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FOREWORD 

This r e p o r t  i s  t h e  second i n  a s e r i e s  o f  Q u a r t e r l y  Technical  Progress 
Reports on "Damage A n a l y s i s  and Fundamental  S t u d i e s "  (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  support  
o f  t h e  Magnetic Fusion Energy Program o f  the 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 for I r r a d i a t i a n  Performance ( A D I P )  

.Plasma-Materials  I n t e r a c t i o n  ( P M I )  

.Special  Purpose  M a t e r i a l s  ( S P M ) .  

The DAFS program element i s  a n a t i o n a l  e f f o r t  composed o f  c o n t r i b u-  
t i o n s  f rom a number o f  Na t iona l  Labora to r ies  and o ther  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 .  It 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 A n a l y s i s  and Fundamental  S t u d i e s  which 
operates under t h e  auspices o f  t h a t  Branch. The purpose o f  t h i s  s e r i e s  
o f  r e p o r t s  i s  t o  prov ide a working t e c h n i c a l  reco 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  DOE. 

Plan o f  t h e  same t i t l e  ( t o  be pub l ished)  so t h a t  a c t i v i t i e s  and accom- 
p l ishments  may be f o l l o w e d  r e a d i l y  r e l a t i v e  t o  t h a t  Program Plan. Thus, 
t h e  work o f  a g iven l a b o r a t o r y  ma:' appear throughout the r e p o r t .  
t e r s  1 and 2 r e p o r t  t o p i c s  which are gener ic  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 ,  respec-  
t i v e l y .  Chapters 3, 4, and 5 r e p o r t  t h e  work t h a t  i s  s p e c i f i c  t o  each o f  
t h e  subtasks around which the program i s  s t r u c t u r e d :  A. Environmental 
Charac te r i za t ion ,  B. Damage Product ion,  and C. Damage M i c r o s t r u c t u r e  
E v o l u t i o n  and Mechanical Behavior. The Table o f  Contents i s  annotated 
f o r  t h e  convenience o f  t h e  reader. 

This r e p o r t  has been compiled and e d i t e d  under the guidance o f  the 
Chairman o f  the Task Group on Damage Analysis and Fuladamental S t u d i e s ,  
D. G. Doran, Hanford Engineer ing Development Laboratory,  and h i s  e f f o r t s ,  
those o f  the suppor t i ng  s t a f f  o f  HEDL and the many persons who made tech-  
n i c a l  c o n t r i b u t i o n s  are g r a t e f u l l y  acknowledged. T. C. Reuther, Ma te r i -  
a l s  and Rad ia t ion  E f f e c t s  Branch, i s  the Department o f  Energy counterpar t  
t o  t h e  Task Group Chairman and has r e s p o n s i b i l i t y  f o r  t h e  DAFS Program 
w i t h i n  DOE. 

This r e p o r t  i s  organized along 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 

Chap- 

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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DAFS TASK GROUP A C T I V I T I E S  
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I .  PROGRAM 

T i  t l e :  I r r a d i  a t  i on 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 :  0. G. Doran 
A f f i l i a t i o n :  Hanford Engineer ing Development Laboratory  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  coord inate  the a c t i v i t i e s  o f  ttfe 

DAFS Task Group. 

I1 I .  RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

A l l  t asks  

I V .  SUMMARY 

DAFS Task Group a c t i v i t i e s  have inc luded p a r t i c i p a t i o n  i n  a FMIT 
Experimenters Review Panel, i n  t h e  p r e p a r a t i o n  o f  a FMIT dosimetry p lan,  
and i n  d e f i n i n g  nuc lear  data needs. 

gram on fundamental mechanical behavior  and workshops or1 m i c r o s t r u c t u r a l  
c h a r a c t e r i z a t i o n  and on damage p roduc t ion  modeling. 

Plans are be ing formula ted f o r  a pro-  

V. ACCOMPLISHMENTS AND STATUS 

The DAFS Program Plan was completed and forwarded t o  DOE headquarters 

f o r  p r i n t i n g .  

The Task Group cont inued i t s  involvement i n  a c t i v i t i e s  r e l a t e d  t o  t h e  

design 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  (FMIT) f a c i l i t y  t o  be 
b u i l t  a t  HEDL. 

Review Panel f o r  FMIT on May 22-23 a t  HEDL. 

mental Character iza t ion,  cont inued t o  c o n t r i b u t e  t o  t h e  development 

Several members p a r t i c i p a t e d  i n  an ad hoc Experimenters 

Subtask Group A, Environ-  

3 



o f  a document d e s c r i b i n g  FMIT Dosimetry Program Requirements and Support 
A c t i v i t i e s .  

Subtask Groups A and B (Damage Product ion)  cont inued t o  a s s i s t  t h e  

M a t e r i a l s  and Rad ia t i on  E f f e c t s  Branch, O f f i c e  o f  Fusion Energy, i n  

d e f i n i n g  nuc lear  data needs ever more s p e c i f i c a l l y  and i n  addressing the  

means o f  o b t a i n i n g  needed data. 

Subtask Group B has h e l d  p r e l i m i n a r y  d iscuss ions  rega rd ing  a p o s s i b l e  

F a l l  workshop on computer model ing o f  damage p roduc t i on  phenomena. 

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)  has concentrated on implementing a program on fundamental 

mechanical behavior  as o u t l i n e d  i n  the  DAFS Program Plan. A major  meet ing 
on t h i s  t o p i c  i s  planned f o r  J u l y  13-14 a t  Richland, Washington, i n  con- 

j u n c t i o n  w i th  the  9 t h  ASTM I n t e r n a t i o n a l  Symposium on E f f e c t s  o f  Rad ia t i on  

on S t r u c t u r a l  Ma te r ia l s .  Also t o  be considereo a t  t h a t  t ime  w i l l  be 

implementat ion o f  a proposal  f o r  a workshop on techniques f o r  rn ic ros t ruc-  

t u r a l  and microchemical examination. 
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CHAPTER 2 

IRRADIATION TEST FACILITIES 
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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  develop a n a t i o n a l  program p lan  f o r  

t h e  e f f e c t i v e  u t i l i z a t i o n  o f  t he  RTNS- I1  and o t h e r  h igh  energy neut ron  

f a c i l i t i e s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASKS 

A l l  tasks are  r e l e v a n t  i n  t h a t  t he  u t i l i z a t i o n  o f  h igh  energy neutron 

sources i s  an i n t e g r a l  p a r t  o f  t h e  DAFS Program s t ra tegy .  The tasks  ex- 

pected t o  be a f f e c t e d  most d i r e c t l y  a re :  

TASK I I . A . 2  High Energy Neutron Dosimetry 

I I .A .4  Gas Generat ion Rates 

I I . A . 5  Dosimetry Technique Development 

11.6.3 Experimental Cha rac te r i za t i on  o f  P r i m a r y  Damage S t a t e  

I I .B .4  Damage Product ion i n  I n s u l a t o r s  
I I . C . l  E f f e c t  of M a t e r i a l  Parameters on M i c r o s t r u c t u r e  

II.C.2 E f f e c t  o f  Hel ium on M i c r o s t r u c t u r e  

I I .C .6  E f f e c t  o f  Damage Rate and Cascade S t r u c t u r e  M i c r o s t r u c t u r e  

I I .C .7  E f f e c t  o f  Helium and Displacements on Flow 

II.C.8 E f f e c t  o f  Helium and Displacements on F rac tu re  

I I . C . l l  E f f e c t s  o f  Cascades and F lux  on Flow 
I I .C.18 Re la t i ng  Low and High Exposure M ic ros t ruc tu res  

7 



I V .  SUMMARY 

A d r a f t  o f  t h e  RTNS-I1 U t i l i z a t i o n  Plan has been completed and c i r -  

cu la ted  f o r  comments. 

V .  ACCOMPLISHMENTS AN0 STATUS 

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

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

The Ro ta t i ng  Targe t  Neutron Source - I 1  (RTNS-11), under 

c o n s t r u c t i o n  a t  Lawrence Livermore Laboratory  (LLL),  i s  expected t o  be a t  

f u l l  power i n  January 1979. Funded by t h e  O f f i c e  o f  Fusion Energy, t h e  
RTNS-I1 w i l l  be t h e  h i ghes t  f l u x  source o f  h i g h  energy neut rons i n  t h e  

wor ld .  P repara t ion  o f  a program p l a n  f o r  t h e  u t i l i z a t i o n  o f  t h i s  f a c i l i t y  
was i n i t i a t e d  and progress was repo r t ed  i n  t h e  p rev ious  q u a r t e r l y .  (1)  

2.  S ta tus  -~ 

Over 120 i n d i v i d u a l s  were contacted i n  an e f f o r t  t o  p o l l  

The responses a r e  t h e  community on t h e  e f f e c t i v e  use o f  t h e  RTNS-11. 

summarized i n  Table 1 as " Pro jec ted  o r  Proposed Experiments f o r  RTNS-11." 

Table 1 and t h e  DAFS Program Plan formed t h e  bas is  f o r  t h e  

RTNS-I1 U t i l i z a t i o n  Plan. 

sen t  t o  members o f  t h e  f u s i o n  m a t e r i a l s  community f o r  comment. 

A d r a f t  of t h e  Plan has now been completed and 

V I .  REFERENCES 

1. R. W .  Powell and 0. G. Doran, " R T N S - I 1  U t i l i z a t i o n  Plan," DAFS 
Q u a r t e r l y  Report, A p r i l  1978, p. 10. 
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VII. FUTURE WORK 

Responses t o  t he  d r a f t  RTNS-I1 Plan will be considered and a f i n a l  
ve rs ion  completed du r i ng  the  nex t  r e p o r t i n g  pe r i od .  

V I  I I .  PUBLICATIONS 

None. 
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CHAPTER 3 

SUBTAS K A : ENVIRONMENTAL CHARACTER1 ZAT I ON 
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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 .  Knef f ,  Har ry  F a r r a r  I V  
A f f i l i a t i o n :  Energy Systems Group, Rockwell I n t e r n a t i o n a l  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  develop and app ly  hel ium accumulat ion 

f l uence  dosimetry  t o  t h e  measurement o f  neutron f luences and energy spec t ra  

i n  mixed-spectrum f i s s i o n  r e a c t o r s  u t i l i z e d  f o r  f u s i o n  ma te r ia l s  t e s t i n g .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

TASK I I . A . l  F i s s i o n  Reactor Dosimetry 

SUBTASK I I . A . l . l  F lux-Spectra l  D e f i n i t i o n  i n  a T a i l o r e d  F i s s i o n  

SUBTASK II.A.1.2 Enhance Technique 

Reactor 

I V .  SUMMARY 

An ex tens i ve  s e t  o f  he1 ium accumulat ion f luence mon i to rs  was assem- 

b l e d  f o r  neutron dosimetry  i n  t he  Magnetic Fusion Energy (MFE) i r r a d i a t i o n  
experiment MFE-2 i n  t h e  Oak Ridge Research Reactor (ORR). 

sen t  t o  Argonne Nat iona l  Labora to ry  (ANL) f o r  i n c o r p o r a t i o n  w i t h  t h e i r  
r a d i o m e t r i c  dosimeters f o r  Leve ls  1-4 o f  t h e  MFE-2 experimental  assembly. 

Th is  s e t  was 

V.  ACCOMPLISHMENTS AND STATUS 

Helium Accumulat ion Fluence Dosimetry f o r  t h e  MFE-2 I r r a d i a t i o n  i n  

t he  Oak Ridge Research Reactor -- D. W .  Kneff and Har ry  F a r r a r  I V  (Energy 

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

17 



An ex tens ive  s e t  o f  he l ium accumulat ion f l uence  mon i to rs  (HAFM's) was 

assembled f o r  neutron dosimetry  i n  t he  MFE-2 ORR i r r a d i a t i o n .  Th i s  s e t  

has been mod i f i ed  somewhat from the  l i s t  o f  HAFM's presented i n  t he  pre-  

v ious  DAFS Progress Report," ) due t o  design changes i n  t he  MFE-2 expe r i -  

mental assembly. The s e t  cons i s t s  o f  f o u r  groups o f  HAFM's, t o  be p laced 

i n  a s i n g l e  sealed aluminum tube between the  MFE-2 experiment ho lde r  

assembly and t h e  ex te rna l  experiment can, and extending from the  top  of 

Level 1 t o  t h e  bottom o f  Level 4. One group o f  HAFM's w i l l  be centered 

approx imate ly  on t h e  midplane o f  each l e v e l .  The f i n a l  s e t  o f  HAFM's i s  
l i s t e d  i n  Table 1. 

T h i s  HAFM s e t  was sent  t o  ANL t o  be incorpora ted  w i t h  t h e i r  r a d i o -  

The combined dosimetry  w i l l  be i n  a c l o s e  s p a t i a l  m e t r i c  w i r e  dosimeters. 

geometry f o r  optimum comparison o f  t he  two neutron dosimetry  methods. 

V I .  REFERENCES 

1. D .  W. Kne f f  and H. F a r r a r  I V ,  "Helium Generat ion i n  Fusion 
Reactor Ma te r i a l s , "  Con t r i bu t i ons  t o  t he  Damage Ana lys i s  and 
Fundamental Studies P e r i o d i c  Technica l  Progress Report  f o r  t he  
Per iod  October 1977 t o  March 1978 ( i n  press) .  

V I I .  FUTURE WORK 

The i r r a d i a t i o n  o f  these HAFM's w i l l  be f o l l owed  by t h e i r  he l ium 

a n a l y s i s  i n  t he  Rockwell I n t e r n a t i o n a l  h i g h - s e n s i t i v i t y  gas mass spectro-  

meter.  The r e s u l t s  w i l l  be combined w i t h  t he  ANL r e s u l t s  t o  p rov ide  dos- 

i m e t r y  f o r  t he  MFE-2 experiment, and w i l l  be combined w i t h  o t h e r  s i m i l a r  

se ts  o f  he l ium genera t ion  data t o  develop energy-dependent HAFM's f o r  

f u t u r e  mixed-spectrum f i s s i o n  r e a c t o r  i r r a d i a t i o n s .  
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TABLE I 

FINAL HELIUM GENERATION DOSIMETER SET 

FOR ORR IRRADIAT ION MFE-2 

Number o f  
M a t e r i a l  Specimens Form* 

T i N  

PbS 

KC1 

CaF2 

FeF2 

'2'5 
Be 

54Fe 

K I  

Si02 

N i  

V 

Fe 

T i  

A1 
cu 

Nb 

P t  

4 

4 
4 

4 

4 

4 
1 
1 

1 
1 

{ 4 3  

4 
4 

4 
4 

3 
3 

Encapsulated powder 

Encapsulated powder 

Encapsulated c r y s t a l s  

Encapsulated c r y s t a l s  

Encapsulated c r y s t a l s  

Encapsulated c r y s t a l s  

Encapsulated c r y s t a l s  

Encapsulated chunks 

Encapsulated c r y s t a l s  

Encapsulated powder 

Encapsulated w i r e  
Bare w i r e  

Empty capsule 
Bare w i r e  

Encapsulated w i r e  

Bare w i r e  

Encapsulated w i r e  
Bare w i r e  

Bare w i r e  

Bare w i r e  

* 
The capsules were made o f  vanadium, electron-beam welded i n  vacuum. 
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I. 

I 1  

PROGRAM 

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

P r i n c i p a l  I n v e s t i g a t o r :  L. R. Greenwood 
A f f i l i a t i o n :  Argonne Nat iona l  Laboratory 

OBJECTIVL 

To determine the  f lux- spec t rum a t  var ious  l o c a t i o n s  i n  t h e  Oak Kidge 

Reactor (ORR) and t o  p rov ide  dosimetry  and damage a n a l y s i s  f o r  MFE 

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

I I I. RELEVANT OAFS PROGRAM TASK/SUBTASK 

SUBTASK 11. A . l . l  F l ux- spec t ra l  d e f i n i t i o n  i n  a t a i l o r e d  f i s s i o n  

r e a c t o r .  

I V .  SUMMARY 

Dosimetry p lans  have been completed f o r  ORK-MFE2 t o  commence i n  

J u l y ,  1978. The low-power spec t ra l  r u n  w i l l  occur i n  l a t e  June o r  e a r l y  
J u l y  f o l l o w i n g  t h e  complet ion o f  ORR-MFE1. F o i l  o r  w i r e  a c t i v a t i o n  

m a t e r i a l s  and hel ium accumulat ion f l uence  mon i to rs  (HAFM) a re  inc luded i n  
a l l  runs. 

V .  ACCOMPLISHMENTS AN0 STATUS 

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

The f i r s t  i r r a d i a t i o n  i n  ORR l a b e l e d  ORR-MFE1 i s  scheduled t o  end 

premature ly  i n  l a t e  June o r  e a r l y  J u l y .  Due t o  t h e  reduced f l uence  i t  i s  

n o t  c e r t a i n  t h a t  t he  a c t i v a t i o n  w i l l  be adequate i n  a l l  m a t e r i a l s  and t h e  
HAFM's may n o t  have s u f f i c i e n t  he l ium f o r  r e l i a b l e  count ing  a t  Atomics 
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International (AI). Selected samples will t h u s  be counted t o  determine 
the extent of our e f f o r t .  

The low-power spectral  study i s  scheduled fo r  an i r rad ia t ion  during 
July. 
f o r  ORR-MFE2. 
and ship the samples t o  Argonne for  counting within a few days a f t e r  the 
end of i r radia t ion in order t o  see the a c t i v i t i e s  with short half- l ives .  

The dumny capsule will be inserted in  the same loaction t o  be used 
ANL personnel will unload the capsules a t  Oak Ridge ( O R N L )  

Plans have been completed fo r  ORR-MFE2. Dosimetry wires (Fe, Ni, T i ,  
and Co-A1) have been packaged in small aluminum capsules (s.045" diameter 
by 0.25" long) and sent t o  OKNL. These capsules will be placed in  small 
holes d r i l l ed  in the thermocouple supports in each of the sixteen 
materials capsules on levels  1 - 4.  A s ingle  tube will contain a l l  four 
wires and HAFM materials  will be loaded i n  a separate tube.  Seth tubes 
will r u n  the en t i r e  length of the assembly t o  map fluence gradients.  
i r radia t ion i s  scheduled t o  s t a r t  in l a t e  July and should l a s t  about one 
year. 

The 

V I .  REFERENCES 

None 

V I I .  FUTURE WORK 

Plans are now being in i t i a t ed  fo r  ORR-MFE3 t o  s t a r t  in October. 
Data analysis should extend well in to  FY80. 
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I. PROGRAM 

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

11. OBJECTIVE 

To develop dosimetry techniques and provide dosimetry and damage 
analysis for experiments in Be(d,n) irradiation facilities. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

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

IV. SUMMAKY 

Results are presented for integral activation cross-section tests 
conducted at the Oak Ridge Isochronous Cyclotron (ORIC) using the 
gBe(d,n) reaction at Ed = 40 MeV. 
measured time-of-flight spectra with overall standard deviations of about 
+lo% indicating that our extrapolated cross-section library is surprising- 
ly accurate. 

Unfolded spectra agree very well wlth 

V.  ACCOMPLISHMENTS AND STATUS 

Inteqral Cross-section resting in a 3Be(d,nj Field at Ed = 40 MeV -- 
L. R. Greenwood and R. R. Heinrich (ANL), M. J. Saltmarsh (ORNL). 

Integral neutron activation measurements have been completed for 14 
materials (44 reactions) in the 40 MeV 3Be(d,nj field at ORIC. 
were irradiated in a well-defined geometry at 7.62 cm from the neutron 
source at angles of 0" and 15" to the beam direction. 

Foils 

Available cross- 
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sec t ions  have been e x t r a p o l a t e d  t o  44 MeV f o r  251 o f  t h e  r e a c t i o n s .  

neutron spect ra  a t  va r ious  angles have been p r e v i o u s l y  measured by M. 
Sa l tnarsh,  e t .  a2.l us ing t h e  t i m e - o f - f l i g h t  technique.  Our a c t i v a t i o n  

measurements a r e  compared t o  a c t i v i t i e s  c a l c u l a t e d  us ing  t h e  t ime-o f -  

f l i g h t  spect ra  and our  extended c ross- sec t ion  l i b r a r y  i n  Table 1. 

be seen, t h e  o v e r a l l  agreement o f  about * l o %  i s  s u r p r i s i n g l y  good. 

The 

As can 

The second column i n d i c a t e s  t h e  90% energy l i m i t s  f o r  t h e  c a l c u l a t e d  

a c t i v i t i e s .  The good agreement between measured and c a l c u l a t e d  r e s u l t s  

comes ma in ly  from t h e  f a c t  t h a t  we a r e  g e n e r a l l y  t e s t i n g  t h e  cross-  

sec t ions  a t  energies where they a r e  b e t t e r  known. The l a r g e  discrepan-  

c i e s  f o r  t h e  (n,p) r e a c t i o n s  on 4 6 T i ,  4 7 T i ,  and 54Fe a r e  due t o  con- 

t r i b u t i o n s  f rom h igher  mass iso topes.  The numbers i n  parentheses show 

t h a t  these e f f e c t s  a r e  ve ry  near' ly accounted f o r  us ing  the THRESH code o f  

S .  P e a r l s t e i n  ( B N L ) . ~  

F igures 1 and 2 compare t h e  spect ra  a t  0" and 15" unfo lded w i t h  t h e  

SAND I1 code w i t h  t h e  t i m e - o f - f l i g h t  measurements. The s l i g h t  d i f f e r e n c e s  

a r e  g e n e r a l l y  w i t h i n  t h e  exper imental  accurac ies  o f  bo th  techniques.  

The e x c e l l e n t  r e s u l t s  obta ined i n  a w e l l - d e f i n e d  geometry i n d i c a t e  

t h a t  s p e c t r a l  a n a l y s i s  i n  a p o o r l y  de f ined  geometry should be reasonably 

r e l i a b l e .  The SAND I 1  code was thus used t o  u n f o l d  t h e  f lux- spect rum 

obta ined f rom t h i n  Au, N i ,  Co, and Fe f o i l s  p laced d i r e c t l y  on t h e  tan-  

ta lum end p l a t e  approx imate ly  6.25 mm f rom t h e  neut ron source. 

were placed i n  a c ross p a t t e r n  and c u t  i n t o  14 subsect ions ( t y p i c a l l y  

6.2 mm square) t o  map f l u x  and s p e c t r a l  g rad ien ts .  Eleven r e a c t i o n s ,  

which showed e x c e l l e n t  agreement i n  [ab le  1, were used t o  u n f o l d  t h e  f l u x  

as a f u n c t i o n  o f  r a d i a l  d i s tance  from t h e  beam ax is ,  as shown i n  f i g u r e  3 .  

The agreement between f o i l s  l oca ted  i n  a l l  f o u r  d i r e c t i o n s  normal t o  t h e  

beam a x i s  i n d i c a t e s  t h a t  the f i e l d  i s  c y l i n d r i c a l l y  symmetric and t h a t  

t h e  u n f o l d i n g  technique i s  q u i t e  rep roduc ib le .  

The f o i l s  
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TABLE I : RA1 10s OF MEASUR€D-TO-CALCULATED ACTIVITIES (5) 
LSlNG TIML-OF-FLIGHT SPECTRA. RELATIVE ERRORS 

ARE 1.5% ABSOLUTE k lo%,  EXCEPT AS NOTED. 

90% Energya R a t i o  a t  0” R a t i o  a t  15” 

REACTION 
Range (MeV) (‘L3.50) (‘L17”) 

4 5 ~ c  ( n  , Y ) ~ ~ s c  
5 9 c ~  (n  ,Y)~OCO 
97Au ( n  , Y ) ’ ~ ~ A U  

238U ( n  .y ) 239Np 

*35U(n,f) 

238u ( n  ,f) 

ll51n(n,n’)”5m1n 

T i  ( n  ,p J“Sc 

T i  ( n , ~ ) ~ ~ S c  

4 8 T i  ( n , ~ j ~ ~ S c  

Fe( n ,p j54Mn 

56Fe( n ,p) 56Mn 

59Co(n,p)59Fe 
5 8 N i  (n . P ) ~ ~ C O  

6 0 N i  (n,p)60Co 

27Al (n,a)24Na 

54Fe(n ,a j51Cr 

59Co( n , u ) ~ ~ M ~  
45Sc ( n  ,2n J4%c 

5 % 0 ( n , 2 n ) ~ ~ C o  

5 8 N i  ( n , Z r ~ ) ~ ~ N i  

Z r ( n ,2 !1J~~Z r  
N b ( n ,2n ) 2mN b 

(0” Spectrum) 
i .6-3-25.0 

1.6+-22.7 
2. !jA4-1 9.5 

4.3-4- 4.2 

0.6 - Z9.7 

5.0 - 30.8 

1.8 - 23.1 

9.0 - 33.0 

12.0 - 33.0 

9.9 - 26.6 

6.0 - 33.0 

8.6 - 23.5 

8.1 - 24.2 
4.4 - 23.4 

7.9 - 23.0 

9.0 - 21.5 

9.5 - 28.0 

9.3 - 24.4 

13.9 - 27.5 
12.8 - 26.6 

14.8 - 28.2 

14.1 - 28.1 
11.2 - 22.0 

1 .0Ob 

1 .0Zb 
0. 99‘ 

1 .ooc 

b 

1 .03b 

1.26 210%. 

I .04 

*1.84 (0.83)d 

*8.82 (1.18)d 

*1 .89 (0.94Jd 

0.97 

1.05 
0.85 ?15% 
0.93 
0.97 +_ 5% 
1.02 

*1.28 

1.05 

0.95 
1.06 

0.82 ( 1 . 2 6 ) e  
0.99 

0.93 

1 .17b 
b 1.35 210% 

0.88b 

0.94‘ 
0.94‘ 

0.96 

1.10b 

*1.93 (0.88)d 

*7.14 ( 1  .13)d 

*1.88 (1  .04)d 

u.99 

1.02 

0.95 +15% 
0.88 

0.98 2 7% 
0.56 

* I  .43 

1.02 

0.98 

1.04 

0.84 (1.34)e 

1.02 
0.94 

2 5  



TABLE I (cont'd) 

169Tm(n,2n)168Tm 
169Tm( n ,3n) 67Tm 
lg7Au (n ,2n) lq6Au 
lg7Au (n ,3n)* 5Au 
lg7Au (n,4n)lq*Au 
2 3 8 U ( n  ,2n ) 2 3 7 U  

Std. OeV. ( % )  

Total Flux 
[ n/cm2 -sec ) 

10.4 - 23.3 0.91 0.92 
17.9 - 30.6 1.05 1.08 
10.7 - 23.5 0.99 0.98 
18.0 - 29.4 0.87 * 4% 1.06 2 7% 
27.2 - 39.8 1.03 +lo% 0.88 +13% 
7.7 - 16.4 1.21 1.10 

*9.7 *10.8 

6.26 x 1Olo 3.2'1 x 1Olo 

*Reactions not included in standard deviation. 

of the activation integral falls within this energy range. 7.6-3 
means 7.6 x The range at '15" is only slightly changed. 

b(n,y) ratios are somewhat arbitrary since the time-of-flight data stops 
at 2 MeV. 
the data. 

