t i o n  i n  a w ide  range o f  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 tomic  d i s p l a c e-  

ment damage b y  a second i o n  beam. I n  t h i s  program two i o n  a c c e l e r a t o r s  

a r e  used t o  s i m u l t a n e o u s l y  focus a beam o f  h e l i u m  i o n s  and a second i o n  

beam on t a r g e t s  o f  s e l e c t e d  r e a c t o r  s t r u c t u r a l  a l l o y s .  

m i c r o s t r u c t u r a l  changes w i l l  be s t u d i e d  f o r  s y s t e m a t i c  v a r i a t i o n s  i n  

damage r a t e ,  i r r a d i a t i o n  temperature ,  f l u e n c e  and appm hel ium/dpa r a t i o  

and compared and c o r r e l a t e d  w i t h  r e s u l t s  f rom companion f i s s i o n  r e a c t o r  

and h i g h  energy n e u t r o n  i r r a d i a t i o n  s t u d i e s  conducted e lsewhere i n  t h e  

D i v i s i o n  o f  Magnet ic  Fus ion  Energy Program. The i n i t i a l  e f f o r t s  i n  t h e  

program a r e  b e i n g  d i r e c t e d  t o  a c a r e f u l  c h a r a c t e r i z a t i o n  o f  h e l i u m  and 
damage energy p r o f i l e s ,  tempera tu re  c o n t r o l  and o t h e r  aspec ts  o f  e n v i r o n-  

menta l  c o n t r o l  on two model m a t e r i a l s .  

Charged 

The r e s u l t i n g  
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8.  T a r g e t  P r e p a r a t i o n  

To f a c i l i t a t e  compar ison w i t h  t h e  proposed MFE-I and MFE-I1 ex- 

per imen ts  i n  t h e  Oak Ridge Research Reactor,  i t  was dec ided  t h a t  316SS 

from t h e  MFE h e a t  would  be used as a model m a t e r i a l  f o r  t h e  a u s t e n i t i c  

c l a s s  o f  a l l o y s .  

and 20% c o l d  r o l l e d  s t r i p  o b t a i n e d  f rom Oak R idge  N a t i o n a l  L a b o r a t o r y  

(ORNL) have been processed. A d d i t i o n a l  m a t e r i a l  f rom t h i s  h e a t  i n  t h e  

form o f  5/16" (0.8 cm) t h i c k  p l a t e  was r e c e i v e d  January  10, 1978, f rom 

ORNL. Approx ima te ly  s i x t y  (60)  3 mm d iamete r  d i s c s  have been prepared 

f rom t h e  a v a i l a b l e  m a t e r i a l  f o r  t h e  t a r g e t  bonding,  beam h e a t i n g ,  i o n  

m i l l i n g  and dua l  i o n  i r r a d i a t i o n  exper iments .  

To d a t e  o n l y  a few square inches  o f  s o l u t i o n  annealed 

F i g u r e  1 i s  a schemat ic r e p r e s e n t a t i o n  o f  t h e  t a r g e t  p r e p a r a t i o n  
techn ique  t h a t  was developed d u r i n g  t h i s  r e p o r t i n g  p e r i o d .  I t  o f f e r s  t h e  

advantages o f  c o n t r o l l i n g  t h e  i n i t i a l  m i c r o s t r u c t u r e  o f  t h e  316SS and p r o-  

v i d i n g  e x c e l l e n t  h e a t  s i n k i n g  o f  t h e  t a r g e t  d u r i n g  h i g h  energy dua l  i o n  

beam bombardment. To b e g i n  t h e  process,  3 mm d i s c s  a r e  punched f rom 

-0.5 mm t h i c k  c o l d  r o l l e d  s t r i p .  

