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FOREWORD 

T h i s  r e p o r t  i s  t h e  e i g h t h  i n  a s e r i e s  o f  Q u a r t e r l y  Technica l  Progress 
Reports on n’Camaqe 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  Fus ion  Reactor M a t e r i a l s  Program, conducted i n  suppor t  o f  t h e  
Magnet ic  Fus ion Energy Program o f  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: 

A l l o y  Development f o r  I r r a d i a t i o n  Performance (AOIP) . . 2lasma-hfater ia ls I n t e r a c t i o n  (PMI) . Spec ia l  Purpose M a t e r i a l s  (SPM). 

The DAFS program element i s  a n a t i o n a l  e f f o r t  composed o f  c o n t r i b u t i o n s  
f rom a number o f  N a t i o n a l  Labo ra to r i es  and o t h e r  government l a b o r a t o r i e s ,  
u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was organized by t h e  M a t e r i -  
a l s  and R a d i a t i o n  E f f e c t s  Branch, O f f i c e  o f  Fus ion  Energy, DOE, and a Task 
Group on 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  p r o-  
v ide  a work ing t e c h n i c a l  r e c o r d  o f  t h a t  e f f o r t  f o r  the  use o f  the  program 
p a r t i c i p a n t s ,  f o r  t h e  f u s i o n  energy program i n  genera l ,  and f o r  t h e  Depar t-  
ment o f  Energy. 

P lan o f  t h e  same t i t l e  ( t o  be p u b l i s h e j )  so t h a t  a c t i v i t i e s  and accompl ish-  
ments may be f o l l o w e d  r e a d i l y ,  r e l a t i v e  .to t h a t  Program Plan.  Thus, t h e  
work o f  a g i v e n  l a b o r a t o r y  may appear throughout  t h e  r e p o r t .  Chapters 1 and 
2 r e p o r t  t o p i c s  which are  g e n e r i c  t o  a l l  o f  the  OAFS Program: DAFS Task 
Group A c t i v i t i e s  and I r r a d i a t i o n  Test  F a c i l i t i e s ,  r e s p e c t i v e l y .  Chapters 3, 
4, and 5 r e p o r t  the work t h a t  i s  s p e c i f i c  t o  each o f  the subtasks around 
which t h e  program i s  s t r u c t u r e d :  A. Environmental  Cha rac te r i za t i on ,  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 Nechanica l  
aehav ior .  The Table o f  Contents i s  annotated For  t h e  convenience of  t h e  
reader .  

Th is  r e p o r t  i s  organ izsd a long t o p i c a l  l i n e s  i n  para1121 t o  a 2rogram 

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

K laus  M. Zw i l sky ,  C h i e f  
M a t e r i a l s  and R a d i a t i o n  

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

DAFS T A S K  GROUP A C T I V I T I E S  

1 





DAFS TASK GROUP ACTIVITIES 

I. DAFS Task Group - (0. G .  Doran, Chairman) 

The DAFS Task Group s t r u c t u r e  was m o d i f i e d  i n  December t o  a i d  i n  

The Task Group i t s e l f  i s  a smal l  implement ing t h e  DAFS Program Plan.  

body comprised o f  Subtask Groupchairmen and c o n s u l t a n t s  which serves as a 

s t e e r i n g  commit tee and adv i so r  t o  t h e  O f f i c e  o f  Fus ion Energy. 

membership i s  

I t s  c u r r e n t  

Chai rman : D. G .  Doran 

DOE Coun te rpar t :  M. M. Cohen 

Chairman, Dos imetry  and Damage Parameters: L. R. Greenwood 

Chairman, Fundamental Mechanical Behav ior :  R. H. Jones 

Chairman, C o r r e l a t i o n  Methodology: G. R .  Ode t te  

Consu l tan t :  W .  G. Wo l fe r  

You w i l l  n o t e  t h a t ,  i n  o r d e r  t o  ach ieve inc reased  emphasis i n  t h e  

area o f  mechanical  behav ior ,  a separa te  subtask group was es tab l i shed .  

Concur ren t l y ,  t h e  subtask groups on Environmental  C h a r a c t e r i z a t i o n  and 

Damage P roduc t i on  were combined. 

The subtask groups a r e ,  as be fo re ,  t h e  work ing  groups r e s p o n s i b l e  

f o r  e f f e c t i n g  program c o o r d i n a t i o n .  A l l  DAFS programs w i l l  be rep resen ted  

on t h e  a p p r o p r i a t e  subtask groups. L i b e r a l  use w i l l  be made o f  o u t s i d e  

c o n s u l t a n t s .  

(1 )  The Fus ion  Reactor  M a t e r i a l s  Program P lan- Sec t ion  I 1  - Damage A n a l y s i s  
and Fundamental Stud ies,  DOE/ET-0032/2, J u l y  1978. 
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11. Subtask Group A - Environmental Characterization 
(L. R. Greenwood, Chairman) 

The status of current OAFS dosimetry programs for fusion materials 
irradiations was presented recently at meetings in Ispra, Italy") and 
Knoxville, Tennessee. (2) 
especially for high energy (>20 MeV) neutron sources, such as FMIT. There 
was also considerable interest in improving the 93Nb(n,n')y3mNb(13.6 y) 
reaction cross section, especially for long reactor irradiations, to im- 
prove flux measurements in the 1-500 keV energy region. 

Emphasis was placed on nuclear data needs, 

A new international effort to compare spectral unfolding data and 
codes was proposed at Ispra. 
certainties in derived integral parameters (such as DPA). The project, 
called REAL-80, will be directed by W. L. Zijp (ECN, Petten) and C. Ertek 
(IAEA, Vienna) and should be completed in time for the Fourth ASTM-EURATOM 
Symposium in October 1981. Data from ANL spectral measurements in ORR 
have already been transmitted for use as a possible test case. Other U.S. 
participants identified at Ispra are HEDL, ORNL, and GE (Vallecitos) 

Particular emphasis would be placed on un- 

(1) L. R. Greenwood, "The Status of Current, Routine Dosimetry at Existing 
Irradiation Facilities: Flux-Spectrum Mapping at DRR, RTNS-11, and 
U. C. Davis," Proceedings o f  the Third ASTM-EURATOM Symposium, Ispra, 
Italy, October 1979. (To be published) 
L. R. Greenwood, "The Status of Neutron Dosimetry and Damage Analysis 
for the Fusion Materials Program," 
Conference on Nuclear Cross Sections for Technology, Knoxville, 
Tennessee, October 1979. (To be published) 

( 2 )  
Proceedings of the International 
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CHAPTER 2 

IRRADIATION TEST FACILITIES 
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I. PROGRAII 

T i t l e :  RTNS-I1 Operations (WZJ-16) 
Principal Invest igator :  C.  N. Logan 
Aff i l ia t ion :  Lawrence Livermore Laboratory 

11. OBJECTIVE 

The object ives of this  work a re  operation of OFE's RTIiS-I1 
(al4-MeV neutron source f a c i l i t y ) ,  machine development, and sup- 
port  of the experimental program t h a t  u t i l i z e s  th is  f a c i l i t y .  
Experimenter services  include dosimetry, hand1 i n g ,  scheduling, 
coordination, and reporting. 

111. RELEVANT DAFS PROGRAM TASK / SUBTASK 

TASK II.A.2.3,4. 
TASK II.B.3,4, 
TASK II.C.1,2,6,11,18. 

IV. SUMMARY 

Machine r e l i a b i l i t y  i s  good and improving. One l o t  of t a rge t s  
was found t o  delaminate i n  service,  causing a temporary t a rge t  shortage. 

V. ACCOMPLISHMENTS AND STATUS 

A. I r rad ia t ions .  - N .  E. Ragaini, PI. W .  Guinan and C.  M. 
Logan. ( L L L )  

I r rad ia t ion  of some MACOR ceramic samples has been completed 
f o r  Frank Clinard of  LASL. Additional i r r ad ia t ions  of  MACOR and 
glass-bonded mica a r e  planned. The HEDL3 capsule was completed. This 
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capsu le  i n c l u d e d  Ni-A1 and N i - S i  TEI.1 d i s k s  f o r  a j o i n t  ANL/LLL i n -  

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

n o t  been completed. 

Dos imetry  f o r  t h i s  capsule  has 

B. RTNS-I1 S ta tus  - C. M. Logan and D. i-i. i i e i k k i n e n  (LLL) 

Machine r e l i a b i l i t y  i s  good and g e t t i n g  b e t t e r .  Dur ing  

October and November we were on and making neut rons 70% o f  t h e  a v a i l -  

a b l e  hours. 

e l i m i n a t e d  vacuum problems f rom therma l l y- induced  c rack ing .  

c a l  micrometer  i s  i n  and work ing  which g ives  beam s p o t  s i z e  in fo rma-  

ti on. 

The i n s t a l l a t i o n  o f  copper beam p i p e  seems t o  have 

An o p t i -  

L a t e  i n  November a t a r g e t  de laminated w h i l e  i n  use on t h e  
Cons iderab le  damage was sus ta i ned  by t h e  s e a l i n g  assembly. 

The cause i s  now known b u t  a 
machine. 
A l l  t a r g e t s  on hand proved d e f e c t i v e .  

t a r g e t  shor tage  e x i s t s .  No neu t rons  were produced i n  December. 

V I .  REFERENCES 

None 

V I I .  FUTURE WORK 

Dur ing  the  n e x t  q u a r t e r  i r r a d i a t i o n s  a r e  scheduled f o r  

Jones (PNL) , C1 i n a r d  (LASL) , Guinan (LLL) , Barmore (LLL) , 
VanKonynenberg (LLL) and Panayotou (IiEDL4). 

V I I I .  PUBLICATIONS 

None 
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I .  PROGRAM 

T i t l e :  
Principal Invest igator :  R.E.Schenter 
Af f i l i a t i on :  

Nuclear Data fo r  Damage Studies and FMIT (WH025/EDK) 

Hanford Engineering Development Laboratory ( H E D L )  

11. OBJECTIVE: 

The objective of t h i s  work i s  t o  supply nuclear data needed f o r  
damage s tudies  and in the design and operation of the Fusion Material 
I r rad ia t ion  Testing (FMIT) f a c i l i t y .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

All tasks t h a t  are  relevant t o  FMIT use, with emphasis upon: 
SUBTASK II.A.2.3 Flux-spectra def in i t ion  in FMIT 
TASK II.A.4 Gas Generation Rates 
SUBTASK II.A.5.1 
SUBTASK II.B.1.2 

Helium Accumulation Monitor Development 
Acquisition of Nuclear Data 

IV. SUMMARY 

Measurements and analysis of  deuteron induced ac t iva t ion  of FMIT 

accelerator, beam transport, and t a rge t  mater ia ls  were continued in order 
t o  provide data t o  optimize design from the standpoint of maintenance. 

Planning continues f o r  measurements of the transmission of FMIT neu- 
trons through thick iron in order t o  ver i fy  calculat ions  of radiat ion 
heating on the FMIT t e s t  ce l l  walls .  

The NJOY system f o r  processing nuclear cross  sect ions  has been trans- 
ferred t o  the MFECC. 
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The study of the microscopic L i ( d , n )  y i e lds  i s  continuing w i t h  the 
inclusion of backward angle data and the use of  spectral  correct ion 
f ac to r s .  

An F M I T  Activation Library is being created t o  cover neutron ac t iva-  
t ion  t o  40 MeV. 

V.  ACCOMPLISHMENTS A N D  STATUS 

A .  Deuteron and Neutron Induced Activation of  FMIT Materials -- D .  L .  

Johnson ( H E D L ) ,  C .  M. Castaneda and M. L .  Johnson ( U . C .  Davis). 

A principal goal of the F M I T  projec t  is  t o  be able t o  perform hands-on 
maintenance as much as possible.  Activation of various mater ials  wil l  pro- 
vide l imi t a t ions  t o  the  a b i l i t y  t o  do hands-on maintenance, pa r t i cu la r ly  
i n  the v i c in i ty  of the  tes t  c e l l s  where the beam i s  deposited. 
v i c in i ty  of the acce lera tor  and beam t ranspor t  system the amount of ac t iva-  
t ion  wil l  be d i r e c t l y  re la ted  t o  the  amount and locat ion of losses  of the  
deuteron beam ra the r  than the amount t ransmit ted.  Although such beam 
losses a r e  expected t o  be very small compared t o  the t o t a l  beam current ,  
l a rge  ac t iva t ions  can r e s u l t  from nuclear react ions induced d i r e c t l y  by 
the  deuterons and a l so  by the secondary neutrons t h a t  a r e  p r o l i f i c a l l y  
produced when deuterons a r e  incident  upon any mater ial .  

I n  the 

A program to  provide data f o r  evaluation of ac t iva t ion  of FMIT mater- 
i a l s  i s  underway. As pa r t  of th is  program, measurements of deuteron in- 
duced ac t iva t ion  were performed by observation of decay gamma rays w i t h  

a high resolut ion Ge(Li) de tec tor  a f t e r  bombardment w i t h  35 MeV deuterons 
a t  the University of  Cal ifornia  a t  Davis. The object ive was t o  measure 
the production r a t e  of a l l  s i g n i f i c a n t  gamma emit t ing isotopes i n  impor- 
t a n t  mater ials  w i t h  ha l f  l i v e s  longer than about an hour. 
r a t e s  coupled with known decay propert ies  wil l  allow ca lcula t ions  of radia-  

t ion  dose from i r r ad ia t ed  material f o r  any combination of incident  cur ren t ,  
i r r ad ia t ion  time, and decay time. 

The production 

I n i t i a l  measurements were performed i n  September 1979 on t a rge t s  of 
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l i t h i u m ,  t h e  FMIT t a r g e t  m a t e r i a l ,  on copper and go ld ,  f o r  t h e  a c c e l e r a t o r  

system, and on carbon, aluminum, tanta lum, and l e a d  f o r  p o s s i b l e  use i n  

t h e  h i g h  energy beam t r a n s p o r t  system. 

s i g n i f i c a n t  r a d i o - i s o t o p e s  produced, each o f  which may have more than one 

gamma r a y  assoc ia ted  w i t h  i t s  decay. 

For  some t a r g e t s ,  t h e r e  a r e  many 

Ana lys i s  o f  t h e  exper imenta l  gamma r a y  s p e c t r a l  measurements has been 

i n i t i a t e d .  To handle t h e  l a r g e  number o f  gamma rays  observed f o r  some 

t a r g e t s ,  t h e  gamma r a y  a n a l y s i s  program HYPERMET has been implemented. 

T h i s  program p rov ides  f o r  r a p i d  l o c a t i o n  and f i t t i n g  o f  gamma r a y  peaks 

and background t o  observed p u l s e  h e i g h t  d i s t r i b u t i o n s .  