A smooth extrapolation was chosen to give a reasonable fit to 

'14 MeV fission yields were used. 

dRatios not in parentheses were calculated assuming mono-isotopic pro- 
duction [e.g. 54Fe(n,p)]; ratios in parentheses include production from 
higher mass isotopes basedlon THRESH calculations. Energy limits are 
for total production. 

eCross-section from ENDF/B-IV and LASL; values in parentheses from 
ENDF/B-IV Only. 
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0, Be(d,n) 40 MeV 
0 
4 

0' 7.62 c m  O R I C  

h 

0 
4 1  I I I I 1 0.0 9- 0 18-0 27.0 36- 0 45.0 

Energy, MeV 
ANL 

FIGURE 1. Comparison of time-of-flight (input) spectrum at 40 MeV at 
0" and unfolded spectrum from SAND I1 using our integral 
activities. 
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- 

- 

h 
0 

0.0 9.0 18.0 27.0 36.0 45- 0 
Energy,  MeV 

FlNL 

FIGURE 2. Comparison o f  t i m e - o f - f l i g h t  ( i n p u t )  spectrum a t  40 MeV a t  
15" and un fo lded  spectrum f rom SAND I 1  us ing  ou r  i n t e g r a l  
a c t i v i t i e s .  



INTEGRRL FLUX 

m o l  4 20.0 25- 0 
0.0 5.0 10.0 15.0 

R A D I A L  DISTANCE FROM BEAM AXIS,mm 

FIGURE 3 .  Integral radial  f lux gradients a t  6.3 mm from the source 
unfolded with SAND I1 u s i n g  our integral  a c t i v i t y  measure- 
ments. Various lower energy thresholds a re  indicated and 
errors  were calculated w i t h  the Monte Carlo code SANDANL. 
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An unfolded spectrum obtained trom the centermost group of f o i l s  i s  
shown w i t h  an  e r ror  analysis in f igure  4.  This spectrum and f igure  3 are 
of par t icular  i n t e r e s t  since i t  represents the maximum flux obtainable a t  
O R I C  f o r  materials i r rad ia t ions .  

The errors  shown in f igure  4 indicate t h a t  the flux-spectrum i s  
reasonably well-defined between 4 - 30 MeV where most of the materials  
damage or iginates .  In a pure 0" spectrum, about 14% of the flux l i e s  
below 2 MeV, 9% i s  above 25 MeV, and  only 3.5% i s  above 30 MeV. Hence, 
the larger flux e r rors  a t  very low and very h i g h  energies a r e  re la t ive ly  
unimportant in terms o f  neutron damage in materials .  

A d r a f t  of our comp'lete study i s  now being readied f o r  submission 
t o  Nuclear Technology and preprints should be available shor t ly .  

VI.  REFEKENCES 

1 .  FI. J .  Saltmarsh, C .  A .  Ludemann, C .  B.  Fulmer, and R. C .  S tyles ,  
ORNL/TM-5696, 1976. 

2 .  S .  Pear ls te in ,  BNLl6271, 1971 

V I I .  F U I U R E  WOKK 

We p l a n  t o  continue these integral  t e s t s  a t  other deuteron energies 

Development work i s  par t icular ly  important a t  very high 
in order t o  obtain a more complete picture of the accuracy of nuclear 
cross-sections. 
and very low neutron energies where unfolded spectra have the la rges t  
e r rors  a t  Dresent. 

VIII. PUBLICATIONS 

A manuscript i s  now being prepared fo r  submission t o  Nuclear 
Technology. 

report .  
O u r  extended cross-section f i l e  will be published in  an ANL 
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I .  PROGRAM 

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

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

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

11. OBJECTIVE 

The o b j e c t i v e s  o f  t h i s  work a r e  t o  measure hel ium generat 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  t h e  broad-band 

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

and energy spectra,  and t o  develop hel ium accumulat ion f l uence  moni tors  

f o r  neut ron f l uence  and energy spectrum dosimetry f o r  fusion-program 

neu t ron  i r r a d i a t i o n s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

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

SUBTASK I I .A.4.3 Be(d,n) Helium Gas Product ion Data 

SUBTASK I I . A . 5 . 1  Helium Accumulat ion Moni tor  Develooment 

I V .  SUMMARY 

Helium analyses have been i n i t i a t e d  f o r  t h e  pure elements i r r a d i a t e d  
i n  J u l y  1977 i n  t h e  Be(d,n) neut ron f i e l d  f o r  30-MeV deuterons. 

analyses completed t o  da te ,  i n c l u d e  29 specimens f rom f i v e  pure element 

w i r e  r i n g s  ( A l ,  Fe, N i ,  and Cu) i nco rpora ted  i n  the experiment f o r  both 

cross s e c t i o n  and he1 ium accumulat ion dos imet ry  a p p l i c a t i o n s .  

The 

V.  ACCOMPLISHMENTS AND STATUS 

Helium Analyses o f  Be(d,n) - I r r a d i a t e d  Pure Elements -- 0. W. Kneff ,  

Harry F a r r a r  I V ,  and M. M. Nakata (Energy Systems Group, Rockwell I n t e r -  

n a t i o n a l  ) 



A complex assembly of helium-generation and neutron dosimetry mate- 
rials was irradiated in July 1977, using the Be(d,n) reaction with 
30-MeV deuterons from the Crocker Nuclear Laboratory cyclotron at the 
University of California at Davis. The primary objectives were to measure 
the spectrum-integrated helium-generation cross sections of a large number 
of pure elements, separated isotopes, and alloys of potential fusion 
reactor design interest; to characterize the Be(d,n) neutron environment 
in detail; and to evaluate and use helium accumulation materials as 
neutron fluence and energy dosimeters. 
jointly with personnel from Argonne National Laboratory (ANL) and Lawrence 
Livermore Laboratory (LLL), who are providing extensive radiometric 
characterization dosimetry for the irradiation. 

The experiment was undertaken 

The experiment has been described in detail elsewhere. The 
helium-generation materials were contained in the irradiation capsule 
shown schematically in Figure 1. It was mounted 1 cm from the downstream 
face of the beryllium target assembly, and consisted of multiple layers of 
helium dosimetry materials sandwiched between layers of radiometric 
dosimetry foils. 
irradiated concentric with the capsule axis, will provide most of the 
helium accumulation neutron dosimetry for the capsule volume. 
samples to be analyzed for helium in this experiment were taken from these 
dosimetry rings. 

The eleven Au, Ni, Al, Fe, and Cu wire rings (Figure I), 

The first 

The rings were prepared for helium analysis by acid etching to reduce 
possible a-recoil surface effects to <I%, and by segmenting each ring 
into multiple pieces for individual analysis. 
will provide detailed information on the neutron spectrum profile. The 
use of this technique has been demonstrated for the 14.8-MeV neutron field 
of the Rotating Target Neutron Source (RTNS-I) at LLL. 

This segmenting procedure 

( 2 )  

Table 1 presents the helium results for 29 segments of five of the 
wire rings, which were analyzed using the Rockwell International high- 
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TABLE 1 

HELIUM CONCENTRATIONS I N  Be(d,n) - 
I R R A D I A T E D  PURE ELEMENT R I N G  SEGMENTS 

- 
Ring Sample e* Mass (mg) 

A1 GAL-W1A 

Layer 2 GAL-W1C 

GAL-W 1 E 

GAL-W1G 

GAL-W1I 

GAL-WlK 

Fe G FE -W 2A 
Layer 3 GFE-W2B 

GFE-W2C 

GFE-W2E 

GFE-W2G 

GFE-W2I 

GFE-W2K 

GFE-W2M 

GFE-W20 

GFE-W20 

N i  GNI-W2A 

Layer 3 GNI-W2E 

GNI-W2I 

GN I -W 2M 

GN I -W2Q 

GNI-W2U 

67' 

3O 

302' 

248' 

191' 

132' 

62' 
43' 

29' 
351' 

311' 

273' 

228' 

185' 

154' 

111' 

7 4' 

14' 

320' 

262' 

206' 

154' 

0.5605 

0.7226 

Q. 5617 

0.4228 

0.6299 

0.6305 

2.195 
1.403 

1.632 

1.697 

2.014 

2.165 

1.992 
1.326 

1.531 

2.445 

2.515 

2.473 

2.054 
2.932 

2.311 

2.953 

4 Atoms He 

2.699 x 10 l1  

3.695 x 10 l1  

3.502 x 10 l1  

3.014 x 10 l1  

3.776 x 10 l1  

11 1.691 x 10 
1.086 x 10 l1  

1.296 x 10 l1  

1.408 x 10 l1  

1.890 x 10 l1  
2.213 x 10 l1  

2.240 x 10 l1  

1.489 x 10 l1  

1.636 x 10 l1  

2.302 x 10 l1  

3.648 x 10 l1  
11 3.634 x 10 

3.468 x 10 l1  

6.032 x 10 l1  

5.123 x 10 l1  

5.851 x 10 l1  

4.559 x l o l l  

appb+ 

21.57 

22.90 

27.93 

31.93 

32.42 

26.83 

7.14 
7.18 

7.37 

7.70 

8.70 

9.50 

10.42 
10.42 

9.91 

8.75 

14.14 

14.32 

16.46 

20.05 

21.61 

19.31 

(See nex t  page for  f oo tno tes )  Continued . . . 
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TABLE 1 (CON.) 

HELIUM CONCENTRATIONS I N  Be(d,n) - 
IRRADIATED PURE ELEMENT RING SEGMENTS 

t 
appb 

cu GCU- W 1 E 220 2.537 6.046 x l o l o  2.52 

Layer  2 GCU-W1I  319' 2.579 7.456 x l o l o  3.05 

GCU-W1Q 192' 2.958 1.147 x 10l1 4.09 

4 - 
Ring Sample 8* Mass (mg) Atoms He 

GCU-W1U 132' 2.524 7.994 x 1o1O 3.34 

I n n e r  Cu GCU-W3A 56' 1.433 1.232 x 10l1 9.07 

Layer  3 GCU-W3C 290' 1.575 1.595 x 10 l1  10.69 

GCU-W3E 180' 1.653 1.769 x 10l1 11.30 

*Average angular  o r i e n t a t i o n  o f  segment r e l a t i v e  t o  capsule a x i s  i n  p lane 

'Helium concen t ra t i on  i n  atomic p a r t s  per  b i l l i o n .  

o f  r i n g .  

s e n s i t i v i t y  gas mass spectrometer. 

l o c a t i o n s  around each r i n g .  These i n i t i a l  r e s u l t s  r e f l e c t  r i n g  i r r e g u -  

l a r i t i e s  r e l a t i v e  t o  t h e  capsule ax i s ,  w i t h  t he  e f f e c t  magn i f ied  by the  

e f f e c t  o f  energy-spectrum changes w i t h  source angle on the  hel ium gener- 
a t i o n .  
a r e  con t inu ing ,  and w i l l  p r o v i d e  a m a t r i x  o f  hel ium-generat ion dosimetry  

r e s u l t s  cover ing  the  capsule volume. 

The segments represent  var ious  

Analyses o f  se lec ted  segments o f  a l l  eleven hel ium dosimetry  r i n g s  
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VII. FUTURE WORK 

The hel ium analyses o f  se lec ted  pure element w i r e  r i n g  segments w i l l  

cont inue.  The r e s u l t s  w i l l  be combined w i t h  t he  rad iome t r i c  f o i l  r e s u l t s  

t o  cha rac te r i ze  t h e  Be(d,n) neutron f i e l d ,  and the  neutron f luence and 

energy p r o f i l e s  w i l l  be c a r e f u l l y  mapped over the  experimental  volume. 

The o t h e r  pure elements, a l l o y s ,  and separated isotopes i r r a d i a t e d  in t h i s  
experiment w i l l  be analyzed f o r  helium, and the  r e s u l t s  w i l l  be combined 

w i t h  t he  neutron mapping r e s u l t s  t o  determine hel ium-generat ion cross 

sec t i ons  f o r  t h i s  Be(d,n) environment. 
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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  p r e d i c t  t h e  s p a t i a l  v a r i a t i o n s  o f  

r a d i a t i o n  damage parameters w i t h i n  t he  t e s t  volume o f  t he  Fusion M a t e r i a l s  
I r r a d i a t i o n  Tes t  (FMIT) f a c i l i t y ,  and the  s e n s i t i v i t y  o f  these parameters 

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

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

SU3TASK II .A.2.4 F lux  Spectrum D e f i n i t i o n  i n  FMIT 
SUBTASK I I . B . l  .5 C a l c u l a t i o n  o f  Displacement Cross Sect ions 

I V .  SUMMARY 

The major f i n d i n g  so f a r  i s  the  i n s e n s i t i v i t y  o f  spectra l- averaged 

damage parameters t o  p o s i t i o n  throughout  t h e  t e s t  r e g i o n  where the  f l u x  

i s  g r e a t e r  than 10"+n/cm2-s. 
o r  Gaussian source d i s t r i b u t i o n s  and f o r  bo th  unperturbed (source)  spec t ra  
and f o r  spec t ra  per tu rbed by t h e  presence o f  s imulated t e s t  assemblies. 

That i s ,  t h e  v a r i a t i o n  i n  damage r a t e s  appears t o  be dominated by changes 

i n  f l u x ,  n o t  spectrum. For t he  deuteron energ ies considered, 35, 30, and 
15 MeV, the  spectra l- averaged hel ium- to-dpa r a t i o s  f o r  copper and niobium 

vary  by l e s s  than 11% i n  the  t e s t  reg ion .  However, t h i s  r a t i o  decreases by 

as much as 65 percent  i n  going from 35 t o  15 MeV deuterons. 

Th is  r e s u l t  i s  ob ta ined f o r  e i t h e r  un i f o rm 

A t y p i c a l  t e s t  assembly p e r t u r b a t i o n  o f  neutron spec t ra  from 35 MeV 

deuterons decreases t h e  spectra l- averaged damage energy cross s e c t i o n  by 

10 t o  19 percent ,  and the  spectra l- averaged he l ium p roduc t i on  cross s e c t i o n  
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by 15  t o  28 percent. 
r a t i o  i s  l ess  t h a n  10%. 

on spectral-averaged values a re  presented. 

The corresponding decrease in the helium-to-dpa 
Effects of possible cross section uncertainties 

V .  ACCOMPLISHMENTS AND STATUS 

A .  FMIT Damage Parameter Sensi t iv i ty  Study - J .  0 .  Schiffgens, R. L .  
Simons, F .  M .  Mann, and L .  L .  Carter 

1 .  Introduction 

FMIT i s  t o  be an accelerator-based high energy neutron i r r ad i -  
ation f a c i l i t y  u t i l i z ing  d-Li breakup reactions.  Although the neutron 
spectra will have the fusion energy neutrons lacking in f i s s ion  reactor 
spectra ,  the FMIT spectra will extend to  higher energies as wel l .  ( 1 )  

Characterization of the expected neutron f i e l d  i s  essential  f o r  the dev- 

elopment o f  appropriate experimental t e s t  assemblies and for  the determin- 
ation of required data accuracies. Since b o t h  needs must be  ref lected in 
the design of the f a c i l i t y ,  a n  FMIT damage parameter s ens i t i v i t y  s t u d y  i s  
in progress. This report  summarizes the r e su l t s  t h u s  f a r  obtained. 

The resu l t s  of new neutron yield measurements fo r  a l l  deuteron 
energies and neutron emission angles of i n t e r e s t  a r e  n o t  ye t  avai lable .  ( 2 )  

Hence, source models f i t  t o  avai lable  d a t a  have been used t o  calculate  
spectra in the t e s t  region of the i r rad ia t ion  ce l l  fo r  use in t h i s  study. 
The neutron spectra used here were generated by F. M .  Mann") and L .  L .  
Carter .  (3-5) Mann's model, as described previously,(6)provides unperturbed 
spectra t h r o u g h o u t  the i r rad ia t ion  c e l l .  Car te r ' s  model, on the other 
hand, was devised t o  generate neutron flux maps within expericiental t e s t  
assemblies; i t  provides b o t h  perturbed and unperturbed spectra in the i r -  
radiation c e l l .  The l a t t e r  model employs a Monte Carlo procedure t o  de- 
termine t h e  average spectrum on small surface segments within the  
empty or  assembly-filled i r rad ia t ion  c e l l .  A n  interpolation scheme per- 
mits the spectrum a t  any point within the ce l l  t o  b e  obtained economically. 
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A reasonable bas i s  f o r  desc r i b ing  spectrum v a r i a t i o n s  i n  neu- 

t r o n  i r r a d i a t i o n  f a c i l i t i e s  i s  i n  terms o f  displacement per  atom (dpa) and 

gas atoms generated from t ransmuta t ion  reac t i ons  (appm He o r  H) .  

study, c a l c u l a t i o n s  were made o f  spectra l- averaged damage energy and hel ium 

p roduc t i on  c ross  sec t ions  f o r  p o t e n t i a l  FMIT spectra.  The emphasis here 

cont inues t o  be on t h e  assessment of damage a n t i c i p a t e d  under l i k e l y  oper-  

a t i n g  c o n d i t i o n s  a t  l o c a t i o n s  o f  most i n t e r e s t  f o r  i r r a d i a t i o n  t e s t i n g  

( i . e . ,  where the  t o t a l  f l u x  i s  g rea te r  than 101'+n/cm2-s). 

I n  t h i s  

The f i r s t  p a r t  o f  t h i s  r e p o r t  descr ibes a comparison o f  r e -  

s u l t s  us ing  un i f o rm and Gaussian source d i s t r i b u t i o n s .  Th i s  i s  f o l l owed  

by a d i scuss ion  o f  t he  s e n s i t i v i t y  o f  t he  r e s u l t s  t o  cross s e c t i o n  uncer-  

t a i n t i e s .  F i n a l l y ,  r e s u l t s  o f  c a l c u l a t i o n s  w i t h  unperturbed spectra and 

spec t ra  per tu rbed by a l i k e l y  experimental  t e s t  assembly a re  compared and 

discussed. 

2. Resu l ts  

a. Uni form and Gaussian Source D i s t r i b u t i o n s  

Although the  source geometry i n  t h e  f l o w i n g  l i t h i u m  t a r -  

g e t  has been s p e c i f i e d  f o r  the  FMIT f a c i l i t y  conceptual des ign t o  be a 

p a r a l l e l e p i p e d  10 cm wide, 1 cm h igh ,  and R cm deep, where the  range R i s  
1.4 cm f o r  35 MeV deuterons, t he  optimum s p a t i a l  d i s t r i b u t i o n  o f  deuterons 

s t r i k i ng  the t a r g e t  i s  y e t  t o  be determined. That Mann and Car te r  have 

t r e a t e d  the  source d i f f e r e n t l y  w i l l  be discussed l a t e r ;  f o r  now cons ider  

o n l y  spec t ra  from Mann's model and compare r e s u l t s  f rom two extreme and 

i d e a l i z e d  source d i s t r i b u t i o n s .  Mann's model t r e a t s  t he  deuter ium ions  as 

a l l  be ing  i n  a p lane 10 cm wide and R cm deep*, i n c i d e n t  normal t o  t he  f l ow-  
i n g  l i t h i u m  surface. 
t r i b u t i o n s  a long the  source width;  i n  t he  l a t t e r ,  the  deuter ium i o n  d e n s i t y  

peaks a t  t h e  center  w i t h  an edge i n t e n s i t y  about 1/100th t h a t  o f  t he  center  

and a f u l l  w i d t h  a t  h a l f  maximum o f  about 5.5 cm. 

The two extreme cases a r e  un i f o rm and Gaussian d i s -  

*The energy l o s s  o f  t he  ions i s  e x p l i c i t l y  inc luded.  
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Contour maps f o r  unperturbed neutrons from a Gaussian 
source formed by a 0.1 amp beam o f  35 MeV deuterons a re  shown i n  F igu re  1 .  

Note t h a t ,  i n  comparison w i t h  a un i f o rm source o f  i d e n t i c a l  deuteron i n -  

t e n s i t y  and energy," ) t h e  contours a re  more forward peaked and t h e  volumes 

w i t h i n  equ i va len t  contours a r e  l a r g e r .  The r a t e  a t  which the  t e s t  volume 

sh r i nks  w i t h  i nc reas ing  f l u x  i s  f u r t h e r  demonstrated i n  F igures  2, 3, and 

4. These f i g u r e s  show p l o t s  o f  f l u x  versus d i s tance  normal t o  the  f l o w i n g  

l i t h i u m  su r face  f o r  va r i ous  y- coord ina tes  on an x-y p lane f o r  which t h e  2- 

coord ina te  i s  0.1, 0.5, and 0.9 cm, res -pec t ive ly .  

t i o n  changes f a s t e s t  near t h e  x-y mid-plane where the  f l u x  i s  h ighes t ;  f o r  
small v a l u e s ' o f  x, the  f l u x  a long the  x - d i r e c t i o n  and t h a t  a long the  y- 

d i r e c t i o n  change much f a s t e r  than they do f o r  a un i f o rm source. 

The f l u x  i n  t he  4 -d i rec -  

Neutron spec t ra  f o r  deuteron energ ies o f  35, 30, and 15 
MeV have been c a l c u l a t e d  a t  t he  twelve p o s i t i o n s  shown i n  F igu re  5 f o r  

b o t h  un i f o rm and Gaussian source d i s t r i b u t i o n s .  With these data,  s p e c t r a l -  

averayed damage energy cross sec t i ons  and hel ium produc t ion  c ross  sec t i ons  

f o r  copper and niobium have been c a l c u l a t e d  us ing  the  damage energy c ross  

sec t i ons  o f  Roberto and R ~ b i n s o n ( ~ ) a n d  the  ( n , a )  and (n.  ax) c ross  sec t i ons  

o f  Fu and Perey.(8) The mean neutron energ ies and corresponding averaged 

cross sec t ions  f o r  each o f  t he  twelve p o s i t i o n s  shown i n  F igu re  5 a r e  p re-  

sented i n T a b l e s 1  through 6.  
averaged hel ium- to-dpa r a t i o . *  The n o s t  s t r i k i n g  f e a t u r e  o f  these data i s  
t h e i r  o v e r a l l  i n s e n s i t i v i t y  t o  p o s i t i o n  w i t h i n  t h e  t e s t  r e g i o n  (as de f i ned  

i n  F igure  5 ) ,  even though the  f l u x  changes by as much as two orders  o f  

magnitude. A t  each deuteron energy considered, the spectra l- averaged hel ium- 

to-dpa r a t i o s  f o r  copper and n iobium vary by  l e s s  than 7% and 11%, respec-  
t i v e l y .  

i n  going f rom 35 t o  15 MeV deuterons. 

Inc luded i n  these t a b l e s  i s  t h e  s p e c t r a l -  

Th is  r a t i o  decreases by about 50% fo r  copper and 60% f o r  n iob ium 

* Damage energy cross sec t ions  were converted t o  displacement c ross  

sec t i ons  by  m u l t i p l y i n g  by0 .8 /2  Ed. 

copper and 60 eV f o r  niobium. 
Values used f o r  Ed were 30 eV f o r  
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b.  Cross Sec t ion  U n c e r t a i n t i e s  

I n  o rde r  t o  es t imate  the  e f f e c t  o f  cross s e c t i o n  uncer- 
t a i n t i e s  on spectra l- averaged values, cross sec t i ons  were a r t i f i c i a l l y  

per tu rbed above Eo by  a f a c t o r  (E/Eo)b, where Eo i s  t h e  neutron energy 

below which t h e  cross s e c t i o n  i s  assumed t o  be f a i r l y  w e l l  known, and b 

i s  an a r b i t r a r y  cons tan t .  

i s  s e t  equal t o  50.3, so t h a t  f o r  a maximum neutron energy o f  50 MeV the  

c ross  s e c t i o n  u n c e r t a i n t y  i s  about +50 percent ,  as shown i n  F igures  6 
through 9. 

percentage changes i n  t he  spec t ra l  -and vo l  ume-averaged cross sec t ions  a re  

presented i n  Table 7. 
t h e  percentage change was always l e s s  than a few ten ths  o f  a percent .  

c a l c u l a t e d  u n c e r t a i n t i e s  i n  spectra l- averaged values are, o f  course, 

l a r g e s t  a t  the  h ighes t  deuteron energy. 

t h e  averaged damage energy cross s e c t i o n  a r e  about t he  same f o r  copper and 

niobium, w h i l e  t he  u n c e r t a i n t i e s  i n  t he  averaged he l ium p roduc t i on  c ross  
s e c t i o n  a r e  somewhat l a r g e r  f o r  niobium than f o r  copper because o f  t he  

h i g h e r  t h resho ld  energy o f  t he  former. 

For t h i s  study, Eo i s  taken t o  be 14 MeV and b 

For each o f  t he  deuteron energ ies considered, t he  corresponding 

I t should be no ted  t h a t  t he  s p a t i a l  v a r i a t i o n  i n  

The 

I n  genera l ,  t h e  u n c e r t a i n t i e s  i n  

c. Unperturbed and T e s t  Assembly Per turbed Spectra 

F igu re  10 shows the  module c o n f i g u r a t i o n s  o f  a t y p i c a l  
i r r a d i a t i o n  t e s t  a ~ s e m b l y . ' ~ )  Module A occupies the  pr ime t e s t  r e g i o n  and 
i s  expected t o  be densely packed w i t h  t e s t  specimens. 

t o  c o n t a i n  a l e s s  dense packing o f  t e s t  specimens and suppor t  equipment. 
Module C would c o n t a i n  suppor t  equipment and have l i m i t e d  s t r u c t u r a l  mem- 

bers.  Spectra were c a l c u l a t e d  by Car te r  w i t h  and w i t h o u t  t h i s  t e s t  assem- 

b l y  i n  t he  i r r a d i a t i o n  c e l l .  Both unperturbed and t e s t  assembly per tu rbed 

spec t ra  a t  p o s i t i o n s  1 and 10  a re  p l o t t e d  i n  F i g u r e  11. 

and p o s i t i o n  2 as w e l l ,  the  t o t a l  f l u x  i s  h ighe r  i n  t h e  per tu rbed spectrum 

than i n  t h e  unperturbed spectrum due t o  neut ron  back- sca t te r i ng  from the  

r e s t  o f  the  t e s t  assembly. Th i s  back- sca t te r i ng  lowers the  h igh  energy 

f l u x  and r a i s e s  t h e  low energy f l u x ,  w i t h  the  r e s u l t  t h a t  t he  s p e c t r a l -  

Module B i s  expected 

A t  these pos i t i ons ,  
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averaged damage energy and he l ium produc t ion  c ross  sec t ions  a r e  lower  i n  

t h e  per tu rbed  spect ra  by 10  t o  19 percen t  and 15 t o  28 percent,  r e s p e c t i v e l y ,  

as shown i n  Tables 8 and 9. The helium/dpa r a t i o  drops b y  l e s s  than 10%. 