d i t i o n ,  d i s c s  a r e  f i r s t  p a r t i a l l y  punched f rom c o l d  r o l l e d  s t r i p .  The 

s t r i p  i t s e l f  t h e n  serves as a h o l d e r  f o r  t h e  d i s c s  d u r i n g  a subsequent 

h i g h  tempera tu re  s o l u t i o n  a n n e a l i n g  t r e a t m e n t .  F o l l o w i n g  annea l ing ,  t h e  
d i s c s  a r e  l i g h t l y  tapped f r e e  from t h e  s t r i p .  B o t h  c o l d  worked and an- 

n e a l e d  d i s c s  a r e  lapped  t h r o u g h  s e v e r a l  s tages  t o  produce p a r , a l l e l - s i d e d  

t a r g e t s  a p p r o x i m a t e l y  0.2 mm t h i c k .  The s u r f a c e  t o  be bombarded ( f r o n t  
su r face )  i s  f i n i s h e d  w i t h  0.1 diamond a b r a s i v e .  The back s u r f a c e  i s  

then  p l a t e d  w i t h  copper  and p laced  i n  a c y l i n d r i c a l  molybdenum h o l d e r  w i t h  

a c o n i c a l  recess as shown i n  F i g .  1. I t  has been found t h a t  by e v a p o r a t i n g  

C r  and Au on t h e  s u r f a c e  o f  t h e  c o n i c a l  recess ,  an adheren t  copper l a y e r  

can be p l a t e d  o n t o  t h e  tapered  s i d e s .  W i t h  t h e  specimen h e l d  i n  p o s i t i o n  

on t h e  h o l d e r  by  a l a y e r  o f  l a c q u e r ,  a v e r y  e x c e l l e n t  bond Cali b e  o b t a i n e d  

between t h e  Cu- p la ted d i s c  and t h e  h o l d e r  i f  a p o i n t e d  copper r o d  i s  

To s t u d y  specimens i n  t h e  annealed con- 
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i n s e r t e d  i n t o  t h e  recess  t o  s e r v e  as t h e  anode d u r i n g  a subsequent 

e l e c t r o p l a t i n g  o p e r a t i o n .  

F i g u r e  2 i s  a photograph o f  t h e  t e f l o n  r i g  wh ich has been de- 

s i g n e d  and c o n s t r u c t e d  t o  p e r m i t  t h e  copper bond ing o f  n i n e  s t a i n l e s s  

s t e e l  ta rget lmolybdenum h o l d e r  assembl ies  . Approx ima te ly  two weeks o f  

con t inuous  e l e c t r o p l a t i n g  a r e  r e q u i r e d  t o  produce n i n e  t a r g e t s  a d e q u a t e l y  

bonded f o r  h i g h  energy i o n  bombardment. 

As a f i n a l  s t e p  i n  t a r g e t  p r e p a r a t i o n ,  a p p r o x i m a t e l y  10 pm o f  

m a t e r i a l  i s  removed f rom t h e  s u r f a c e  t o  be bombarded by e l e c t r o p o l i s h i n g  

u s i n g  a j e t  o f  p e r c h l o r i c - a c e t i c  a c i d  as t h e  e l e c t r o l y t e .  T h i s  has been 

found adequate t o  remove t h e  d e b r i s  l a y e r  f rom t h e  l a p p i n g  o p e r a t i o n s  and 
r e s u l t s  i n  a s t r a i n - f r e e  s u r f a c e .  The "d imp le"  has a v e r y  l a r g e  r a d i u s  o f  

c u r v a t u r e  so t h a t  a s u r f a c e  p r o f i l o m e t e r  can be used t o  measure " s t e p-  

h e i g h t s "  a f t e r  i o n  bombardment o r  i o n  m i l l i n g .  

F o l l o w i n g  i o n  bombardment, t h e  t a r g e t s  a r e  e a s i l y  removed f rom 

t h e  Mo h o l d e r s  by  d i s s o l v i n g  t h e  copper u s i n g  a n i t r i c  a c i d  s o l u t i o n .  

C .  T a r g e t  Temperature C o n t r o l  and Beam H e a t i n g  Exper iments 

To de te rm ine  whether  t h e  tempera tu re  measured d u r i n g  i o n  bombard- 

ment ( b y  a s p r i n g- l o a d e d  thermocouple  p r e s s i n g  a g a i n s t  t h e  C u- p l a t i n g  i n  

t h e  c o n i c a l  recess o f  t h e  molybdenum t a r g e t  h o l d e r )  a c c u r a t e l y  r e p r e s e n t s  

t h e  t a r g e t  temperature ,  a number o f  h e a t  f l o w  c a l c u l a t i o n s  and beam h e a t -  

i n g  exper iments  were conducted.  These w i l l  be b r i e f l y  summarized. 
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Consider a t a r g e t  of thickness t under bombardment by an ene rge t i c  
beam of  ions as shown schematical ly below. 