7 P r e l i m i n a r y  a n a l y s i s  o f  measurements o f  t h e  p r o d u c t i o n  o f  Be by deu- 

te rons  i n c i d e n t  on n a t u r a l  l i t h i u m  has been completed. As i s  w e l l  known, 

7Be i s  one o f  t h e  most i m p o r t a n t  r a d i o - i s o t o p e s  t o  be produced i n  t h e  FMIT 

l i t h i u m  system because o f  i t s  l a r g e  p r o d u c t i o n  r a t e ,  i t s  53.3 day h a l f - l i f e ,  

i t s  emiss ion  o f  gamma rays  o f  about  0.48 MeV, and i t s  tendency t o  p l a t e  

o u t  on t h e  i n s i d e  w a l l s  o f  t h e  p i p i n g .  T h i s  i s o t o p e  i s  produced m a i n l y  

v i a  t h e  L i (d,2n)  Be r e a c t i o n .  7 7 

The p r o d u c t i o n  r a t e  had n o t  been e s t a b l i s h e d  a t  35 MeV a l t hough  t h e r e  

were some d a t a  a t  l ower  energ ies .  F i g u r e  1 shows the p rev ious  da ta  as 
taken f rom D m i t r i e v  e t  a l . ,  (Ref .  1 ) .  The u n i t s  shown correspond t o  

(uCi /pA-hr)  which can be conver ted  t o  (atoms/s - A) by m u l t i p l y i n g  by 

6.826(10 ) .  E x t r a p o l a t i o n  t o  35 MeV i s  ve ry  u n c e r t a i n  u s i n g  these o l d e r  

data,  e s p e c i a l l y  when one cons ide rs  t h e  l a r g e  d i sc repanc ies  between d i f f -  

e r e n t  exper imenters.  

13 

P r e l i m i n a r y  r e s u l t s  o f  t h e  c u r r e n t  measurement i n d i c a t e  a p r o d u c t i o n  

r a t e  o f  1.68(1016) (atoms/s - A) o r  246 (pCi /uA-hr )  f o r  35 MeV deuterons. 

An u n c e r t a i n t y  o f  about  20% ( l o )  i s  es t imated.  
4 

O . l A ,  t h e  s a t u r a t e d  a c t i v i t y  f o r  t h i s  r a t e  would correspond t o  4.54 (10 ) 
c u r i e s .  T h i s  va lue  i s  a f a c t o r  o f  about  4 l e s s  than a p rev ious  measure- 

Wi th  a beam c u r r e n t  o f  
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ment a t  U.C.Davis; however, i t  i s  expected t o  be s i g n i f i c a n t l y  more accur-  
a t e  because o f  improvements i n  t h e  beam c u r r e n t  i n t e g r a t i o n  system and i n  

knowledge o f  t h e  d e t e c t o r  e f f i c i e n c y .  

F u r t h e r  evidence o f  t h e  r e l i a b i l i t y  o f  t h e  d a t a  i s  p rov i ded  b y  measure- 

ment o f  t h e  energy dependence o f  t h e  p roduc t i on  r a t e  (shown i n  F i g u r e  2 )  

which ove r l aps  t h e  energy range o f  t h e  p r e v i o u s  d a t a  shown i n  F i g u r e  1. 

These new d a t a  were ob ta ined  by a c t i v a t i o n  o f  a s t a c k  o f  l i t h i u m  meta l  

f o i l s ,  each about 1.5 mm t h i c k ,  whose t o t a l  t h i c kness  was more than enough 

t o  s t o p  deuterons o f  35 MeV (range %15 mm). The energy dependence o f  t h e  

t h i c k  t a r g e t  p r o d u c t i o n  r a t e  was ob ta ined  b y  coun t i ng  p a r t i a l  s tacks  f rom 

which success ive f o i l s  were removed. The energy o f  deuterons can be c a l -  

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

These r e s u l t s  agree v e r y  w e l l  w i t h  t h e  p r e v i o u s  d a t a  o f  D m i t r i e v  e t  a l . ,  

(Ref.  l ) ,  except  a t  low energ ies  where t h e r e  a r e  known energy d iscrepan-  

c i e s  i n  t h e  new data .  

P r e l i m i n a r y  a n a l y s i s  has a l s o  begun on measurements o f  a c t i v a t i o n  of 

Some reac-  

copper by  deuterons.  

t o  be most s i g n i f i c a n t  f o r  deuterons up t o  35 MeV on copper. 

t i o n s  a r e  n o t  i n c l u d e d  because o f  es t ima ted  weak p roduc t i on ,  a v e r y  s h o r t  

h a l f  l i f e  o r  because t h e y  have v e r y  low energy gamma r a y s  t h a t  a r e  e a s i l y  
sh ie lded.  A l l  of t he  r a d i o a c t i v e  products  have been t e n t a t i v e l y  observed 
except  f o r  66Cu and 62Cu which, because o f  t h e i r  s h o r t  h a l f  l i v e s ,  decayed 

away p r i o r  t o  measurements o f  decay spect ra .  The n u c l i d e s  58C0 and 59Fe 

were n o t  expected t o  be observed s i n c e  p r e v i o u s  measurements t h a t  we a r e  

aware o f  i n  t h i s  energy range have n o t  shown these n u c l i d e s .  

tenance purposes, t h e  l o n g  l i v e d  p roduc ts  65Zn, 58C0, 6oCo, and 59Fe a r e  

most impo r t an t  s i n c e  t h e y  b u i l d  up and do n o t  decay away i n  a reasonable  

t ime.  The s h o r t e r  l i v e d  n u c l i d e s  a r e  o f  l e s s  impor tance because one can 

w a i t  u n t i l  t h e y  decay away. 

Table  1 i l l u s t r a t e s  t h e  r e a c t i o n s  t h a t  a r e  expected 

For  main- 

A p l o t  o f  t h e  t h i c k  t a r g e t  p roduc t i on  r a t e  o f  64Cu, 65Zn, and 62Zn as 
a f u n c t i o n  o f  i n c i d e n t  deuteron energy i s  shown i n  F i g u r e  3. These i s o -  
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TABLE 1 
NOST SIGNIFICANT REACTIONS FOR ACTIVATION 

OF COPPER BY DEUTERONS UP TO 35 MeV 

Reaction 

65Cu(d ,2n)65Zn 
65Cu(d,5n) 63 Zn 

63Cu (d ,2n)63Zn 
63Cu(d,3n) 62 Zn 

65Cu(d,p) 66 Cu 

"Cu( d,T) (d,dn) (d,~Zn)~~Cu 

63Cu( d ,P)~~CU 

63Cu(d,T) (d,dn) (d,pZn)"Cu 

63Cu(d,Tn) (d,d2n) (d ,~3n)~lCu 
65Cu(d,2p) 65 Ni . 

65 
Cu(d,da) Co 

63Cu(d,d2p) (d,3Hep)61Co 

65Cu( d,aT) (d,dan)60Co 

63Cu(d ,ap) ( d  ,d3He)60Co 

63Cu (d ,aT) (d ,dan) 58Co 

65Cu( d ,2c05'Fe 

63Cu (d ,a2~)~'Fe 

61 

Product 
Half Life 

243.8 days 

38.1 minutes 

38.1 minutes 

9.3 hours 

5.1 minutes 

12.7 hours 

12.7 hours 

9.7 minutes 

3.3 hours 

2.5 hours 

1.65 hours 

1.65 hours 

5.3 years 

5.3 years 

73.8 days 

44.6 days 

44.6 days 
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topes a r e  among the  most a b m d a n t l y  produced. 

l a r g e s t  because i t  can be produced b o t h  v i a  65Cu(d,dn) and 63Cu(d,p) 

r e a c t i o n s .  

The 64Cu p r o d u c t i o n  i s  

A second s e t  o f  deuteron induced a c t i v a t i o n  measurements was completed 

i n  December 1979 f o r  t a r g e t s  o f  A l ,  Fe, N i ,  and Mo. C y c l o t r o n  problems 

prevented measurements planned f o r  t a r g e t s  o f  Na, K ,  Ca, C r ,  and Mn; 

however, f u t u r e  exper iments a r e  planned. 

B. Neutron T ranspor t  Measurements -- D. L. Johnson (HEDL) 

P lann ing cont inues f o r  measurements o f  the  t ransmiss ion  o f  FMIT neu t-  

rons th rough t h i c k  i r o n .  The o b j e c t i v e  i s  t o  c o n f i r m  neu t ron  t r a n s p o r t  

c a l c u l a t i o n s  used f o r  p r e d i c t i o n s  o f  r a d i a t i o n  h e a t i n g  i n  t h e  FMIT t e s t  

c e l l  w a l l s .  Neutrons a re  t o  be produced by  35 MeV deuterons i n c i d e n t  on 

a 2 cm. t h i c k  l i t h i u m  t a r g e t .  The conceptual  des ign o f  t h i s  exper iment  

has t h e  t a r g e t  p laced a t  t he  c e n t e r  o f  a l a r g e  mass o f  s o l i d  i r o n  w i t h  

about 12" o f  i r o n  f o r  neut rons t o  pene t ra te .  Neutron spec t ra  w i l l  be 

observed w i t h  d e t e c t o r s  p laced o u t s i d e  the  sphere. 

An i n i t i a l  concept was f o r  the  i r o n  t o  be i n  t h e  fo rm o f  a s o l i d  

sphere. 
h i gh  and was n o t  accepted. Cu r ren t  p lans  a re  t o  use a n e a r l y  c u b i c a l  
(% 2 '  on a s i d e )  i r o n  b l o c k  p rov ided  by  t h e  Crocker Nuc lear  Labora tory ,  

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.  

A b i d  f o r  c o n s t r u c t i o n  o f  a 30" d iameter  i r o n  sphere was ve ry  

C .  Neutron Cross Sect ions  f o r  T ranspor t  C a l c u l a t i o n s  -- F. M. Mann 

and R .  E. Schenter  (HEOL). 

When c a l c u l a t i n g  f l u x  i n  a pure  medium u s i n g  m u l t i - g r o u p  techniques,  

g r e a t  care  must be exe rc i sed  t o  use t h e  a p p r o p r i a t e  s e l f - s h i e l d e d  group 

c ross  sec t ions .  To a i d  i n  o b t a i n i n g  t h e  r e q u i r e d  data,  HEOL has imple-. 

mented t h e  LASL cross  s e c t i o n  p rocess ing  system NJOY on t he  l o c a l  UNIVAC 

1100/44, as desc r ibed  p r e v i o u s l y .  The system i s  capable o f  p r o v i d i n g  

2 
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d a t a  f o r  d i s c r e t e  o r d i n a t e  t r a n s p o r t  c a l c u l a t i o n s ,  Monte C a r l o  c a l c u l a -  

t i o n s ,  Kerma f a c t o r s ,  damage parameters, and d i f f u s i o n  t h e o r y  c a l c u l a t i o n s .  

LASL has t r a n s f e r r e d  t h e  NJOY system t o  t h e  CDC 7600 computer a t  

MFECC. HEDL w i l l  c onve r t  t h e  system t o  t h e  CRAY- 1.  

D. Cross Sec t i on  P r e d i c t i o n  -- F. M. Mann (HEDL) and C. Kalbach ( T r i -  
ang le  U n i v e r s i t i e s  Nuc lear  Labo ra to r y ) .  

Two papers on t h e  sys temat i cs  o f  exper imen ta l  angu la r  d i s t r i b u t i o n s  

f o r  p a r t i c l e s  e m i t t e d  i n  t h e  p r e - e q u i l i b r i u m  phase o f  n u c l e a r  r e a c t i o n s  

have been submi t ted  t o  Nuc lear  Phys ics  f o r  p u b l i c a t i o n .  

E. Mic roscop i c  Neu t ron  Y i e l d  Model -- F. M. Mann and F. S c h m i t t r o t h  
(HEDL). 

The mic roscop ic  neu t r on  y i e l d  model has been improved by t h e  i n c l u s i o n  

o f  backward ang le  exper imen ta l  d a t a  i n t o  t h e  l e a s t  square a n a l y s i s .  In 
a d d i t i o n ,  smal l  c o r r e c t i o n  f a c t o r s  have been d e r i v e d  t o  ensure t h a t  t h e  

c a l c u l a t e d  neu t r on  spec t r a  have t h e  same shape as those measured a t  Ed = 

35 MeV by Johnson e t  a l .  

F. FMIT A c t i v a t i o n  L i b r a r y  -- F. M. Mann (HEDL). 

A Neut ron A c t i v a t i o n  L i b r a r y  f o r  FMIT energ ies  has been s t a r t e d .  The 

i n i t i a l  l i b r a r y  (see Tab le  2 )  i s  based on THRESH model c a l c u l a t i o n s  t o  

40 MeV. 

r e s u l t s .  A c t i v a t i o n  l i b r a r i e s  ( t o  En=20 MeV) have been rece i ved  f rom 

LASL and L L L .  

Where p o s s i b l e ,  ENDF/B-V d a t a  t o  20 MeV has r ep l aced  t h e  THRESH 

V I .  REFERENCES 

1. P.  P. D m i t r i e v  e t  a l . ,  S o v i e t  Atomic Energy - 31 (1971) 876 



TABLE 2 

GROUP LIBRARY (96 NUCLIDES) 

% i 
'L i 

2C 

' 3c 

514 

6O 

1 8o 

4N 

19F 

"Ne 

'' Ne 

"Ne 

23Na 

24M9 

25 
Mg 

26Mg 

2 7 ~ 1  

28si 

*'si 

30~i 

31 P 

32s 

36Ar  

33Ar 

4 0 A r  

39 K 

41 K 

4 0 ~ a  

4 2 ~ a  

4 3 ~ a  

4 4 ~ a  

4 6 ~ a  

4 8 ~ a  

45sc 

4 6 T i  

4 7 T i  

48Ti 

49Ti 

5 0 T i  

50v 
51 v 
5 0 ~ r  

5 2 ~ r  

5 3 ~ r  

5 4 ~ r  

9 2 ~ 0  204Pb 

9 4 ~ 0  '06Pb 

9 5 ~ 0  207Pb 

9 6 ~ 0  208Pb 

9 7 ~ 4 0  

93~0 
' "Mo 
l 1  4 ~ n  

l 1  5 ~ n  

l1  'Sn 

'175n 
1185n 
'195n 
' 'OSn 
1225, 

2 4 ~ n  

*' Ta 

' 8ow 
182w 

183N 
1 84w 

1 86w 

' ''AU 
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2. R. E. MacFarlane e t  a l . ,  "The NJOY Nuc lea r  Data Process ing  System 

U s e r ' s  Manual". LA-7584-M LASL, Dec. 1978. 

V I I .  FUTURE WORK 

More measurements o f  deu te ron  induced a c t i v a t i o n  o f  FMIT m a t e r i a l s  

w i l l  be performed. R e s u l t s  w i l l  be compared t o  p r e v i o u s  c a l c u l a t i o n s .  