Note t h a t  t h e  f l u x e s  and averaged cross sec t ions  f o r  t h e  

unperturbed spect ra  i n  Tables 8 and 9 a r e  d i f f e r e n t  f rom those presented 

i n  Tables 1 and 4. Th i s  i s  due t o  t h e  f a c t  t h a t  t h e  t reatment  o f  t h e  source 

i n  C a r t e r ' s  Monte Car lo  c a l c u l a t i o n s  was somewhat d i f f e r e n t  f rom t h a t  used 

by Mann. Spectra f rom Mann and Ca r te r  a t  p o s i t i o n s  1 and 10 (see F igu re  5 )  

a r e  d i sp l ayed  i n  F i gu re  12. 

w e l l  below 25 MeV, t he re  a r e  subs tan t i a l  d i f f e r e n c e s  between t h e  spec t ra  a t  

p o s i t i o n  1 over t h e  e n t i r e  range. 
neut ron s t r i p p i n g  and compound nucleus format ion,  and normal ized t h e  r e -  

s u l t i n g  cross sec t ions  t o  the t h i c k  t a r g e t  y i e l d  da ta  o f  Sal tmarsh e t .  a l .  
( l o )  a t  Ed = 40 MeV and e = 0" and 90" (see F igure  13 ) .  
f l e c t  t h e  presence o f  exper imenta l l y  observed shoulders i n  y i e l d  curves, 

Car te r  a l t e r e d  and renormal ized t h e  source da ta  o f  Mann f o r  h i s  model. A 
b e t t e r  t reatment  of t h e  neut ron y i e l d  i n c o r p o r a t i n g  r e c e n t l y  ob ta ined  ex- 

per imenta l  da ta  i s  be ing  developed and w i l l  be employed i n  f u t u r e  c a l c u l a -  

t i o n s .  

Whi le t h e  spect ra  a t  p o s i t i o n  10 agree r a t h e r  

Mann modeled t h e  source i n  terms o f  

I n  o rder  t o  r e -  
( 2 )  

I n  a d d i t i o n  t o  d i f f e r e n c e s  i n  y i e l d  curves, t h e r e  a r e  

d i f f e r e n c e s  i n  t h e  s p a t i a l  d i s t r i b u t i o n  o f  neut rons i n  t h e  source as 

t r e a t e d  i n  each model. In Mann's model, t h e  neu t ron  source i s  two dimen- 

s i ona l ,  w i t h  neut rons o f  app rop r i a te  energy o r i g i n a t i n g  a long t h e  depth of  

t h e  source p lane  r e f l e c t i n g  deuteron slowdown i n  t h e  f l o w i n g  l i t h i u m .  

Car ter ,  on t h e  o the r  hand, t r e a t s  t h e  source as t h r e e  dimensional  w i t h  

neut rons o f  a l l  energ ies o r i g i n a t i n g  a t  p o i n t s  d n i f o r m l y  d i s t r i b u t e d  

throughout  t h e  source volume. 
t h e  f l u x  near t h e  o r i g i n ,  as shown i n  F i gu re  12 and Tables 1-6. Note, a lso,  

t h a t  C a r t e r ' s  spec t ra  a r e  a good b i t  s o f t e r  than Flann's. Th i s  i s  due t o  t h e  

f a c t  t h a t  Ca r t e r  has used a r e l a t i v e l y  much l a r g e r  s p a t i a l  mesh t o  determine 

t h e  neu t ron  energy dependence than t h a t  used t o  determine t h e  neut ron f l u x  spa- 

t i a l  dependence near t h e  source. 

Consequently, Mann's source overest imates 

For f u t u r e  c a l c u l a t i o n s ,  Mann's source i s  
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being extended t o  t h r e e  dimensions and C a r t e r ' s  mesh f o r  c a l c u l a t i n g  t h e  
neu t ron  energy dependence w i l l  be made f i n e r .  
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V I I .  FUTURE WORK 

Calculations to define the effect of data uncertainties for FMIT will 
be coRtinued, including analyses of spectral -averaged damage parameters for 
stainless steel. 

V I I I .  PUBLICATIONS 

None. 
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Figure  5. Posit ions Within t h e  Test  C e l l  a t  Which Neutron Spectra Were 
Calculated.  
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Figure 6. Perturbed and Unperturbed Damage Energy Cross Sections for 
Copper versus Neutron Energy. 
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Figure 8. Perturbed and Unperturbed Helium Production Cross Sections for 
Copper versus Neutron Energy. 
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Figure 12.  Calculated Neutron Spectra a t  Positions 1 and 10 in the T e s t  
Region as Shown in Figure 5.  The Deuteron Energy i s  35 MeV 
and the Beam Current i s  0.1 a m .  
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Figure  13. Neutron Yie lds From L i (d ,n )  Reactions f o r  a Deuteron Beam 
Current o f  0.1 amp. 
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TABLE 7 

AVERAGE<PERCENTAGE CHANGE>*IN SPECTRAL-AVERAGED CROSS SECTIONS 

DUE TO ASSUMED CROSS SECTION VARIATIONS ABOVE 14 MeV 

PC 
Ed = 15 MeV Ed = 30 MeV Ed = 35 MeV Cross 

Sec t i on  b 

0 dam (CUI +.3 +1.2 t5.0 6 . 7  
-.3 -1 .o -4.2 -5.8 

0 He (CUI +.3 t2.6 t 7 . 1  t9.0 
-.3 -2.3 -5.9 -7.5 

Ll (Nb) t.3 t1.2 t5.3 t7.3 dam 
-4.5 -6.1 -1.1 - . 3  

‘He(’’) t. 3 +4.7 t8.9 t10.6 
-4.2 -7.5 - 8.9 -.3 

* The percentage change, PC, was averaged over  t h e  twe lve  p o s i t i o n s  
shown i n  F igure  5. 
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I .  

I 1  

PROGRAM 

Title: Dosimetry and Damage Analysis 
Principal Investigator: L. R. Greenwood 
Af f i 1 ia ti on : Argonne National Laboratory 

OBJECTIVE 

To determine the sensitivity of calculated damage parameters to un- 
certainties in neutron flux/spectra 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

SUBTASK 11. A.3.1 
spectra uncertainties. 

Evaluate damage parameter sensitivity to flux/ 

IV. SUMMARY 

The SANDANL Monte Carlo error analysis code for spectral unfolding 
has been modified to produce a complete error corvariance matrix. This 
matrix i s  then used with the DISCS and SPECTRE codes to determine the 
errors in all calculated damage parameters. 
type of spectrum for energies below 20 MeV. 

The codes can be used in any 

V .  ACCOMPLISHMENTS AND STATUS 

Development of hror Analysis Code -- L. R. Greenwood (ANL) 

It i s  important in the near term to assess accuracy requirements for 
dosimetry at accelerator neutron sources. 
mine how accurately integral damage parameters can be measured. These 
parameters, such as displacements-per-atom (DPA), primary-knock-on-atom 
(PKA) distributions, and gas and transmutant generation rates, are cal- 

In particular, we must deter- 
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c u l a t e d  f rom unfo lded neut ron spectra.  Hence, any e r r o r s  i n  nuc lea r  

c ross- sect ions  o r  a c t i v a t i o n  measurements w i l l  propagate d i r e c t l y  t o  t h e  

de r i ved  damage parameters. 

Kecent improvements i n  our  computer codes now a l l o w  us t o  determine 
the  e r r o r s  i n  a l l  ca l cu la ted ,  i n t e g r a l  parameters due t o  u n c e r t a i n t i e s  

i n  nuc lea r  data,  a c t i v a t i o n  measurements, o r  i n p u t  s t a r t i n g  spect ra .  

E r r o r s  i n  the  displacement c ross- sect ions  themselves a r e  n o t  i nc luded  

s ince they  a r e  r e l a t i v e l y  unknown b u t  independent o f  our  measurements. 

The SANOANL Monte Car lo  e r r o r  

a complete covar iance e r r o r  m a t r i x  f o r  a l l  un fo lded spect ra .  Th i s  i s  

done f o l l o w i n g  the  Monte Car lo  u n f o l d i n g  by c a l c u l a t i n g  t h e  r e l a t i v e  

c r o s s- c o r r e l a t i o n s  C i j  between a l l  energy qroups i and j: 

a n a l y s i s  code has been m o d i f i e d  t o  generate 

N 

where k runs  over  t he  N Monte Car lo  t r i a l s ,  +ki i s  t h e  kth s o l u t i o n  f o r  

energy group 1, +i i s  t h e  mean f l u x  f o r  group 1,  ando-. i s  t h e  standard 

d e v i a t i o n  f rom t h e  mean f l u x  f o r  group i. I f  i = j, then C i i  = 1.0 and 

complete a n t i - c o r r e l a t i o n  would r e s u l t  i n  C i j  = -1.0. We thus compute the  

covar iance e f f e c t s  i n  t h e  ou tpu t  f l u x  spectrum, a l though we a r e  n e g l e c t -  

i n g  p o s s i b l e  covar iance e f f e c t s  i n  t h e  i n p u t  da ta .  However, these i n p u t  
e f f e c t s  a r e  probab ly  smal l  and a re  n o t  well-known a t  present .  

- 

1 

I n  p r a c t i c e  we f i n d  t h a t  t h e  covar iance e f f e c t s  a r e  s t r o n g l y  domi- 

nated by v a r i a t i o n s  i n  t h e  i n p u t  spectrum. 
i t e r a t i o n s  guarantees t h a t  nearby f l u x  groups a r e  h i g h l y  c o r r e l a t e d  and 

v a r i a t i o n s  i n  t h e  spec t ra l  shape a r e  a l s o  c o r r e l a t e d  t o  m a i n t a i n  smooth 

spect ra .  I f  t h e  i n p u t  spectrum i s  n o t  per turbed,  then t h e  covar iance 

e f f e c t s  a r e  much reduced and show l o c a l  compet i t ions  f o r  f l u x  between 

over lapp ing reac t i ons .  

always l e s s  than 5% and hence have l i t t l e  e f f e c t  on t h e  r e s u l t s  s ince  

Smoothing i n  t h e  f l u x  

E r r o r s  i n  a c t i v a t i o n  measurements a r e  a lmost  
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cross-section errors are typically 10-50%. 

The covariance error matrix is then read into our code SPECTRE which 
generates spectral-averaged damage parameters using displacement cross- 
sections generated by the DISCS code. Figure I shows a typical error 
analysis for a neutron spectrum unfolded at the ANL Tandem Van de Graaff 
accelerator using the qBe(d,n) reaction at E, = 16 MeV.I 
a brief example of the errors produced in the damage parameters due to the 
unfolding uncertainties shown in figure 1. 
errors in Table I are significantly less than the errors in the differ- 
ential fluxes (figure 1 )  due to the strong covariance effects. 
SPECTRE code routinely includes all significant cross-sections for 21 
elements. 
calculation. 

Table 1 gives 

As can be seen, the integral 

The 

The PKA distribution has been collapsed from a 100 energy group 

The small errors in Table I indicate that our present technique is 
capable of determining damage parameters with relatively high accuracy, 
5-10%. This is to be expected since our highly accurate activation 
measurements are integral measurements, as are the damage parameters. 
Differential flux errors thus tend to wash out as long as the integral 
measurements cover the entire energy spectrum and are reasonably self- 
consistent. 

VI. REFERENCES 

1 .  L. R. Greenwood, v .  K. Heinrich, R. J. Kennerley, and R. 
Medrzychowski, Development and Testing of Neutron Dosimetry 
Techniques for Accelerator Based Irradiation Facilities, 
accepted for publication in Nuclear Technology. 

VII. FUTURE WORK 

At present our calculations are limited to 20 MeV since our dis- 
placement calculations are derived directly from ENDF/B-IV. We plan to 
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TABLE I :  ERROR ANALYSIS FOR ANL TANDEM VAN DE GRAAFF 

9Be(d,n) Ed = 16 MeV, R = 2.01 cm, I = 1.02 V A  

m = 7.9 ? 0.5 x lo9 n/cm2sec 

b <He> b E l  emen t D P A ~  < H >  

(1  o-’ /sec)  (lO-’lppm/sec) ( 1 O-llppm/ sec ) 

A1 1.44 f .ll 30.2 f 2.2 20.3 ? 1.5 

N i  1.24 ? .09 20.3 ? 1.6 40.1 ? 2.8 

Nb 1.07 i .08 7.56 ? 0.52 1.26 f 0.09 

PKAC 
Energy Primary Knock-on Atoms (%) 
Range (keV) A1 N i  Nb 

<1 1 .2  ? 0.2 3.3 2 0.5 5.5 f 0.7 

1 - 10 9.7 i 1.4 20.1 f 1.8 31.6 f 5.2 

10 - 40 22.9 i 4.1 30.8 f 2.5 30.0 i 4.7 

40 - 100 23.8 i 3.3 20.3 f 1.6 19.6 f 1.4 

100 - 300 23.4 ? 1.7 18.8 ? 1.1 12.3 ? 0.5 
>300 19.1 ? 0.9 6.7 f 0.3 0.9 + 0.04 

“D i  splacements-per-atom 

bGas genera t ion  r a t e s  do n o t  i n c l u d e  secondary r e a c t i o n s  such as (n,&) 

‘Energy d i s t r i b u t i o n  o f  pr imary d i sp laced  atoms ( co l l apsed  from 100 
groups).  
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extend the  c a l c u l a t i o n s  t o  higher energies f o r  a few m a t e r i a l s  using re- 
cent cross-section ca lcu la t ions  done a t  Oak Ridge Nat ional  Laboratory.  

This w i l l  cillow us t o  study the  spectra expected a t  FMIT as w e l l  as 

cur ren t  work a t  the  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.  

V I I I .  PUBLICATIONS 

None 
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I. PROGRAM 

Title: Synergistic Helium Production by Boron Doping of Splat 

Cooled Alloys 

Principal Investigator: 0. K. Harling 
Affiliation: Nuclear Reactor Laboratory, Massachusetts Institute of 

Technology 

11. OBJECTIVE 

This work is directed toward the development of better simulation 

techniques for the synergistic production of helium and displacement 

damage in first wall structural materials. 

III. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

A number of tasks are relevant since adequate experimental simulation 
of fusion reactor irradiation effects is a major reason for the DAFS 
program. Some of the tasks/subtasks which are significantly affected are: 

TASK II.A.4 Gas Generation Rates 

II.A.5 Technique Development 
II.B.3 

II.C.2 Effects of Helium on Microstructure 
II.C.8 Effects of Helium and Displacements on Fracture 

Experimental Characterization of Primary Damage State 

IV. SUMMARY 

Efforts during this, the first quarter of this project, have empha- 
sized the development of techniques for the spacial characterization of 

boron in rapidly quenched, splat cooled, boron doped alloys. Resolutions 

of -0.3 pm have been attained by use of electron microscopy on plastic 

replicas which contain the boron fission tracks. 
characterizing the boron distribution insnlattedand air cooled S S ,  

indicates that there is no grain boundary segregation for boron contents 

Initial results of 
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of 100 and 500 atomic p a r t s  per mi l l i on .  Heat t reatment  f o r  90 minutes 

a t  575°C a l s o  f a i l e d  t o  induce measureable segregat ion  a t  t hese  boron 

concent ra t ions .  

A s e r i e s  of measurements and r eac to r  physics  c a l c u l a t i o n s  has  been 

completed t o  c h a r a c t e r i z e  the  f a s t  neutron f i e l d s  i n  t h e  in- core t e s t i n g  

f a c i l i t i e s  of t h e  M. I. T.  Research Reactor. These f a c i l i t i e s  w i l l  be 

used f o r  f u t u r e  low f l u x  i r r a d i a t i o n s  of boron doped samples as we l l  a s  

f o r  o the r  t e s t s  r e l evan t  t o  FR ma te r i a l s  development. 

V. ACCOMPLISHMENTS AND STATUS 

A. Boron Doping of S t a i n l e s s  S t e e l  by Rapid Quenching - S.  West, 

A. Fadaai and 0.  Harling ( M .  I. T . )  

1. In t roduct ion  

It i s  genera l ly  understood t h a t  e x i s t i n g  i r r a d i a t i o n  

f a c i l i t i e s  i . e .  a c c e l e r a t o r s  and f i s s i o n  r e a c t o r s  w i l l  have t o  be used 

f o r  t h e  i n i t i a l  i r r a d i a t i o n  t e s t i n g  of fus ion  r e a c t o r  (FR) s t r u c t u r a l  

ma te r i a l s .  Damage r a t e s  and helium production r a t e s  should s imula te  t h e  

expected r a t e s  i n  F R ' s .  

t e s t i n g  volumes with f a s t  neutron f l u x e s  which produce damage r a t e s  which 

equal  o r  exceed those expected f o r  near  term FR's.  
r a t e s ,  with t h e  exception of n i c k e l  a l l o y s  i n  mixed spectrum r e a c t o r s ,  

cannot be reproduced by d i r e c t  nuclear  r e a c t i o n  on t h e  a l l o y  c o n s t i t u e n t s .  

The present  s t u d i e s  a r e  d i r ec t ed  toward t h e  development of techniques f o r  

t h e  production of helium during f i s s i o n  r e a c t o r  i r r a d i a t i o n s .  

e f f o r t s  emphasize the  doping of s t r u c t u r a l  a l l o y s  wi th  bor,on. 

t h e  uniform d i s t r i b u t i o n  of boron, t h e  a l l o y  i s  produced by rapid  quench- 

ing  from t h e  m e l t .  

of uniform boron concent ra t ions  which a r e  much higher  than those  which 

can be maintained without segregat ion  during normal s o l i d i f i c a t i o n  r a t e s .  

The usefu lness  of t h i s  approach t o  boron doping w i l l  a l s o  depend upon t h e  

Only f i s s i o n  r e a c t o r s  o f f e r  t h e  requi red  l a r g e  

H e l i u m  product ion 

Current 

To a s s u r e  

9 Cooling r a t e s  of I O 5  - 10 "C/sec o f f e r  t h e  p o s s i b i l i t y  
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maintenance of a uniform boron distribution during thermo-mechanical con- 
solidation, and during the use of the consolidated material in the temp- 

erature, stress and radiation environment of the fission reactor. Further- 
more, the effect of boron on the physical properties of the boron doped 

alloys, whether segregated to grain boundaries or uniformly distributed, 

must be understood. 

This quarterly report deals with our efforts to develop 

techniques for the spacial determination of boron in alloys and sumarizes 

the status of other work related to this project. 

2. The Spacial Characterization of Boron 

Neutron autoradiography has previously been found to be a 
useful method of determining (1-5) the three dimensional distribution of 

boron in metal alloys. 
characterization(6df boron in splat cooled samples of stainless steel. 
Thin films (-50pm) of cellulose acetate butyrate were placed into intimate 

contact with polished boron doped SS samples and then irradiated, in the 

MITR-11, in a highly thermalized neutron flux. 
by the energetic a's and Li ions from the 

developed by etching with KOH. Observation of the damage tracks was by 

optical microscopy, scanning electron microscopy (SEM) and transmission 
electron microscopy ( T E M ) .  

We have applied this technique for the spacial 

The damage tracks produced 
10 7 B (n,a) Li reaction were 

Specimens with 100, 500 and 24,500 appm (0.5% by weight) 
boron were examined by neutron autoradiography. 

grain size -2pm, had 100 and 500 appm boron. 
mens with 500 and 24 ,500  appm had grain sizes of 10 - 25pm. 
appm, slowly cooled specimen,was expected to have boron segregation to 
the grain boundaries and this was clearly observed, see Figure 1. 

segregation was observed in the TEM examination of plastic film replicas 

of the boron tracks in air cooled as well as splat cooled SS,  aged 90 
minutes at 575OC, and doped with 100 and 500 appm B. Figures 2 and 3 

Splat cooled specimens, 

Conventionally cooled speci- 
The 24 ,500  

No 
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show these results for the splat cooled and air cooled specimens. No 

segregation is observed for the 100 and 500 appm specimens. 
resolution for these TEM autoradiographs is about 0.3um. This resolution 
will probably be adequate for characterization of boron in splat cooled 

metals for grain sizes down to about 2iim. Scanning electron microscopy 

was also used to observe the fission damage tracks in the replica foils. 

The results were consistent with those obtained with TEM. 

The spacial 

Optical microscopic examination of autoradiographic foils 

gave good results but was limited to a resolution of %lum which is in- 

adequate for fine grained materials. Scanning transmission electron 

microscopy (STEM) was also used to examine the specimens and precipitate 

particles which were extracted from air cooled specimens with 500 appm B. 

Electron energy l o s s  spectroscopy was used to analyze for boron content in 

the extracted particles. No boron at the detection sensitivity of the 
STEM was observed in the few particles which were examined in this manner. 

3 .  Neutron Flux Characterization in the MITR-I1 

An extensive series of dosimetry measurements has been 

completed to characterize the fast neutron flux intensity and spectral 
shape in the in-core irradiation positions of the MITR-11. The MITR-11, 

which has an undermoderated core, a fast neutron flux of with 

estimated average fast neutron damage energy in excess of that in FFTF, 

will be used for low fluence irradiations in this project. 

Al, Ni, Fe and Cu were activated by placement in the in-core facilities. 

Gama ray counting from activities produced in the following high energy 

Dosimeters of 

58 54 

A complete fast neutron flux profile is 
threshold reactions, 58Ni(n,p) Co, 54Fe(n,p) Mn, 63Cu(n,a)60Co and 
27 
Al(r~,a)*~Na, is completed. 

being generated from these activation data. Calculations using the code 

CITATION(7) are being used to determine the fast neutron flux distribution 

for other configurations of the in-core facilities than those for which 

the base line dosimeter measurements were made. 
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CITATION is a multi-group slowing down code based upon the 
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VII. FUTURE WORK (Near Term) 

Refinement of the 3-D boron characterization technique is planned. 

In the near future high resolution (0.2 um) auger electron spectroscopy 
and scanning secondary ion mass spectroscopy will become available at 

M. I. T. and these techniques will also be examined for their suitability 
in characterizing boron distributions in our boron doped materials. 

R- 

the 
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FIGURE 1. TEM autoradiographs of 316 SS with 0 .5  w t .  % B .  The fluence is 
2 . 4  x n * cm-2; (a) ~ O O O X ,  (b) 6000x. 
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c . 

. 

FIGURE 3. TFM boron autoradiographs of an air-cooled, heated (90 min at 
575OC) 316 SS with 500 appm B showing uniform boron distribution; 
(a) 9OOOx; (b) 27000~.  TEM 
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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 :  0. W .  Kneff ,  Harry F a r r a r  I V  

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

11. OBJECTIVE 

The o b j e c t i v e s  o f  t h i s  work a r e  t c  measure hel ium generat 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) 

neu t ron  f i e l d ,  and t o  develop he l ium accumulat ion f l uence  mon i to rs  f o r  

neu t ron  f l u e n c e  and energy spectrum dos imet ry  f o r  long- term i r r a d i a t i o n s  

i n  f u s i o n  program neut ron environments. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I .A .4 .2  

SUBTASK I I . A . 5 . 1  

T(d,n) Helium Gas Product ion Data 
Helium Accumulation Moni tor  Development 

I V .  SUMMARY 

Helium analyses have been i n i t i a t e d  f o r  t h e  pure elements i r r a d i a t e d  

i n  t h e  second Rockwell I n t e r n a t i o n a l  T(d,n) i r r a d i a t i o n  a t  t h e  Ro ta t ing  
Targe t  Neutron Source ( R T N S- I )  a t  Lawrence Livermore Laboratory  (LLL).  

The analyses completed t o  d a t e  i n c l u d e  41 specimens from seven pure 
element w i r e  r i n g s  ( A l ,  T i ,  N i ,  Cu) i nco rpora ted  i n  the experiment f o r  

bo th  cross s e c t i o n  and he l ium accumulat ion dosimetry a p p l i c a t i o n s .  

we igh ing was completed f o r  t h e  segmented r a d i o m e t r i c  f o i l s ,  and t h e  r e s u l t s  

were t r a n s m i t t e d  t o  Argonne Na t iona l  Laboratory  (ANL) f o r  i n c o r p o r a t i o n  
w i t h  t h e  r a d i o m e t r i c  count ing r e s u l t s .  

The 

G3 



V.  ACCOMPLISHMENTS AND STATUS 

Helium Analyses o f  T(d,n) - I r r a d i a t e d  Pure Elements -- D. W .  Kneff ,  

Ha r r y  F a r r a r  I V ,  and M. M. Nakata (Energy Systems Group, Rockwell I n t e r -  

n a t i o n a l  ) 

An ex tens i ve  s e t  o f  he l ium-generat ion and neut ron dos imetry  m a t e r i a l s  

was i r r a d i a t e d  i n  January 1977 i n  t h e  T(d,n) neut ron environment o f  t h e  

RTNS-I f a c i l i t y  a t  LLL. The p r imary  o b j e c t i v e s  o f  t h i s  i r r a d i a t i o n  were 
t o  measure t h e  spect rum- integrated he l ium- generat ion cross sec t ions  o f  a 

l a r g e  number o f  pure elements, separated isotopes,  and a l l o y s  o f  p o t e n t i a l  

f u s i o n  r e a c t o r  des ign i n t e r e s t ,  and t o  f u r t h e r  develop t h e  use o f  he l ium 

accumulat ion m a t e r i a l s  as neu t ron  f luence  dosimeters. Radiometr ic 

dos imet ry  f o r  t h i s  exper iment was inc luded  by personnel f rom ANL and LLL. 

The experiment has been descr ibed  i n  d e t a i l  elsewhere. The 

i r r a d i a t i o n  assembly cons i s t ed  o f  a smal l  capsule, mounted on t h e  o u t s i d e  

f ace  o f  t h e  t r i t i u m  t a r g e t  assembly. I t  conta ined two l a y e r s  o f  m u l t i p l e  

he l ium- generat ion specimens sandwiched between l a y e r s  o f  dos imetry  f o i l s ,  

as shown schemat ica l l y  i n  F igure  1. The t e n  A l ,  T i ,  Fe, N i ,  Cu, and Au 

w i r e  r i ngs ,  i r r a d i a t e d  concen t r i c  w i t h  t h e  capsule ax is ,  w i l l  p rov i de  bo th  

c ross  s e c t i o n  i n f o r m a t i o n  and most o f  t h e  he l ium accumulat ion f l uence  

dos imet ry  f o r  t h i s  experiment. 

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

They a r e  t h e  f i r s t  m a t e r i a l s  f rom t h i s  

The w i r e  r i n g s  were prepared f o r  he l ium ana l ys i s  by a c i d  e t c h i n g  t o  

remove a l l  p o s s i b l e  a - r e c o i l  su r face  e f f e c t s ,  and by segmenting each r i n g  

i n t o  m u l t i p l e  p ieces f o r  i n d i v i d u a l  ana lys is .  

w i l l  p r ov i de  d e t a i l e d  i n f o r m a t i o n  on t h e  neut ron f l uence  p r o f i l e ,  as 
Th i s  ana l ys i s  procedure 

demonstrated f o r  t h e  f i r s t  Rockwell I n t e r n a t i o n a l  RTNS-I i r r a d i a t i o n .  ( 2 )  

To date,  4 1  segments of  seven o f  t h e  w i r e  r i n g s  have been analyzed 

f o r  he l ium i n  t h e  Rockwell I n t e r n a t i o n a l  h i g h - s e n s i t i v i t y  gas mass 
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spectrometer.  

var ious  l o c a t i o n s  around each r i n g .  

capsule a x i s  was o f f s e t  f rom t h e  t r i t i u m  t a r g e t  assembly ax i s ,  as observed 

f rom autoradiographs made a f t e r  t he  i r r a d i a t i o n .  The ana l ys i s  o f  se lec ted  

segments o f  a l l  t e n  hel ium dosimetry  r i n g s  i s  con t inu ing ,  and w i l l  e f f e c -  

t i v e l y  cover t he  i r r a d i a t i o n  volume f o r  l a t e r  f l uence  mapping. 