beam d i r e c t i o n  
J. J. 

z - t  
4 

z = o  T = To 

z = thickness 
T = temperature i n  O C  

The temperature g rad ien t  normal t o  t h e  f o i l  su r face  can be estimated as 
fol lows:  2 Pas t  any plane a t  z, t h e  heat  flow i n  joules/cm /sec  = 

a T  - 
a z  JK - - jg 

where j = 4.184 joules /ca l  
K = cal/cm.sec.'C = 0.1 f o r  316SS 

= 0.9  for C u .  

I f  (Sn + S e )  i s  the t o t a l  s topping power of the ions i n  t h e  t a r g e t ,  dE/dz ,  
and C$ is  t h e  f l u x  (ions/cm2.sec),  then j 

inc reases .  
toward z = 0 must inc rease  as  z 9 

(aT/az) I = ( S n  + Se)  d z '  
z '  = z Z 
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For a " w o r s t  case" approx ima t ion ,  assume a l l  o f  t h e  energy l o s s  

f rom t h e  i o n s  occurs  a t  z = t cor respond ing  t o  

t S e )  = AE  6 ( t  - z )  (Sn  

then  aT/az = + . AE/JK 

and TMAX = To t ($AEt) /JK 

if we t a k e  + A €  ?r 50 watts/cm2 

( T ~ ~ ~  - T 0 ) = (50/4.18) ( t / K )  

I f  t ?r 0.2 mm and K = 0.1 

then  aTMAX = 2.4"C 

Unless t h e r e  would be a gross change i n  thermal  c o n d u c t i v i t y  i nduced  by  

r a d i a t i o n  damage, we conc lude  t h a t  t h e  tempera tu re  v a r i a t i o n  w i t h  d e p t h  i n  

t h e  t a r g e t  can be ignored .  The r e m a i n i n g  q u e s t i o n  i s  t h e  e f f e c t  o f  t h e  

c o n t a c t  r e s i s t a n c e  between t h e  thermocouple bead and t h e  h o l d e r .  T h i s  was 

addressed e x p e r i m e n t a l l y  by  u s i n g  a beam o f  2 MeV h e l i u m  i o n s  t o  bombard 

Cu-bonded t a r g e t / h o l d e r  assembl i e s  w i t h  t h e  thermocouple  bead e i t h e r  

s p r i n g  loaded  a g a i n s t  t h e  h o l d e r  o r  copper brazed i n t o  t h e  c o n i c a l  r e c e s s .  

The b r a z i n g  was done w i t h  an e l e c t r o n  gun i n  vacuum. The i o n  c u r r e n t  was 

a d j u s t e d  t o  pump 5 w a t t s  i n t o  t h e  t a r g e t  i n  each case. T h i s  i s  a p p r o x i -  

m a t e l y  t h e  r a t e  o f  energy d e p o s i t i o n  under dua l  i o n  i r r a d i a t i o n  u s i n g  

28 MeV S i + 6  i o n s  w i t h  a beam c u r r e n t  ( t o t a l )  o f  %l P A .  The e x t e r n a l  f u r -  

nace was a d j u s t e d  t o  g i v e  a s teady  s t a t e  tempera tu re  o f  500°C w i t h  t h e  

beam on and t h e  thermocouple  b razed  i n t o  t h e  h o l d e r .  With i d e n t i c a l  beam 

c u r r e n t  and tempera tu re  s e t t i n g ,  t h e  i n d i c a t e d  tempera tu re  was a g a i n  

500'C k 5OC i f  t h e  bead was s p r i n g  loaded a g a i n s t  t h e  copper back ing .  

From t h e  r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  and measurements i t  was conc luded 

t h a t  t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  between t h e  tempera tu re  o f  t h e  

beam-heated sample and t h e  tempera tu re  i n d i c a t e d  b y  a thermocouple  p l a c e d  

i n  good mechanical  c o n t a c t  w i t h  t h e  back o f  t h e  molybdenum h o l d e r .  