More e v a l u a t i o n s  o f  neu t r on  c r o s s  s e c t i o n s  f o r  t r a n s p o r t  c a l c u l a t i o n s  

w i l l  be done as needed by t h e  FMIT a r c h i t e c t - e n g i n e e r  and f o r  p r e d i c t i o n s  

i n  t h e  FMIT t e s t  c e l l .  

Measurements o f  t h e  t r ansm iss i on  o f  FMIT neu t rons  th rough  t h i c k  i r o n  

w i l l  be completed. 

The computer code HAUSER*5 w i l l  be m o d i f i e d  t o  i n c l u d e  t h e  s t udy  o f  

angu la r  d i s t r i b u t i o n s .  

VIII. PUBLICATIONS 

1. C .  Kalbach and F. M. Mann, Phenomenology o f  Em i t t ed  P a r t i c l e  

Angu la r  D i s t r i b u t i o n s  f o r  P r e e q u i l i b r i u m  React ions:  I .  Systemat ics .  

submi t ted  t o  Nuc lear  Physics.  

2. C .  Kalbach and F. M. Mann, Phenomenology o f  Em i t t ed  P a r t i c l e  

Angu la r  D i s t r i b u t i o n s  f o r  P r e e q u i l i b r i u m  React ions:  11. Parame te r i za t i on .  

submi t ted  t o  Nuc lea r  Phys ics .  
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CHAPTER 3 

SU BTAS K A : ENVIRONMENTAL CHARACTER I Z A T  I O N  
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I .  

I1 

PROGRAM 

T i t l e :  Dosimetry and Damage Analysis 
Principal Invest igator:  L.  R .  Greenwood 
A f f i l i a t i o n :  Argonne National Laboratory 

DB J ECT I V E 

To es tab l i sh  the best prac t icable  dosimetry f o r  mixed-spectrum 
reactors  and t o  provide dosimetry and damage analys is  f o r  MFE experi-  
menters. 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

SUBTASK I I .A . l . l  Flux-spectral de f in i t ion  in a t a i lo red  f i s s i o n  

reactor .  

IV. SUMMARY 

Preliminary f lux gradients  are  presented f o r  the MFE-1 experiment in 

the  Oak Ridge Research Reactor ( O R R ) .  
new neutronics ca lcula t ions .  
the  MFE-4 experiment. 

The r e s u l t s  appear t o  agree with 
Dosimetry packages have been assembled f o r  

V .  ACCOMPLISHMENTS AND STATUS 

A.  F l u x  Gradients and He Calculations f o r  ORR- MFE- 1 
L .  R.  Greenwood and R .  R .  Heinrich ( A N L )  

Preliminary f lux  gradients  have been calculated f o r  the MFE-1 experi-  
Figures 1 and 2 show 

The thermal 
ment in core position C7 from February - June 1978. 
the f lux as a function of ve r t i ca l  height above the midplane. 
f lux  was deduced from the  58Fe and 59Co(n,y)  react ions ,  the  f lux  above 
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0.92 MeV from the 54Fe(n,p) reaction, and above 3.3 MeV from the 46Ti 
(n,p) reaction. 
cross sections are not yet available. However, the thermal fluxes and 
the flux above 3.3 MeV are not expected to change significantly. 

The values are preliminary since exact spectral-averaped 

New neutronics calculations have been qerformed by T. Gabriel (ORNL) 
using the average fuel loading during the MFE-1 experiment. The results 
appear to agree quite well with our measurements, confirming the steep 
fast-flux gradient from the South side to the North side of the capsule. 
When the neutronics calculations are completed, we will revise our flux 
values using the STAYSL adjustment code. 

Preliminary comparisons have also been made between the helium 
measurements by D. Kneff and H. Farrar I V  ( R I )  and helium calculated 
using our flux values and ENDF/B-IV helium production cross sections. Table 
I compares these values for Ni, Fe, and Cu at two positions in the Northeast 
corner of the MFE-1 capsule. As can be seen, the Ni calculations are 
quite close to the measured values. The Fe and Cu calculations are about 
25% lower than the measurements. It should be noted that both the helium 
measurements and the flux values are still preliminary; however, the 
changes are not expected to be very significant. 
cluded the 58Ni(n,v)59Ni(n,a)56Fe reaction mechanism using the relation- 

The Ni calculations in- 

ship: (1)  

-3.64t 
- He = 0.12608 + 0.00664 e -92@t -0.13272 e 
m 

where +t is the 2200 m/s fluence. 
due to uncertainties in the assumed nuclea: cross section values. 

This equation is somewhat uncertain 
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Table I .  He Measurements and Calculations 
f o r  ORR-MFE 1 
(Northeast corner of C7)  

Location, cm He (appm) 
(above midplane) P! i Fe cu 

+ 21.7 Expt.* 10 0.090 - 

+ 1.9 E x p t . *  48 - 0.18 

__ 

Cal c .  9.4 0.071 0.070 

Cal c .  43.0 0.146 0.144 

* 
D. Kneff and H. Farrar  IV, Rockwell In t e rna t iona l ,  
DOE/ET-0065/6, July 1979. 

B .  Dosimetry Plan f o r  ORR-MFE-4 
L. R .  Greenwood ( A N L )  

Dosimetry capsules have been prepared f o r  the  f i r s t  MFE-4 experiment 
in ORR scheduled f o r  January 1980. E i g h t  s t a i n l e s s  s t e e l  tubes measuring 
7 cm in  length and 0.159 cm in diameter have been f i l l e d  with nine radio- 
metric and helium accumulation monitors. 
be  placed i n  each of t h e  four corners of the  two leve ls  
t i on  capsule. 

I t  i s  planned t h a t  one tube wi l l  
of t he  i r r a d i a -  

A new technique i s  being used on this i r r ad ia t ion  i n  t h a t  most o f  

the monitor wires wil l  be used f o r  both  radiometric and helium measure- 
ments. The wires wi l l  be gamma counted a t  ANL and then helium analyzed 
a t  RI. T h i s  s impl i f ies  the  capsule construct ion and saves valuable space. 
The monitors include Fe, Ni, Nb,  C u ,  T i ,  Co, 80.2% Mn-Cu, and Ag. 
platinum encapsulated helium monitors have a l s o  been included t o  check 
the  wire results.  

A few 
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..... 

T 7-7 
G,---.- 

-30.0 -18.0 -6.0 6.0 18.0 30.0 
HEIGHT f7EOVE V E R T I C A L  MIDPLANE,m 

l i m i t s  o f  a )  3.3 MeV f rom 46T i (n ,p )  and b )  0.92 MeV f rom 
54Fe(n,p) r e a c t i o n s .  Note t h e  steep g r a d i e n t  f rom South 
t o  Nor th .  

F i g u r e  1. V e r t i c a l  f l u x  g r a d i e n t s  f o r  ORR-MFE-1 w i t h  neu t ron  energy 
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3K RIDGE RESEARCH REFlCTOR C7 THERMAL FLUX 

S!1 
PI E 

I I I I I 
I. 0 -18.0 -6.0 6.0 18.0 30.0 

HEIGHT RBOVE VERTICRL MIDPLANE,cm 

Figure 2 .  Thermal ( < . 5  eV) f lux gradients f o r  O R R- M F E- 1 .  Note t h a t  
the f lux i s  near1.y i so t rop ic .  

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

1 .  T. A .  Gabriel, B. L .  Bishop and F .  W. Wiffen, "Calculated I r r ad i -  
a t ion Response of Materials Using Fission Reactor (HFIR, ORR and  EBR-11) 
Neutron Spectra," ORNL/TM-6361, August 1979. 

VI1 . FUTURE WORK 

The FIFE-1 dosimetry r e s u l t s  will  be completed as  the new neutronics 
calculat ions  and he1 ium measurements a r e  f ina l ized .  
parameter maps will  be generated f o r  the i r r ad i a t i on  assembly. 

Fluence and damage 
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The f i r s t  MFE-4 exper iment  i s  scheduled t o  commence i n  January.  An 

i d e n t i c a l  exper iment i s  a l s o  p lanned i n  March. 

The MFE-2 i r r a d i a t i o n  i s  expected t o  be completed i n  March. 

VI11 . PUBLICATIONS 

None. 
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I .  PROGRAM 

T i t l e :  Helium Generation i n  Fusion Reactor Materials 
Principal Inves t iga tors :  0. W .  Kneff, Harry Farrar  IV 
Aff i l i a t ion :  Rockwell In ternat ional ,  Energy Systems Group 

I I .  OBJECTIVE __- 

The objec t ive  of this  p a r t  of the  fusion program a t  Rockwell In ter-  
national i s  t o  develop and apply helium accumulation neutron dosimetry t o  
the  measurement of neutron fluences and energy spectra i n  mixed-spectrum 
f i s s i o n  reactors  u t i l i z e d  f o r  fusion materials  t e s t i n g .  

111. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

TASK 1I.A.I Fission Reactor Dosimetry 
SUBTASK I I .A . l . l  Flux-Spectral Definition in a Tailored 

SUBTASK II.A.1.2 Enhance Technique 
Fission Reactor 

IV. SUMMARY 

The h e l i u m  accumulation neutron dosimetry analys is  has been completed 
f o r  the Al, T i ,  Fe, N i ,  and C u  pure-element dosimeters i r r ad ia ted  i n  the 
MFE-1 experiment i n  the  Oak Ridge Research Reactor ( O R R ) .  
which represent f i v e  d i f f e r e n t  ve r t i ca l  posi t ions r e l a t i v e  t o  the core 
cen te r l ine ,  provide b o t h  a matrix of helium generation concentrations f o r  
dosimetry unfolding, and d i r e c t  helium production information relevant  t o  
candidate fusion reactor  materials .  A s e t  of bare and platinum-encapsu- 
l a t ed  pure-element helium accumulation neutron dosimetry materials  was 
prepared and shipped t o  Argonne National Laboratory ( A N L )  f o r  incorpora- 
t ion in  the  ORR MFE-4 i r r ad ia t ion  scheduled t o  commence in January 1980. 

The r e s u l t s ,  
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V .  ACCOMPLISHMENTS AND STATUS 

A. Hel ium Accumulat ion Fluence Dosimetry f o r  t he  MFE-1 I r r a d i a t i o n  

a t  t h e  Oak Ridge Research Reactor -- D. W .  Knef f ,  Har ry  F a r r a r  IV, and 

M. M. Nakata (Rockwel l  I n t e r n a t i o n a l ,  Energy Systems Group) 

The MFE-1 i r r a d i a t i o n  i n  t h e  Oak Ridge Research Reactor  (ORR) i n -  

c l uded  f i v e  s e t s  o f  he l i um accumulat ion neu t ron  dos imet ry  m a t e r i a l s .  

Each s e t  c o n s i s t e d  o f  an a r r a y  o f  bare  pure-element w i res  and vanadium- 

encapsulated samples c o n t a i n i n g  pure elements and b i n a r y  compounds. 

These m a t e r i a l s  were loaded i n  dos imet ry  m o n i t o r  tube  No. 9, which was i n  

t u r n  p o s i t i o n e d  a long  t h e  no r theas t  c o o l i n g  tubes i n  t he  n o r t h  s e c t i o n  o f .  

ORR co re  P o s i t i o n  C7. 

v e r t i c a l  p o s i t i o n s  r e l a t i v e  t o  t he  h o r i z o n t a l  core c e n t e r l i n e .  The 
i r r a d i a t i o n  l a s t e d  1.164 x 10 

o f  22.524 MW. 
m a t e r i a l s  and some i n i t i a l  a n a l y s i s  r e s u l t s  were g i ven  i n  p rev ious  

The dos imet ry  s e t s  were p laced  i n  f i v e  d i f f e r e n t  

7 s (135 days),  w i t h  an average power l e v e l  

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  he l ium accumulat ion dos imetry  

r e p o r t s .  (1,2) 

A n a l y s i s  o f  a m a t r i x  o f  t h e  f i v e  bare w i r e  he l ium accumulat ion 

dos imetry  m a t e r i a l s  ( A l ,  T i ,  Fe, N i ,  and Cu) i n c o r p o r a t e d  i n  MFE-1 has 

now been completed f o r  t h e  f i v e  ORR l o c a t i o n s .  

c o n c e n t r a t i o n  r e s u l t s  i s  g i v e n  i n  Tab le  1. 
va lue  i s  t h e  average o f  a t  l e a s t  two independent he l ium analyses o f  

ad jacen t  segments o f  each dos imet ry  w i r e .  

average depth o f  about 0.05 mm ( 2  m i l s )  be fo re  a n a l y s i s ,  t o  e l i m i n a t e  

p o s s i b l e  he l i um su r face  e f f e c t s .  Such e f f e c t s  c o u l d  be produced, f o r  

example, by a lpha  r e c o i l  o r  by t h e  abso rp t i on  o f  e x t e r n a l  hel ium. Ev i -  

dence f rom o t h e r  he l ium measurements programs i n d i c a t e s  t h a t  t h e  e l e v a t e d  

temperatures encountered d u r i n g  t h e  i r r a d i a t i o n  should n o t  have r e s u l t e d  

i n  any s i g n i f i c a n t  l o s s  o f  he l ium by d i f f u s i o n .  The p o s s i b l e  excep t ions  

t o  t h i s  were t h r e e  aluminum w i r e s  which were n o t  analyzed because t h e i r  

su r faces  showed ev idence o f  bubb l i ng  and s o f t e n i n g ,  making them appear 

A sumnary o f  t h e  he l ium 

Each r e p o r t e d  c o n c e n t r a t i o n  

The w i res  were etched t o  an 
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Core 
Location 

(cm) * 

4He Concentration (appm) t 
A1 T i  Fe Ni c u  

l e s s  r e l i a b l e  f o r  gas analysis .  
performed. Sca t t e r  i n  the  data was less than 2"/, i n  a l l  cases ,  and 
generally about 1%. 

A t o t a l  of 53 helium analyses were 

+21.7 
+10.0 
+l.  9 

-9.8 
-18.3 

Examination o f  the data i n  Table 1 shows s i g n i f i c a n t  helium concen- 
t r a t i o n  gradients  a s  a funct ion of core locat ion.  The gradients  for T i ,  
Fe, and C u  a r e  nearly i d e n t i c a l ,  and agree w i t h  the radiometr ical ly 
determined ve r t i ca l  f l u x  gradients  f o r  the O R R  MFE- 1 and MFE Spectral 
Characterization i r r ad ia t ions .  ( 3 )  

concentration gradients  f o r  t he  f i v e  dosimetry mater ials  can be seen more 
c l ea r ly  i n  the top half  of Table 2, where the  helium generation r a t e s  a r e  
presented a s  r a t i o s  w i t h  respect  t o  the copper results. 
T i ,  Fe, and  C u  a r e  general ly constant a s  a function o f  locat ion.  The 
gradient  f o r  n icke l ,  as explained l a t e r ,  i s  s teeper .  