The r e s u l t s  a re  g iven  i n  Table 1. The segments rep resen t  

These i n i t i a l  r e s u l t s  show t h a t  t he  

The segmented r a d i o m e t r i c  d0simetr.y f o i l s  f o r  t h i s  experiment have 

a l l  been weighed, us ing  mass standards t raceab le  t o  the  Nat iona l  Bureau o f  

Standards. 

coun t i ng  da ta  t o  o b t a i n  t h e  r a d i o m e t r i c  neutron dosimetry  i n f o r m a t i o n  f o r  

t h i s  experiment. 

These weighing r e s u l t s  w i l l  be combined w i t h  the  ANL and LLL 

V I .  REFERENCES 
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V I I .  FUTURE WORK 

The he l ium analyses o f  se lec ted  pure element w i r e  r i n g  segments w i l l  
con t inue.  The r e s u l t s  w i l l  be combined w i t h  t he  r a d i o m e t r i c  f o i l  r e s u l t s  

t o  c o n s t r u c t  a map o f  t he  neutron f l uence  p r o f i l e  over  t he  experimental  

volume. The o t h e r  m a t e r i a l s  i r r a d i a t e d  i n  t h i s  experiment w i l l  be ana- 

l y z e d  f o r  helium, and the  r e s u l t s  w i l l  be combined w i t h  t he  f l uence  map t o  

determine new hel ium-generat ion cross sec t i ons  f o r  14.8-MeV neutrons. 
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TABLE 1 

HELIUM CONCENTRATIONS I N  T(d,n) - 
IRRADIATED PURE ELEMENT R I N G  SEGMENTS 

Ring Sample e* Mass (mg) Atoms 4 He appb' 
- 

A1 

Layer 1 

A1 

Layer 2 

A1 
Capsule 

Back 

N i  

Layer 1 

FAL-W1A 

FAL-W1C 
FAL-W1D 

FAL- W 1 E 
FAL -W 1F 

FAL-W2A 

FAL-W2C 

FAL-W2E 

FAL-W2G 

FAL-W2I 
FA L-W 2 K 

FAL-W3A 

FAL-W3E 

FAL-W3I 

FNI-WA 

FNI-WC 
FNI-WG 

FNI-WK 
FN I -WN 

FNI-WQ 
FNI-WS 

58' 

304' 

243' 

179' 
119O 

7 1' 
7 O  

309' 

256' 

198' 

138' 

7 1' 
305' 

2 1 1 O  

80' 

42' 
326' 

258' 
214' 

152' 

114' 

0.4829 

0.4962 

0.6000 

0.5513 
0.5228 

1.1162 

0.9260 

0.8971 

0.8635 

0.9456 
0.9677 

1.4073 
0.8809 

0.9748 

1.5898 

2.4951 

1.7784 

1.4468 

2.2835 

2.5890 
1.4299 

2.428 x 10l1 

2.848 x 10 l1  

3.047 x 10 l1  

2.442 x 10 l1  

2.282 x 10l1 

2.582 x 10 l1  

2.731 x 10 l1  

2.906 x 10 l1  

2.550 x 10 l1  

1.962 x 10 l1  
1.743 x 1011 

1.820 x 10 l1  

1.334 x 1 0 l 1  

1.884 x lo1' 

1.217 x 10l1 

2.400 x 10 l1  

1.511 x 10 l1  

1.661 x 10" 

1.465 x 10 l1  
10 8.613 x 10 

2.021 x l o l l  

22.52 

25.74 

22.71 

19.84 

19.55 

10.36 

13.21 

14.51 

13.23 
9.29 

8.07 

5.79 
6.78 

8.66 

7.46 

9.38 
11.08 

10.18 

7.09 
5.52 

5.87 

(See nex t  page f o r  f oo tno tes )  Continued . . . 
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TABLE 1 (CON.) 

HELIUM CONCENTRATIONS IN T(d,n) - 
IRRADIATED PURE ELEMENT RING SEGMENTS 

aPPb+ Mass (mg) Atoms 4 He Ring Sampl e e* 
Ti FTI-WA 
Layer I FTI-WB 

FT I -WC 
FTI-WO 
FTI-WE 
FTI-WF 

cu FCU-W1A 
Layer 1 FCU-W1C 

FCU-W 1 E 
FCU-W1G 
FCU-W 1 I 
FCU-W1K 

cu FCU- W 2AA 
Layer 2 FCU-W2AD 

FCU-W2BA 
FCU-W2BD 
FCU-W2CA 
FCU-W2CO 
FCU-W2DA 
FCU-W2DD 

3 9' 0.6636 
341' 0.6805 
288' 0.5273 

182' 0.7168 
121O 0.6850 

239' 0.5955 

7 3O 1.4362 
14' 1.6254 
311' 1.3733 
251' 1.6487 
186' 1.2902 
131' 1.1535 

88' 3.7777 
57O 3.3714 
O0 4.2215 

329' 2.8646 
269' 3.8551 
241' 3.4659 
177' 3.3243 
148' 3.1530 

5.894 x lolo 7.06 
6.581 x lolo 7.69 
5.058 x lolo 7.63 
5.012 x lolo 6.69 
5.207 x lolo 5.78 
4.946 x lolo 5.74 

1.025 x 10l1 7.54 
1.359 x 10l1 8.83 
1.150 x 10l1 8.85 
1.224 x lo1' 7.84 
7.886 x 10" 6.45 
6.976 x lolo 6.38 

1.402 x 10l1 3.92 
1.460 x loL1 4.57 
2.251 x 10l1 5.63 
1.566 x 10l1 5.77 
1.960 x 10l1 5.37 
1.533 x 10l1 4.67 

3.48 11 1.096 x 10 
9.887 x lolo 3.31 

*Average angular orientation o f  segment relative to capsule axis in plane 
o f  ring. 
'Helium concentration in atomic parts per billion. 
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VIII.PUBLICATIONS 

The following paper was presented t o  the American Nuclear Society 
Meeting in  San Diego, CA, on June 20, 1978: 

H .  Farrar IV and D .  W .  Kneff, "Helium Generation i n  Twelve Pure 
Elements by 14.8-MeV Neutrons," Trans. Am. Nuc. SOC. - 28, 197 (1978). 
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CHAPTER 4 

SUBTASK B: DAMAGE PRODUCTION 
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No contributions this quarter. 
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CHAPTER 5 

SUBTASK C: DAMAGE MICROSTRUCTURE EVOLUTION 

AND MECHANICAL BEHAVIOR 
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I. PROGRAM 

T i t l e :  The S imu la t i on  o f  Oxide D ispe rso id  S t a b i l i t y  i n  

I r r a d i a t e d  A l l o y s  

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

A f f i l i a t i o n :  Department o f  M a t e r i a l s  Science and Engineer ing 
Massachusetts I n s t i t u t e  o f  Technology 

11. OBJECTIVE 

The o b j e c t i v e  is t o  model phase s t a b i l i t y  o f  d i s p e r s o i d  st rengthened 

A1-A1203 and 316 SS-Cr203 a l l o y s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.1.2. E f f e c t  o f  M a t e r i a l  Parameters on M i c r o s t r u c t u r e /  

Mode l l i ng  and Analys is .  

I V .  SUMMARY 

The Maydet and Russe l l ‘ ’ )  t heo ry  f o r  phase s t a b i l i t y  under i r r a d i a -  

t i o n  was used t o  eva lua te  t h e  s t a b i l i t y  o f  chromium and aluminum oxides 

i n  316SS and aluminum, respec t i ve l y .  The c r i t i c a l  p a r t i c l e  s i zes  were 
found t o  depend c r u c i a l l y  on t h e  s i g n  o f  t h e  p r e c i p i t a t e  m i s f i t  w i t h  t h e  

m a t r i x .  

m i s f i t  n u c l e i ,  and t h e  c r i t i c a l  s i z e  increases w i t h  i n c r e a s i n g  temperature 

(because o f  t h e  decrease i n  vacancy supersa tu ra t i on ) .  

t h e  vacancy supersa tu ra t i on  d e s t a b i l i z e s  t h e  nega t i ve  m i s f i t  p a r t i c l e s ,  

and t h e  c r i t i c a l  s i z e  decreases w i t h  i n c r e a s i n g  temperature. The s o l u t e  

supersa tu ra t i on  helps t o  s t a b i l i z e  t h e  p a r t i c l e s  i n  e i t h e r  case, and 

h ighe r  s o l u t e  supersa tu ra t i on  leads t o  sma l le r  c r i t i c a l  s i z e  p a r t i c l e s .  

The vacancy supersa tu ra t i on  he lps  t o  s t a b i T i z e  t h e  p o s i t i v e  

On t h e  o.ther hand, 
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V. ACCOMPLISHMENTS A N D  STATUS 

A. Introduction 

In a n  i r rad ia t ion  environment, thermal equilibrium i s  d i s tu rbed  
by the production of thermal spikes and displacement cascades. 
energy atoms can eas i ly  produce nonequilibrium phases or cause other 
phases t o  dissolve which ex i s t  in an equilibrium si tuat ion.  
dissolution or redis t r ibut ion of phases which serve a s  barr iers  t o  
dis locat ions ,  such as oxide precipi ta tes ,  a l t e r  the mechanical properties 
of s t ructural  components during operation of a reactor,  the study of 
phase s t a b i l i t y  becomes important. 

The high 

Since the 

A1-A1203 a l loys ,  consisting o f  an Al-matrix w i t h  A1203 par t ic les ,  
a re  considered interes t ing f i r s t  wall materials since they have a small 
ab so rp t i on  cross-section for  thermal neutrons, and they preserve good 
strength and res is tance to corrosion up  t o  high homologous temperatures. 
Another system which i s  considered here i s  316SS with dispersed Cr203 
par t ic les .  The 316% i s  a candidate material f o r  controlled thermo- 
nuclear reactor ( C T R )  f i r s t  walls. The addition of Cr203 par t ic les  in  
the 316SS i s  t o  preserve the s t a b i l i t y  of the a l l oy ’ s  dislocation 
structure a t  high temperatures and, as a r e su l t ,  superior strength t o  
above 0.55 t o  0.65 of the melting point o f  the matrix. ( 2 )  

The purpose o f  the calculation i s  t o  predict  the pa r t i c l e  
c r i t i c a l  s i z e  under various i r rad ia t ion  conditions. 

B. Theoretical Model 

The theoretical  model of Maydet and Russell(’) will be 
br ie f ly  reviewed. They considered spherical precipi ta tes  which are 
incoherent with the matrix, and a r e  therefore good sinks fo r  vacancies 
and i n t e r s t i t i a l s .  The matrix and the prec ip i ta te  a re  binary 
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s u b s t i t u t i o n a l  s o l u t i o n s  d i l u t e  i n  s o l u t e  and i n  so lven t ,  r e s p e c t i v e l y .  

The p r e c i p i t a t e  may then be cha rac te r i zed  by two va r i ab les :  

s o l u t e  atoms ( x )  and t h e  number o f  excess vacancies (n ) .  Thus 

where (a )  i s  t he  number o f  m a t r i x  atoms d isp laced by the  p r e c i p i t a t e .  

A p r e c i p i t a t e  w i t h  a g rea te r  atomic volume than the  m a t r i x  would thus  

tend t o  have n > 0. 

descr ibed by i t s  movement i n  a phase space o f  coord ina tes  n and x. 

t he  number o f  

n = a - x  (1  1 

The behavior  o f  a p r e c i p i t a t e  p a r t i c l e  may then be 

The p a r t i c l e  moves w i t h  a v e l o c i t y  equal t o  t he  frequency o f  

a d d i t i o n  t imes the  jump d i s tance  - i n  t h i s  case, u n i t y .  

= Bx(n,x) - ax(n,x) ( 2 )  
= q,(n,x) - av(n,x) - Bi'(n,x) ( 3 )  

where 5,(n,x), 5,(n,x) and ~ ~ ( n , x )  a r e  the  a r r i v a l  r a t e s  o f  so lu te ,  

vacancies, and i n t e r s t i t i a l s ,  r e s p e c t i v e l y .  The B's are  e a s i l y  c a l c u l a t e d  

from the  concent ra t ions  and m o b i l i t i e s  o f  t he  respec t i ve  p o i n t  defects .  

a (n,x) and av(n,x) a r e  the  r a t e s  o f  l oss  o f  s o l u t e  and 
X 

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

where 

t h e  p a r t i c l e  from n m a t r i x  vacancies and x s o l u t e  atoms. 

balancing g i ves  

Redenote the  e q u i l i b r i u m  number o f  (n,x)-mer as 

(4) -1 po(n,x) = q,, exp(-AG(n,x)/kT) 

= m a t r i x  atomic volume and AGo(n,x) = f r e e  energy o f  forming 

Then d e t a i l e d  

B"(n-1 ,x)p"(n- l  ,x) = av(n,x)po(n,x) 

a V (n,x) 2 Bv(n,x) exp( l /kT)(aAG"(n,x)/an) 

(5) 

(6) 

( 7 )  

(8) 

5 V ( n , x - l ) p " (n , x - l )  = aV(n,x)po(n,X) 
Replacing d i f f e r e n c e s  i n  AG"(n,x) by d e r i v a t i v e s  g i ves  

ax( n ,x) % Bx(n, x )  exp (1  / kT) ( aAGo ( n  ,x ) /ax)  

The f r e e  energy change on forming a p r e c i p i t a t e  p a r t i c l e  from 

a s o l i d  s o l u t i o n  supersa tura ted  w i t h  s o l u t e  and vacancies has been 
c a l c u l a t e d  f rom the  c a p i l l a r y  model. ( 3 )  
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i ?  
A G O  = -xkT I n  Sx - nkT I n  Sv + ( 3 6 ~ n ~ ) ~ ~ x ~  + xags  ( 9 )  

where Sx = r a t i o  o f  the actual and saturation concentrations o f  solute ,  
Sv = r a t i o  o f  the actual and saturation concentrations of  vacancies, 
n = atomic volume o f  precipi ta te ,  y = particle-matrix surface energy, 
Ags = s t r a i n  energy per molecule o f  precipi ta te .  

I n  the case where e l a s t i c  properties o f  matrix and prec ip i ta te  
are equal, the  s t r a in  energy per molecule becomes 

nE( 6 -n /x )*  
4(1-u) 

where 
n-5% n-2n and 6 = d - 6 =  

'Om m 
f o r  subst i tu t ional  and i n t e r s t i t i a l  oxygen atoms, respectively. 

Nodal l ines  a r e  obtained by se t t ing  i and  i individually equal 
Any pa r t i c l e  on  an i nodal l i ne  may have a velocity only in the t o  zero. 

n direction and vice versa. 
c r i t i c a l  point. 

The pa r t i c l e  has zero net velocity a t  a 

For i = 0 

For i = 0 

n = xsI l tA/B 6 2 x i / 3 - ( l / B 6 2 )  I n  Sx11/2 ( 1 3 )  

T h e  equations fo r  the nodal l ines  a re  seen t o  be independent 

o f  the kinetic parameters, other t h a n  B i / B v  which i s  actual ly  energetic 
in nature. Furthermore, Sv and B i / B  appear only in ;I = 0 and S appears 
only in i = 0. 

V X 

Simultaneous solution o f  Equations 1 2  and 13 shows t h a t  the 
c r i t i c a l  point i s  located a t  a n  x* and n* given by 
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X* = - 3 2 ~ y ~ $ / 3 ( ~ @ ) ~  (14) 
n* = x*[6 +(1/2B) I n  Sv(1-6i/6v)] (15) 

o r  a r a d i u s  o f  

r* = - 2 y n / ~ @  (16)  

(17) 

where A+ i s  an i r r a d i a t i o n - m o d i f i e d  p o t e n t i a l  g i v e n  by 

I f  A$ = 0, t he  nodal l i n e s  do n o t  i n t e r s e c t  ( f o r  x > 0) and a l l  p a r t i c l e s  

w i l l  e v e n t u a l l y  decay. I n  t he  absence o f  excess de fec t s  A +  = -kTlnSx 

and f a m i l i a r  Gibbs-Thomson equat ion  i s  recovered from Equat ion 14. 

A+ = -kT I n  s x [ s v ( ~ - 6 i / 6 v ) I ~  - (kT/4B)[ ln sv(1-6i/Bv)12 

C. Ca l cu la t i ons  and Resu l ts  

Where possib le,  ac tua l  m a t e r i a l  va lues were used i n  t h e  ana l ys i s .  

I n  t h e  case o f  (316SS) a l l o y ,  t h e  nominal composi t ion o f  major a l l o y i n g  

a d d i t i o n s  were assumed. 

When t h e  two k inds o f  atoms a re  more n e a r l y  o f  t h e  same s ize,  

a s u b s t i t u t i o n a l  s o l i d  s o l u t i o n  i s  formed, i n  which t h e  atoms o f  s o l u t e  

rep lace  those o f  t h e  so lvent ,  so t h a t  t h e  two occupy a common l a t t i c e .  

I n  t h e  case a t  hand, 6 < 0 which means t h a t  t h e r e  i s  a c o n t r a c t i o n  around 

the  p r e c i p i t a t e ,  and as seen f rom Equat ion 17 t h e  h igh  vacancy super- 

s a t u r a t i o n  a c t u a l l y  he lps  t o  s h r i n k  t h e  p r e c i p i t a t e  by the  chemical 

e f f e c t  o f  vacancies and t o  lessen the  s t a b i l i t y  o f  t h e  phase. 
opposing term then i s  s o l u t e  supersa tura t ion ,  which must overcome o t h e r  

terms and f a c t o r s  i n  o rde r  t o  s t a b i l i z e  t h e  p r e c i p i t a t e .  

The 

F igu re  1 shows t h e  c r i t i c a l  p a r t i c l e  s i z e  versus homologous 

temperature f o r  316SS w i t h  Cr203 p r e c i p i t a t e s .  

except f o r  t he  A1-A1203 system. Although t h e  vacancy supersa tura t ion  

i n  aluminum i s  l e s s  than 31655, t he  c r i t i c a l  s i z e  o f  A1203 i n  t he  

aluminum m a t r i x  i s  l a r g e r  than Cr203 i n  316SS ma t r i x .  

o f  t h e  smal le r  p r e c i p i t a t e  m i s f i t  i n  aluminum as compared t o  chromium 

ox ide  i n  t he  316SS system. 

F igu re  2 i s  t he  same 

This  i s  because 
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316SS+Cr203ppt. 8=-0.185 
Nd'6.72 X 1013exp(-0.01 l5T) K40-6dpa/s 

7 r  

8 
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9 4- 
W 

3 -  

2-  

I 

Fig. 1 C r i t i c a l  P a r t i c l e  Size 

Versus T/Tm i n  316 SS 

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

-N&6 72 X IO'%~p(-00206T) K=10-6dpa/s c Sx=lO 

7 -  

6- 

5- 

1 1 1 I 1 I I I 

I1 1 1 I 1 1 I I 1 
.25 .30 .35 40 .45 .50 .55 .60 

HOMOLOGOUS TEMPERATURE (T/TM) 

Fig. 2. Same as F igu re  1 
Except for  Aluminum 
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Figures 1 and 2 a re  mapped t o  show t h e  c r i t i c a l  p a r t i c l e  s i z e  

of chromium and aluminum oxide p a r t i c l e s  versus homologous temperatures. 

I t  i s  seen t h a t  p a r t i c l e s  e x i s t  a t  h igh  temperatures w i t h  s o l u t e  super- 

s a t u r a t i o n  (Sx  > l), and the  c r i t i c a l  p a r t i c l e  s i z e  increases w i t h  a 

decrease o f  temperature. 

vacancies, which ac t s  as a chemical component o r  a d r i v i n g  f o r c e  t o  

remove the  s o l u t e  atoms from the  p r e c i p i t a t e s .  A t  lower temperatures 

(T < 0.45Tm) t h e  vacancy supersa tura t ion  i s  h i gh  enough t o  change the  

s i g n  o f  i r r a d i a t i o n  modi f ied f ree  energy and g i v e  uns tab le  p r e c i p i t a t e s .  

Th is  i s  due t o  t he  main e f f e c t  o f  excess 

Figures 3 and 4 a re  t h e  same as F igures 1 and 2, except t h e  

displacement r a t e  i s  10-3dpa/sec. I t  i s  obvious t h a t  t h i s  displacement 

r a t e  produces h igher  vacancy supersaturat ions.  

p a r t i c u l a r  homologous temperature, t he  c r i t i c a l  p a r t i c l e  s i z e  increases 

(when 6 < 0) compared t o  t h e  prev ious c o n d i t i o n  o f  i r r a d i a t i o n .  

As a r e s u l t ,  f o r  a 

F igures 5 and 6 show the  c r i t i c a l  p a r t i c l e  s i z e  versus 

homologous temperature f o r  316SS-Cr203 and A1-A1203 systems, respec t i ve l y ,  

f o r  i n t e r s t i t i a l  oxygen. When the  oxygen occupies an i n t e r s t i t i a l  s i t e  

i n  t h e  mat r i x ,  a d d i t i o n  o f  an oxygen t o  the p r e c i p i t a t e  g ives  a l a r g e  

s t r a i n ,  so 6 i s  s t r o n g l y  p o s i t i v e .  

on t o p  o f  each graph i s  10-6dpa/sec. 

p a r t i c l e  s i zes  f o r  a wide range o f  temperatures, except f o r  S x -  < 1 a t  

T - > 0.40Tm where t h e  excess vacancies cannot compensate the  s o l u t e  
undersa tura t ion .  

The displacement r a t e  as i n d i c a t e d  

As i s  seen, t he re  e x i s t  c r i t i c a l  

F igures 7 and 8 a r e  t h e  same as F igures 5 and 6, except f o r  

t h e  displacement r a t e  ( K  = 10-3dpa/sec), which produces h igher  vacancy 

supersa tura t ion  i n  t h e  a l l o y ,  and as a r e s u l t ,  a smal le r  c r i t i c a l  

p a r t i c l e  s i z e  compared t o  K = 10-6dpa/sec. I t  i s  obvious t h a t  a t  h igh  

temperatures (where sv(l-6i/6v) + 1 )  t h e  e f f e c t  o f  s o l u t e  supersa tura t ion  

becomes h i g h l y  s i g n i f i c a n t .  

s a t u r a t i o n  and temperature A+ = -kTlnSx. 

A$ then becomes a f u n c t i o n  o f  s o l u t e  super- 

It i s  seen, however, t h a t  

103 



316 S S T C ~ ~ ~ ~  ppt. 8.-0.185 
9rNd.6.72 X 10'3exp!-0.0115T) K=10-3dpa/s 

Fig. 3 Same as Figure 1 
Except K = 10m3dpa/s. 
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Fig. 4 Same as Figure 1 
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316 SStCr203PPI. S=1.0374 
q6 .72  X10'3exp(-0.0115T) K:10-6dPo/S 

F i g .  5 C r i t i c a l  P a r t i c l e  S i z e  
Versus T/Tm i n  316 SS 

Under I r r a d i a t i o n  
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Fig .  6 Same as F igure  5 
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316 SS+Crm3ppt. 8; 1.0374 
7rN,f6.7Z X 10'3exp(-0.01 l5T) K40-3dw/s 
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Fig. 8 Same as Figure 5 
Except for Aluminum 
with K = r10-3dpa/s. 
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t h e  c r i t i c a l  p a r t i c l e  s i z e  increases w i t h  increas ing  temperature when 

( 6  > 0) .  For s o l u t e  supersaturated s o l i d s  (Sx > 1 )  the  c r i t i c a l  p a r t i c l e  

s i z e  increases up t o  a c e r t a i n  temperature and a f t e r  t h a t  decreases. 

These cond i t i ons  a r e  due t o  compet i t ion between Sv and (1-pi/f3,,): 

one term decreases ( S v )  w i t h  increas ing  temperature, wh i l e  the  o the r  

term increases (I-pi/pv). 
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I .  PROGRAM 

Ti t l e :  Effects of I r radiat ion on Fusion Reactor Materials 
Principal Investigator: F.  V .  Nolfi, J r .  
Af f i l i a t ion :  Argonne National Laboratory 

11. OBJECTIVE 

The objective of t h i s  work i s  t o  develop physically based models fo r  
microstructural evolution tha t  occurs during simulated fusion-reactor 
i r radia t ion.  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.2.4 Modeling 

IV. SUI4FIARY 
Time-dependent i n t e r s t i t i a l -  and vacancy-cluster number densi t ies  

have been calculated for  Ni-4 a t .  % Si using a nucleation model t ha t  has 
been modified t o  include i n t e r s t i t i a l  trapping a t  Si atoms. Results are 
compared with experimental i n t e r s t i t i a l - loop  number densi t ies  and s izes  
obtained by TEM examination of Ni-4 a t .  % Si i r radia ted with Ni' ions. 

V .  ACCOi4PLISHirlENTS AND STATUS 

Microstructural Yodeling -- B. Okray Hall 

1 .  Introduction 

A comprehensive time-dependent nucleation and growth model tha t  
includes dislocation loops, voids, and helium bubbles i s  being developed 
t o  describe the e f fec t s  o f  simultaneous helium production and  displacement 
damage on microstructural evolution in metals. The modeling complements 
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t h e  d u a l - i o n  

o f  t h e  exper imen ta l  r e s u l t s .  
i r r a d i a t i o n  s t u d i e s  and i s  des igned  t o  a i d  i n  i n t e r p r e t a t i o n  

2. Model C a l c u l a t i o n s  

The b a s i c  i n t e r s t i t i a l -  and v a c a n c y- c l u s t e r  n u c l e a t i o n  model 

was m o d i f i e d  t o  i n c l u d e  i n t e r s t i t i a l  t r a p p i n g  by an a d a p t a t i o n  o f  t h e  

e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  i n t r o d u c e d  by S c h i l l i n g  and Schroeder . ( ' )  

They c o n s i d e r e d  i m p u r i t i e s  as immobi le  t r a p s  and d e r i v e d  an e f f e c t i v e  

d e f e c t - d i  f f u s  i o n  c o e f f i c i e n t  D+, dependent on t r a p  c o n c e n t r a t i o n  Ct, 

t r a p p i n g  t i m e  T, and c a p t u r e  r a d i u s  R t .  Use o f  t h e  s i m p l e s t  f o r m  o f  

i n t e r a c t i o n  p o t e n t i a l ,  a square w e l l ,  was s u f f i c i e n t  f o r  o u r  purposes; t h e  

c a p t u r e  r a d i u s  o f  a s i n g l e  jump d i s t a n c e  i s  assumed, and t h e  t r a p p i n g  t i m e  

i s  t h e n  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  jump f requency  v t  f r o m  t h e  t r a p  s i t e  

t o  t h e  neares t- ne ighbor  s i t e :  

where vo i s  t h e  a t t e m p t  f requency  (assumed equal  t o  t h a t  i n  t h e  pu re  

m e t a l ) ,  EA i s  t h e  i n t e r s t i t i a l  m o t i o n  energy, T i s  temperature ,  and Eg i s  

t h e  i n t e r s t i t i a l - s o l u t e  b i n d i n g  energy.  

c i e n t  i s  

The e f f e c t i v e  d i f f u s i o n  c o e f f i -  

where D i  i s  t h e  i n t e r s t i t i a l  d i f f u s i o n  c o e f f i c i e n t  i n  t h e  pu re  m e t a l ,  and 

T~ i s  t h e  " t r a p p i n g "  t i m e  a t  a host- atom s i t e .  

p l a c e s  t h e  f a c t o r  T used i n  Ref.  1, s i n c e  t h e  e a r l i e r  f o r m u l a t i o n  

n e g l e c t e d  t o  c o n s i d e r  t h a t  o n l y  t r a p p i n g  t i m e  i n  excess o f  t h e  host- atom 

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

The f a c t o r  (T - r0) r e -  

M a t e r i a l s  parameters  used i n  t h e  c a l c u l a t i o n s  a r e  g i v e n  i n  

Tab le  I .  The tempera tu re  was 460°C, t h e  d i sp lacement  r a t e  was 
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TABLE I .  MODEL PARAMETERS 

Quantity Value 
!Lattice constant, a 

Burgers vector, b 

Core radius, ro 

Poisson r a t i o ,  v 

Shear modulus, p 

Stacking f a u l t  energy, y 

Jump distance,  d 

Vacancy formation energy, E: 

Vacancy migration energy, E; 

’ vo 
Vacancy frequency energy 

I n t e r s t i t i a l  formation energy, 

I n t e r s t i t i a l  migration energy, EI m 

V 

E: 

I n t e r s t i t i a l  frequency fac tor ,  v0 I 

3.52 x 10-8 cm 

a /  A 

b/ 2 

0.34 

7.85 X dyne/cm 2 

400 erg/cm2 

2.49 x cm 

1.60 eV 

1.28 eV 

5 1913 

4.08 eV 

5.15 eV 

1013 
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2.75 x dpa-s- l ,  t h e  s i n k - a n n i h i l a t i o n  p r o b a b i l i t y  was and t h e  

b i a s  was 1.35. 