222 



0. I o n  M i l l i n g  C a l i b r a t i o n  

S e c t i o n i n g  dua l  i o n  i r r a d i a t e d  t a r g e t s  t o  v a r i o u s  depths a l o n g  

t h e  damage energy c u r v e  f o r  t h e  h i g h  energy i o n s  r e q u i r e s  a v e r y  r e p r o-  

d u c i b l e ,  a c c u r a t e  techn ique .  P rev ious  exper ience  w i t h  304SS i n  t h i s  

l a b o r a t o r y  has i n d i c a t e d  t h a t  i o n  m i l l i n g  w i t h  800 eV k r y p t o n  i o n s  w h i l e  

c o n t i n u o u s l y  r o t a t i n g  t h e  t a r g e t  t o  m i n i m i z e  a n i s o t r o p i c  ( c r y s t a l l o g r a p h i c )  

s p u t t e r i n g  e f f e c t s  i s  w e l l  s u i t e d  f o r  t h i s  purpose.  Wi th  t h i s  t e c h n i q u e  

i t  i s  p o s s i b l e  t o  remove s e v e r a l  m ic rons  o f  m a t e r i a l  w i t h i n  a few hours  

w i t h  an accuracy o f  %10-20%. 

de te rm ined  by  p a r t i a l l y  masking t h e  s u r f a c e  and measur ing t h e  s t e p  a t  t h e  

i n t e r f a c e  o f  t h e  masked and s p u t t e r e d  areas u s i n g  a s t y l u s  p r o f i l o m e t e r .  

The t h i c k n e s s  o f  t h e  s p u t t e r e d  l a y e r  i s  

F i g u r e  3 i s  a c a l i b r a t i o n  c u r v e  f o r  i o n  m i l l i n g  316SS f rom t h e  

MFE h e a t  i n  b o t h  s o l u t i o n  annealed and 20% c o l d  r o l l e d  c o n d i t i o n .  A l s o  

shown a r e  t h e  r e s u l t s  o b t a i n e d  f o r  a 304SS used i n  i o n  bombardment s t u d i e s  

as p a r t  o f  a n o t h e r  r e s e a r c h  program i n  o u r  l a b o r a t o r i e s .  

annealed and c o l d  worked samples o f  t h e  316SS were m i l l e d  a t  t h e  same r a t e  

( w i t h i n  t h e  s c a t t e r  band o f  t h e  d a t a ) .  

observed f o r  t h e  316SS and 304SS i s  somewhat s u r p r i s i n g  s i n c e  t h e  d i f -  

f e r e n c e  i n  c o m p o s i t i o n  i s  m a i n l y  t h e  a d d i t i o n  o f  2-3% Mo t o  t h e  316.95. 

B o t h  s o l u t i o n  

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

The s u r f a c e s  o f  t h e  samples used i n  t h e  c a l i b r a t i o n  were p re-  
pared w i th  e x a c t l y  t h e  same procedures used t o  p r e p a r e  t a r g e t s  f o r  dua l  

i o n  i r r a d i a t i o n .  P rev ious  exper ience  has shown t h a t  t h e  c a l i b r a t i o n  

curves can be used t o  s e l e c t  approx imate m i l l i n g  t imes  f o r  post-bombardment 

s e c t i o n i n g  a l t h o u g h  p r o f i l o m e t e r  measurements must s t i l l  be made on t h e  

a c t u a l  t a r g e t s .  

E. S e l e c t i o n  o f  Second I o n  Beam and Range M a t c h i n g  

For  t h e  dua l  i o n  i r r a d i a t i o n  exper iments  a number o f  i o n s  c o u l d  

be used t o  s e r v e  as t h e  " p r i m a r y  beam," i . e . ,  t h e  i o n s  r e s p o n s i b l e  f o r  

most o f  t h e  l a t t i c e  damage. S i n c e  t h e  i m p l a n t a t i o n  o f  h e l i u m  r e s u l t s  i n  
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o n l y  ~ 0 . 1  dpa p e r  1000 appm He('), t h e  p r i m a r y  beam must  produce t h e  b u l k  
o f  t h e  damage f o r  doses on t h e  o r d e r  o f  - 1-50 dpa. T h i s  dose range w i l l  

be most u s e f u l  f o r  compar ison w i t h  t h e  r e s u l t s  o f  t h e  f i s s i o n  and 14 MeV 

n e u t r o n  i r r a d i a t i o n  exper iments  c u r r e n t l y  p lanned.  We have s e l e c t e d  
28 MeV s i l i c o n  i o n s  f o r  t h e  p r i m a r y  beam based on t h e  f o l l o w i n g  cons ide ra-  

t i o n s  : 