T h e  s imi l a r i t y  o f  t h e  r e l a t i v e  helium 

T h e  r a t i o s  f o r  

0.154 0.068 0.094 10.2 0.081 
0.258 0.107 0.147 30.1 0.141 

0.128 0.177 48.5 0.181 
0.148 0.200 63.5 0.208 
0.138 0.202 53.5 0.190 

The measured concentration gradients  a l s o  imply t h a t  any helium con- 
t r ibu t ions  by 1°B(n,a) react ions w i t h  boron impurities i n  these pure 
elements a r e  i n s ign i f i can t .  
helium concentration gradients ,  because nearly complete burnup of 'OB 

Such impurities would have produced smaller 
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Neutron Spectrum 

Hel ium Generat ion Rates 
R e l a t i v e  t o  Copper 

A1 T i  Fe N i  cu 

*E. P. L i p p i n c o t t ,  _ _  e t  a l . ,  Reference 4 

+ O .  W. K n e f f ,  ___  e t  a l . ,  Reference 5 

**H. F a r r a r  I V  and D. W.  Kne f f ,  Reference 6 

ORR MFE-1, +21.7 cm 

+10.0 cm 

+1.9 cm 

-9.8 cm 

-18.3 cm 

ORR MFE-1 (average) 
EBR-I I* 
Be(d,n), 30-MeV deuteronst  

T(d,n) ,  RTNS-I** 

would have occurred.  I n  c o n t r a s t ,  a - 4  we igh t  p a r t s  p e r  m i l l i o n  boron 

i m p u r i t y  i n  t h e  vanadium used t o  make he l i um  accumulat ion f l u e n c e  m o n i t o r  

(HAFM) capsules was p r e v i o u s l y  shown t o  produce a ma jo r  he l ium c o n t r i b u -  

t i o n  t o  t h e  t o t a l  he l i um  generated i n  HAFMs i r r a d i a t e d  i n  ORR. ( 2 )  

1.90 0.84 1.16 126 1 
1.83 0.76 1.04 214 1 

0.71 0.98 268 1 

0.71 0.96 305 1 

0.73 1.06 282 1 

1.87 0.75 1.04 126-305 1 
1.87 0.73 0.99 13.2 1 

2.9 0.8 1 .o 2.4 1 

2.80 0.75 0.94 1.92 1 

Tab le  2 a l s o  demonstrates some impo r t an t  observa t ions  on t h e  use o f  

t h e  p u r e  elements as he l i um  accumulat ion neu t ron  dos imeters .  The bo t tom 

h a l f  o f  t h e  t a b l e  compares t h e  r a t i o s  o f  t h e  measured he l ium concent ra-  

t i o n s  i n  ORR w i t h  r e s u l t s  measured i n  t h i s  l a b o r a t o r y  f o r  o t h e r ,  w i d e l y  

d i f f e r i n g  neu t r on  s p e c t r a :  
f o r  30-MeV deuterons,(5) and 14.8-MeV T(d,n) neu t rons  f rom RTNS-I. ( 6 )  

The f i r s t  obse rva t i on  i s  t h a t  T i ,  Fe, and Cu have v e r y  s i m i l a r  energy 

responses f o r  a l l  o f  these  spec t ra .  

E B R - I 1  co re  c e n t e r , ( 4 )  Be(d,n) neu t rons  

T h i s  i s  expected, because t h e i r  
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e f f e c t i v e  r e a c t i o n  t h resho lds  f o r  he l ium p r o d u c t i o n  a re  severa l  MeV, and 

t h e  mon i t o r s  a r e  thus  respons ive  o n l y  t o  t h e  h igh- energy component of t h e  

ORR neu t ron  spectrum. J u s t  one o f  these m o n i t o r  m a t e r i a l s  i s  t hus  r e a l l y  

r e q u i r e d  t o  o b t a i n  t h i s  dos imetry  i n f o r m a t i o n .  

b u t  appears t o  show a s l i g h t l y  d i f f e r e n t  t r e n d  i n  energy response. 

Aluminum i s  s i m i l a r ,  

The second obse rva t i on  i s  t h a t  n i c k e l  produced a w ider  range o f  

h e l i u m  c o n c e n t r a t i o n s  w i t h i n  ORR, as w e l l  as between neu t ron  environments.  

The reason f o r  t h i s  ve ry  d i f f e r e n t  response i s  t h a t  he l ium gene ra t i on  a t  

h i g h  neu t ron  f l uences  i n  a thermal  neu t ron  spectrum i s  dominated by t h e  

two- stage thermal  neu t ron  r e a c t i o n  58Ni(n,y) N i  (n,a). The he l ium p ro-  

d u c t i o n  r a t e  inc reases  d r a m a t i c a l l y  as t h e  5gNi  b u i l d s  up, r e s u l t i n g  i n  

t h e  gene ra t i on  o f  r e l a t i v e l y  l a r g e  amounts o f  he l ium.  

r e a c t i o n  makes n i c k e l  a p a r t i c u l a r l y  respons ive  and accu ra te  f l u e n c e  

m o n i t o r  i n  thermal  and mixed-spectrum neu t ron  r e a c t o r s  a t  these h i g h  

f l u e n c e  l e v e l s .  A paper r e p o r t i n g  new, more accura te  c ross  sec t i ons  f o r  

t h e  two-stage n i c k e l  r e a c t i o n  r a t e  i s  now i n  f i n a l  p r e p a r a t i o n .  

59 

T h i s  two-stage 

The h e l i u m  c o n c e n t r a t i o n  r e s u l t s  i n  Tab le  1 thus  p r o v i d e  two d i s -  

t i n c t  dos imet ry  m o n i t o r  responses which should now be combined w i t h  t h e  

ANL r a d i o m e t r i c  r e a c t i o n  r a t e  da ta  t o  u n f o l d  t h e  MFE-1 neu t ron  spec t ra  i n  

more d e t a i l .  
f o r  f i v e  pu re  elements t h a t  appear as components o f  cand ida te  f u s i o n  

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

They a l s o  p r o v i d e  d i r e c t  he l ium gene ra t i on  da ta  f rom ORR 

B. Hel ium Accumulat ion Fluence Dosimetry  f o r  t h e  MFE-4 I r r a d i a t i o n  

a t  ORR -- 0.  W .  K n e f f  and Ha r r y  F a r r a r  IV (Rockwel l  I n t e r n a t i o n a l ,  Energy 

Systems Group) 

A new j o i n t  ORR dos imet ry  exper iment  w i t h  ANL was i n i t i a t e d  d u r i n g  

t h e  r e p o r t  pe r i od .  A s e t  o f  he l ium accumulat ion dos imet ry  m a t e r i a l s  was 

assembled and sh ipped t o  ANL f o r  i n c o r p o r a t i o n  i n  t h e  MFE-4 i r r a d i a t i o n  
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experiment scheduled f o r  O R R  in January 1980. The contents of t h i s  
dosimetry se t  are summarized in Table 3 .  Platinum capsules were included 
f o r  a direct  ver i f ica t ion  of helium retent ion in  the bare dosimetry wires 

TABLE 3 
HELIUM ACCUMULATION DOSIMETR'U MATERIALS 

SUPPLIED FOR MFE-4 

Material Form 

Ti Bare pure-element wire; Pt-encapsulated wire 
Fe Bare pure-element wire; Pt-encapsulated wire 
Ni Bare pure-element wire; Pt-encapsulated wire 
c u  Bare pure-element wire; Pt-encapsulated wire 
Nb Bare pure-element wire; Pt-encapsulated wire 

a t  the high i r r ad i a t i on  temperatures. 
mater ia ls  f o r  this experiment was based on the use of the same spec i f i c  
samples f o r  b o t h  radiometric count ing  and  helium analysis .  This use of 
the  same monitors f o r  multiple dosimetry analyses i s  highly advantageous, 
both because the number of dosimetry mater ia ls  i s  minimized, providing a 
s ign i f i can t  savings i n  space, and because the r e su l t s  of the two dosimetry 
techniques can be correla ted d i r ec t l y  using the  same samples. 

The select ion of the dosimetry 
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V I I .  FUTURE WORK -~ 

Helium accumulat ion measurements suppo r t i ng  t h e  MFE exper iments  i n  

ORR w i l l  con t i nue .  

i n c l u d i n g  C r  and Mo, w i l l  be prepared f o r  t h e  MFE-4 exper imenta l  phase 
scheduled t o  s t a r t  i n  March 1980. Hel ium analyses w i l l  con t inue ,  w i t h  

near- te rm emphasis on t h e  MFE-2 m a t e r i a l s  when they  become a v a i l a b l e .  

A d d i t i o n a l  dos imet ry  and he l ium measurement samples, 
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A paper e n t i t l e d  "Exper imenta l  and T h e o r e t i c a l  De te rmina t ion  o f  

Hel ium P roduc t i on  i n  Copper and Aluminum by 14.8-MeV Neutrons,"  by 

0. W. Kne f f ,  H a r r y  F a r r a r  I V  (Rockwel l  I n t e r n a t i o n a l ) ,  F. M. Mann, and 
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A paper e n t i t l e d  "Hel ium Accumulat ion Neutron Dosimetry  f o r  Fus ion 

Program Be(d,n) and L i ( d , n )  Neutron Tes t  Environments," by D. W. Kneff, 

Ha r r y  F a r r a r  I V ,  and M. M. Nakata, was p resen ted  a t  t h e  T h i r d  ASTM- 

EURATOM Symposium on Reactor  Dosimetry,  I s p r a ,  I t a l y ,  on October 1, 1979, 

and has been submi t ted  f o r  p u b l i c a t i o n  i n  t h e  symposium proceedings.  
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I. PROGRAM 

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

11. OBJECTIVE 

To establish the best practicable dosimetry at high energy neutron 
sources. 

111. RELEVANT OAFS PROGRAM TASK/SUBTASK 

TASK II.A.2 Flux-spectral definition at high energy neutron 
sources. 

IV. SUMMARY 

Neutron flux and spectral measurements have been completed for two 
irradiations to mock-up the Intense Pulsed Neutron Source (IPNS) now under 
construction at Argonne. Tantalum and uranium targets were irradiated 
with 500 MeV protons. 
more neutrons/proton. 

The uranium target was found to produce about 502 

V. ACCOMPLISHMENTS AND STATUS 

A. Flux and Spectral Measurements for the IPNS Spallation Source 
L. R. Greenwood (ANL) 

Neutron flux and spectral measurements have been completed at the 
Argonne ZGS Facility to mock-up the IPNS Facility, now under construction. 
Tantalum and uranium target assemblies were irradiated with 500 MeV 
protons and neutron and proton dosimeters were placed in two tubes 
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p a r a l l e l  and pe rpend i cu l a r  t o  t h e  beam a x i s .  A t h i n  aluminum f o i l  was 
a l s o  used t o  measure t h e  p r o t o n  beam i n t e n s i t y  and s p a t i a l  d i s t r i b u t i o n  

u s i n g  t h e  27A l (p ,  x)22Na s p a l l a t i o n  r e a c t i o n .  

Table  I l i s t s  t h e  measured neu t ron  and p r o t o n  f l u x e s  p e r  i n c i d e n t  

p r o t o n  i n  t h e  p r ime m a t e r i a l s  i r r a d i a t i o n  f a c i l i t y  l o c a t e d  a t  about  90" 

t o  t h e  beam and about 6 "  f rom t h e  c e n t e r  o f  t h e  t a r g e t .  The neu t ron  

measurements o n l y  extended t o  44 MeV, t h e  p resen t  l i m i t  o f  o u r  c r o s s  

Tab le  I .  FLUX MEASUREMENTS FOR I P N S  

(F lux /Pro ton ,  Ep = 500 MeV) 

Energy Range Uran i  um 

T o t a l  5.79 x 

MeV Ta rge t  

Thermal 4.51 

>0.1  3.62 x lo - '  
>1 1.14 x 

>10 1.06 

> 20 7.78 

>30 6.00 

>45* 4.06 
2 Pro ton  F l u x  (p/cm - s )  

( ~ 2 0 - 4 0  MeV) % l o  

T a n t a l  um 
Ta rge t  

3.83 x l o - '  
8.31 

2.09 x lo- '  
6 .02 

8.35 

5.65 

3.90 

2.25 

8 %10 

R a t i o  

1.51 

0.54 

1.73 

1 .89 

1.27 

1.38 

1.53 

1.80 

W T a )  

* 
Ca lcu la ted ;  measurements s t o p  a t  44 MeV 

s e c t i o n  f i l e . '  

o u r  i n t e g r a l  va lues.  

and 51V (p,n) r e a c t i o n s .  

20-40 MeV energy range. 

2 7 A l ( p , ~ ) 2 2 N a  r e a c t i o n ;  however, t h e  observed 22Na a c t i v i t y  can be com- 

p l e t e l y  accounted f o r  by neut ron- induced s p a l l a t i o n .  

f l u x  i s  n o t  expected t o  cause any s i g n i f i c a n t  damage i n  m a t e r i a l s  and 

Ca l cu l a t ed  f l u x e s  were t h u s  used above 44 MeV t o  compute 
Pro ton  f l u x e s  were es t ima ted  f rom t h e  7 L i ,  6 5 C u ,  

We b e l i e v e  t h a t  most o f  t h e  p ro tons  a r e  i n  t h e  

H igher  energy p r o t o n s  were looked  f o r  u s i n g  t h e  

T h i s  weak p r o t o n  
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does not appear to affect the dosimetry measurements [e.g., the (p,d) 
reaction is identical to (n,Zn), etc.]. 

Figure 1 shows the spectra determined with the STAYSL code. Input 
spectra were provided by neutronics calculations, which roughly agree with 
our measurements, including flux gradients both perpendicular and parallel 
to the beam axis. Whereas the neutronics calculations agree quite well 

in magnitude with the tantalum measurements, the uranium target results are 
about 50-70% higher than calculated. 
although the calculations do not include all known effects, such as fission 
in uranium. 

This difference is not understood, 

As can be seen in Table I, the uranium target produces about 50:: 
more neutrons/proton than the tantalum target. I n  addition, the U spectrum 
is slightly harder than Ta so that calculated displacement damage rates 
are 60-70% higher for the U target. Hence, uranium is the clear choice 
for damage production at a spallation source. 

VI. REFERENCES 

1. L. R. Greenwood, Extrapolated Neutron Activation Cross Sections 
for Dosimetry to 44 MeV, ANL/FPP/-T!4-115, (1978). 

VII. FUTURE WORK 

This work was presented informally at the APS meeting in Knoxville, 
Tennessee, October 1979. A paper is being prepared for publication. 
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Figure 1 .  Neutron flux spectra unfolded with the  STAYSL code us ing  28 
react ions .  
b )  a Ta t a rge t .  Flux times neutron energy i s  shown per in-  
cident  proton. 