The c a l c u l a t e d  number d e n s i t y ,  i n  atom f r a c t i o n ,  f o r  i n t e r s t i -  
t i a l  c l u s t e r s  o f  s i z e  2 2  i s  p l o t t e d  i n  F i g .  1 as a f u n c t i o n  o f  dose f o r  

pure  n i c k e l  (E6 = 0) and f o r  N i - 4  a t .  % S i  a l l o y s  w i t n  i n t e r s t i t i a l - s o l u t e  

b i n d i n g  e n e r g i e s  o f  0.25, 3.53, 3.75, and 1.09 eV. 

t h e  c a l c u l a t e d  c l u s t e r  number d e n s i t y  i n c r e a s e s  s t r o n g l y ,  and t h e  c l u s t e r  

process s lows, as b i n d i n g  energy inc reases .  

The p l o t  shows t h a t  

The v a c a n c y- c l u s t e r  number d e n s i t y  i s  a f f e c t e d  t h r o u g h  t h e  
decreased a r r i v a l  r a t e  o f  i n t e r s t i t i a l s ,  and i n c r e a s e s  s l i g h t l y  w i t h  

i n c r e a s i n g  b i n d i n g  energy.  

3. Exper imen ta l  R e s u l t s  

Exper imen ta l  i n v e s t i g a t i o n s  on l o o p  n u c l e a t i o n  were per formed 

by D. I .  P o t t e r  under  BES f u n d i n g .  

a t  -465’C w i t h  3.0-MeV 58Ni t  i o n s .  The i o n  f l u x  o f  %Z.3x 13’’ ioris-cin-Zs-l 
produced a peak damage r a t e  o f  a p p r o x i m a t e l y  3 x 

atom p e r  second (dpa- s) .  

-3033 8 f r o m  t h e  su r face  and examined by TEIL 
dynamical  d i f f r a c t i o n  c o n d i t i o n s  w i t h  a 4 0 9 >  two-beam d i f f r a c t i o n  geometry 

Lop t ima l  c o n d i t i o n s  f o r  s i z i n g  s m a l l  F r a n k- f a u l t e d  loops( ‘ ) ] .  
shows t h e  l o o p  m i c r o s t r u c t u r e s  as a f u n c t i o n  o f  i r r a d i a t i o n  t i m e  a t  465°C. 

The l o w e s t  dose, 0.05 dpa, produced l o o p s  w i t h  an average d i a m e t e r  o f  56 8 
[ F i g .  2 ( a ) l .  The measured l o o p  d e n s i t y  a t  t h i s  dose was 4.78 x l O l 4  l o o p s  

average l o o p  d i a m e t e r  t o  115 i. 
cm-3 was e s s e n t i a l l y  unchanged f r o m  i t s  v a l u e  a t  0.35 dpa. 

h i g h e r  doses o f  0.35 dpa [ F i g .  2 ( c ) ]  and 3.67 dpa ( n o t  shown) produced 

average l o o p  d iamete rs  o f  302 8 and 341 8,  r e s p e c t i v e l y ,  and measured 

number d e n s i t i e s  o f  4.97 x 1014 and 4.87 x 1014 l o o p s  cm-3. 
observed i n  any o f  t h e  specimens. 

N i - 4  a t .  % S i  specimens were i r r a d i a t e d  

d i sp lacements  p e r  
A f t e r  i r r a d i a t i o n ,  specimens were s e c t i o n e d  a t  

Loops were observed under  

F i g u r e  2 

I r r a d i a t i o n  t o  a h i g h e r  dose o f  0.11 dpa [ F i g .  2 ( b ) ]  i n c r e a s e d  t h e  
The number d e n s i t y  o f  4.34 x l o o p s  

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

No v o i d s  were 
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c U 
O d p  C 

FIGURE 2. Dislocation Loop Microstructures Observed i n  Ni- 4 a t .  % Si 
I r radiated a t  %465"C. 
w % 1.6; ( c )  0.35 dpa, w % 1.6, %(001) orientat ion;  ( d )  same 
fo i l  area as ( c )  with %(OTl) or ientat ion.  

( a )  0.053 dpa, w = seg % 0; ( b )  0.11 dpa, 
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The geometry of the dislocation loops was investigated in 
These micro- de ta i l  and i s  b r ie f ly  summarized in Figs. 2 (c )  a n d  2 ( d ) .  

graphs show the same fo i l  area imaged under s imilar  di f f ract ion conditions 
b u t  t i l t e d  in to  %(001) orientat ion in Fig. 2 ( c )  and %(371) orientation in 
Fig. 2 ( d ) .  Such  t i l t i n g  experiments showed t h a t  a l l  the loops were con- 
tained on { I l l }  planes. 
par t icular  {ill} planes of the loops being imaged; e.g., loops labeled A 

are on (nl) while those labeled B are on (711). 
the other two {ill} planes are barely v i s ib le  because of the par t i cu la r  
d i f f rac t ion  conditions used to produce Figs. 2 ( c )  and 2 ( d ) .  
c r i t e r ion  was used t o  es tabl ish  t ha t  the loops a r e  a l l  i n t e r s t i t i a l  in 

nature. 

Further, the images were used t o  identify the 

The s2 t s  of loops on 

The Tunstall 

Loop-size dis t r ibut ions  a re  plotted in Fig. 3 fo r  the four 

low-dose Ni-4 a t .  % Si samples. 
mately equal, re f lec t ing  the constant value of the l o o p  number density 
with dose. 

The  areas beneath the curves are approxi- 

4. Comparison of Calculations and Experiment 

In the Ni-4 a t .  % Si specimens examined, the i n t e t - s t i t i a l -  
loop number density was constant a t  %4.8 x lOI4 c r r3 ,  i . e . ,  5 .4  x 10- 9 

atom f rac t ion ,  fo r  doses between 0.05 and 0.6  dpa. From Fig. 1 ,  the 
i n t e r s t i t i a l - so lu t e  binding energy should be ~ 0 . 2 5  eV, in good agreement 
with the value of 0.26 f 0.06 eV obtained by Hossain and Brown(3), who 

performed HVEM experiments on pure Ni and d i l u t e  Ni-Si a l loys .  The 
observed average l o o p  s izes ,  however, are consistent  with higher binding 
energies a n d  the associated delay in  the c luster ing process. 

5. Conclusions 

In the present work, we have incorporated i n t e r s t i t i a l -  
solute  trapping in a time-dependent nucleation and growth  model and  found 
t h a t  ( I )  the calculated i n t e r s t i t i a l - c l u s t e r  number density depends 
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LOOP DIAMETER l i l  

FIGURE 3. D i s l o c a t i o n  Loop Size D i s t r i b u t i o n s  for Ni- 4 a t .  % S i  Speci- 
mens. ( 0 )  sample A-3, 0.053 dpa, T = 452OC; ( x )  sample 8-3, 
0.114 dpa, T = 469°C; (0) sample C-1, 0.33 dpa, T = 462°C; 
( 0 )  sample D-1, 0.66 dpa, T = 464°C. 
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strongly on the choice of binding energy; ( 2 )  the time t o  reach saturation 
in i n t e r s t i t i a l - c l u s t e r  number density increases as binding energy 
increases; and (3)  the vacancy-cl uster number density increases moderately 
as binding energy increases. T h e  calculations were compared with experi- 
mental loop-number dens i t i es  a n d  s i ze  dis t r ibut ions  obtained by TEM fo r  a 
Ni-4 a t .  % Si al loy i r radiated with Nif ions t o  doses ranging from 0.05 
t o  0.6 dpa .  
solute binding energy of ~ 0 . 2 5  eV, b u t  the average l o o p  s izes  were con- 
s i s t e n t  with higher binding energies. 

The number-density d a t a  were consistent  w i t h  an  i n t e r s t i t i a l -  
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V I I .  FUTURE WORK 

The time-dependent model wi 11 be expanded t o  include mobi 1 e he1 i um 
and i t s  e f f ec t  on vacancy clustering.  
model will continue. Impurity e f fec t s  on loop behavior will be examined 
fur ther .  

Parameterization of segments of the 
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11. 

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 

The displacement damage produced i n  Ma te r ia l s  Research Corporat ion 

Marz grade n i c k e l  and niobium and reac to r  grade 316 SS by 16 MeV protons 

and (D,T) and (D,Be) neutrons i s  being c o r r e l a t e d  on t h e  bas is  o f  c l u s t e r  

s i z e  and dens i t y  and y i e l d  s t rength .  

c y c l i c  f l u x ,  temperature and s t ress  on t h e  m ic ros t ruc tu re  and f l o w  s t ress  
are  being studied. The r e l a t i o n s h i p  between the  r a d i a t i o n  induced micro-  

s t r u c t u r e  and f l o w  p rope r t i es  i s  a l so  being studied.  

s tud ies  o f  pa th  B and C a l l o y s  are  planned. 

The e f f e c t s  o f  steady s t a t e  and 

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

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 I I .C.12 E f fec ts  o f  Cycl ing on Flow and Frac ture  

I V .  SUMMARY 

The m ic ros t ruc tu re  and y i e l d  s t reng th  increase o f  16 MeV pro ton  and 

T(d,n) neutron i r r a d i a t e d  n i c k e l  and niobium have been compared over the  

f luence range o f  1 0 l 6  cmd2 t o  lo1’ c r 2 .  These i r r a d i a t i o n s  were per-  

formed on ma te r ia l  taken from the  same source, w i t h  the  same geometry, 

g iven i d e n t i c a l  heat treatments, prepared and evaluated by t h e  same tech- 

niques, and i r r a d i a t e d  a t  20-30°C a t  a f l u x  of 1 0 l 2  pa r t i c l es / cm -5 .  2 

The damage induced i n  n i c k e l  and niobium a t  20°C by 16 MeV protons 

was found t o  e x h i b i t  many s i m i l a r i t i e s  t o  t h a t  induced by 14 MeV neutrons. 
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In nickel, the s imi l a r i t i e s  include: 1 )  equal defect c lu s t e r  dia- 
meters; 2 )  equal defect c lus te r  densi t ies  a t  1017 particles/cm2; 
3 )  a sa turat ion in the  c lus te r  density of proton and neutron i r -  
radiated nickel on a damage energy basis and 4 )  a close,  b u t  not 
exact, corre la t ion in  the yie ld  s t r e s s  increase on a pa r t i c l e  
fluence basis. In niobium, the s imi l a r i t i e s  include: 1 )  the mag- 
nitude of the lower yield s t r e s s  increase and 2 )  
pendence of the flow s t r e s s  increase. 

the fluence de- 

V .  ACCOMPLISHMENTS AND STATUS 

The yie ld  strength increase induced in nickel and niobium by 
16 MeV protons and  14 MeV neutrons was reported in the l a s t  Damage 
Analysis and Fundamental Studies Interlaboratory Progress Report. 
The microstructure of 16 MeV proton and 14 MeV neutron i r radiated 
nickel and t o  a l esse r  extent niobium i s  the subject  of the present 
report. 

Typical microstructures of nickel i r radia ted with 14 MeV neu- 
t r o n s  and 16 MeV protons t o  various fluence leve ls  a r e  shown in  
Fig. 1 .  In a l l  cases, the damage consisted of small (< 8 nm dia- 
meter) c lus te rs .  
c lu s t e r s  b u t  based on the resu l t s  of others [ l ,  2, 3 ,  41 they a r e  
assumed to  be a mixture of i n t e r s t i t i a l  and  vacancy c lus te rs .  
ination of Fig. 1 indicates t ha t  the defect  density increases w i t h  
fluence and t h a t a t  low fluence levels  16 MeV protons produce more 
v i s ib l e  damage than 1 4  MeV neutrons. 
t o  be near the minimum fluence fo r  observing defects whereas con- 
siderable damage i s  observed a t  3x1Ol6 p/cm2. 

No attempt was made t o  iden t i fy  the nature of the 

Exam- 

In f a c t ,  6x1Ol6 n/cm2 appears 

The s i ze  and density of the defect c lu s t e r s  in 16 MeV proton 
and  14 MeV neutron i r radiated nickel a re  sumnarized in Table 1 .  
Within the estimated experimental uncertainty of t 1 nm, there are 
no differences in the mean c lu s t e r  diameters, while the c lu s t e r  den- 
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s i t i e s  do d i f f e r  w i t h  an apparent dependence on both the  i r r a d i a t i n g  

p a r t i c l e  and the  p a r t i c l e  f luence.  
the  c l u s t e r  s i z e  and dens i ty  a re  p l o t t e d  as a f u n c t i o n  o f  the  par-  

t i c l e  f luence. 

Th is  i s  shown i n  F ig .  2 where 

Table I .  A summary o f  the  de fec t  c l u s t e r  data 

from i r r a d i a t e d  n i c k e l .  

I r r a d i a t i n g  
P a r t i c l e  

neutron 

neutron 

neutron 

pro ton  

pro ton  

F1 uence 
(cm-2) 

6x101 
iX1017 

zX1 01 

3x1 O1 
9x1 01 6 

Mean 
C1 u s t e r  
Diameter 

(nm) 

4.6 

3.4 

3.8 

3.5 
4.4 

C lus ter  
Dens i ty  

(m-3) 

5x1 0'' 

2x1 OZ2 

1 x l  OZ2 

7x1 OZ1 

2x1022 

There i s  i n s u f f i c i e n t  data t o  un ique ly  e s t a b l i s h  the  f luence de- 

pendence o f  t h e  c l u s t e r  dens i ty ,  however the  data i n  F ig .  2 suggests 

t h a t  the  c l u s t e r  dens i t y  i n  neutron i r r a d i a t e d  n i c k e l  may sa tu ra te  

i n  the  c l u s t e r  s i z e  o r  dens i t y  a t  t h i s  f luence l e v e l  i n  p ro ton  and 

neutron i r r a d i a t e d  n i c k e l .  The mean c l u s t e r  diameters approach the 
p r a c t i c a l  r e s o l u t i o n  l i m i t  o f  t h e  e l e c t r o n  microscope and thus d i f -  

ferences i n  the  small d e f e c t  c lus te rs ,  < 3 nm, may not  have been 

detected i n  the  present study. 

a t  about lx1017 n/cm 2 and t h a t  there a r e  no s i g n i f i c a n t  d i f f e rences  

The de fec t  s i z e  and dens i t y  o f  p ro ton  and neutron i r r a d i a t e d  

n i c k e l  a r e  very comparable on a damage energy basis,  as shown i n  

F ig .  3, where a s a t u r a t i o n  i n  the  c l u s t e r  dens i t y  above 0.02 eV/atom 
i s  apparent for both p a r t i c l e s .  
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The m ic ros t ruc tu re  o f  a niobium specimen i r r a d i a t e d  w i t h  14 MeV 

neutrons t o  lx1017 n/cm2 consis ted o f  a f a i r l y  un i fo rm d i s t r i b u t i o n  

o f  small de fec t  c l u s t e r s .  The q u a l i t y  o f  t h e  f o i l  was no t  good 

enough f o r  q u a n t i t a t i v e  ana lys is ;  however, the  mean c l u s t e r  s i z e  and 

dens i t y  a re  est imated t o  be % 4 nm and 1 ~ 1 0 ~ ~  w3, respec t i ve l y .  

These r e s u l t s  are comparable t o  those repor ted  by J .  Narayan e t  a l .  
[5]  f o r  Be(d,n) neutron i r r a d i a t e d  h igh  p u r i t y ,  s i n g l e  c r y s t a l  niobium. 

They repor ted  t h a t  t h e i r  d i s l o c a t i o n  loops were 2/3 i n t e r s t i t i a l  and 

1/3 vacancy type. 

Niobium TEM f o i l s  were no t  i r r a d i a t e d  w i t h  protons a t  the  same 

t ime as the  n i c k e l  f o i l s  and the  t e n s i l e  specimens and thus d i r e c t  

comparisons o f  the  mic ros t ruc tures  produced by neutrons and protons 

a r e  n o t  ava i l ab le .  However, a niobium f o i l  was p ro ton  i r r a d i a t e d  

system and the p re l im ina ry  ana lys is  i n d i c a t e s  t h a t  p ro ton  i r r a d i a t i o n  

produces more v i s i b l e  damage than neutron i r r a d i a t i o n  on a per  par-  

t i c l e  basis .  

t o  a f luence o f  1 ~ 1 0 ’ ~  p/cm 2 dur ing  a t e s t  o f  t h e  hel ium coo l i ng  

Experiments are  underway t o  conf i rm t h i s .  
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16 2 
3x10 P'cm PROTON IRRADIATION 9 x  l0l6 P I c m 2  

F I G U R E  1 .  Typical microstructures of neutron and proton irradiated nickel. 
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2 
12 2 

- 4 16 MeV PROTONS, lo1’ p l c m  -s,  2OoC 

T (d, n) NEUTRONS, 10 nlcrn -5, 2OoC 

PARTICLE FLUENCE. 

F I G U R E  2 .  Comparison o f  t he  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  
neutron and pro ton  i r r a d i a t e d  n i c k e l  a s  a f u n c t i o n  o f  par-  
t i c l e  f luence.  
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FIGURE 3. Comparison o f  t he  s i z e  and dens i t y  o f  d e f e c t  c l u s t e r s  i n  neutron 

and proton i r r a d i a t e d  n i c k e l  as a f u n c t i o n  o f  damage energy pe r  atom. 
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I. 

I1 

PROGRAM 

Title: Effects of Near Surface Damage and Helium on the Performance 
of the First Wall 

Principle Investigator: 0. K. Harling 

Affiliation: Nuclear Reactor Laboratory, Massachusetts Institute 

of Technology 

OBJECTIVE 

The objective of this study is to understand and quantify the effects 
of near surface damage and implanted gas on the performance of the fusion 

reactor first wall. 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

TASK II.C.5 Effects of Cycling on Microstructure 
II.C.12 Effects of Cycling on Flow and Fracture 

II.C.13 Effects of Helium and Displacements on Crack 

Initiation and Propogation 

II.C.15 Effects of Near Surface Damage on Fatigue 

IV. SUMMARY 

An analysis has been carried out to obtain a semi-quantitative 

picture of the state of the.surface/near surface region of the first 
wall in a Tokamak type FR. The charge state of particles incident upon 
the first wall was determined to be of major importance in assessing the 

resulting effects. This important result has not generally been appreci- 

ated previously. 
surface region of the first wall, a scoping experiment has been designed 

to determine the effect of near surface damage and implanted helium upon 

the performance of the first wall. Fatigue cracking will be studied in 
an environment which closely simulates the time dependent stresses and 

Using the results for the expected state of the near 
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the radiations expected at the first wall of a FR. 

V. ACCOMPLISHMENTS AND STATUS 

A. Near Surface Displacement Damage and Implanted Gas - H.Andresen 
(M. I. T./Hahn Meitner Inst.) and 0. K. Harling (M. I. T.) 

1. Introduction 

The near surface region of the plasma vessel or first wall 

of F R ' s  will probably be subjected to unusually high damage and gas im- 

plantation rates due to the ions which will leak from the plasma. The 

effect of a highly damaged and implanted layer on the performance of the 

first wall is not currently understood. That there is a significant 
potential problem can be deduced from the following considerations. 

Assuming a (d,t) burning tokamak with neutron wall loading 
2 in the one Mw/m range, with reasonable values for the machine parameters, 

the particle fluxes incident upon the first wall are approximately $ = 
16 2 13 2 13 2D.T 

- 10 /cm - sec,$n 2. 4 x 10 /cm - sec and $ Q 4 x 10 /cm - sec. He - 
The hydrogen species will probably reach the wall as neutrals with a broad 

angular and energy distribution, the neutrons will, of course, reach the 

wall with 14.1 MeV and penetrate deeply into the first wall and blanket 

producing damage and transmutations. The helium particle flux will 

consist principally of low energy thermalized He particleswbn'scharge and 
angular distribution is uncertain. A small fraction 4% of the alpha 

particles will reach the wall with high energies and these will be charged. 

If a divertor is used the hydrogen and high energy helium fluxes to the 

wall may no t  be drastically different. There is some indication that 

the main effect of a divertor may be to prevent atoms of wall material 

from entering into and poisoning the plasma. 

The concentration of helium and dpa which builds up in the 

near surface region of the first wall will depend upon the energy and 

128 



angle of the incident helium particles as well as upon first wall sputter- 

ing and redeposition rates. These effects cannot be adequately predicted 

at this time to determine unambiguously the situation which can be expect- 

ed for the near surface of future FR's .A scenario based upon reasonable 

estimates indicates that there could be a high concentration of He and 

lattice damage in the first few microns. High concentrations of He in 

the range of 0.1 - 0.3 He atoms/wall atom and damage in the 
dpa range might be reached in the near surface within about 100 days of 

reactor operation provided net erosion due to sputtering can be kept 

sufficiently small. Redeposition which has been observed in current 

experiments may greatly reduce the net removal of wall material expected 

on the basis of sputtering alone. 

tens of 

A s  a result of the near surface displacement damage and 

gas implantation, the expected fast neutron induced bulk damage and 

helium production and the cyclic stresses which will be applied to the 

structure by thermal cycling resulting from the intermittent power cycle, 

the following phenomena are considered possible. Considerable helium 

precipitation will occur, even at low temperature, producing mainly 

bubble hardening. The swelling of the near surface layer, due to implant- 

ed He, could readily occur only outward from the surface. This could 

produce compressive stresses in the surface layer. The subsurface layer 

will then be in a state of tension gradually decreasing in magnitude into 
the bulk to equilibrate the compressive stress in the near surface layer. 
This stress plus the cyclic stresses resulting from the temperature grad- 

ients of the normal FR power cycle could provide the driving force for 
crack propogation from the near surface region into and ultimately through 

the bulk. 

A better understanding of the effect of the near surface 

region of the first wall upon the overall performance of this structure 

is a necessary prerequisite for FR design. 
have begun to examine this problem. We report here the results of some 

of our initial analyses of the first wall environment. Also we report 

In the present project we 
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the design of a fatigue cracking scoping experiment which simulates much 

of the relevant environment which is expected at the first wall of a FR. 

2. The Near Surface Region of a CTR First Wall 

A literature analysis was performed in order to obtain a 

semi-quantitative picture concerning the state of the first wall surface 

in a Tokamak type fusion reactor. Starting point was the assumption that 

the near surface layer will be stressed and embrittled by the impinging 

plasma particles while the underlying material will be embrittled by fast 

neutron induced displacements and helium production via (n,a) reactions 

and that this in combination with large temperature cycling, expected for 

pulsed mode reactors, might lead to crack initiation and propagation. The 

main points which had to be studied were judged to be (1) thickness, 
roughness and stress state of the affected near surface layer, and (2) 
temperature gradient across the first wall and thermal cycling. 

Experimental evidence from different authors indicates 

that the result of continued bombardment of a material with helium is a 

porous layer in dynamic equilibrium with the bombarding species, blister- 

ing being only a possible initial process. (See e.g. [ Z ] )  The influence 

of such a layer on the underlying material can only be important, if 

considerable stresses are maintained and additionally, if the layer were 

sufficiently thick. The thickness of the affected layer is influenced 

mainly by the following parameters: 1. Energy and angular distributions 

of the helium particles; 2. Sputtering; 3.Redeposition. The rates of the 

helium implantation are only of secondary importance because this merely 

concerns the time until equilibrium is attained. While energy distribu- 

tion and sputtering are covered by a large amount of literature, the 

angular distribution and the redeposition have generally been neglected. 

However, in a reactor with magnetic confinement the angular distribution 

is extremely different for ions and neutrals. While neutrals will have 

a broad angular distribution around the surface normal, this distribution 

will be sharply peaked near glancing incidence for charged particles. 
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From a survey of t h e  r e l evan t  l i t e r a t u r e  w e  have concluded 

t h a t  a t  almost glancing incidence t h e  i n t e r a c t i o n  phenomena change d r a s t i c-  

a l l y  compared t o  normal incidence.  For example, Oen and Robinson ca l cu la t-  

ed very l a r g e  energy and p a r t i c l e  r e f l e c t i o n  c o e f f i c i e n t s  approaching 1 

a t  angles  above 80' f o r  hydrogen and h e l i u m  p a r t i c l e s  i n  t h e  energy range 

0 .1  - 5 KeV. (3) 

with  increas ing  angle.  Computer s imula t ions  of Hoffman e t  a l ,  

very good agreement wi th  measurements of Bohdansky, Bay and R ~ t h ' ~ )  show 

t h a t  f o r  incidence angles  above 80" t h e  s p u t t e r i n g  is enhanced by f a c t o r s  

of 6 f o r  1 KeV pro tons  and up t o  a f a c t o r  of 14 f o r  8 KeV protons.  

B l i s t e r i n g  from glancing incidence helium bombardment a t  energ ies  below 

20 KeV i s  not  expected t o  OCCUK because of high r e f l e c t i o n  p r o b a b i l i t i e s ,  

high s p u t t e r i n g  e f f i c i e n c i e s  and t h e  small  pene t r a t ion  depths of t hese  

p a r t i c l e s .  For high energy a ' s  t h e  p red ic t ion  is more d i f f i c u l t ,  espec- 

i a l l y  because b l i s t e r i n g  w i l l  depend s e n s i t i v e l y  on t h e  a c t u a l  peak i n  

the  angular  d i s t r i b u t i o n .  

A l s o  t h e  spu t t e r ing  e f f i c i e n c y  of p a r t i c l e s  inc reases  
( 4 )  in 

P a r t i c l e s  w i t h  glancing incidence a r e  p r e f e r e n t i a l l y  

r e f l e c t e d  i n  t h e  specular  d i r e c t i o n ,  (3'6) a t  energ ies  below 10 KeV 

p r e f e r e n t i a l l y  a s  n e u t r a l s .  (7)  

s e v e r a l  times be fo re  they a r e  slowed down o r  undergo a b ig  angle  s c a t t e r -  

ing  event .  The s p u t t e r i n g  due t o  low energy helium then has t o  b e  mult i-  

p l i e d  by t h e  average number of r e f l e c t i o n s  of t hese  p a r t i c l e s .  Thus t h e  

s p u t t e r i n g  due t o  helium might w e l l  exceed hydrogen s p u t t e r i n g  even i f  t h e  

f l u x  from t h e  plasma i s  more than an order  of magnitude lower than t h a t  

of hydrogen spec ie s .  

escaping from t h e  plasma has r e c e n t l y  been ca l cu la t ed  by d i f f e r e n t  au thor s  

Consequently they impinge on t h e  su r face  

The angular  d i s t r i b u t i o n  of t h e  h igh  energy a ' s  

ca lcu la t ed  t h e  d i s t r i b u t i o n  of t hese  p a r t i c l e s  

in s t a i n l e s s  steel su r faces  t o  be broad and extending t o  a depth of about 

3 microns. 

f o r  probable mechanical e f f e c t s ,  because major s t r e s s e s  and severe  

embritt lement w i l l  develop the re .  