1. T h e o r e t i c a l   calculation^(^'^) i n d i c a t e  t h a t  d i f f e r e n c e s  i n  

p r i m a r y  r e c o i l  energy s p e c t r a  o v e r  a w ide  range o f  i n c i d e n t  i o n  masses and 

e n e r g i e s  a r e  s m a l l .  

2. 
range ( s t r a g g l e )  i s  sma l l  (-0.26 urn) and t h e  p e r m e a b i l i t y  ( s o l u b i l i t y  and 
d i f f u s i v i t y )  o f  s i l i c o n  i n  s t a i n l e s s  s t e e l  i s  s m a l l  o v e r  t h e  tempera tu re  

range  o f  i n t e r e s t .  Hence, d a t a  can be t a k e n  w i t h o u t  concern about  dop ing  
e f f e c t s  f rom t h e  i m p l a n t e d  s i l i c o n .  Exper ience  ga ined  i n  o t h e r  r a d i a t i o n  

damage exper iments  i n  o u r  l a b o r a t o r i e s  has i n d i c a t e d  t h a t  s i l i c o n  dop ing  
e f f e c t s  i n  s t a i n l e s s  s t e e l  t a r g e t s  bombarded a t  500-750°C can be avo ided  

i f  d a t a  a r e  t a k e n  a t  depths  a t  l e a s t  t h r e e  s t a n d a r d  d e v i a t i o n s  away f rom 

t h e  p r o j e c t e d  range ( R  ) o f  t h e  s i l i c o n  i o n s  (assumes a gauss ian concen- 

t r a t i o n  p r o f i l e ) .  

The c a l c u l a t e d  r o o t  mean square f l u c t u a t i o n  i n  p r o j e c t e d  

P 

3. Adequate beam Cur ren ts  o f  s i l i c o n  i o n s  a r e  a v a i l a b l e .  

4 .  T a i l o r i n g  o f  t h e  h e l i u m  c o n c e n t r a t i o n  p r o f i l e  t o  match t h e  

T h i s  t a i l o r i n g  pe r-  
damage energy c u r v e  f o r  28 MeV s i l i c o n  i o n s  c o u l d  be ach ieved  a t  t h e  H i g h  

Energy I o n  Bombardment S i m u l a t i o n  (HEIBS) f a c i l i t y .  

m i t s  d a t a  t o  be t a k e n  a t  c o n s t a n t  appm He/dpa r a t i o  o v e r  a dep th  o f  
s e v e r a l  m ic rons .  

F i g u r e  4 shows t h e  c a l c u l a t e d  damage energy p r o f i l e  f o r  t h e  

28 MeV S i + 6  i o n s  i n  316SS and s c h e m a t i c a l l y  d e p i c t s  t h e  c o n c e n t r a t i o n  

p r o f i l e s  f o r  t h e  i m p l a n t e d  h e l i u m  and s i l i c o n  i o n s .  The c a l c u l a t i o n s  were 
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performed u s i n g  a m o d i f i e d  v e r s i o n ( 5 )  o f  t h e  E-DEP-1 code. 

t i o n s  d e s c r i b e d  i n  r e f e r e n c e  ( 5 )  p e r m i t  more a c c u r a t e  va lues  o f  t h e  

e l e c t r o n i c  s t o p p i n g  power t o  be used i n  t h e  c a l c u l a t i o n s .  From F i g .  4 and 

t h e  p r e c e d i n g  d i s c u s s i o n  i t  can be conc luded t h a t  d a t a  can be o b t a i n e d  
f rom a r e g i o n  e x t e n d i n g  a p p r o x i m a t e l y  3.5 pm f rom t h e  as bombarded s u r f a c e .  