A 500 MqV proton beam was stopped in a )  a 23FU and 
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CHAPTER 4 

SUBTASK B: DAMAGE PRODUCTION 

41 





I. PROGRAM 

Title: Damage Analysis and Dosimetry Radiation Damage Analysis 

Principal Investigator: A. N. Goland 

Affiliation: Brookhaven National Laboratory 

11. OBJECTIVE 

Radiation damage analysis studies associated with the use of elec- 

trical insulators in fusion reactors. 

111. RELEVANT DAFS PROGRAMS PLAN TASK/SUBTASK 

SUBTASK II.A.2.4 Flux Spectral Definition in FMIT 

SUBTASK II.B.l Calculation of Displacement Cross Sections 

IV. SUMMARY 

Transport calculations made using two different versions of the 

MORSE neutron transport code yield neutron flux spectra that are consis- 

tent and gamma ray flux spectra that are inconsistent. The cause of this 
difference is not yet determined. 

The status of efforts to evaluate ionization assisted displacement 

cross sections is reported. The results of Yarlagadda and Robinson for 

C-C and He-Si ion-atom systems have been duplicated. The extension of 

these evaluations to constituents of insulators is complicated by the lack 

of experimental data and limitation of theories describing ion-atom 

collisions. 
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V. ACCOMPLISHMENTS AND STATUS 

Neutron Flux C h a r a c t e r i z a t i o n s  and Damage Analys is  Studies- -  

A.  N .  Goland, H .  C .  Berry,  G .  F. D e l l ,  and 0.  W. Lazare th  (BNL). 

I .  Transpor t  Codes 

P re l imina ry  c a l c u l a t i o n s  us ing  t h e  Livermore v e r s i o n  of t h e  

MORSE neut ron  t r a n s p o r t  code, MORSE-L, y i e lded  gamma r a y  f l u x e s  having 

g r e a t e r  magnitude and average  energy than t h e  f l u x e s  ob ta ined  us ing  t h e  

RSIC v e r s i o n  of MORSE. I f  r ea l ,  t h e s e  f l u x e s  would r e q u i r e  a r e e v a l u a t i o n  

of t h e  importance of gamma r a y s  i n  producing displacement  a t  an FMIT 

f a c i l i t y .  1 

The s p e c i a l  sou rce  sub rou t ine  t h a t  i s  used t o  gene ra t e  neu t rons  

from L i (d ,n )  r e a c t i o n s  w a s  i nco rpo ra t ed  i n t o  MORSE-L, and comparison runs  

were made us ing  t h e  two v e r s i o n s  of MORSE. The neut ron  s p e c t r a  obta ined  

are c o n s i s t e n t  w i t h  each o t h e r ,  b u t  t h e  gamma r ay  s p e c t r a  are d i f f e r e n t .  

A comparison of t h e s e  s p e c t r a  i s  shown i n  F igures  1 and 2.  

There i s  a ce r ta in  amount of a r b i t r a r i n e s s  i n  s e l e c t i n g  t h e  i n p u t  

parameters  t h a t  govern gamma r a y  gene ra t ion  i n  t h e  two codes.  Attempts 

w e r e  made t o  select parameters  t h a t  would n o t  b i a s  o r  d i s t o r t  t h e  gamma 

r a y  s p e c t r a .  The d i f f e r e n c e s  between t h e  r e s u l t s  from t h e  two codes i s  

n o t  y e t  understood and w i l l  r e q u i r e  f u r t h e r  c o n s i d e r a t i o n .  

2 .  I o n i z a t i o n  A s s i s t e d  Displacement Cross S e c t i o n  

The f r a c t i o n  of pr imary r e c o i l  energy t h a t  i s  expended i n  pro-  

ducing d isp lacements  dec reases  as the primary r e c o i l  energy i n c r e a s e s .  

For e lements  having masses up t o  and inc lud ing  s i l i c o n ,  less than  h a l f  of 

the energy of a 100 keV r e c o i l  atom i s  d i s s i p a t e d  i n  producing r e c o i l  atom 

damage. For t h e  hard  neut ron  s p e c t r a  a n t i c i p a t e d  a t  t h e  FMIT f a c i l i t y ,  

r e c o i l  e n e r g i e s  i n  t h e  MeV range  w i l l  be  common, and much of t h e  PKA 

energy i s  expected t o  be d i s s i p a t e d  by p roces ses  o t h e r  than  those  g i v i n g  

r i se  t o  the Lindhard s topp ing  power. 
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Yarlagadda and Robinson have es t imated  t he  c r o s s  s e c t i o n  f o r  pro-  

ducing displacements  through Coulomb r e p u l s i o n  between i o n s  and atoms.’ 

This  i o n i z a t i o n  a s s i s t e d  damage mechanism should only  be  important  i n  

i n s u l a t o r s .  

We have s t a r t e d  t o  e v a l u a t e  t h e  i o n i z a t i o n  a s s i s t e d  c r o s s  s e c t i o n s  

f o r  low 2 elements  such a s  C ,  N ,  0 ,  Mg, AI. ,  and S i  t h a t  a r e  c o n s t i t u e n t s  

of many i n s u l a t o r  cand ida te  m a t e r i a l s .  The f i r s t  s t e p  i n  t h i s  t a s k  has  

been t o  reproduce t h e  r e s u l t s  of Yarlagadda and Robinson. 

Yarlagadda and Robinson used t he  C-C ion-atom d a t a  of For tne r  e t  a l . 3  

t o  e s t i m a t e  t h e  s topp ing  power due t o  K s h e l l  i o n i z a t i o n ,  and they used 

t he  b inary  encounter  approximation4 t o  o b t a i n  t h e  s topp ing  power due t o  L 

s h e l l  i o n i z a t i o n  of s i l i c o n  by helium ions .  The i r  r e s u l t s  f o r  C-C were 

smal l  compared t o  t h e  Lindhard n u c l e a r  s topp ing  power, whereas t h e i r  

r e s u l t s  f o r  He- Si were l a r g e  compared t o  t h e  Lindhard n u c l e a r  s topp ing  

power. 

We have d u p l i c a t e d  t h e  r e s u l t s  of Yarlagadda and Robinson. In 

a d d i t i o n  we f i n d  t h a t  t h e  s topp ing  power due t o  K s h e l l  i o n i z a t i o n  of S i  

by helium i o n s  i s  always s m a l l e r  than t h e  Lindhard s topp ing  power j u s t  a s  

i t  was f o r  K s h e l l  i o n i z a t i o n  i n  t h e  C-C case .  Th is  f i n d i n g  sugges t s  t h a t  

i t  is  necessa ry  t o  i n c l u d e  t he  L and M s h e l l s  i f  one i s  t o  o b t a i n  a 

r e a l i s t i c  e v a l u a t i o n  of t h e  magnitude of t h e  i o n i z a t i o n  a s s i s t e d  s topp ing  

power f o r  r e c o i l  atoms. 

The e x t e n s i o n  of t h e s e  c a l c u l a t i o n s  t o  o t h e r  m a t e r i a l s  i s  made d i f -  

f i c u l t  by t he  l a c k  of exper imenta l  d a t a  f o r  t h e  ion-atom systems of 

i n t e r e s t  a s  w e l l  a s  by t he  r a p i d  d e c r e a s e  of t h e  v a l i d i t y  of t h e  b i n a r y  

encounter  approximation f o r  p r o j e c t i l e s  h e a v i e r  than  helium. 
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V I I .  FVTURE WORK 

Continued effort w i l l  be made to evaluate ionization cross sections 

for ion-atom systems of interest for insulators. The binary encounter 

approximation will be used to evaluate the cross sections for hydrogen and 

helium ions. For heavy ions such as recoil atoms, theoretical values 

normalized to existing data will be used to estimate the ionization c ross  

sections. 

The ionization cross sections will be used to determine the stopping 

power due to the ionization assisted mechanism, and these stopping powers 

will be used in the damage code DON to evaluate the damage, due to 
ionization assisted processes, to materials exposed to E'MIT neutron 

spectra. 
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Figure  1 
30 x 20 x 20 cm3 Fe block having d e n s i t y  of 1 . 9 2 5  g/cm3 generated by :he 
RSIC  and Livermore v e r s i o n s  of  MORSE. 

Neutron fluxes a t  a dep th  of 8cm a long  t h e  c e n t r a l  a x i s  of a 
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. Figure  2 Gama- ray f l u x e s  a t  a depth  of 8cm along t h e  c e n t r a l  a x i s  of a 
30 x 20 x 20 cm3 Fe block having d e n s i t y  of 1 . 9 2 5  g/cm3 generated by t h e  
R S I C  and Livermore v e r s i o n s  of MORSE. 



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  A n a l y s i s  (AKJ) 

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

A f f i  1 i a  t i  on: Hanford Eng ineer ing  Development Labo ra to r y  

11. OBJECTIVE 

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

l a t i o n  o f  h i g h  energy cascades which w i l l  be used t o  generate d e f e c t  p ro-  

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

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

SUBTASK 11.3.2.3 Cascade P roduc t i on  Methodology 

I V .  SUMMARY 

Cascades generated w i t h  two ve rs i ons  o f  MARLOIIE, u s i n g  h i g h  and low 

d isp lacement  energ ies ,  a re  compared. 

f e a s i b l e  t h e  s i m u l a t i o n  o f  h i g h e r  energy cascades. 

w i t h  r e s i s t i v i t y  measurements a re  ob ta ined  f rom b o t h  models by a p p l i c a t i o n  
o f  d i f f e r e n t  energy independent recombina t ion  volumes. 

cascades a re  then  compared a f t e r  annea l ing  w i t h  t h e  s t o c h a s t i c  cascade an- 

n e a l i n g  s i m u l a t i o n  code SCAS, t h e  c a l i b r a t i o n  o f  which i s  desc r i bed  i n  a 

separate s e c t i o n  o f  t h i s  r e p o r t .  

s imple ad justment  scheme based on d e f e c t  y i e l d s  w i l l  s u f f i c e  t o  account f o r  

t h e  adverse e f f e c t s  o f  r a i s i n g  t h e  d isp lacement  energy. 

Ra i s i ng  t h e  d isp lacement  energy makes 

De fec t  y i e l d s  c o n s i s t e n t  

The r e s u l t i n g  

The smal l  d i f f e r e n c e s  suggest t h a t  a 

V.  ACCOMPLISHMENTS AND STATUS 

A.  Model ing o f  De fec t  P roduc t i on  i n  H igh  Energy Cascades i n  FCC Meta ls  - 
H. L .  He in isch ,  J r .  (HEDL) 
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1.  Introduction 

The binary co l l i s i on  code MARLOWE has been cal ibrated t o  y ie ld  
approximately the same numbers of defects and  lengths of replacement 
sequences as  dynamical simulations of low energy displacement events in fcc 
metals (<1 keV in copper).  However, with MARLOWE parameters set  t o  pro-  
duce the replacement sequences seen in low energy simulations,  i t  i s  n o t  
computationally feas ib le  t o  model the i n i t i a l  displacement damage in high 
energy cascades ( u p  t o  hundreds of keVs) which r e s u l t  from the high energy 
neutrons s t r i k ing  a fusion r e a c t o r ' s  f i r s t  wall .  In t h i s  application of 
MARLOWE, any atom given more than 5 eV i s  considered p a r t  of the cascade 
( the  following MARLOWE parameter se t t ings  were used: RB = .62, EBND = .2, 
EOISP = 5.0, E Q i l I T  = 4.8).  
of atoms par t ic ipa t ing  in the cascade becomes too large f o r  e f f i c i e n t  pro- 
cessing a t  PKA (primary knock-on atom) energies above perhaps 50 keV, a l -  
t h o u g h  the energy range of i n t e r e s t  extends t o  several hundred keV. However, 
50 keV i s  well in to  the beginning of the "high energy region" where d i s -  

Nith t h i s  c r i t e r ion  fo r  displacement, the number 

placement cascades form with dens i t i es  independent of damage energy. ( 2 )  

To get  t o  higher energies with MARLOWE i t  is  necessary t o  ex- 
clude atoms from par t ic ipa t ing  in the cascade by ra i s ing  the displacement 
c r i t e r i o n  above 5 eV. One e f f e c t  o f  t h i s  i s  t o  el iminate l o n g  replacement 
sequences. The minimum energy f o r  production of a displaced atom in copper 
as determined by dynarnical simulation(3) using the same Moliere potent ia l  
used in MARLOWE i s  about 1 7  eV; we have used t h i s  value f o r  the displacement 
energy in the high energy cascade modeling reported here ( i . e . ,  EDISP = 1 7 ,  
E Q U I T  = 16.8) .  
with t h i s  model. 

So f a r ,  individual cascades of up  t o  100 keV have been run 

A primary consideration in t h i s  work i s  t h a t  the model used a t  
high energies should maintain as much consistency as  possible with the model 
ca l ib ra ted  f o r  very low energy events. By comparing r e s u l t s  in the energy 
region where b o t h  models are  appl icable ,  systematic aspects of t h e i r  d i f -  
ferences can be iden t i f ied  and used t o  ca l i b r a t e  the high energy model. 
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Both the to t a l  numbers of point  defects  produced and t h e i r  spa t i a l  d i s t r i -  
butions a r e  important. Therefore, the simulated annealing of the cascades 

t h r o u g h  normal, thermally act ivated dif fusion was performed in order t o  in- 
ves t iga te  the importance of di f ferences  in the i n i t i a l  spa t ia l  d i s t r i bu t ions  
of the cascades. 

2 .  Approximating Cascade "Quenching" 

Ten cascades of random or ien ta t ion  were generated with MARLOWE 
a t  5 keV and a t  20 keV using b o t h  the 5 eV and 1 7  eV displacement energies.  
A t  PKA energies above a few keV MARLOWE produces too many defect  pa i r s .  
For example, f o r  a 20 keV PKA i n  copper, the average Frenkel pa i r  y i e ld  ex- 
t rac ted  from r e s i s t i v i t y  d a t a  measured fo r  low temperature ion i r r ad i a t i ons  
i s  70 pa i r s ,  while MARLOWE produces 150 pa i r s ,  even a f t e r  allowing f o r  a 
"spontaneous recombination distance" of 1 . 5  l a t t i c e  parameters. (With a 
recombination distance of 1 l a t t i c e  parameter t h i s  model y ie lds  215 p a i r s ,  
about the same a s  f o r  the modified Kinchin-Pease model.) 
displacement energy i s  used in MARLOWE, the y ie ld  a f t e r  spontaneous recom- 
bination i s  330 pa i r s .  