(8'9'10). Bauer e t  a1 (10) 

We judge t h a t  t h i s  i s  t h e  l a y e r  which should be considered 

S t r e s s  cyc l ing  due t o  t h e  normal power cyc le  of a Tokamak 
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power reactor is an important part of the stress environment at the 

surface of the first wall. The biggest temperature cycles are calculated 

for helium cooled reactors, where the first wall may be cycled between 300 

and 550°C. With lithium or water coolant smaller changes in the wall 

temperature are expected. In addition to this "routine-cycling" several 

authors have considered cycling due to accidental plasma breakdowns. Such 

control problems would result in even larger stresses and strain rates. 

The stresses whic.h result from the temperature gradient across the first 

wall seem unavoidable. A reasonable rough number for the temperature 
difference, AT, of a liquid cooled reactor seems to be 30 - 50°C across 

a wdll of 5 mm thickness (stainless steel), while a AT up to l00'C has 

The stresses in been reported for a helium cooled reactor design. 

the thermal membrane have been analyzed by different authors and Liu has 

considered the connection with cyclic creep fatigue for a special design. 
By analyzing the thermal bending stresses he identified the strain range 

during a f u l l  normal operating cycle to be 0.2 - 0 .3%.  

(11) 

( 1 2 )  

3 .  In-Reactor Fatigue Crack Propagation Experiment 

The problem analysis showed that an influence of the surface 

on crack initiation and propagation is musL probable from the high energy 

a ' s ,  less so from the wall bombardment by hydrogenic and helium particles 

with energies corresponding to the temperature of the plasma edge. In 

an experiment designed to simulate the influence of the surface on failure 

the two following conditions were judged to be the most important: 

1) 
at an appropriate rate; and, 2) Temperature and stress-cycling of the 

a-irradiated samples insimulation of the cycling expected for later 

fusion reactors. These conditions can be met using pressurized cylindrical 

capsules in the scoping experiment briefly described below. 

Surface bombardment by high energy a's t o  a depth of several microns 

The experiment will be carried out by irradiating a 

fatigue crack specimen in an existing irradiation facility in the core of 

the MIT research reactor. This specimen or specimens will be simultan- 
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eously irradiated by fast neutrons (1014/cm2 - sec) which will produce 
displacement damage and by high energy helium ions which will damage and 

implant the surfaces of the specimen. 

coated foil surrounding the sample will produce the helium ion bombardment 

which simulates the high energy alpha bombardment expected at the first 

wall of a fusion reactor. Slow neutrons will also produce the helium 

in the bulk of the fatigue crack specimen by the double capture reaction 

on nickel and by the (n,a) reaction on boron dissolved in the stainless 

steel or high nickel alloy sample. Stress cycling will be accomplished by 

cycling the temperature and therefore the pressure of the helium gas which 

is sealed inside the hollow sample. A thin walled, variable wall thick- 

ness tube will probably be used for the fatigue crack sample. We have 

estimated that the stress in the sample can be varied in magnitude and in 

time in a manner which closely approximates the expected stress-time 

cycles in a fusion reactor. 

results in a release of some of the pressurized helium within the hollow 

sample. 
ing the presence of a radioactive tracer gas, Ar or Xe, which will be in- 

corporated into the He gas which is used to pressurize the interior of 

the specimen. It is intended to remove the samples at regular time 

intervals from the reactor for characterization of the surface by optical 

microscopy and a replica technique. Careful examination of the failed 

sample would be carried out with optical and electron microscopy to 
characterize the fatigue cracks in different parts (different stress 
Levels due to specimen design) of the fatigue crack samples. 

also examine the relevance and possibility of carrying out post irradia- 

tion mechanical property tests. 

Slow neutrons impinging upon a 'OB 

The test would continue until a fatigue crack 

Detection of a penetrating crack will probably be done by measur- 

We would 
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VI1 FUTURE WORK 

Detailed design of an in-reactor fatigue cracking experiment will be 

completed, the experimental equipment f o r  this test will be constructed 

and the experiment initiated. 
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I .  PROGRAM 

T i t l e :  The Depth Dependent Damage P r o f i l e  i n  Nickel  I r r a d i a t e d  w i t h  

P r i n c i p a l  I n v e s t i g a t o r :  G.L. Ku l c insk i  and P. Wi lkes 

A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin 

N icke l  or Copper Ions 

11. OBJECTIVE 

To develop a fundamental understanding o f  the fo rmat ion  o f  vo ids,  
loops and p r e c i p i t a t e s  i n  heavy i o n  and e l e c t r o n  i r r a d i a t e d  metals and 

a1 1 oys . 

I I I .  RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

I I .C .6 .  E f f e c t s  o f  Damage Rate and Cascade S t r u c t u r e  on Micro-  

s t r u c t u r e .  

I V .  SUMMARY 

High p u r i t y  n i c k e l  samples have been i r r a d i a t e d  w i t h  h igh  energy 

(>14 MeV) heavy ions  and the  r e s u l t a n t  m i c r o s t r u c t u r e  examined i n  cross 

s e c t i o n  [ i .e . ,  i n  a p lane p a r a l l e l  t o  t he  i n c i d e n t  i ons ) .  The m a t e r i a l  
i n  t h e  reg ion  near t he  i o n  end-of-range was found t o  swel l  l e s s  than the  
mid-range i n  both s e l f - i o n  and copper i o n  i r r a d i a t e d  samples. A 100 nm 

v o i d  denuded zone was observed a t  t he  f r o n t  sur face  i n  samples i r r a d i a t e d  

a t  525°C. and vo ids  were observed a t  depths -15% g rea te r  than the  ca lcu-  
l a t e d  damage curves. There was no s i g n i f i c a n t  d i f f e r e n c e  between copper 

and n i c k e l  i r r a d i a t i o n s .  An i r r a d i a t i o n  a t  200°C produced a l oop  l a t t i c e  

s t r u c t u r e  a l i gned  a long { O O l l  w i t h  a spacing o f  240 nm. 

The steady- state r a t e  equat ions were formulated and solved t o  g i v e  

t h e  depth dependent de fec t  concent ra t ions .  The c a l c u l a t e d  v o i d  growth 
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r a t e  was found t o  q u a l i t a t i v e l y  f i t  t h e  exper imen ta l  r e s u l t s .  A d e p t h  de- 

pendent r a d i a t i o n  enhanced d i f f u s i o n  model p r e d i c t e d  t h e  r e s u l t  t h a t  f o r  

i o n  f l u e n c e s  used i n  t h i s  s tudy,  t h e  i n j e c t e d  copper i m p u r i t i e s  were con- 
f i n e d  t o  t h e  end- of- range r e g i o n .  

V.  ACCOMPLISHMENTS AND STATUS 

J. B. W h i t l e y ,  G. L .  K u l c i n s k i ,  P .  Wilkes,  H. V. Smith,  J r .  

( U n i v e r s i t y  o f  Wisconsin-Madison, Madison, WI) 

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

I n  t h e  p a s t  s e v e r a l  y e a r s ,  s i m u l a t i o n  s t u d i e s  have become a 

u s e f u l  t o o l  i n  t h e  s t u d y  o f  t h e  s w e l l i n g  b e h a v i o r  expected f rom h i g h  
f l u e n c e ,  h i g h  tempera tu re  n e u t r o n  i r r a d i a t i o n  m e t a l s .  (’ s 2 )  

t h e  f i n a l  damage m i c r o s t r u c t u r e  produced by  heavy- ions t o  t h a t  i n  a neu- 

t r o n  i r r a d i a t e d  sample i s  c louded  by  s e v e r a l  u n i q u e  aspec ts  o f  t h e  fo rmer  

such as s u r f a c e  e f f e c t s  o r  e f f e c t s  due t o  t h e  l i m i t e d  volume o f  m a t e r i a l  

i r r a d i a t e d ! 3 )  I n  a d d i t i o n ,  an a c c u r a t e  t h e o r e t i c a l  d e s c r i p t i o n  o f  t h e  
damage process a t  t h e  h i g h  d i sp lacement  r a t e s  t y p i c a l  o f  s i m u l a t i o n  

s t u d i e s  has p roven  t o  b e  e l u s i v e .  ( 4 )  

e f f e c t  o f  dose r a t e  on t h e  s w e l l i n g  response o f  a m a t e r i a l ,  t h e  u s e f u l n e s s  
o f  h i g h  d i s p l a c e m e n t - r a t e  s i m u l a t i o n  s t u d i e s  as an i n d i c a t o r  o f  m a t e r i a l  

response t o  n e u t r o n  i r r a d i a t i o n  w i l l  be g r e a t l y  reduced. 

Comparison o f  

W i t h o u t  a p r o p e r  d e s c r i p t i o n  o f  t h e  

To expand o u r  u n d e r s t a n d i n g  o f  t h e  r a d i a t i o n  damage process caused 

by  heavy- ions,  t h i s  exper imen t  used a sample p r e p a r a t i o n  t e c h n i q u e  wh ich  

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

i o n  pa th .  (5) T h i s  p o w e r f u l  techn ique,  wh ich  i s  a m o d i f i c a t i o n  o f  t h e  p r o -  

cedure f i r s t  a p p l i e d  by  S p u r l i n g  and Rhodes(6) t o  p r o t o n  i r r a d i a t e d  s t a i n -  

l e s s  s t e e l ,  a l l o w s  a d e t a i l e d  s t u d y  o f  t h e  d e p t h  v a r i a t i o n  i n  t h e  i r r a d i -  
a t e d  m i c r o s t r u c t u r e .  I n  t h i s  s tudy,  t h e  e f f e c t s  o f  copper and n i c k e l  i o n  

i r r a d i a t i o n s  were compared. The s t e a d y- s t a t e  r a t e  equa t ions  f o r  d e f e c t  
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c o n c e n t r a t i o n s  were s o l v e d  t o  g i v e  t h e i r  s p a t i a l  p r o f i l e s  f o r  compar ison 

wi th  t h e  exper imen ta l  damage p r o f i l e s .  The f i n a l  c o n c e n t r a t i o n  p r o f i l e  

o f  t h e  i n c i d e n t  copper i o n s  was c a l c u l a t e d  by a p p l y i n g  an a p p r o p r i a t e  

enhanced d i f f u s i o n  model .  ( 7 )  

2. Exper imenta l  Procedure 

The m a t e r i a l  used t h r o u g h o u t  t h i s  s t u d y  was Marz grade n i c k e l  

o b t a i n e d  f rom M a t e r i a l s  Research C o r p o r a t i o n  and o f  nominal  p u r i t y  99.995% 

( s u b s t i t u t i o n a l  i m p u r i t i e s  o n l y ) .  The sample l o t  a n a l y s i s  showed i i p p u r i t y  

l e v e l s  o f  copper  l e s s  t h a n  3 wt-ppm. A f t e r  mach in ing  t h e  samples i n t o  t h e  

p roper  shape f o r  i r r a d i a t i o n ,  t h e y  were g i v e n  a r e c r y s t a l l i z a t i o n  anneal  

i n  an i n e r t  atmosphere f o r  one hour  a t  1000°C and f u r n a c e  c o o l e d .  The 

samples were t h e n  e l e c t r o p o l i s h e d  i n  a s o l u t i o n  o f  60% s u l f u r i c  a c i d  w i t h  

40% w a t e r  t o  g i v e  t h e  c l e a n e s t  p o s s i b l e  s u r f a c e s  p r i o r  t o  l o a d i n g  i n t o  t h e  

t a r g e t  chamber. The samples were t h e n  i r r a d i a t e d  i n  a h i g h  temperature ,  

u l t r a - h i g h  vacuum t a r g e t  chamber u s i n g  h i g h  energy copper o r  n i c k e l  i o n s  
( 8 )  (14  MeV t o  19 MeV) a c c e l e r a t e d  by  a tandem Van de G r a a f f  a c c e l e r a t o r .  

The t h e o r e t i c a l  damage energy d e p o s i t i o n  r a t e  as a f u n c t i o n  o f  dep th  

The d i sp lacement  energy was 

was c a l c u l a t e d  u s i n g  t h e  updated v e r s i o n  o f  the B r i c e  code" ) which 

i n c l u d e s  energy t r a n s p o r t  by secondary i o n s .  

taken  as  40 eV, ( l o )  w i t h  t h e  n u c l e a r  energy loss r a t e  conver ted  t o  d i s -  

p lacements ( i . e . ,  dpa) u s i n g  t h e  ASTM s tandard .  (11)  An example o f  t h e  

r e s u l t s  f o r  14 MeV n i c k e l  i o n s  i n c i d e n t  on a n i c k e l  t a r g e t  i s  shown i n  

F i g u r e  1. 

i o n  f l u x e s  used i n  t h i s  exper iment .  

f r o n t  s u r f a c e  i s  due t o  energy t r a n s p o r t  by t h e  secondary i o n s .  

a p p r o x i m a t e l y  a f a c t o r  o f  t e n  v a r i a t i o n  i n  t h e  t o t a l  dose and t h e  dose 

r a t e  f rom t h e  near  s u r f a c e  r e g i o n  t o  t h e  peak, w i t h  t h e  peak o f  t h e  d i s -  

placement c u r v e  o c c u r r i n g  a t  a d e p t h  o f  2.1 pm. A l s o  shown i s  t h e  r e l a -  

t i v e  range d i s t r i b u t i o n  o f  t h e  i n c i d e n t  i o n s .  

c u r v e  f o r  14 MeV copper i o n s  i s  v e r y  s i m i l a r  t o  F i g u r e  1, w h i l e  t h e  c u r v e  

The r i g h t - h a n d  a x i s  g i v e s  t h e  d i sp lacement  r a t e  t y p i c a l  o f  t h e  

The depress ion  o f  t h e  c u r v e  near  t h e  

There i s  

The d i sp lacement  damage 
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f o r  1 9  MeV copper i o n s  has t h e  same genera l  shape and magni tude w i t h  t h e  

peak o f  t h e  damage c u r v e  o c c u r r i n g  a t  2 .5  ;im. 

A f t e r  i r r a d i a t i o n ,  t h e  samples were prepared i n  c r o s s  s e c t i o n  i n  a 
manner s i m i l a r  t o  S p u r l i n g  and Rhodes(6) ( F i g u r e  2 ) .  

f i r s t  g i v e n  an a c t i v a t i o n  t r e a t m e n t  i n  a s o l u t i o n  o f  Wood’s n i c k e l ‘ ” )  by  
2 making t h e  sample anod ic  f o r  20 seconds a t  a c u r r e n t  d e n s i t y  o f  25 mA/cm . 

T h i s  s t e p  was necessary  t o  remove t h e  meta l  o x i d e  l a y e r  and assure  a good 

bond. The amount o f  m a t e r i a l  removed by  t h i s  process was e s t i m a t e d  t o  be 

l e s s  t h a n  0.05 um by i n t e r f e r e n c e  m ic roscopy .  A f t e r  a c t i v a t i o n ,  t h e  c u r -  

r e n t  was r e v e r s e d  i n  t h i s  same s o l u t i o n  and a t h i n  n i c k e l  s t r i k e  a p p l i e d .  

The sample was t h e n  t r a n s f e r r e d  d i r e c t l y  t o  a h i g h  c h l o r i n e  n i c k e l  p l a t i n g  

s o l u t i o n  c o n t a i n i n g  150 g NiS04, 150 g % i C 1 2  and 50 g b o r i c  a c i d  i n  1000 

m l  H20. P l a t i n g  f o r  - 24  hours  i n  t h i s  s o l u t i o n  a t  50°C and a c u r r e n t  den- 

s i t y  o f  300 ma/cm r e s u l t e d  i n  a f i n a l  specimen t h i c k n e s s  g r e a t e r  t h a n  

2 mm. The sample w a s  then  mounted i n  r e s i n  and s l i c e d  i n  c r o s s  s e c t i o n  

u s i n g  a l o w  speed diamond saw. Three m i l l i m e t e r  d i s c s  were t h e n  c u t  f rom 

these  s l i c e s  and t h i n n e d  f o r  t r a n s m i s s i o n  e l e c t r o n  m ic roscopy  (TEM) u s i n g  

a t w i n  j e t  e l e c t r o p o l i s h i n g  u n i t .  The a c t u a l  r e g i o n  o f  t h e  d i s c  t h a t  

c o n t a i n s  t h e  damage i s  r a t h e r  smal l  as i s  shown s c h e m a t i c a l l y  i n  F i g u r e  2. 
However, by  c a r e f u l  a l i g n m e n t  o f  t h e  p o l i s h i n g  u n i t  a t  l e a s t  one success-  

f u l  f o i l  was u s u a l l y  o b t a i n e d  f rom t h e  s e v e r a l  s l i c e s  produced f rom each 
i r r a d i a t e d  r e g i o n .  

The samples were 

2 

A n a l y s i s  was c a r r i e d  o u t  on  a JEM 1009 e l e c t r o n  microscope o p e r a t e d  

The d e p t h  d i s t r i b u t i o n  o f  t h e  m i c r o s t r u c t u r e  d a t a  was d e t e r -  a t  120 KV.  

mined by  d i v i d i n g  t h e  m ic rog raph  i n t o  r e g i o n s  0.25 l im w ide  p a r a l l e l  t o  t h e  

f r o n t  s u r f a c e .  The f o i l  t h i c k n e s s  was de te rm ined  u s i n g  t h e  s tandard  

s t e r e o  techn ique .  Vo id  s i z e  d i s t r i b u t i o n s  were measured on a Z e i s s  com- 
p a r a t o r  w i t h  s w e l l i n g  va lues  c a l c u l a t e d  i n  a manner s i m i l a r  t o  Ryan. (10 )  

139 



r' i a 

N 

w -  -1-1 
Y O  

LZ a 
m 
E 
0 
m 

- 

E 
0 .- 
iJ 
5 
L 
5 

W 
n 

VI 
VI 
0 
L 
V 

c 
0 
CI 
5 

CI 
E 
W 
y1 
W 
L 
W 
z 

.r 

n 

N 

140 



3. Experimental Resul ts  

The pr imary purpose o f  t h i s  st.udy was a comparison o f  samples 
i r r a d i a t e d  a t  525OC t o  d i f f e r e n t  f luence l e v e l s  and us ing  d i f f e r e n t  ions.  

A t y p i c a l  micrograph obta ined from a sample i r r a d i a t e d  w i t h  19 MeV copper 

i ons  t o  a f luence o f  5 x 1015 ions/cm and prepared i n  cross sec t i on  i s  
shown i n  F igure  3 .  
samples even w i thou t  p r i o r  hel ium in ject i .on.  The o r i g i n a l  f o i l  sur face 

i s  v i s i b l e  a t  t h e  le f t- hand- s ide  o f  t h e  micrograph, w i t h  t h e  i n c i d e n t  ions  
having t r a v e l l e d  from l e f t  t o  r i g h t .  There i s  a d e f i n i t e  denuded reg ion  

a t  t h e  f r o n t  sur face  w i t h  ve ry  few r o i d s  observed c l o s e r  than ~ 1 0 0  nm from 

the  surface. Th is  denuded area was fo l lowed by a reg ion  -150 nm wide o f  
unusua l ly  l a r g e  voids. Over t h e  next  micrometer, t h e  v o i d  d e n s i t y  r i s e s  

w h i l e  v o i d  s i z e  drops. The voids throughout t h e  damage reg ion  were 

t runcated octahedra w i t h  t h e  degree o f  t r u n c a t i o n  increas ing  s l i g h t l y  w i t h  

depth. 
samples, vo ids were observed a t  depths ~ 1 5 %  greater  than t h e  damage range 

2 

Voids were observed t o  form q u i t e  r e a d i l y  i n  a l l  

Near t h e  end-of-range t h e  vo id  dens i t y  drops r a p i d l y .  I n  a l l  

p red ic ted  by Br ice .  (9) 

A l i m i t e d  dose scan w i t h  t o t a l  i o n  f luence rang ing  from 3 x 1015 t o  

The 2 1 x 1 0 l 6  ions/cm was c a r r i e d  o u t  a t  5 2 5 Y  w i t h  19 MeV copper ions .  

micrographs o f  F igure  4 show t h e  vo id  m ic ros t ruc tu re  development w i t h  

dose. 
w i t h  i nc reas ing  dose, w i t h  r e l a t i v e l y  few voids seen a t  a depth of 3.6 I J ~  

i n  t h e  low dose sample. The h igh  dose sample, however, has a s i g n i f i c a n t  

number i n  t h i s  reg ion  d e f i n i n g  a r a t h e r  sharp end-of-range. The v a r i a t i o n  
from sample t o  sample showed t h e  expected behavior w i t h  v o i d  s i z e  and v o i d  

d e n s i t y  i 

The v o i d  d e n s i t y  i n  t h e  end-of-range reg ion  i s  seen t o  increase 

Figu 'S 

determine i l e  

t h e  data wuuia szric.Liy presenrea as a riiswgraiii, a ~ i~iouzr i  curve was 
drawn through the  data po in t s  placed a t  t h e  center  o f  each 
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i n t e r v a l .  
curve r a t h e r  c l o s e l y .  
nuc lea t i on  r a t e  i s  dose r a t e  dependent. The vo id  d e n s i t i e s  f o r  t h e  two 

h igh  dose samples a r e  t h e  same w i t h i n  t h e  experimental e r r o r  i n d i c a t i n g  
t h a t  t h e  vo id  dens i t y  has saturated. 
dens i t y  a t  the  end o f  nuc lea t ion  i s  determined by t h e  dose r a t e  and n o t  
o n l y  by  the t o t a l  damage s ta te .  

I n  general, t h e  v o i d  dens i t y  curve fo l l ows  t h e  displacement 
Th is  r e s u l t  i s  n o t  unexpected s ince  t h e  vo id  

Th is  imp l i es  t h a t  the  f i n a l  vo id  

To study t h e  e f f e c t s  o f  i r r a d i a t i n g  w i t h  copper ions  i n  the  end-of- 

range region,  i r r a d i a t i o n s  were performed on samples g iven i d e n t i c a l  pre-  
i r r a d i a t i o n  treatments, and then i r r a d i a t e d  a t  525'C w i t h  e i t h e r  14 MeV 
n i c k e l  ions  o r  14 MeV copper ions  t o  a f luence o f  1.3 x 1 0 l 6  ions/cm 

( i .e . ,  -15 dpa a t  t h e  peak). The vo id  s ize,  v0i.d number dens i t y  and the  
vo id  volume f r a c t i o n  measured from these samples as a f u n c t i o n  o f  depth 

a r e  shown i n  F igure 6. 
observed between the  two micros t ruc tures .  The copper i o n  i r r a d i a t e d  
sample has a lower vo id  d e n s i t y  and vo id  s i z e  i n  the  end-of-range and t h i s  
may be an i n d i c a t i o n  o f  p o i n t  de fec t  i n t e r a c t i o n s  w i t h  the  implanted 
copper ions .  The magnitude of the  reduc t i on  i s  r a t h e r  smal l ,  however, 

i n d i c a t i n g  t h a t  t h e  i n t e r a c t i o n  i s  weak a t  these copper concentrat ions 
(=ZOO0 a p p  copper). 

2 

I n  general, t he re  were no d r a s t i c  d i f f e rences  

I n  F igure 7, t h e  swe l l i ng  curves o f  F igure 6 are  shown p l o t t e d  along 
w i t h  the  displacement curve o f  F igure  1. The end-of-range swe l l i ng  values 
and t h e  v a r i a t i o n s '  from mid-range t o  peak f o r  t h e  copper i r r a d i a t e d  sample 

a r e  lower than the  values from the  n i c k e l  i r r a d i a t e d  sample. Note, how- 
ever, t h a t  t h e  v a r i a t i o n  i n  t h e  s w e l l i n g  curve f o r  t h e  n i c k e l  i r r a d i a t e d  
sample i s  much smal ler  than t h e  v a r i a t i o n  i n  the  displacement curve i n  the 
equ iva len t  depth range, i n d i c a t i n g  t h a t  even f o r  s e l f - i o n ,  i r r a d i a t i o n s ,  
t h e  f i n a l  swe l l i ng  p r o f i l e  i s  n o t  always d i r e c t l y  rela.ted t o  the  t o t a l  
damage 1 eve1 . 

The d i s l o c a t i o n  s t r u c t u r e  observed i n  these samples consis ted o f  

dense network d i s l o c a t i o n s  i n t e r a c t i n g  w i t h  the  voids w i t h  a few 
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d i s l o c a t i o n  loops s c a t t e r e d  i n  t h e  matr ix.  The typica l  d i s loca t ion  s t r u c-  
t u r e  near the  end-of-range i s  shown i n  Figure 8 .  The t o t a l  d i s loca t ion  
d e n s i t i e s  in  these  samples were about 5 x 10 and d i d  not vary 
s t rong ly  w i t h  depth. 

9 

An i r r a d i a t i o n  was a l s o  c a r r i e d  out  a t  200°C w i t h  14 MeV nickel ions 
t o  study t h e  development of  t h e  loop s t r u c t u r e  a t  low temperatures .  

well-developed loop l a t t i c e  formed along {loo} d i r e c t i o n s  w i t h  a spacing 
of  -40 nm a s  i s  shown i n  Figure 9. This r e s u l t  i s  c o n s i s t e n t  w i t h  severa l  

o the r  low temperature nickel i r r a d i a t i o n s  (13y14 '15 )  except t h a t  t h e  lowest 
temperature t h a t  an al igned s t r u c t u r e  had been previously observed wa5 
280°C. 
su r face  without d isorder ing .  

t h e  area o f  peak damage, and can be observed a t  depths of  3 urn. 
l a t t i c e  spacing i s  approximately cons tant  throughout t h e  damage region and 
hence does not vary w i t h  t h e  loca l  dose r a t e .  