The m o d i f i c a -  

F. Design o f  a Res idua l  Gas Ana lyze r  System Compat ib le  w i t h  Dual-  
f o n  Beam Bombardment Requirements 

Some r e f r a c t o r y  m e t a l s  wh ich  appear t o  have u s e f u l  c h a r a c t e r i s -  

t i c s  f o r  f u s i o n  a p p l i c a t i o n s  u n f o r t u n a t e l y  a c t  as " g e t t e r s "  a t  o p e r a t i n g  
temperatures  o f  i n t e r e s t .  

has t o  t a k e  t h i s  i n t o  account .  
f o r  v a r i o u s  f u s i o n  r e a c t o r  a p p l i c a t i o n s ,  i t  w i l l  be i m p o r t a n t  t o  know and 

unders tand t h e  impac t  o f  t h e  vacuum c o n d i t i o n s  on t h e  m i c r o s t r u c t u r a l  

changes r e s u l t i n g  f rom i o n  bombardment a t  e l e v a t e d  tempera tu res .  

Any r a d i a t i o n  damage s t u d y  on such m a t e r i a l s  

I n  s e l e c t i n g  r e a c t i v e / r e f r a c t o r y  m e t a l s  

One can approach t h i s  problem by  s e t t l i n g  f o r  n o t h i n g  b u t  u l t r a -  
h i g h  vacuum (< lo- '  t o r r )  around t h e  bombarded samples. 

t i m e  t h i s  would  p r e s e n t  severe problems f o r  d o i n g  dua l  beam exper iments  i n  
o u r  f a c i l i t y .  A compromise approach i s  t o  s e t t l e  f o r  a vacuum o f  abou t  

A t  t h e  p r e s e n t  

t o r r  and a t t e m p t  t o  measure t h e  spec ies  o f  atoms and mo lecu les  near  
t he  bombarded s u r f a c e .  
scheme i s  a much more p r a c t i c a l  and f r u i t f u l  one t o  pursue.  

In f a c t ,  we b e l i e v e  t h a t  a t  t h i s  s t a g e  t h e  l a t t e r  

Having dec ided  on t h e  r e s i d u a l  gas a n a l y s i s  approach we f i r s t  

c o n s u l t e d  w i t h  acknowledged e x p e r t s  i n  t h e  f i e l d .  

c o r p o r a t e s  many o f  t h e i r  sugges t ions ,  shows t h e  p lanned geometry f o r  
imp lement ing  t h e  r e s i d u a l  gas a n a l y s i s  and t h e  a d d i t i o n a l  pumping t o  make 

such an arrangement workab le .  Care must  b e  t a k e n  t h a t  t h e  ion-beam 
measurements on o u r  samples a r e  n o t  i n t e r f e r e d  w i t h  by  e l e c t r o n s  f rom t h e  

i o n i z e r  i n  t h e  Q.M.S. (Quadrupo le  Mass Spec t romete r ) .  An i s o l a t i o n  

scheme, a p a i r  o f  o v e r l a p p i n g  a p e r t u r e s ,  and a s h u t t e r  have been des igned 

F i g u r e  5, wh ich  i n -  
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f o r  t h i s  purpose.  

be necessary requ i rements  : 

The f o l l o w i n g  s p e c i f i c a t i o n s  on t h e  Q.M.S .  were f e l t  t o  

1 .  Mass R e s o l u t i o n :  Capable o f  mass r e s o l v i n g  f r a c t i o n a l  

masses. 

by 0.037 mass u n i t s  o r  g r e a t e r  a t  masses up t o  40 amu. 

Guaranteed t o  show 20% v a l l e y  r e s o l u t i o n  between i o n s  separa ted  

2.  Mass Ranges: 0 t o  64 amu a t  a f requency o f  5.1 MHz and 

1 t o  500 amu a t  a f requency o f  2.2 MHz. 

3. Quadrupo le :  Dimensions o f  rods  3/8 x 9 inches w i t h  s u i t a b l e  

f i e l d  s e p a r a t i o n  mechanism t o  ach ieve  r e s o l u t i o n s .  

4. S e n s i t i v i t y :  1 mA/Torr N2 o p e r a t i n g  a t  5.1 MHz b e f o r e  
e l e c t r o n  m u l t i p l i c a t i o n .  

5. Pumping System: Turbomolecu lar  pump w i t h  u l t i m a t e  vacuum on 

low t o r r  range on b l a n k  o f f .  