When the 5 eV 

Because the r e s i s t i v i t y  experiments a r e  performed a t  low temp- 
e ra tu re s ,  there  should be l i t t l e  recombination due t o  thermally ac t iva ted  
dif fusion o f  defects .  T h e  recombination i s  due t o  red is t r ibu t ion  of  the 

defects  during local ized quenching of the highly excited cascade region. 
As a f i r s t  approximation t o  simulate the recombination which takes place 
during the "quenching," a large e f fec t ive  recombination volume i s  imposed 
a f t e r  the cascade development. 

fourth column of Table 1 .  Using MARLOWE with a displacement energy of 5 eV, 
and e f f ec t i ve  recombination radius of 5 l a t t i c e  parameters provides y i e ld s  
consis tent  with those extracted from the r e s i s t i v i t y  data fo r  b o t h  the 5 keV 
and 20 keV cascades, about 20 and 70 p a i r s ,  respect ively .  
displacement energy, s imi la r  r e s u l t s  were obtained using a 3 l a t t i c e  para- 
meter recombination radius .  T h u s ,  b o t h  models appear t o  give the "measured" 

The resu l t ing  y i e ld s  are  shown in  the 

W i t h  the 1 7  eV 
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defect  y ie lds  when an appropriate recombination volume, independent of en- 
ergy, i s  imposed. I t  i s  encouraging t h a t  the defect  y ie lds  can be obtained 
from t h i s  simple, energy independent model, which has a s  i t s  physical bas is  
only the notion t h a t  the c loses t  pa i rs  have the highest i n i t i a l  probabi l i ty  
of recombination. However, the  model has l i t t l e  bas is  f o r  predict ing the 
actual spa t i a l  d i s t r ibu t ion  of the  defects .  

Some d e t a i l s  of the spa t i a l  d i s t r i b u t i o n  of defects  in MARLOWE 
runs f o r  the same PKA using high and low displacement energies were compared 
a f t e r  imposing recombination c r i t e r i a  t o  b r i n g  them t o  a b o u t  the same number 
o f  Frenkel pa i r s .  
were very s imi la r ,  which might be expected s ince  the primary e f f e c t  of the 
higher displacement energy i s  the truncation of replacement sequences. 
major discrepancies were in the d i s t r ibu t ion  of the i n t e r s t i t i a l  defects .  

The d i s t r ibu t ions  of vacancies along the PKA direc t ion  

The 

3 .  Short-Term Annealing Results 

One way of evaluating the nature of the d i f ferences  in the de- 
f e c t  configurations achieved w i t h  each model in a s t a t i s t i c a l  sense i s  by 
observing t h e i r  behavior in a simulation of short-term annealing. The de- 
gree o f  recombination and c lus te r ing  resu l t ing  from defect  motion indicates 
the importance of the differences in the i n i t i a l  displacement damage. In 
pract ice ,  cascades a r e  produced a t  temperatures such t h a t  some short- term 
annealing takes place, so the differences observed a f t e r  simulated annealing 
a re  s i g n i f i c a n t .  

The 5 keV and 20 keV cascades generated with b o t h  high and low 
displacement energies were annealed using the SCAS annealing code (see  
Section B ) .  The annealing was carr ied o u t  using the r e l a t i v e  jump rates  
and c r i t i c a l  react ion distances which were found t o  give the  best  r e s u l t s  
in the ca l ib ra t ion  of SCAS (see  Section B ) .  To simulate the  quenching of 
the cascade region, the low displacement energy cascades were given a pre- 
anneal treatment by recombinipg pai rs  using a radius of 5 l a t t i c e  parameters. 
The high displacement energy cascades were pre-annealed using a 3 l a t t i c e  
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parameter r a d i u s .  Thus, f o r  b o t h  models, t h e  cascades had about  t h e  

"measured" number o f  p a i r s  when t h e  annea l ing  s i m u l a t i o n  began. Resu l ts  

averaged over  t e n  cascades i n  each case a r e  shown i n  Table 1 f o r  two stages 

o f  annea l ing .  The f i r s t  stage corresponds t o  a s imu la ted  t ime equal t o  
t h a t  f o r  1000 jumps by a s i n g l e  i n t e r s t i t i a l .  A t  t h i s  t ime few, i f  any, 

s i n g l e  i n t e r s t i t i a l s  remain and few vacancy jumps have occurred,  a c o n d i t i o n  

corresponding t o  an i r r a d i a t i o n  a t  about  room temperature.  The second s tage 

i s  a t  a s imu la ted  t ime equal t o  the l e s s e r  o f  1OI2 s i n g l e  i n t e r s t i t i a l  jumps 
o r  t he  exhaus t ion  o f  a l l  mob i le  de fec t s  f rom t h e  cascade volume. The i n f o r -  

mat ion  on c l u s t e r s  r e f e r s  o n l y  t o  those cons idered  immobi le (see Sec t i on  B ) ,  

w h i l e  t he  "mob i le  f r a c t i o n "  r e f e r s  t o  t h a t  percentage o f  t he  t o t a l  number o f  

remain ing de fec t s  which i s  mob i le .  

A t  T = 1000 jumps the  on l y  s i g n i f i c a n t  d i f f e r e n c e  between t h e  
two cascade models i s  i n  t h e  t o t a l  number o f  rema in ing  d e f e c t s  i . e . ,  t h e  de- 

gree o f  recombina t ion .  

s t i t i a l  c l u s t e r s  which have formed a r e  o f  about  t he  same average s i z e  and 

number i n  b o t h  models. 

a re  a l s o  ve ry  s i m i l a r ,  though the  numbers o f  mob i l e  de fec t s  a re  n o t .  

E s s e n t i a l l y  a l l  vacancies a r e  mob i le ,  and t h e  i n t e r -  

The f r a c t i o n s  o f  rema in ing  de fec t s  which a re  mob i l e  

A t  t h e  "end" o f  annea l i ng  s l i g h t l y  more recombina t ion  has oc- 

cur red ,  and t h e  vacancies have formed immobi le c l u s t e r s .  The c h a r a c t e r i s t i c s  

o f  t he  i n t e r s t i t i a l  p o p u l a t i o n  a r e  much the  same as a t  T = 1000, and the  two 

models con t i nue  t o  agree w e l l  on the  i n t e r s t i t i a l s .  

c l u s t e r s  d isagree  somewhat, e s p e c i a l l y  f o r  20 keV. 

t h a t  t h e  mob i l e  f r a c t i o n s  o f  vacancies a re  n o t  t h e  same, b u t  t h e  number o f  

mob i l e  vacancies i s  about  t h e  same f o r  each model. 

The numbers of  vacancy 

I t  i s  i n t e r e s t i n g  t o  no te  

T h i s  behav io r  i s  c o n s i s t e n t  w i t h  t h e  usual concept  o f  a cas- 

cade c o n s i s t i n g  o f  a vacancy- r i ch  r e g i o n  surrounded by a somewhat more d i f -  

fuse  c l oud  o f  i n t e r s t i t i a l s .  The c l o s e r  p r o x i n i i t y  o f  t h e  i n t e r s t i t i a l  d i s -  

t r i b u t i o n  t o  t he  vacancy core  i n  t he  h igh  d isp lacement  energy model (which 

suppresses replacement sequences) a l l o w s  f o r  more o f  them t o  recombine w i t h  

vacancies,  though n e a r l y  t h e  same f r a c t i o n  o f  rema in ing  i n t e r s t i t i a l s  become 

mob i l e  d e f e c t s .  
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4. Conclusions 

The overal l  r e s u l t s  of t h i s  comparison of models a re  very en- 
couraging. On the bas is  of comparison a f t e r  short-term annealing, the  high 
displacement energy model o f  MARLOWE produces cascades w i t h  e s s e n t i a l l y  the 
same character  as the cascades produced with the low displacement energy 
model, except fo r  the amount of recombination. 
ca l ib ra t ion  of MARLOWE f o r  high energy cascades, with defect  y ie lds  being 
the most important considerat ion.  

This should lead t o  a simple 

Other questions remain t o  be answered, however. The spa t i a l  
d i s t r i b u t i o n  of c l u s t e r s  remaining a f t e r  annealing should be compared f o r  
the two models. T h e  pre-anneal treatment, representing "quenching" of the 
cascade might  be modeled in a simple b u t  more r e a l i s t i c  way than just  re- 
combination of s ingle  defects .  
s t i t i a l s  and vacancies occurs during this process. These problems and 
others  wil l  continue t o  be invest igated as the modeling of high energy 
cascades proceeds. 

I t  i s  l i k e l y  t h a t  some c lus te r ing  of i n t e r -  

B .  Stochast ic  Cascade Annealing Simulation - H.  L .  Heinisch, J r .  and 
D .  G .  Doran (HEDL), D. M .  Schwartz (Cal. S ta te  Univ., Northridge) 

1 .  Introduction 

MARLOWE can model the i n i t i a l  displacement s tage of the cascade 
development, b u t  t o  model subsequent behavior there  must be another tool 
which, l i k e  MARLOkIE, can produce s t a t i s t i c a l l y  meaningful r e s u l t s  w i t h  a 
reasonable expenditure of computational e f f o r t .  The - Stochast ic  - Cascade 
- Annealing - Simulator computer code (SCAS) i s  such a too l .  SCAS i s  an atomic 
level  simulation which allows defec t s ,  each associated with a l a t t i c e  s i t e ,  
t o  migrate and i n t e r a c t  s tochas t i ca l ly  in accordance w i t h  given j u m p  r a t e s  
and c r i t i c a l  in terac t ion  dis tances .  SCAS was developed as a higher speed, 

b u t  somewhat l e s s  physically-based, sequel t o  the 9 b r i d  Annealing - - Program 
( H A P ) ( 4 )  with t h e  objec t ive  t h a t  SCAS could rout inely  handle the annealing 
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of large numbers of high energy cascades. 

2 .  Calibration of SCAS 

SCAS was run with the same s e t  of 5 keV and 20 keV MARLOWE 
cascades as  had been annealed with HAP in order t o  t e s t  the va l id i t y  of the 
s impli f icat ions  employed in  SCAS t o  increase i t s  computational speed. I n  
SCAS a l l  defect  c lu s t e r s  are  assumed spherical and  centered on fcc  l a t t i c e  
s i t e s ,  defects i n t e r ac t  with others which f a l l  inside a spherical  c r i t i c a l  
reaction volume without regard t o  the proximity of other  defec t s ,  and mo- 
b i l e  defect  c lu s t e r s  are moved as  a whole one l a t t i c e  s i t e  a t  a time. I n  

HAP the individual point  defects maintained t h e i r  i den t i t y  and were allowed 
jumps correla ted t o  t h e i r  association with a pa r t i cu l a r  c lu s t e r .  
eous vacancy- inters t i t ia l  annihi la t ion regions were defined by a s e t  of 
l a t t i c e  s i t e s  surrounding the defects .  

Spontan- 

I n  HAP a mobile defect  was followed unt i l  i t s  d is tance from 
a l l  other defects was greater  than a f ixed value. 
of an annealing simulation of an i so la ted  cascade was somewhat open-ended; 
runs were s topped i f  no reactions occurred during some large number of 
jumps. 
dar ies  i s  no longer followed. 
no mobile defects  remain within the volume. 

The point  of termination 

In SCAS a mobile defect  which wanders beyond a s e t  of fixed boun-  
Runs  are  routinely allowed t o  continue unt i l  

With r e l a t i ve  j u m p  frequences and c r i t i c a l  reaction dis tances  
chosen t o  represent the corresponding HAP values,  SCAS runs were done on 
the same s e t s  of ten d i f f e r e n t  5 keV and 20 keV cascades generated with an  
ea r ly  version of MARLOWE, which were par t  of the or iginal  input t o  the HAP 
annealing study. (5 )  

I n  SCAS a c r i t i c a l  reaction parameter i s  defined fo r  the inter- 
action of any two defects .  The fcc  l a t t i c e  s i t e s  are defined in  terms o f  

h a l f - l a t t i c e  parameters, and i f  squares of distances a r e  used, a l l  d is tance 
ca lcu la t ions  can be done i n  in teger  ar i thmet ic .  A c l u s t e r  i s  assumed t o  
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3n have a radius of ( ~ ) l / ~  where n i s  the  number of defects  i n  the cluster .  
Then, two defects i n t e r a c t  i f  the square of the dis tance from t h e i r  centers  
i s  less t h a n  o r  equal t o  

where R(S1,T1) and R(S2,T2)  are  the rad i i  of c l u s t e r s  o f  s i z e  S1 and S2 
respectively and types T l  and T2 respect ively .  
an adjustment such t h a t  the range of in te rac t ion  o f  d i f f e r e n t  types of de- 

f e c t s  may be d i f f e r en t .  

The increment D ( T l , T 2 )  i s  

The best  comparison of HAP and SCAS r e s u l t s  was achieved with 
D s e t  such t h a t  a vacancy could c lu s t e r  with another vacancy only i f  i t  
were a t  a nearest  neighbor posi t ion,  i n t e r s t i t i a l s  would c l u s t e r  with others 
a t  up  t o  t h i rd  neighbor dis tances ,  and annih i la t ions  of vacancies with i n t e r -  
s t i t i a l s  would occur f o r  a l l  which were second neighbors or l e s s .  These 
c r i t i c a l  reaction distances a r e ,  on the whole, somewhat smaller t h a n  those 
used in HAP. 
t i a l  c l u s t e r s  up t o  s i ze  three a re  considered mobile,and the r e l a t i ve  jump 
frequencies of the d i f f e r en t  mobile species were the same in  both models. 
Results are  f a i r l y  insens i t ive  t o  the j u m p  frequencies.  

I n  b o t h  models vacancy c l u s t e r s  u p  t o  s i ze  four and i n t e r s t i -  

HAP and SCAS were compared a t  three  stages o f  annealing: 
( 1 )  a t  T = 0 ,  before any motion, b u t  a f t e r  spontaneous react ions  had 

occurred, 
( 2 )  a t  T = 1000, i . e . ,  a f t e r  the simula.ted time interval  i t  would take 

(3 )  a t  the nominal "end of annealing," which occurs i n  SCAS when no mo- 
a s ing le  i n t e r s t i t i a l  t o  make 1000 jumps, and 

b i l e  defects  remain i n  the volume. 

Since the second neighbor SCAS recombination volume contains 
fewer s i t e s  t h a n  HAP'S 32- si te  region, l e s s  annih i la t ion  i s  expected t o  
occur. However, the c lus te r ing  model in SCAS assumes t h a t  point  defects  
are  coalesced in to  la rger  spherical  defects  centered on a s ing le  l a t t i c e  
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p o i n t .  