A 

The loop s t r u c t u r e  i n  t h i s  s tudy extended a l l  t h e  way t o  t h e  f o i l  

The loop 
The loop l a t t i c e  a l s o  extends well-beyond 

4 .  Defect P r o f i l e  Calcula t ions  

To a s s i s t  i n  t h e  i n t e r p r e t a t i o n  o f  the  experimental r e s u l t s ,  
i t  i s  useful t o  know not only the depth p r o f i l e  of  t h e  de fec t  production 
r a t e ,  b u t  a l s o  the  depth p r o f i l e s  o f  the  vacancy and i n t e r s t i t i a l  concen- 
t r a t i o n s .  I f  t h e  ion beam is not t h e  same chemical spec ies  a s  t h e  t a r g e t  
m a t e r i a l ,  i t  i s  a l s o  important t o  know t h e  f i n a l  concentrat ion p r o f i l e  of  
t h e  inc iden t  ions a n d  t h e i r  concent ra t ion  l e v e l s .  The s t e a d y- s t a t e  r a t e  
equations t h a t  descr ibe  the  point  de fec t  concent ra t ions  a r e  given by 

2 
i k i  VDi VCi + Pi  - D . C  k .  - aCiCV = 0 

o r  
2 

v v v  VDV VCv + Pv - D C k - a C i C v  = 0 

where t h e  subsc r ip t s  - i and - v r e f e r  t o  i n t e r s t i t i a l $  and vacancies ,  
r e spec t ive ly  and t h e  - 0 ' s  a r e  d i f fus ion  c o e f f i c i e n t s ,  a t h e  homogeneous 
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r e c o m b i n a t i o n  c o e f f i c i e n t ,  - Pi t h e  i n t e r s t i t i a l  p r o d u c t i o n  r a t e  wh ich  

i n c l u d e s  t h e  excess i n t e r s t i t i a l s  produced by t h e  i n c i d e n t  i o n  coming t o  

r e s t ,  and P t h e  vacancy p r o d u c t i o n  r a t e  wh ich  i n c l u d e s  vacancy emiss ion  

f rom s i n k s . ( 1 6 )  
g e n e r a l l y  be d e p t h  dependent. - I n )  

2 2 Y 
The k+ and k .  a r e  t h e  t o t a l  s i n k  d e n s i t y  terms wh ich  w i l l  

These equa t ions  were f o r m u l a t e d  i n  a one- d imens iona l  manner s i m i l a r  

t o  Myers, e t  a1 . , ( 1 7 )  and s o l v e d  u s i n g  a m o d i f i e d  Gauss-Siedel i t e r a t i v e  

D.,  D+, and - c1 were assumed n o t  t o  v a r y  w i t h  d e p t h  o r  w i t h  

t h e  l o c a l  d e f e c t  c o n c e n t r a t i o n .  The d e f e c t  p r o d u c t i o n  r a t e s  were t a k e n  

f r o m  t h e  B r i c e  code," ) and i f  v o i d s  were p r e s e n t  i n  t h e  m i c r o s t r u c t u r e ,  

t h e  i o n  range  and energy loss  r a t e s  were m o d i f i e d  i n  t h e  manner o f  

Ode t te .  (18 )  F i g u r e  1 0  shows t h e  vacancy and i n t e r s t i t i a l  c o n c e n t r a t i o n  

o b t a i n e d  f o r  t h e  case o f  14 i4eV n i c k e l  i o n s  i n c i d e n t  on  a n i c k e l  t a r g e t  

Severa l  f e a t u r e s  o f  t h e  cu rves  o f  F i g u r e  10 a r e  i m p o r t a n t  i n  i n t e r p r e t i n g  

t h e  dep th  dependent m i c r o s t r u c t u r e  o f  heavy i o n  i r r a d i a t e d  samples. F i r s t ,  

t h e  f r o n t  s u r f a c e  i s  a p e r f e c t  d e f e c t  s i n k ,  and as such i t  reduces b o t h  

t h e  vacancy and i n t e r s t i t i a l  c o n c e n t r a t i o n s  i n  t h i s  r e g i o n ,  a l t e r i n g  b o t h  

v o i d  n u c l e a t i o n  and v o i d  growth r a t e s .  The w i d t h  o f  t h i s  zone w i l l  be 

dependent b o t h  on tempera tu re  and s i n k  d e n s i t y .  

a l s o  show l e s s  v a r i a t i o n  i n  magni tude f rom t h e  midrange t o  t h e  peak range  

t h a n  does t h e  d e f e c t  p r o d u c t i o n  r a t e  c u r v e .  T h i s  b e h a v i o r  i s  due t o  t h e  

n o n- l i n e a r  response o f  t h e  d e f e c t  r e c o m b i n a t i o n  r a t e  which l e a d s  t o  a 
l a r g e r  f r a c t i o n  o f  t h e  d e f e c t s  recomb in ing  as t h e  s t e a d y - s t a t e  de fec t  

c o n c e n t r a t i o n s  i n c r e a s e .  T h i s  i s  i l l u s t r a t e d  by t h e  cu rves  of 
F i g u r e  11, where t h e  f r a c t i o n s  o f  d e f e c t s  l o s t  t o  s i n k s ,  r e c o m b i n a t i o n  and 

by  d i f f u s i o n  o u t  o f  dep th  zones a r e  shown f o r  t h e  cu rves  o f  F i g u r e  10. 

For  t h e  parameters used i n  t h i s  case, r e c o m b i n a t i o n  dominates excep t  near  

t h e  f r o n t  s u r f a c e .  D i f f u s i o n  o f  d e f e c t s  beyond t h e  p r o d u c t i o n  c u r v e  does 

g i v e  s i g n i f i c a n t  d e f e c t  c o n c e n t r a t i o n s  i n  t h i s  "undamaged" r e g i o n .  I n  

t h i s  p a r t i c u l a r  case t h e  vacancy c o n c e n t r a t i o n  a t  3.0 vm was s t i l l  about  

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

t ec h n i  que. ( 7 )  
-1 

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

Note  t h a t  cascade c o l l a p s e  i n t o  vacancy l o o p s  i s  n o t  i n c l u d e d  i n  t h i s  
f o r m u l a t i o n .  

- 
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T a b l e  1 

INPUT PARAMETERS USED I N  SOLVING €4.  1 AND 2. 

MOST MATERIAL PARAMETERS ARE FROM REF. 10 

Temperature 525°C 
D i s l o c a t i o n  d e n s i t y  5 x 10 cm 
Sur face  energy 1000 mJ/m (erg/cm ) 
Vacancy m i g r a t i o n  energy 1.38 eV 
I n t e r s t i t i a l  m i g r a t i o n  energy 0.15 eV 

9 - 2  

2 2 

Vacancy fo rmat ion  p re- exponen t ia l  4.48 

I n t e r s t i t i a l  f o r m a t i o n  p re- exponen t ia l  5.0 

Vacancy d i f f u s i o n  c o e f f i c i e n t  p r e- e x p o n e n t i a l  
I n t e r s t i t i a l  d i f f u s i o n  c o e f f i c i e n t  p r e- e x p o n e n t i a l  

Vacancy f o r m a t i o n  energy 1.39 eV 

I n t e r s t i t i a l  f o r m a t i o n  energy 4.08 eV 

Recombinat ion f a c t o r ,  a/Di 1 x cm-’ 

D i s l o c a t i o n  b i a s  2.0% 
I o n  f l u x  

2 0.062 cm / s  

0.12 cm / s  2 

2 2 x 10” ions/cm / s  

153 



m 
E 

0 

IS01 S133330 30 N0113W3 

- a  
E 
O V I  .- 5 
M Y  

E E  
- 0  

E m  o w  
U L  
W 

m 

n .- 

 PI^ 

2s 
L: 

- 3  
VI 
2 -  
E W  
.r E 
v) .- 
- I - '  

0 
E 
0 -  

I-' 

L O  
0 .- 
VI C' 

m 
m n  

.r .r 

n s  

n u  
a m  

n h t  
E 

+ o  
VI .r 
o m  
J 5  

'c 
V I -  
c) .r 
u v  
W 
' c w  
w >  n .- 

I-' 
' c m  o m  

W 
V I E  
E 
0 4 :  
.r 

+ Y  
c) 

. P  
7 w  
- n .  

VI 
w m w  
PI U 
3 E W  w o ' c  
- L w  
L ' c W  

154 



I n  i n t e r p r e t i n g  t h e  end- of- range m i c r o s t r u c t u r e  o f  t h e  copper i o n  

i r r a d i a t e d  samples, i t  i s  i m p o r t a n t  t o  know t h e  r e s u l t a n t  i m p u r i t y  d i s t r i -  

b u t i o n .  The c o n c e n t r a t i o n  o f  an i m p u r i t y  i s  d e s c r i b e d  by 

- _  acA  - ODA VCA + SA 
a t  ( 3 )  

where S i s  t h e  source te rm f o r  t h e  i m p u r i t y  and w i l l  be dep th  dependent 

i n  t h i s  case.  
A 

CA i s  t h e  c o n c e n t r a t i o n  o f  t h e  i m p u r i t y  - A i n  t h e  m a t r i x ,  

and D i t s  r a d i a t i o n  et!hanced d i f f u s i o n  c o e f f i c i e n t  assumed t o  be o f  t h e  
form 8 6 )  

D A = I F  K K K  D C 
K 

( 4 )  

where t h e  sun i s  o v e r  a l l  m o b i l e  d e f e c t s  and d e f e c t  c l u s t e r s ,  and t h e  FK 
a r e  c o r r e l a t i o n  f a c t o r s .  Note  t h a t  t h i s  model o f  r a d i a t i o n  enhanced 

d i f f u s i o n  does n o t  a p p l y  t o  i n t e r s t i t i a l  i m p u r i t i e s  and n e g l e c t s  s o l u t e  

d r a g  e f f e c t s .  

To model t h e  i o n  i r r a d i a t i o n  case, t h e  s t e a d y - s t a t e  s o l u t i o n s  f o r  t h e  

vacancy and i n t e r s t i t i a l  c o n c e n t r a t i o n s  were found  f rom equa t ions  1 and 2 

ana s u b s t i t u t e d  i n t o  e q u a t i o n  ( 4 )  t o  g i v e  t h e  dep th  dependent d i f f u s i o n  

c o n s t a n t  ( n o w  t h a t  m o b i l e  d e f e c t  c l u s t e r s  such as d i - v a c a n c i e s  were 
i g n o r e d  i:: t h i s  s c l u t i o n ) .  

e q u a t i o n  3 i n  one-dimension.  The vacancy and i n t e r s t i t i a l  c o r r e l a t i o n  

f a c t o r s  were t a k e n  as 0.78 and 0.4, r e s p e c t i v e l y .  

T h i s  d i f f u s i o n  c o n s t a n t  was t h e n  used t o  s o l v e  

( 1 9 )  

R e s u l t s  o f  t h i s  c a l c u l a t i o n  f o r  14 MeV copper i o n s  i n c i d e n t  on n i c k e l  

a r e  shown i n  F i g u r e  12.  

i m p u r i t y  p r e d o m i n a t e l y  towards t h e  f r o n t  s u r f a c e  w h i l e  l o w e r i n g  t h e  peak 

o f  c o n c e n t r a t i o n .  A t  t h e  low  i o n  f l u e n c e  t y p i c a l  o f  t h i s  s tudy ,  t h e  range  

o f  i n f l u e n c e  o f  t h e  copper i s  s t i l l  c o n f i n e d  t o  t h e  end- of- range r e g i o n  

( F i g u r e  1 2 a ) .  

exceeds 0.2 a tomic  p e r c e n t .  

The r a d i a t i o n  enhanced d i f f u s i o n  spreads t h e  

Even i n  t h i s  case, however, t h e  peak copper c o n c e n t r a t i o n  

I n  t h e  h i g h  f l u e n c e  case ( F i g u r e  12b) t h e  
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FIGURE 12. The F i n a l  9 i s t r i b u t i o n  o f  Copper A f t e r  I r r a d i a t i n g  an I n i t i a l l y  

Pure N i c k e l  F o i l  a t  525°C w i t h  14 MeV Copper I o n s .  The c o n c e n t r a t i o n  p r o-  

f i l e  w i t h o u t  r a d i a t i o n  enhanced d i f f u s i o n  i s  a l s o  shown. a )  A f t e r  an i o n  
f l u e n c e  o f  1 .4  x 1016cm-2, b )  A f t e r  an i o n  f l u e n c e  o f  2 x 10 17 cm -2. 

156 



copper has spread throughout the  damage region of the sample and reached 
peak concentration values exceeding 1 .5  atom percent. 

5 .  Discussion 

a .  U t i l i t y  of Cross Sectioning Technique 

Due t o  the large amount of d a t a  extracted by t h i s  
sample preparation technique, i t  i s  impor tan t  t o  understand i t s  r e l a t i ve  
strengths and weaknesses. F i r s t ,  for a g i v e n  sample, such variables a s  
sample heat treatment history,  handling, i r rad ia t ion  temperature, ion flux 
and ion fluence are a l l  iden t ica l .  While the absolute values of void 
s t a t i s t i c s  a re  no better with t h i s  technique t h a n  in conventional sample 
preparation, the  r e l a t i ve  error between intervals  of a given sample i s  
reduced s ince microscope magnification errors  a r e  eliminated and fo i l  
thickness errors  a re  reduced. 

The interpreta t ion of the  observed s t ructure  i s  complicated, however, 
by the  depth variat ion of features such as dose r a t e ,  to ta l  dose, impurity 
l eve l s ,  in te rna l ly  generated s t r e s s  l eve l s ,  surface e f f ec t s ,  and the 
changing primary-knock-on (PKA) spectrum. The changing d i f fe ren t ia l  
nuclear scat ter ing cross section for nickel on  nickel i s  shown for two 
d e p t h s  in Figure 13a. As the ion slows down, cascades i n i t i a t ed  by high 
energy PKA's are  eliminated and the b u l k  o f  the displacement events a r e  
caused by lower energy, and hence smaller, cascades. This i s  shown more 
c lear ly  in Figure 13b. Over 10  percent o f  the displacements a t  t h e  sur- 
face a r e  caused by reco i l s  of energy greater t h a n  1 MeV, while there a re  
v i r t ua l l y  no cascades of t h i s  s i z e  a t  a depth of 2 pm. Within our present 
understanding of the radiation damage process, i t  has n o t  been possible t o  
cor re la te  th is  changing PKA spectrum with microstructural features ,  
even t hough  the cascade s i ze  could be expected t o  a f f ec t  the f ract ion of 
defects surviving immediate recombination i n  the  cascade. I t  i s  a lso  
possible t ha t  the cascade d i s t r ibu t ion  could a f f ec t  such mechanisms as  
cascade collapse in to  vacancy c lu s t e r s .  (21 1 
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To a v o i d  smear ing o u t  m i c r o s t r u c t u r a l  da ta  t h a t  may be a f f e c t e d  by  

these  r a p i d l y  v a r y i n g  f e a t u r e s ,  i t  was necessary  t o  r e s t r i c t  t h e  d e p t h  

i n t e r v a l  s i z e  t o  t h e  r e l a t i v e l y  sma l l  v a l u e  o f  0.25 urn. T h i s  r e s t r i c t i o n  

l e a d s  t o  t h e  p r i m a r y  problem w i t h  t h i s  techn ique,  namely t h a t  o f  c o u n t i n g  

s t a t i s t i c s .  I n  a sample o r  r e g i o n  o f  a sample t h a t  has a l o w  d e f e c t  

d e n s i t y ,  i t  may be d i f f i c u l t  t o  i n c l u d e  ensugh d e f e c t s  w i t h i n  an i n t e r v a l  

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

had h i g h  enough v o i d  d e n s i t i e s  t o  reduce t h i s  problem excep t  i n  t h e  f i r s t  

one o r  two d e p t h  i n t e r v a l s ,  b u t  t h i s  t e c h n i q u e  would be v e r y  l i m i t e d  as a 

method o f  measur ing t h e  d e p t h  dependence o f  d e f e c t s  w i t h  d e n s i t i e s  below 

-5 x 1 o1 cm-3. 

I n  t h i s  s t u d y ,  t h e  samples 

b. M i c r o s t r u c t u r e  Observa t ions  

I n  a l l  samples wh ich  were examined i n  t h i s  s tudy ,  

v o i d s  were observed a t  depths  f rom 15-20 p e r c e n t  g r e a t e r  than  t h e  end- of-  

range  p r e d i c t e d  by  B r i c e" )  o r  Manning and M u e l l e r .  The v o i d  d e n s i t y  

peak was a l s o  s h i f t e d  beyond t h e  p r e d i c t e d  damage peak, but  g e n e r a l l y  by  

o n l y  -10 p e r c e n t .  
and w i t h  t h e  o b s e r v a t i o n s  o f  Narayan, e t  a l . ,  ( 2 3 y 2 4 )  i n  heavy i o n  i r r a d i -  

a t e d  copper and n i c k e l .  

observed d e f e c t  d e n s i t y  peak and t h e  damage peak g i v e n  by Manning and 

M u e l l e r  i f  t h e  c o e f f i c i e n t  o f  t h e  L i n d h a r d  e l e c t r o n  energy l o s s  te rm was 

reduced a t  l o w  i o n  energ ies .  

l o s s  and c o r r e s p o n d i n g l y  i n c r e a s i n g  t h e  n u c l e a r  s t o p p i n g  power, t h e  damage 

c u r v e  was s h i f t e d  away f rom t h e  f r o n t  s u r f a c e  and t h e  t o t a l  number o f  

d i sp lacements  i nc reased .  An e r r o r  i n  t h e  range  s t r a g g l i n g  c a l c u l a t i o n  

would  a l s o  ex tend t h e  damage r e g i o n ,  as would c h a n n e l l i n g  o f  e i t h e r  t h e  

i n c i d e n t  i o n  o r  a h i g h  energy r e c o i l  atom. The d i f f u s i o n  o f  vacanc ies  

i n t o  t h i s  r e g i o n  c o u l d  l e a d  t o  v o i d  f o r m a t i o n  w i t h o u t  e x t e n d i n g  t h e  damage 

c u r v e  as was shown i n  t h e  c a l c u l a t i o n s  o f  F i g u r e  10.  

s i o n ,  t h e r e f o r e  c o u l d  be drawn as t o  t h e  cause o f  t h e  range  d e v i a t i o n  i n  

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

( 5 )  These r e s u l t s  a r e  c o n s i s t e n t  w i t h  e a r l i e r  r e s u l t s  

The l a t t e r  found  b e t t e r  agreement between t h e  

By r e d u c i n g  t h e  r a t e  o f  e l e c t r o n i c  energy 

No d e f i n i t e  c o n c l u-  
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The f r o n t  s u r f a c e  o f  t h e s e  samples showed a v o i d  denuded r e g i o n  o f  

There was a s l i g h t  i n c r e a s e  i n  v o i d  s i z e  immed ia te l y  2100 nm a t  525'C. 
a d j a c e n t  t o  t h e  denuded r e g i o n ,  b u t  t h e  amount o f  i n c r e a s e  v a r i e d  between 

samples and was g e n e r a l l y  l e s s  n o t i c e a b l e  t h a n  t h e  i n c r e a s e  observed n e x t  

t o  t h e  v o i d  denuded r e g i o n s  o f  g ra in- boundar ies .  

l a r g e  g r a i n  s i z e  o f  t h e s e  samples, o n l y  a few g r a i n  boundar ies  were 
observed and t h e s e  u s u a l l y  showed ev idence  o f  g r a i n  boundary m i g r a t i o n  

d u r i n g  t h e  i r r a d i a t i o n ,  mak ing a n  a c c u r a t e  compar ison o f  denuded zone 

w i d t h  i m p o s s i b l e .  Vo ids  i n  d i f f e r e n t  g r a i n s  o f  a sample showed no 
n o t i c e a b l e  d i f f e r e n c e  i n  e i t h e r  t h e  s i z e  o r  d e n s i t y  p r o f i l e s  o r  i n  t h e  

e x t e n t  o f  t h e  v o i d  r e g i o n .  Hence, f rom t h i s  s tudy ,  t h e r e  i s  no ev idence  

t h a t  t h e  gral 'n o r i e n t a t i o n  has any s t r o n g  i n f l u e n c e  on  t h e  damage m i c r o-  

s t r u c t u r e .  

Due t o  t h e  r e l a t i v e l y  

c .  End-of-Range E f f e c t s  

The computer c a l c u l a t i o n s  f o r  t h e  f i n a l  copper concen- 

t r a t i o n  p r o f i l e  showed t h a t  f o r  t h i s  s tudy ,  t h e  copper  i m p u r i t i e s  were 

c o n f i n e d  t o  t h e  end- of- range r e g i o n .  T h i s  i m p l i e s  t h a t  any m o d i f i c a t i o n s  

i n  s w e l l i n g  b e h a v i o r  due t o  t h e  presence o f  t h e  copper  w i l l  o n l y  o c c u r  i n  

t h i s  r e g i o n .  

i s  s t i l l  somewhat u n c e r t a i n .  

Menzi nger  ( 2 6 )  b o t h  found  a 2% copper,  98% n i c k e l  a l l o y  t o  s w e l l  l e s s  t h a n  
a p u r e  n i c k e l  c o n t r o l  sample, w h i l e  S m i d t  and Sprague (27 )  found  a 1% 

copper  a l l o y  t o  s w e l l  more. 

v o i d  d e n s i t y  and an i n c r e a s e d  v o i d  s i z e  w i t h  a l l o y i n g ,  however. 

and K i s s i n g e r  a l s o  observed a h i g h e r  d e n s i t y  o f  p r i s m a t i c  l o o p s  i n  t h e  

a l l o y  system, p o s s i b l y  i n d i c a t i n g  a r e d u c t i o n  i n  t h e  s t a c k i n g  f a u l t  energy 
w i t h  a l l o y i n g .  I n  t h i s  s tudy ,  t h e  copper seems t o  have lowered  b o t h  t h e  

v o i d  d e n s i t y  and t h e  v o i d  s i z e .  

s w e l l i n g  cu rves  o f  F i g u r e  7 show a reduced s w e l l i n g  r a t e  i n  t h e  end- of-  

range  r e g i o n  o f  t h e  copper i r r a d i a t e d  sample. 
f e c t  would be expected i f  t h e  sample were i r r a d i a t e d  t o  a h i g h e r  damage 
1 eve1 . 

However, t h e  e f f e c t s  o f  copper i m p u r i t i e s  on  v o i d  s w e l l i n g  

B r i m h a l l  and K i s s i n g e r  ( 2 5 )  and Mazey and 

A l l  t h e s e  worke rs  d i d  observe a decreased 

B r i m h a l l  

I n  f a c t  t h e  d i f f e r e n t  shapes o f  t h e  

An even more d r a m a t i c  e f -  
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The s w e l l i n g  behav io r  o f  t h e  s e l f - i o n  i r r a d i a t e d  samples ( F i g u r e  7 )  

does n o t  d i r e c t l y  f o l l o w  t h e  d i sp lacement  cu rve .  S p e c i f i c a l l y ,  t h e  

v a r i a t i o n  f rom mid- range t o  t h e  peak s w e l l i n g  v a l u e  i s  much s m a l l e r  t h a n  

t h e  c o r r e s p o n d i n g  v a r i a t i o n  i n  t h e  damage curve.  I n  F i g u r e  14, t h i s  s h e l l -  

i n g  v a l u e  i s  shown p l o t t e d  a l o n g  w i t h  t h e  n e t  f l u x  o f  vacanc ies  i n t o  a 

d i s t r i b u t i o n  o f  t e s t  v o i d s  c a l c u l a t e d  f rom t h e  d a t a  o f  F i g u r e  11. T h i s  

" g rowth  f l u i d " ( b )  i s  a v a l u a b l e  a i d  i n  i n t e r p r e t i n g  v o i d  growth da ta .  

(Wh i le  t h e s e  cu rves  a r e  n o t  e x a c t l y  e q u i v a l e n t  i n  t h a t  t h e  g rowth  f l u i d  i s  

a s w e l l i n g  r a t e ,  t h e  d i s c r e p a n c y  i s  m ino r  s i n c e  t h e  sma l l  i n c u b a t i o n  dose 

o f  pu re  m a t e r i a l s  a l l o w s  one t o  approx imate a s w e l l i n g  r a t e  by a s i n g l e  

s w e l l i n g  v a l u e . )  

i n d i c a t e  t h a t  t h e  reduced s w e l l i n g  v a l u e  pe r  dpa i n  t h e  peak r e g i o n  can be 

a t  l e a s t  p a r t i a l l y  e x p l a i n e d  by t h e  enhanced r e c o m b i n a t i o n  and t h e  excess 

i n t e r s t i t i a l s  d e p o s i t e d  i n  t h e  end- of- range r e g i o n .  Note  t h a t  t h i s  r e s u l t  

i s  s i m i l a r  t o  t h a t  o b t a i n e d  by  t h e  i n t e r n a l  tempera tu re  s h i f t  a t  temper-  

a t u r e s  below t h e  peak s w e l l i n g  tempera tu re  as  d e s c r i b e d  by Garner and 

Gu t h r i e .  (3) I n  c a l c u l a t i n g  t h e  g rowth  f l u i d ,  however, a v o i d  d i s t r i b u t i o n  

was assumed, w h i l e  t h e  exper imen ta l  t empera tu re  s h i f t  i n c l u d e s  t h e  temper-  

a t u r e  and r a t e  v a r i a t i o n s  i n  v o i d  n u c l e a t i o n .  

The good q u a l i t a t i v e  agreement between t h e s e  cu rves  

5 .  Conclus ions 

The c r o s s  s e c t i o n i n g  method o f  p o s t - i r r a d i a t i o n  sample prep-  

a r a t i o n  f o r  heavy i o n  bombarded n i c k e l  has proven t o  be a v a l u a b l e  a i d  i n  

unders tand ing  t h e  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  produced by t h i s  s i m u l a t i o n  

t e c h n i q u e .  T h i s  s t u d y  has found: 

1. The s w e l l i n g  r a t e  pe r  dpa i n  t h e  end- of- range r e g i o n  was 

decreased s i g n i f i c a n t l y  f o r  b o t h  copper and n i c k e l  i o n  i r r a d i a t i o n s  com- 

pared t o  t h e  mid- range va lues .  

a somewhat l o w e r  v a r i a t i o n  than  t h e  s e l f - i o n  bombarded specimen. 
b. * * 

The growth f l u i d  i s  d e f i n e d  by  Garner (3 )  as DvCv-  D i C i - D v C v ,  where C v  
i s  t h e  vacancy c o n c e n t r a t i o n  a t  t 5 e  v o i d  s u r f a c e  w i t h  no i r r a d i a t i o n .  

The copper i o n  i r r a d i a t e d  sample d i s p l a y e d  
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2.  C a l c u l a t i o n s  o f  t h e  s t e a d y - s t a t e  d e f e c t  c o n c e n t r a t i o n s  

showed a decreased s w e l l i n g  r a t e  a t  t h e  end- of- range o f  t h e  i n c i d e n t  i o n s  

due t o  t h e  h i g h e r  reco rnh ina t ion  r a t e .  

3. By mode l ing  t h e  r a d i a t i o n  enhanced d i f f u s i o n  o f  t h e  i m -  

p l a n t e d  copper i o n s ,  i t  was shown t h a t  f o r  t h e  samples o f  t h i s  s t u d y ,  t h e  

copper was c o n f i n e d  t o  t h e  end- of- range r e g i o n .  

4. A v o i d  denuded r e g i o n  o f  -100 nm was observed a t  t h e  f r o n t  

s u r f a c e  a t  525"C, and v o i d s  were observed a t  d e p t h  -15 p e r c e n t  g r e a t e r  

t h a n  t h e  e x t e n t  o f  t h e  p r e d i c t e d  damage cu rve .  