A t  p r e s e n t ,  t h e  Q.M.S. and e l e c t r o n i c s  a r e  under c o n s t r u c t i o n  a t  

E x t r a n u c l e a r  L a b o r a t o r i e s ,  I n c .  The new i s o l a t i o n  sample chamber and 

furnaces a r e  b e i n g  b u i l t  i n  o u r  workshops. The p r e s e n t  dua l  i o n  bombard- 

ment arrangement has a l r e a d y  undergone m a j o r  m o d i f i c a t i o n s  t o  a l l o w  a 

r a p i d  s h i f t  o v e r  t o  o u r  new system as soon as t h e  components a r e  f i n i s h e d  

and have undergone acceptance t e s t s .  

G. S e q u e n t i a l  and S imul taneous I o n  Bombardment o f  20% Co ld  Worked 
316SS 

The problems o f  d e s i g n i n g  r e a c t o r  exper iments  r e q u i r i n g  s p e c t r a l  

t a i l o r i n g  t o  ach ieve  c o n s t a n t  appm hel ium/dpa r a t i o s  and p r e - i m p l a n t i n g  

h e l i u m  i n t o  m a t e r i a l s  wh ich  w i l l  n o t  exper ience  s u f f i c i e n t  h e l i u m  genera-  

t i o n  by t r a n s m u t a t i o n  r e a c t i o n s  a r e  s u b s t a n t i a l .  Charged p a r t i c l e  
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i r r a d i a t i o n  exper iments  w i l l  h o p e f u l l y  be a b l e  t o  p r o v i d e  some i n s i g h t  

i n t o  t h e  e f f e c t s  o f  h e l i u m  i m p l a n t a t i o n  techn ique  on m i c r o s t r u c t u r a l  

e v o l u t i o n  and on t h e  need f o r  s p e c t r a l  t a i l o r i n g .  

A t  p r e s e n t ,  two i o n  a c c e l e r a t o r s  a r e  b e i n g  used t o  e i t h e r  

s e q u e n t i a l l y  o r  s i m u l t a n e o u s l y  i m p l a n t  h e l i u m  i o n s  and produce a tomic  

d i sp lacement  damage w i t h  28 MeV S i t 6  i o n s  i n  20% c o l d  worked 316SS. 

t h e  s e q u e n t i a l l y  bombarded t a r g e t s ,  h e l i u m  has been p r e- i m p l a n t e d  a t  

t e m p e r a t u r e s i n  t h e  range 600'C t o  750°C. 

a dep th  o f  s e v e r a l  m ic rons  i n  t h e  t a r g e t  by "chopping"  a beam o f  2 MeV 

h e l i u m  i o n s  w i t h  A1 degrader  f o i l s  o f  v a r y i n g  t h i c k n e s s .  The h e l i u m  con- 

c e n t r a t i o n  p r o f i l e  was a l s o  " t a i l o r e d "  t o  c l o s e l y  match t h e  damage energy 

p r o f i l e  f rom t h e  28 MeV s i l i c o n  i o n s .  T h i s  r e s u l t e d  i n  a damage r e g i o n  

e x t e n d i n g  f rom a dep th  o f  ~0.5 pm t o  3 pm i n  t h e  t a r g e t  over which  

t h e  hel ium/dpa r a t i o  was n e a r l y  c o n s t a n t .  Bombardment w i t h  s i l i c o n  i o n s  

has been conducted a t  t h e  same tempera tu re  as t h e  h e l i u m  p r e - i n j e c t i o n .  

Simul taneous bombardment o f  companion t a r g e t s  w i t h  h e l i u m  and s i l i c o n  i o n s  

has been per formed a t  temperatures  i d e n t i c a l  t o  those  used f o r  t h e  sequen- 

t i a l l y  bombarded t a r g e t s .  Samples were bombarded t o  peak damage l e v e l s  o f  