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

because o f  t h i s  r e s h u f f l i n g  d u r i n g  t h e  c l u s t e r i n g  procedure.  Thus, t h e  

number o f  p a i r s  s u r v i v i n g  i n  SCAS b e f o r e  t h i s  c l u s t e r i n g  i s  s l i g h t l y  

g r e a t e r  than i n  HAP, b u t  a f t e r  c l u s t e r i n g  i t  i s  s l i g h t l y  l e s s  as r e p o r t e d  

i n  Table 2. 

C l u s t e r i n g  a t  T = 0 i n  SCAS t h e r e f o r e  has t h e  e f f e c t  o f  changing 

A t  T = 1000 i n t e r s t i t i a l  jumps most a n n i h i l a t i o n s  have occur-  

r e d  and t h e  vacancies have n o t  y e t  moved. 

It i s  near  t h e  end o f  t he  most a c t i v e  p a r t  o f  t h e  annea l ing .  

shows t h a t  a t  t h i s  p o i n t  t h e  average number o f  p a i r s  and t h e  f r a c t i o n s  o f  
remain ing  d e f e c t s  wh ich  a r e  mob i l e  a re  t h e  same by b o t h  models. A f t e r  

t h i s  stage, p r i m a r i l y  vacancy mot ion,  r e s u l t i n g  i n  c l u s t e r i n g  and some 
a d d i t i o n a l  recombinat ion,  occurs d u r i n g  t h e  s imu la ted  t ime  o f  %lo1'  jumps  
u n t i l  no mob i l e  d e f e c t s  remain.  

Few mob i l e  i n t e r s t i t i a l s  remain.  

Table 2 

Because o f  t h e  way c l u s t e r i n g  i s  done i n  SCAS t h e r e  i s  l i t t l e  

chance f o r  l a r g e  c l u s t e r s  t o  f o rm i n  t h e  p re- annea l i ng  spontaneous r e a c t i o n s .  
As can be seen a t  T = 1000 and a t  t h e  end, t h e  c l u s t e r i n g  o f  m i g r a t i n g  de- 

f e c t s  occurs  about  t h e  same i n  SCAS and HAP. Some o f  t h e  d i f f e r e n c e s  c o u l d  

be due t o  t h e  l o n g e r  e f f e c t i v e  annea l i ng  t imes s imu la ted  by SCAS, as w e l l  

as t h e  d i f f e r e n c e  i n  t h e  d e f i n i t i o n  o f  how t h e  mob i l e  d e f e c t s  l e a v e  t h e  

system. Desp i te  t h e  ma jo r  d i f f e r e n c e s  i n  t r e a t i n g  t h e  d e t a i l s  o f  d e f e c t  

i n t e r a c t i o n s ,  t h e  two annea l i ng  models g i v e  remarkably s i m i l a r  r e s u l t s  

us ing  i n t e r a c t i o n  and jump parameters which a r e  n o t  i n c o n s i s t e n t  w i t h  each 

o t h e r .  

The most s i g n i f i c a n t  d i f f e r e n c e  between t h e  models i s  t h a t  o f  

computa t iona l  speed and c o s t .  Whi le  somewhat d i f f i c u l t  t o  assess because 

o f  t h e  ma jo r  d i f f e r e n c e s  i n  computing machinery used, o u r  b e s t  e s t i m a t e  i s  

t h a t  SCAS i s  f as te r / cheaper  than HAP by about  two o rde rs  o f  magnitude. 
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CHAPTER 5 

SUBTASK C:  DAMAGE MICROSTRUCTURE E V O L U T I O N  

AND MECHANICAL BEHAVIOR 
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I .  PROGRAM 

T i t l e :  I r rad ia t ion  Effects Analysis (AKJ) 
Principal Investigator:  D .  G .  Doran 
Af f i l i a t i on :  Hanford Engineering Development Laboratory 

11. OBJECTIVE 

The general object ive  of t h i s  work i s  t o  define e f f o r t s  needed under 
the DAFS program in order t o  meet program milestones. The spec i f ic  objec- 
t i v e  of current work i s  t o  assess  understanding of radiat ion damage rnecha- 
nisms in AISI 316 s t a in l e s s  s t ee l  in l i g h t  of the need t o  develop f i s s ion-  
fusion cor re la t ions .  

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

TASK I1 .C .1  Effects of Material Parameters on Microstructure 
II.C.2 Effects of Helium on Microstructure 
II.C.14 Models of Flow and Fracture Under I r rad ia t ion  
II.C.16 Composite Correlation Models and Experiments 
I1 .C.17 Plicrostructural Characterization 

IV. SUMMARY 

The DAFS program must be responsive t o  recent chanpes in  schedules of 
major fusion devices, especial ly  ETF*. A review i s  in progress of needed 
modeling, ana lys i s ,  and experimental work. 
of the data base and associated analyses developed under the Breeder Reac- 
tor Program, especial ly  on AISI 316 s t a i n l e s s  s t e e l ,  t o  fusion design en- 
vironments and integrat ion of those e f f o r t s  with ETF demand dates .  

The emphasis i s  on the extension 

* Engineering Test Fac i l i t y ,  current ly  i n  the conceptual design 
phase a t  Oak Ridge National Laboratory. 
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V . ACCOr4PL ISHMENTS AND STATUS 
A .  Review of Needs for  Developing Fission-Fusion Correlations - F .  A .  

Garner ( H E D L )  
1 .  Introduction 

One of the major object ives  of the DAFS program i s  the develop- 
ment and appl icat ion of a methodology, based on damage mechanisms, fo r  
cor re la t ing  the mechanical and dimensional behavior of mater ia ls  exposed 
t o  diverse t e s t  environments ( l a rge ly  f i s s ion  reac tors )  and projecting t h i s  
behavior t o  magnetic fusion reactor  environments. In order t o  address t h i s  
object ive ,  an assessment has been proceeding t o  determine the following: 

( 1 )  What cons t i tu tes  the f u l l  array of damage mechanisms t o  be considered? 
( 2 )  What needs t o  be done t o  provide models of these mechanisms? 
( 3 )  How a re  these models t o  be applied t o  f iss ion- fusion cor re la t ion  ef 

While t h i s  assessment i s  only p a r t i a l l y  complete, a preliminary ou t l ine  o 
the necessary research i s  emerging and i s  presented in  t h i s  report .  Some 
of the damage mechanisms t h a t  have been iden t i f ied  as  requiring a t ten t ion  
a r e  already under study ( e . g . ,  see Reference 1 ) .  

f o r t s ?  

The assessment has proceeded in l i g h t  of the major considera- 
t ions  l i s t e d  below. 

( 1 )  The Engineering Test  Fac i l i t y  (ETF)  schedule and milestones have been 

( 2 )  The DAFS Task Group has been reorganized recently t o  provide increased 

(3)  Fission-fusion cor re la t ions  require b o t h  an adequate data base cover- 

s e t  and  require short- term input from the  DAFS e f f o r t .  

emphasis on fundamental mechanical behavior. (See Chapter 1 ) .  

ing re levant  f l uence- f lux- tempera tu re  regimes and adequate descr ipt ions  of 
the operating damage mechanisms. AISI 316 i s  the one a l l oy  in  the US f a s t  
reactor  program f o r  which a s u f f i c i e n t  amount of data e x i s t s  t o  discern the 
competitive and synerg is t i c  influence of many important var iables .  Data on 
AISI 304 comprise the second l a rges t  data set .  However, not a l l  of the im- 
por t an t  damage mechanisms havk y e t  been iden t i f ied  f o r  these two a l l oys .  
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(4 )  AISI 316 has been selected as the primary structural material f o r  the 
f i r s t  conceptual design of ETF.  
outcome o f  a short-term research program i n i t i a t e d  under the Alloy Develop- 
ment f o r  Improved Performance ( A D I P )  program. 

(5 )  The f i r s t  wall of ETF i s  current ly  s l a ted  t o  operate a t  temperatures 
of 50-300°C in order t o  avoid the use of l iquid  metal coolants .  AS y e t  un-  
defined higher temperatures wil l  occur in ETF in various experimental t e s t  
modules. The overwhelming majority of the f a s t  reactor-generated data base 
l i e s  above 375"C, the exception being some U K  measurements a t  temperatures 
approaching 27OoC,  the i n l e t  temperature of DFR. 

( 6 )  I t  has recently been recognized t h a t  the radiation-induced mechanical. 
and dimensional changes of AISI 316 are  s trongly influenced by a complex 
microchemical evolution of the  a l loy  matrix t h a t  develops concurrently with 
the microstructural evolution. The instantaneous matrix microchemistry of 
t h i s  s t ee l  has been found t o  be sens i t ive  t o  the pre i r radia t ion  thermal 
mechanical treatment, temperature h is tory ,  displacement r a t e ,  neutron spec- 
trum, s t r e s s  and the  helium l e v e l ,  a l l  of which must be considered in the 
f ission- fusion corre la t ion  process. 

AISI 316 obtained in the breeder program are  being f ina l ized f o r  dissemina- 
t ion and incorporation into the fusion e f f o r t .  

(8) The use of charged p a r t i c l e  bombardments and even mixed spectrum f i z -  
sion reactor  i r r ad ia t ions  provide a t  best  simulations of  the response o f  a 
material t o  a fusion environment. Previous s tudies  of charged p a r t i c l e /  
f a s t  reactor  corre la t ions  have demonstrated the caution with which the re-  
s u l t s  o f  simulation experiments must be employed. 

F e r r i t i c s  may be included subjec t  t o  the 

( 7 )  Additional data on the  property changes and microchemical evolution of 

2 .  Areas Requiring Attention 
a .  Data Needs 

T h e  most c r i t i c a l  near-term DAFS requirement i s  the  col lec-  
t ion and development of a low temperature data base on AISI 316 in order t o  
contr ibute t o  completion of various ETF design milestones, the e a r l i e s t  
being September 1980. Any data avai lable  in  the shor t  term wil l  be derived 
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from low f lux ,  low fluence i r r ad i a t i ons  and from heats of s t ee l  d i f f e r en t  
from t h a t  employed in the breeder program. 
s t ruc tura l  information a t  these temperatures on which t o  base cor re la t ions .  
An e f f o r t  t o  c o l l e c t  and in t e rp re t  the avai lable  data has been i n i t i a t e d .  
A n  immediate object ive  of t h i s  e f f o r t  i s  t o  h e l p  guide low temperature i r -  
radiat ion experiments in mixed spectrum reactors .  

There i s  a l so  very l i t t l e  micro- 

b .  Microstructural/Microchemical Evolution 

For the temperature range 370-700°C the microstructural 
development of AISI 316 in f a s t  reactor  spectra i s  qu i te  well known. 
are  a l so  some data developed in the HFIR reactor  f o r  t h i s  temperature range. 
Correlations based on the act ion of microstructural components are  therefore  
well founded. What i s  not as  well known i s  the appropriate descr ipt ion o f  

the sink capture e f f i c i enc i e s  needed t o  describe swell ing,  i r r ad i a t i on  
creep, microchemical evolution of the matrix, and various segregation phe- 
nomena. There i s  no s a t i s f ac to ry  model f o r  the basic compositional depen- 
dence of irradiation- induced property changes, or f o r  the dependence on 
various so lu te  species .  
f o r  the behavior of f e r r i t i c  a l loys  r e l a t i ve  t o  t h a t  of aus t en i t i c  a l l oys ,  
and f o r  the development of vacancy loops in some a l loys  and under some ir- 
radiat ion condit ions,  b u t  no t  others. 

There 

Furthermore, s a t i s f ac to ry  explanations do n o t  e x i s t  

The following act ions  have been i n i t i a t e d  t o  address these 
needs. 

316. 
( 1 )  Nodels are  being developed f o r  the act ion of major so lu tes  in AISI 

The f i r s t  e f f o r t  on the action of s i l i con  in AISI 316 and other a l loys  
i s  included in a companion report. ( 1 )  

( 2 )  Summaries a r e  being prepared from a l l  avai lable  d a t a  on the apparent  
ro l e  of each element whose influence has been iden t i f ied  as  a major one in 
the determination of the i r r ad i a t i on  response of AISI 31G. 

mental o r  fabr ica t ion  var iables  i s  being reviewed and compiled t o  a id  in 
performing f iss ion- fusion cor re la t ion .  Each of the phases in AISI 316 has 

(3 )  The dependence of phase development in AISI 316 on a l l  major environ- 

66 



been found t o  be sens i t ive  t o  a d i f f e r e n t  array of var iables .  

l i ng ,  creep and mechanical proper t ies  on s t a r t i n g  composition in f e r r i t i c  
and Fe-Ni-Cr a l loys ,  and a l so  on instantaneous matrix composition in AISI 
316. This e f f o r t  involves the compositional dependence of sink biases .  
The model i s  now conceptual i n  nature b u t  mathematical models a r e  current ly  
being developed. 

(5 )  J o i n t  e f f o r t s  with other  laborator ies  are  being i n i t i a t e d  t o  t e s t  the 
va l id i ty  of several avai lable  theories describing sink capture e f f ic ienc ies  
which form the basis  of the models being developed in ( 4 ) .  

( 6 )  Although the microstructural evolution of AISI 316 i s  f a i r l y  well 
known, iden t i f ica t ion  of the damage mechanisms giving r i s e  t o  pa r t i cu l a r  
microstructural features  i s  n o t  s traightforward.  Consider, f o r  example, 
the double-peaked swelling and creep p ro f i l e s  observed in AISI 316 reactor 
components and the bimodal void populations observed in the al loy a t  higher 
temperatures. Each of these phenomena has been shown recently t o  have a 
microchemical description ra ther  than previously advanced microstructural 
and diffusion-based descr ipt ions .  Continued e f f o r t s  t o  i d e n t i f y  relevant 
mechanisms are expected t o  aid in the projection of f i s s ion  data t o  fusion 
environments. 

( 4 )  A model i s  being developed which will  describe the dependence of swel- 

c.  Mechanical Properties 

Whereas most previous microstructural/microchemical modeling 
e f f o r t s  by t h i s  a u t h o r  focused on swelling and creep, a t t en t ion  i s  now being 
directed toward mechanical proper t ies .  The f i r s t  e f f o r t  undertaken i n  t h i s  
area involves a microstructural/microchemical explanation of y ie ld  strength 
and d u c t i l i t y  data on b o t h  annealed and cold-worked AISI 316 i r rad ia ted  in  
fast  reac tors .  The major new ins igh t  ga ined  i n  this e f f o r t  has been t h a t  
the in te rac t ive  microchemical and microstructural evolution of t h i s  s t ee l  
can be used t o  explain b o t h  the low-temperature hardening and the high 

fluence saturation of these proper t ies  a t  a l l  re levant  temperatures. 
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d. Spectrum/Flux Cons ide ra t i ons  

One o f  t h e  ma jo r  requ i rements  f o r  f i s s i o n - f u s i o n  c o r r e l a t i o n s  

i s  the  development o f  an adequate d e s c r i p t i o n  o f  t h e  e f f e c t  o f  t h e  d i f f e r e n t  

energy d e p o s i t i o n  and damage c h a r a c t e r i s t i c s  o f  t h e  two neu t ron  envi ronments.  