5.  A l o o p  l a t t i c e  w i t h  a l a t t i c e  s p a c i n g  o f  40 nm was observ-  

ed a f t e r  i r r a d i a t i o n  a t  2OO"C, and t h e  l a t t i c e  spac ing  was n o t  found t o  be 
dose r a t e  or o t h e r w i s e  dep th  dependent.  
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I .  PROGRAM 

T i t l e :  1 4  MeV Neutron Ir radiat ion Studies 
Principal Investigator:  Richard R .  Vandervoort 
Aff i l i a t ion :  Lawrence Livermore Laboratory 

11. OBJECTIVE 

This project  has the following principal objectives:  1 )  t o  charac- 
t e r i ze  14 MeV neutron damage; 2 )  to compare radiation damage from 14  MeV 
neutrons, Be(D,n) neutrons, and f i s s ion  reactor neutrons; and 3) t o  
evaluate the e f f ec t  of helium on the mechanical properties of Nb and 
Nb- 1 %Zr . 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.6.3 
1I.C. 7.1 
II.C.11.4 High Energy Neutron I r radiat ions  
II.C.18 

Low Fnergy-High Energy Neutron Correlations 
He1 ium Injection Experiments 

Relating Low and  High Exposure Microstructures 

IV. SUMMARY 

A .  14 MeV Neutron Damage 

Tensile specimens of Nb-1%Zr were i r radia ted a t  room tempera- 
ture by high-energy neutrons from the Rotating Target Neutron Source 
(RTNS-I) and  by lower-energy neutrons from the Livermore Pool-Type 
reactor ( L P T R ) .  After being i r rad ia ted ,  specimens were t e n s i l e  t es ted ,  
and the increases i n  t h e i r  O.Z%-offset y ie ld  strengths were related t o  
the neutron fluences. I n  t h i s  a l loy ,  about 11 times as great  a fluence 
of neutrons ( E  > 0.5eV) from the LPTR was required t o  produce the same 
increase in yield strength as RTNS 14  MeV neutron fluences above 
10 n/cm . I n  terms o f  yield-strength increase versus displacement 1 7  2 
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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  strengthen- 

i n g  i n  t h i s  a l l o y  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 LPTR 
neutrons. 

I r r a d i a t i o n  o f  Nb and Nb-1%Zr w i t h  14 MeV neutrons a t  700°C and 600°C 
respec t i ve l y  produced no changes i n  y i e l d  s t r e n g t h  f o r  f luences o f  about 

17 2 10 njcm . 

B. E f f e c t  o f  Helium on the Mechanical Proper t ies  of Nb and Nb-1%Zr 

Niobium and Nb-1Zr specimens have been doped w i t h  hel ium from 
25 t o  500 appm using the " t r i t i u m  t r i c k " .  This process was descr ibed i n  the  
previous progress repo r t .  (1  1 

As hel ium content  increases i n  Nb and Nb-1Zr ma te r ia l s ,  the  t e n s i l e  
s t reng th  increases and the  d u c t i l i t y  decreases progress ive ly .  ( 1 )  

the as-doped cond i t ion ,  the l oss  i n  d u c t i l i t y  was n o t  de le te r i ous  a t  any 
hel ium content  s tudied.  But  the  d u c t i l i t y  o f  niobium w i t h  500 appm He 

dropped e s s e n t i a l l y  t o  zero as a r e s u l t  o f  an a d d i t i o n a l  50 hour heat 

t reatment  a t  12OO0C a f t e r  charging. 

fash ion  and was completely i n te rg ranu la r .  

h igh  temperature treatment had caused gross r e d i s t r i b u t i o n  o f  hel ium from 

the  ma t r i x  i n t o  the  g r a i n  boundaries. 

I n  

3 

Frac ture  occurred i n  a b r i t t l e  

TEM evidence showed t h a t  t h i s  

Creep t e s t s  on base l i n e  niobium g i ve  an apparent a c t i v a t i o n  energy 

o f  52 kcal/mol i n  the  temperature reg ion  800" t o  1000°C. 
dependence o f  creep r a t e  a t  800°C i s  g iven by 

constant  and n-10. 

The s t ress  
= Kon where K i s  a 

V.  ACCOMPLISHMENTS AND STATUS 

A. 14 MeV Neutron Damage -- J. B. M i t c h e l l  
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1. I n t r o d u c t i o n  

Fusion neutrons w i l l  c rea te  a l a r g e r  number o f  atom d i s -  
placements per  pr imary c o l l i s i o n  than lower energy (1-2 MeV) f a s t  f i s s i o n  

neutrons and i n t e r n a l  hel ium generat ion from (n,4 reac t i ons  w i l l  be sub- 

s t a n t i a l l y  g rea te r  f o r  f u s i o n  neutrons than f o r  f a s t  f i s s i o n  neutrons. 
Thus, we expect t h a t  the de le te r i ous  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 experienced i n  f i s s i o n- r e a c t o r  ma te r i a l s  w i l l  be even more 
severe i n  f u s i o n  reac tors .  

Studies a r e  i n  progress t o  determine 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 neutron damage and t o  compare t h e  na ture  and magnitude o f  these 
e f f e c t s  w i t h  r a d i a t i o n  damage from Be(D,n) neutrons and f i s s i o n  r e a c t o r  

neutrons. 

2. Specimens and Experimental Procedure 

Small t e n s i l e  specimens o f  Nb-1%Zr were machined from 
0.5 mm t h i c k  (0.020 i n . )  sheet s tock.  Overa l l  specimen length  was 28.6 mm. 
The gage sec t i on  was 6.35 mm long and 1.57 mm wide. 

i m p u r i t i e s  i n  the  a l l o y  are  shown i n  Table I .  
I n t e r s t i t i a l  

TABLE I CHEMICAL ANALYSIS OF INTERSTITIAL 
I M P U R I T I E S  I N  Nb-l%Zr 

Element Concentrat ion (appm) 

C 92 
0 185 

N 40 
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The specimens were annealed f o r  1 hour a t  1550’C i n  a vacuum o f  0.13 

( -  lo- ’  t o r r ) .  
s izes  t h a t  would g i v e  a t  l e a s t  t e n  g ra ins  over t h e  0.5 mm specimen t h i c k -  

ness t o  insure  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. 

Pa 

Th is  anneal ing t reatment  was selected t o  ob ta in  g r a i n  

Specimens were i r r a d i a t e d  a t  the  Rota t ing  Target Neutron Source 
(RTNS-I) and a t  the  Livermore Pool Type Reactor (LPTR). 

temperature i r r a d i a t i o n s  the  t e n s i l e  specimens were enclosed along w i t h  
dosimeter f o i l s  i n  an evacuated p la t inum capsule. 

by a spot lamp heater.  A f t e r  i r r a d i a t i o n ,  the  specimens were tes ted  i n  
an I n s t r o n  t e s t i n g  machine a t  about 23°C and a crosshead r a t e  o f  
0.05 mn/min (0.002 in. /min) .  
us ing  t h e  I n s t r o n  crosshead motion as the  sample extension. 

For e leva ted 

The capsule was heated 

The 0.2% o f f s e t  y i e l d  s t ress  was determined 

3. Resul ts  and Discussion 

The increase i n  0.2%-of fset  y i e l d  s t ress  versus neutron 
f luence f o r  Nb-1%Zr i s  shown i n  F ig .  1. I t  i s  apparent from t h i s  graph 

t h a t  the  high-energy neutrons from the  RTNS a r e  more e f f e c t i v e  than t h e  
lower-energy neutrons from the  LPTR i n  s t rengthening t h i s  a l l o y .  

The r a t i o  o f  neutron f luences from the  LPTR ( E  > 0.5 eV) and RTNS t o  
produce t h e  same increase i n  y i e l d  s t reng th  i n  
about 5.5 when count ing LPTR neutrons above E > 0.1 MeV). 
about h a l f  t h a t  f o r  the  Nb, V, and Cu. I t  appears t h a t  t h i s  reduced 

r a t i o  can be accounted f o r  s o l e l y  by the  greater  r a d i a t i o n  st rengthening 
produced by t h e  LPTR i n  Nb-1%Zr. 

Fib - 1%Zr i s  about 11 ( o r  
Th i s  r a t i o  i s  

F ig.  2 shows t h a t  t h e  y i e l d - s t r e n g t h  increase produced by the  RTNS 

and LPTR neutron scales w i t h  damage energy. 

t h a t  f o r  Cu, Nb, and V. 
i n g  o f  Nb-1%Zr r e s u l t s  from t rapp ing  o f  the  p o i n t  de fec ts  by the  h igher  

content  o f  i m p u r i t i e s .  

Th is  r e s u l t  i s  d i f f e r e n t  from 

It appears t h a t  the  enhanced r a d i a t i o n  strengthen- 

170 



v, z 
I- 
OI 

L 
0 
IC 

W 
U 
E 
W 
S 

LL 
E 
0 
L 
c, 
S 
W z 
VI 
5 

VIL 
VIN 
W 
Lde 

- 3  
-0- 

.r z > + 
c , o  
W 
V I V I  
+ c  
- 0  
0 .r 
I c ,  

N .r 
.-0 

L 
E L  

7 

7 ,  w n  

b s m  

o m  

.r M 

W O I  
VI+ 

W A  
L 
V U  
C E  

m a  

- m  

7 

W 
L 
S 
07 

LL 
.r 

171 



0 v) 0 Lo o z  
c e4 c 

L 
0 
Y- 

2 
L 
W 
C 
w 
W cn 

m 
n 
E 
VI > 
VI 
VI 
W 
L + 
m .  

L 
U N  
W & S  
.r c, 
r 3  
- 7  

W l  
 VI^ 
Y-z 
'c o u  

I W  
b?+ 

0'0 

C L  
.r L 
a l l  
V I C  

W L  
LC, 
0 3  
ra, -z 

,.- 

~m 

m 
. .r 

.r 

m o  

N 

a 
L 
3 

LL 

cn 
.r 

172 



17 2 RTNS i r rad ia t ions  of Nb a t  700°C and fluences U D  t o  about 10 n/cm . 
17 and of Nb-1%Zr a t  6OOOC and 2 .5  X 10 n/cm*, produced no observable 

radiation strengthening. A t  these elevated temperatures, apparently 
annealing o f  the displacement damage moves the threshold for  observable 
strengthening t o  a s ign i f ican t ly  higher fluence. 

B. Effect of Helium on the Mechanical Properties of Nb and Nb-1%Zr 
-- W .  L. Barmore and R. R .  Vandervoort 

1. Introduction 

High energy (E  - 1 4  MeV) neutron radiation from fusion 
reactors will  cause enhanced damage t o  the microstructures of component 
materials .  
and cross sections f o r  (n ,u)  reactions a lso are higher f o r  fusion neutron 
i r rad ia t ion  than f o r  f i s s ion  neutron i r rad ia t ion .  

The displacement damage per incident 14  MeV neutron i s  g rea te r ,  

Mechanical properties of component materials  are changed by large 
concentrations o f  in ternal ly  generated helium. Because of high ( n , d  
cross sections s ign i f ican t  quant i t ies  of  helium will  be produced in fusion 
reactor materials  i r radia ted by 1 4  MeV neutrons in a re la t ive ly  shor t  time 
span. A concentration of 25-50 appm helium will be produced in te rna l ly  

- 2  -1 . in niobium by a fusion neutron flux of - 10l8 neutrons m sec 
yea r ' s  exposure. 
matrix having low helium so lub i l i t y ,  a re  thermodynamically unstable and 
have a high driving force t o  coalesce in the microstructure a t  various 
defects. Thus, helium atoms tend t o  migrate t o  dis locat ions ,  p rec ip i ta tes ,  
gra in  boundaries impurity par t i c les  and microcracks where they coalesce t o  
form bubbles. These helium-induced defects generally cause embrittlement. 

w i t h  one 
Helium atoms produced a t  a high concentration in a host 

3 Changes i n  the mechanical properties of Nb and Nb-1%Zr doped with He 
by the " t r i t ium t r ick"  method t o  as high as 500 appm a re  under investiga- 
t ion.  
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2. Results and Discussion 

As hel ium content  increases, the  s t reng th  increases and 

d u c t i l i t y  decreases progress ive ly  f o r  specimens t e n s i l e  t es ted  a t  23'C. 

The f r a c t u r e  d u c t i l i t y  o f  the  niobium base ma te r ia l  compared w i t h  niobium 

conta in ing  500 appm hel ium was reduced from 60% t o  30%. A f t e r  anneal ing 

50 hours a t  12OO"C, the  f r a c t u r e  d u c t i l i t y  o f  niobium w i t h  500 appm hel ium 

was e s s e n t i a l l y  zero, and t h e  f r a c t u r e  mode was completely i n te rg ranu la r .  

The m ic ros t ruc tu re  was examined by TEM t o  e l u c i d a t e  t h i s  d r a s t i c  l oss  

i n  d u c t i l i t y .  Helium i n  as-charged specimens was randomly d i s t r i b u t e d  i n  

the m a t r i x  as  bubbles and very smal l  c l u s t e r s  l ess  than 10 nm i n  s ize .  

Helium i n  specimens charged and annealed 50 hours a t  1200°C formed l a r g e  

bubbles p r e f e r e n t i a l l y  on g r a i n  boundaries w i t h  a few i s o l a t e d  groups o f  
bubbles located heterogeneously i n  the m a t r i x .  Bubbles i n  annealed 
specimens were geomet r ica l l y  shaped and were as l a r g e  as 150 nm. Bubbles 

can be i n t e r p r e t e d  as dodecahedrons w i t h  {1101 faces. 

The r e s u l t s  show t h a t  anneal ing o f  helium-charged niobium enhances 

bubble growth, promotes gross movement o f  hel ium t o  g r a i n  boundaries, and 
causes p inn ing  o f  d i s l o c a t i o n s  a t  hel ium bubbles i n  t h e  ma t r i x .  This 

r e d i s t r i b u t i o n  o f  hel ium hardens the ma t r i x  t o  p l a s t i c  deformation by 

d i s l o c a t i o n  mot ion and weakens g r a i n  boundaries t o  i n t e r g r a n u l a r  f rac tu res .  

Thus, ana lys is  o f  the  m ic ros t ruc tu re  demonstrates conc lus i ve l y  t h a t  

format ion o f  hel ium bubbles on g r a i n  boundaries e m b r i t t l e s  niobium when 

tes ted  a t  23"C, a temperature where niobium i s  normal ly  very d u c t i l e .  

Creep o f  niobium a t  800°C and above can be described by the r e l a t i o n  
n -AH k = f ( s ) o  e 
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- where: & - 

f ( s )  = 

c I =  

- - n 
L ! H =  

R =  
T =  

creep r a t e  
a function of the microstructure 
axial s t r e s s  
stress exponent constant 
the apparent act ivat ion energy for  creep 
gas law constant 
absolute temperature 

AH i s  determined by analyzing creep rate data a t  several temperatures 
where stress and f ( s )  are constant, 
from creep r a t e  data a t  various s t r e s s  levels  where f ( s )  and temperatures 
a re  constant. The s t ructure  function, f ( s ) ,  includes factors  of grain 
s i ze  and morphology, precipi ta te  concentration and d i s t r ibu t ion ,  disloca-  
t ion ,  density e t c .  The c l a s s i c  shape o f  creep curves i s  determined by 
the s t ruc ture  function; f ( s )  decreases in the primary creep region, i s  
constant in the secondary creep region and increases in the t e r t i a r y  creep 
region. 

the s t r e s s  exponent, n ,  i s  obtained 

Helium e f f ec t s  should r e su l t  primarily i n  modifying f ( s )  where the 
same deformation mechanism i s  creep r a t e  controll ing.  

A t  a s t r e s s  of 55 MPa (-8 ks i ) ,  the apparent act ivat ion energy for  
creep o f  niobium i s  52 kcal/mol in the temperature region 800" to  1000°C. 

The s t r e s s  exponent fo r  the  Nb baseline material i s  -10 a t  800°C. 

VI. REFERENCES 

1 .  DAFS Quarterly Report, Jan. - Mar., 1978. 

VII. FUTURE WORK 

A.  14 MeV neutron Damage - Determine changes in  t ens i l e  properties 
of 316 s t a in l e s s  s tee l  i r radia ted with 14 MeV neutrons. 
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B. Effect of Helium on Mechanical Properties of Nb and Nb-1%Zr - 
Determine the s t r e s s  law for Nb doped w i t h  helium. 
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I. PROGRAM 

Title: Simulating the CTR Environment in the HVEM 
Principal Investigator: D. Kuhlmann-Wilsdorf 
Affiljation: University of Virginia 

11. OBJECTIVE 

The objective of this work is to evaluate the effects of  
irradiation with helium ions and neutrons on the fracture of 
304 and 316 stainless steel. 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

Subtask II.C.8.2 Post Irradiation Testing 

IV. SUMMARY 

In-situ HVEM tensile tests were made on samples of un- 
irradiated 316 stainless steel, neutron irradiated 304 stain-j) 
less steel from EBR-11, and 80 keV helium irradiated 316 
staiiiless steel. These were performed at room temperature and 
at 60OoC. 

The most important results obtained concern the two 
types of neutron irradiated samples which were tested at high 
temperatures. These samples, one containing a high void 
density and the other a high dislocation (loop) density were 
irradiated in the EBR-I1 under unspecified neutron irradiation 
history. Fracture tests o f  these samples (performed under the 
same experimental conditions) produced two distinct types o f  
fracture as follows: the samples containing voids fractured in 
a ductile mode, somewhat transgranularly, and those without 
voids but with a high loop density fractured in a brittle 
intergranular mode. 
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Another significant result obtained involved the annealed 
316 stainless steel irradiated with 80 keV helium ions and 
tested at room temperature. After being irradiated to a 
fluence of 2.6 x ions cm with a flux of 3 . 3  x ions - 2  

sec-l, the sample was fractured. In addition to failing 
in a ductile mode, the sample exhibited very large, regularly 
spaced, radiation induced slip steps on its siles adjacent to 
the fracture surface. 

V. ACCOMPLISHMENTS AND STATUS 

A. In-situ HVEM Tensile Tests of Irradiated and Un- 
irradiated Stainless Steel - -  J. I. Bennetch, J. A. Horton, 
W. A. Jesser, D. Kuhlmann-Wilsdorf, R. A. Johnson, and H. G .  

F. Wilsdsorf, (University of Virginia, Charlottesville, VA) 

1. Introduction 

In our experimental set-up, described previouslyL1' a 
light ion accelerator, attached to a 500 keV HVEM, directs an 
ion beam into the specimenarea of our S O 0  keV electron micro- 
scope in its lens gap, oriented normal to the electron beam. 
In this arrangement, the magnetic field o f  the objective lens 
provides the final mass separation of the ions with the result 
a very pure beam of 3 x ions cm sec can be directed 
to the sample. 'The specimen, while under observation and 
being ion bombarded, can also be simultaneously heated to 
controlled temperatures up to about 7 O O 0 C  and be stressed 
mechanically to fracture if desired. Thus a wide range of 
in-situ observations are possible. 

- 2  -1 
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2. Experimental Data 

The equipment and the sample preparation were both des- 
cribed in the Spring 1978 DAFS Progress Report.(')Table I 
below summarizes the tests made in the current report period. 
From here on, samples and tests will be referred by their 
number in Table I. 

The EBR-I1 neutron irradiated samples of experiments 10 
and 12 were punched out of the same sheet of material as that 
o f  experiment 5 .  These samples had a high loop density 
(4 x l ~ ~ ~ ~ c m - ~ )  whose size was too small to be resolved; voids 
were practically nonexistent in their microstructure. Sample 
4, punched from a different sheet of material, contained a 
large void population of  30 nm size. No infor- 
mation on the neutron irradiation history was specified. 

TABLE 1 
IN-SITU HVEM TENSILE EXPERIMENT -- 

Experiment 
4(Ref. 2)  

5(Ref .  2) 

6 
7 
8 

9 
10 
11 
12 

Mater i a1 Testing 
( S . S . )  Temp. Pretreatment 

304 S . S .  

304 S . S .  

a 316 S . S .  

316 s . s . ~  
a 316 S.S. 
a 316 S . S .  

304 S . S .  

316 S . S .  

304 S . S .  

a 

600' 
room T 
600' 
600' 
600' 
600' 
600' 
room T 
600' 

neutron irrad. 
neutron irrad. 
unirrad. 
unirrad. 
unirrad. 
neutron irrad. 
neutron irrad. 
helium irrad. 
neutron irrad 

Each 316 stainless steel sample was annealed at 1 0 0 0 ° C  for 1 
hour 
a 

179 



3. Results and Discussion 

Three neutron irradiated samples (i.e. 5 ,  10, and 12) 
were prepared from the same sheet of material provided by J. 
0. Steigler at ORNL and pulled with similar elongation rates, 
one at room temperature and the other at 60OoC. 

have a high density (4 x lOI4 
(< _. 20 nm in diameter), but few, if any, voids. 

These samples 
of very small loops 

Sample 5 was fractured at room temperature. It exhibited 
a relat 
up to - 
faults, 
plastic 
ahead t 

vely ductile mode of fracture. In the thinnest areas, 
0.1 um, the cracks propagated along light bands or 
tentatively identified as slip bands. Evidently, 
deformation precedes the crack tip since the material 
ins out and vigorous dislocation motion can be 

discerned. Further, the same sequences of holes which are 
typical for this kind of fracture were observed to form in 
front of the crack. ( 3 )  Also quite typically, as the crack 
widened thin ligaments with crystallographic sides were pulled 

The fracture behavior when tests 10 and 12 were performed 

out of the crack flank. ( 4 )  

at 6 O O 0 C  was dramatically different 
ture test (as described above). Now pronounced brittle, 
intergranular fracture occurred. 

area immediately surrounding the electropolished hole in the 
sample. 
width in the initial stages of deformation. Simultaneously, 
other cracks formed at grain boundaries which intersected the 
electropolished hole. These cracks were also long and narrow. 
While the crack tip radii of about 0.1 p m  did not differ 
significantly from those in test 5 at room temperature as well 
as from previous experiments with unirradiated high tempera- 
tures S . S .  316 (which all showed a ductile mode) (’) the 

from the room tempera- 

In experiment 10, the main crack formed in the thicker 

This crack grew to a 60 wn length with only a 2 urn 
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extraordinary fact that such a relative profusion of cracks 
initiated dramatically proves the great embrittlement of these 
samples at the testing temperature. 

The characteristic, very evident differences among the 
above samples will be further discussed in conjunction with 
SEM micrographs showing the typical fracture surfaces. 

sample 10 fractured at 60OoC. 
details (see figure 1.b) reveals small dark spots. We believe 
these to be precipitates, but identification has not yet been 
completed, pending micro-analysis to ascertain the chemical 
composition. 

Figure 1.a shows a micrograph of the fracture surface of 
A closer look at surface 

In performing the tensile experiments, the samples are 
heated and their temperature is allowed to stabilize for 
approximately a half hour, before the actual test is begun. 
As samples 10 and 12 had been neutron irradiated at 3 7 5 O C  

for extended periods, one might think that (n,a) produced 
helium would migrate to the grain boundaries during the 
described heating of the rather higher test temperature of 

60OoC.  

is responsible for the brittle fracture. However, no bubbles 
were observed in the HVEM during the test and no differences 
were observed in the thinnest areas where the surface would 
act as the major sink. 

It is more than tempting to hypothesize that this 

These results are in general conformity with those by 
Clausing and Bloom who reported similar fracture results 
in 304 S . S .  irradiated at 3 7 O o C  and pulled at 550°C.  These 
authors surmised that since no helium bubbles were visible in 
the TEM, any bubbles at the grain boundaries must have been 
too small to be resolved (< - 2 0  nm), o r  the helium collected 
in the form of a partial monolayer at the boundary. 

Figure 2, in contrast to Figure 1, shows a SEM fracture 
surface of ductile nature o f  the kind which is formed if the 
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test is performed at room temperature. In fact, Figure 2 was 
obtained from tensile test #4 at 600°C on a neutron irradiated 
sample with a stable void population. The type of fracture 
surface in Figure 2 offers a striking comparison with Figure 
1. 

Direct HVEM observation and micrographs obtained in test 
4 indicated that the crack in that case was initiated in a 
void and that it propagated through voids. Remarkably, the 
behavior of the same stainless steel, i.e. 304 s . s . ,  albeit 
with a different pre-irradiation history and microstructure, 
but pulled at the same temperature ( 6 0 0 O C )  under the same 
conditions, can be totally different. In this case, even 
though the pre-irradiation was conducted to a higher dose in 
sample 4 than in samples 5, 10 and 12, the ductile fracture 
of Figure 2 was observed whereas Figure 1 exhibits the brittle 
fracture of samples 10 and 12 as discussed. Surprisingly, 
therefore, the many voids in sample 4 did cause by far less 
extreme embrittlement than is seen in the void-free samples 
10 and 12. 

We may tentatively conclude (presumably in line with the 
thoughts of many others) that the disposition of the helium 
is the critical factor, i.e. being relatively harmless when 
aggregated into voids but disastrous when concentrated at 
grain boundaries. 

To further elucidate the role of helium migration in the 
fracture mechanism, experiments were done using in-situ 80 kV 
helium ion irradiations on the tensile specimens. Figure 3 
shows a scanning micrograph of a sample helium irradiated and 
subsequently fractured at room temperature. The pretreatment 
is described in the legend to Figure 3. 

Note the very prominent regularly spaced slip steps in 
Figure 3 of about 1 vn. These steps could be a result of 
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preferential sputtering, since the ion beam is inclined at 60' 
to the surface. However, it is also well possible that these 
lines are rather regularly spaced pronounced slip lines. Such 
lines are known to occur in material with a high concentration 
of point defects. They are formed because any moving dis- 
location sweeps up point defects in its path, thereby 
softening the material in its wake and causing a concentration 
of further deformation there. (6,7981 

Since the lattice is saturated with helium the sweeping 
out effect caused by the dislocations moving through the 
lttice and leaving depleted regions could thus be connected 
specifically with the helium. 

The chisel fracture edge seen in Figure 3 is charact- 
eristic of ductile fracture. Also the TEM observations of 
this experiment showed the typical features of ductile 
fracture, much the same as those of a well annealed sample 
pulled at room temperature. 

Not visible in Figure 3 are some of the thicker areas 
which showed ion induced blistering while the thinner areas 
adjacent to the fracture did not reveal this feature. Further 
tests with helium irradiations but at higher temperatures, for 
correlation with the already discussed effect of high tem- 
perature on helium embrittlement, are planned. 

proc samples and compare their 
duci to that of a helium saturated 
sample having no voids or bubbles. Voids or bubbles o f  a 
small size ( 2 . 5  - 5 .0  nm in diameter) have been produced with 
a density of 10l1 in 316 S . S .  at 600 
irradiation facility. 

Also nlanned are investigations on helium irradiation to 

0 .  in the HVEM ion 
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Figure  1.a  SEM micrograph of 
t h e  f r a c t u r e  s u r f a c e  of a 
neutron i r r a d i a t e d  304 s t a i n -  
l e s s  s t e e l  sample f r a c t u r e d  a t  
6 O O 0 C  showing a b r i t t l e  i n t e r -  
g ranu la r  f a i l u r e .  
Figure  1.b Magnified a r e a  of 
t h e  same sample showing b lack  
s p o t s  on t h e  f r a c t u r e  s u r f a c e .  
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Figure 3 
SEM micrograph of annealed 316 
stainless steel irradiated with 
80 kV helium at a 'flux of 
3.3 x ions/cm 2 sec to a 
fluence of 2.6 x 10 17 ions/cm 2 

sec and then fractured. 
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V I I .  FUTURE WORK 

A s  indicated in the main body of this w o r k ,  tensile 
tests of similar samples will continue. In addition to the 
experimental work described above, a computer modeling study 
has been initiated to calculate interstitial, vacancy, and 
helium concentrations under irradiation conditions similar to 
those used in the experiments. 
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