~30-40 dpa a t  each temperature .  C a l c u l a t e d  a tomic  d i sp lacement  r a t e s  

v a r i e d  from %6.4 x dpa-sec-'  

a t  t h e  peak damage r e g i o n .  The appm hel ium/dpa r a t i o  was m a i n t a i n e d  con- 
s t a n t  t h r o u g h o u t  these  exper iments  a t  a v a l u e  o f  ~ 1 1 .  Fo l low ing  bombard- 

ment t h e  t a r g e t s  a r e  b e i n g  s e c t i o n e d  t o  v a r i o u s  depths co r respond ing  t o  

d i f f e r e n t  damage r a t e s  and f l u e n c e s  a l o n g  t h e  damage energy p r o f i l e  f o r  
t h e  s i l i c o n  i o n s .  To a v o i d  s u r f a c e  p r o x i m i t y  and excess s i l i c o n  e f f e c t s ,  

d a t a  a r e  b e i n g  t a k e n  f rom a 1.0 t o  3 .0  pm deep r e g i o n .  

I n  

The h e l i u m  was d i s t r i b u t e d  o v e r  

dpa-sec-'  a t  t h e  s u r f a c e  t o  ~ 1 . 2  x 

TEM o b s e r v a t i o n s  have r e v e a l e d  marked d i f f e r e n c e s  i n  m i c r o-  

s t r u c t u r e  depending on t h e  h e l i u m  i m p l a n t a t i o n  techn ique  and i o n  bombard- 

ment temperature .  

s u l t e d  i n  v o i d  number d e n s i t i e s  a p p r o x i m a t e l y  an o r d e r  o f  magni tude l a r g e r  

and average v o i d  d iamete rs  ~5 t imes  s m a l l e r  t h a n  h o t  p r e - i m p l a n t a t i o n  o v e r  

I n  genera l ,  s imul taneous h e l i u m  i m p l a n t a t i o n  has r e -  
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t h e  e n t i r e  tempera tu re  range s t u a i e d .  

p r e - i n j e c t i o n  o f  h e l i u m  produced 

observed i n  t h e  s i m u l t a n e o u s l y  i m p l a n t e d  t a r g e t s .  

d e n s i t i e s  v a r i e d  by a l m o s t  an o r d e r  o f  magni tude i n  d i f f e r e n t  areas o f  t h e  

same f o i l  i n  t h e  h o t  p r e- i m p l a n t e d  samples bombarded a t  temperatures  above 

%700"C, a p p a r e n t l y  as a r e s u l t  o f  p a r t i a l  r e c r y s t a l l i z a t i o n .  No r e c r y s -  

t a l l i z a t i o n  ( b u t  some r e c o v e r y )  was observed i n  t h e  s i m u l t a n e o u s l y  i m -  
p l a n t e d  t a r g e t s  a t  bombardment temperatures  up t o  750'C. Fo r  b o t h  h e l i u m  

i m p l a n t a t i o n  c o n d i t i o n s  v o i d s  formed m a i n l y  i n  d i s l o c a t i o n  c e l l  i n t e r i o r s  

w i t h  few bubb les /vo ids  a s s o c i a t e d  w i t h  t h e  dense d i s l o c a t i o n  t a n g l e s  com- 

p r i s i n g  t h e  c e l l  w a l l s .  Heterogeneous v o i d  f o r m a t i o n  on needle- shaped 

p r e c i p i t a t e s ,  b u t  seldom on  g r a i n  boundary c a r b i d e s ,  were common f e a t u r e s  

o f  b o t h  i m p l a n t a t i o n  techn iques  a t  bombardment temperatures  above ~ 7 0 0 ° C .  

A t  a tempera tu re  o f  %6OO0C, h o t  

voids/cm3 b u t  v o i d s  were no l o n g e r  

Vo id  s i z e s  and no. 

The r e s u l t s  sugges t  t h a t  t h e  r a t e  and t empera tu re  a t  wh ich  

h e l i u m  i s  i m p l a n t e d  can  s t r o n g l y  i n f l u e n c e  t h e  n u c l e a t i o n  and g rowth  o f  

v o i d s ,  and m i c r o s t r u c t u r a l  s t a b i l i t y  o f  20% CW 31655. 
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FIGURE 1 .  Schematic Depict ing Sequence o f  Operations i n  Preparing 316 SS 
f o r  Dual- Ion Bombardment. 
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FIGURE 2 .  Apparatus Designed for Copper Plating 316 SS/Mo Target Assemblies 

to  Obtain Maximum Thermal Contact Prior to  Dual-Ion Bombardment. 
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