To h e l p  meet t h i s  need, dAFS programs a re  i n  progress  u t i l i z i n g  mixed spec- 

t rum r e a c t o r s  and RTNS-11. 

a l s o  r e q u i r e  an  adequate i n c o r p o r a t i o n  o f  spectrum dependence i n  t h e  o r i g i n a l  

da ta  s e t s .  

spectrum dependence has been i n c o r p o r a t e d  o n l y  th rough a neu t ron  energy 

t h r e s h o l d  (0.1 MeV) o r ,  i n  a few cases, t h e  parameter dpa. Perhaps more 

i m p o r t a n t l y ,  t h e  e f f e c t  o f  d isplacement r a t e  ( f l u x )  has n o t  been i n c o r p-  

o ra ted .  

e r a t u r e  dependence.) 
f o r  da ta  ob ta ined  i n  t h e  EBR-11, DFR. Rapsodie and Phenix f a s t  r e a c t o r s  i t  

i s  i m p o r t a n t  t i i a t  b reeder  c o r r e l a t i o n s  be r e f o r m u l a t e d  t o  i n c l u d e  such v a r i -  

ab les  p r i o r  t o  a t t e m p t i n g  t o  e x t r a p o l a t e  t o  t h e  f u s i o n  envi ronment.  

t h e  r a d i a t i o n - i n d u c e d  e v o l u t i o n  o f  A I S I  3i6  has been found t o  be v e r y  sens i -  

t i v e  t o  d isp lacement  r a t e ,  the  separa te  i n f l u e n c e  o f  these v a r i a b l e s  m u s t  

be i n c o r p o r a t e d  i n t o  e x i s t i n g  c o r r e l a t i o n s .  

The p roper  e x t r a p o l a t i o n  t o  h i g h e r  f l uences  w i l l  

I n  c o r r e l a t i o n s  developed f o r  t h e  breeder  program, the  neu t ron  

(Both  f l u x  ana spectrum e f f e c t s  may be b u r i e d  i n  an apparent  temp- 

Since f l u x  and spectrum e f f e c t s  a re  i n t i m a t e l y  l i n k e d  

Since 

The i n f l u e n c e  o f  spectrum on he l ium p r o d u c t i o n  i s  adequate ly  

covered i n  o t h e r  2AFS programs and w i l l  n o t  be i n c l u d e d  i n  t h i s  e f f o r t .  

e.  He l ium E f f e c t s  

H F I R  i r r a d i a t i o n s  show t h a t  t h e  m i c r o s t r u c t u r a l  and m ic ro-  

chemical e v o l u t i o n  o f  A I S I  316 i s  s e n s i t i v e  t o  t l i e  he l i um c o n t e n t .  The 

s w e l l i n g  o f  t h i s  s t e e l  has been shown t o  be q u i t e  s e n s i t i v e  t o  he l i um a l s o .  

There a r e  e x i s t i n g  exper imenta l  e f f o r t s ,  u t i l i z i n g  e i t h e r  dual  i o n  o r  f a s t  

and mixed-spectrum r e a c t o r  i r r a d i a t i o n s ,  d i r e c t e d  toward i d e n t i f y i n g  t h e  

e f f e c t  and r o l e  o f  he l ium.  U n f o r t u n a t e l y ,  n o t  even t h e  r e a c t o r  exper iments 

a re  s i n g l e - v a r i a b l e  exper iments;  d i f f e r e n c e s  i n  f l u x  and spectrum comp l i ca te  

t h e i r  i n t e r p r e t a t i o n  i n  terms o f  h e l i u m  c o n t e n t .  
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To complement these simulation experiments, two d i f f e r en t  
s ingle-var iable  (he1 ium) experiments have been proposed which could be per- 
formed using current ly  exis t ing EBR-I1 i r rad ia ted  mater ia l .  
involve only microscopy. These are  the helium h a l o  technique(2) and the 
recoil-injection/pressurized tube  technique. 
ination of the inner wall near-surface material of creep experiment tubes.  
The analyt ical  tools  necessary t o  i n t e rp re t  the microscopy data are  being 
developed and an inventory i s  being conducted of avai lable  specimens. 

These e f f o r t s  

T h e  l a t t e r  involves the exam- 
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VII. FUTURE WORK 

Each of the areas  covered in t h i s  report  will  continue with primary 
emphasis on microstructural/microchemical modeling, low temperature AIS1 
316 data acquis i t ion and modeling of mechanical proper t ies .  Effor ts  will  
be made t o  report  relevant data generated under the breeder program as  i t  
i s  released i n  order t o  ensure e f f ec t i ve  and timely u t i l i z a t i on  by t h e  

fusion materials  community. 
a current  task g roup  assessment of DAFS milestones. 

T h e  discussion i n  t h i s  report  will  be used i n  
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I .  

I1 

PROGRAM 

T i t l e :  I r rad ia t ion  Effects Analysis (AKJ) 
Principal Invest igator :  0 .  G .  Doran 
Af f i l i a t i on :  Hanford Engineering Development Laboratory 

OBJECTIVE 

The object ive  of t h i s  e f f o r t  i s  t o  model the e f f e c t  of various so lu te  
addi t ions  on void nucleation in i r r ad i a t ed  metals 

111. RELEVANT OAFS PROGRAM TASK/SUBTASK 

SUBTASK II .C.l  Effects of Material Parameters on Microstructure 

IV. SUMMARY 

The fas t- d i f fus ing  species concept appears t o  be a viable mechanism 
f o r  suppression of void nucleation by s i l i con  atoms in AIS1 316 and other  
a l l oys .  The addit ion of slow-diffusing elements has an opposite b u t  l e s s  
pronounced e f f e c t  on void nucleation. The enhanced d i f f u s i v i t y  of the 
al loy which r e s u l t s  from the addit ion of s i l i con  leads t o  a substant ia l  
increase in the f r e e  energy ba r r i e r  t o  void nucleation,  pa r t i cu l a r ly  a t  
higher temperatures. The fas t- d i f fus ion  mechanism operates in addit ion t o  
the i n t e r s t i t i a l - s o l u t e  binding e f f e c t ,  and the combined fas t- d i f fus ion /  
i n t e r s t i t i a l  binding model dispenses with the requirement of un rea l i s t i -  
ca l l y  l a rge  i n t e r s t i t i a l - s o l u t e  binding energies needed f o r  the solute-  
binding concept. 
icon segregation behavior while fas t- d i f fus ion  accounts f o r  the void sup- 
pression. 

Solute binding may account fo r  most of the observed s i l -  

I n  316 s t a i n l e s s  s t e e l ,  nickel and s i l i con  are major determinants of 
the swelling behavior. While t h e  ro le  of s i l i con  can be ascribed a t  l e a s t  
p a r t i a l l y  t o  the fas t- d i f fus ion  e f f e c t ,  the ro le  of nickel cannot, and i t s  
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influence l i e s  in the operation of other physical mechanisms. 

V . ACCOMPLISHMENTS AND STATUS 
A .  The Effect  of So lu t e  Additions on Void Nucleation - F. A. Garner 

( H E D L )  and W. G .  Wolfer (University of Wisconsin) 

1 .  Introduction 

There now e x i s t s  ample evidence t h a t  ce r ta in  minor al loying 
elements have a pronounced e f f e c t  of delaying neutron-induced void forma- 
t ion in many metals and a l loys .  This suppression of nucleation i s  effec-  
t i v e  only as  l o n g  as  the ac t ive  elements remain in so lu t ion .  
t h a t  during i r rad ia t ion  these elements are inevi tably removed from the 

al loy matrix, however, which can lead t o  substant ia l  a l t e r a t i on  of the  ma- 
t r i x  composition due t o  coprecipi ta t ion of major a l loy components in to  
various second phases. ( l P 3 )  
cently conjectured t h a t  there  ex i s t s  a cor re la t ion  between the suppress ion 
of void formation and the presence of f a s t  d i f fusing solute  o r  solvent 
elements. 
r i s e s  from a spec i f ic  physical mechanism. 

I t  appears 

Venker, Ehrl ich and Giesecke (4 ’5 )  have re- 

They did not demonstrate, however, t h a t  such a correla t ion a-  

The conjecture of Venker e t  a l .  appears t o  be an a l t e rna t ive  
t o  the concept t h a t  defect  trapping a t  solute  elements reduces v o i d  forna- 

( 6 )  t ion .  This pos s ib i l i t y  has been proposed and analyzed by several authors.  
The trapping of i n t e r s t i t i a l s  and/or vacancies a t  so lu te  atoms o r  impurit ies 
enhances the probabi l i ty  of  recombination, and thereby lowers the super- 
saturat ion of vacancies. However, the enhanced recombination by trapping 
i s  only s ign i f i can t  f o r  vacancy-solute binding energies of 0 .3  eV o r  
g rea te r (6)  or f o r  i n t e r s t i t i a l - s o l u t e  binding energies of the order of o r  
g rea te r  than the vacancy migration energy. 
tude have not been confirmed by experiment f o r  i n t e r s t i t i a l - s o l u t e  complexes 
in fcc metals, and measured vacancy-solute binding energies a r e  generally 
0 . 2  eV or l e s s  fo r  subs t i tu t iona l  so lu te  elements. ( 7 )  
ping and detrapping may be expressed in terms of reducing the e f fec t ive  

Binding energies of t h i s  magni- 

The action of t rap-  
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d i f f u s i o n  c o e f f i c i e n t  f o r  the  p o i n t  d e f e c t ,  as has been shown by  :lansur. ( 6 )  

Enhanced recombinat ion  by t r a p p i n g  i m p l i e s  s lower  d i f f u s i o n  r a t h e r  than 

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

To determine t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  t h e  t r a p p i n g  mecha- 

nism and t h e  c o n j e c t u r e  o f  Venker e t  a l . ,  i t  i s  i m p o r t a n t  t o  r e a l i z e  t h a t  

the  fo rmer  process r e q u i r e s  immobile o r  s l o w l y  d i f f u s i n g  s o l u t e  atoms, 

whereas t h e  l a t t e r  assumes h i g h l y  mob i l e  s o l u t e  atoms. I t w i l l  be shown 

i n  t h i s  r e p o r t  t h a t  when f a s t - d i f f u s i n g  s o l u t e  atoms enhance the  vacancy 

m o b i l i t y ,  t h e  vacancy s u p e r s a t u r a t i o n  i s  reduced, and the  v o i d  n u c l e a t i o n  

r a t e  reduced. Both mechanisms, namely t r a p p i n g  a t  f i x e d  s o l u t e  elements 

and enhanced d i f f u s i o n  due t o  mob i le  s o l u t e s ,  l e a d  t o  a s i m i l a r  suppress ion  

o f  v o i d  n u c l e a t i o n ,  and they  appear t o  be two extreme cases o f  t h e  e f f e c t s  

o f  mob i l e  vacancy t r a p s .  

I n  t h e  f o l l o w i n g  s e c t i o n  the  concept  o f  e f f e c t i v e  vacancy 

d i f f u s i o n  i s  examined i n  a metal  w i t h  s u b s t i t u t i o n a l  i m p u r i t i e s .  The e f -  
f e c t i v e  vacancy d i f f u s i o n  c o e f f i c i e n t  i s  then used i n  the  v o i d  n u c l e a t i o n  

theo ry  t o  demonstrate t h a t  f a s t - d i f f u s i n g  s o l u t e s  can s i g n i f i c a n t l y  reduce 

v o i d  n u c l e a t i o n .  The r e s u l t s  and t h e i r  c o r r e l a t i o n  w i t h  exper imenta l  e v i -  

dence a r e  examined i n  t h e  l a s t  s e c t i o n .  

2 .  The E f f e c t i v e  Vacancy M i g r a t i o n  C o e f f i c i e n t  

The normal d i f f u s i o n  o f  s u b s t i t u t i o n a l  i m p u r i t y  atoms occurs 

by  vacancy m i g r a t i o n .  For d i l u t e  c o n c e n t r a t i o n s  o f  i m p u r i t i e s ,  d i f f u s i o n  

i s  commonly analyzed i n  terms o f  t h e  f i v e- f r e q u e n c y  model ,(*I from which 

Howard and L i d i a r d ( ’ )  have d e r i v e d  an 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  f o r  

vacancy m i g r a t i o n .  I n  the  p r e s e n t  work, we employ t h e  somewhat s i m p l e r  
exp ress ion  by Flynn,  (10) 

where Dv i s  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  m i g r a t i o n  o f  a f r e e  vacancy, and 

DS i s  the  d i f f u s i o n  c o e f f i c i e n t  f o r  a so lu te- vacancy p a i r .  C s  i s  t he  s o l u t e  
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concentration,  and 

K = 1 2  exp(Eb/kT) E21 

i s  the r a t e  constant f o r  the solute-vacancy dissociat ion in an fcc l a t t i c e ,  
and E b  i s  the solute-vacancy binding energq 

As shown by Howard and Lidiard,  Equation [ l ]  i s  valid i f  the 
concentration of bound vacancies i s  small compared t o  the so lu te  concentra- 
t ion C s .  

in metals i r rad ia ted  in a f a s t  neutron f lux i s  of the order of per 
atom or  l e s s ,  t h i s  condition i s  met. 
of Equation [ l ]  i s  t ha t  the j u m p  frequency of a f r e e  vacancy in to  a bound 
position must n o t  d i f f e r  great ly  from the j u m p  frequency of an i so la ted  
vacancy. 
frequency t h a t  d i f f e r s  subs tan t ia l ly  from t h a t  of the f r e e  vacancy. 

Considering the f a c t  t h a t  the s teady- sta te  vacancy concentration 

A fu r the r  r e s t r i c t i o n  on the va l id i t y  

Once formed, however, the vacancy-solute pa i r  may possess a j u m p  

I t  should be noted t h a t  Equation [1] i s  equally applicable 
when the flow of solute  i s  in the same or  opposite d i rec t ion  t o  the flow 
of vacancies. Therefore, both solute  drag and inverse Kirkendall e f f e c t s  
a r e  compatible with t h i s  treatment. 

Equation [ l ]  was derived assuming a quenched-in vacancy s u p e r -  

saturat ion in the absence of s e l f - i n t e r s t i t i a l s .  Therefore, i t s  applica- 
t i o n  t o  metals subject  t o  i r r ad i a t i on  i s  suspect.  In a soon t o  be published 
paper, Mansur has derived an  expression fo r  D:ff which i s  more 
general than Equation [ l ] ,  and  which incorporates the e f f e c t  of trapping 
and the recombination of i n t e r s t i t i a l s  and bound vacancies, as  well as  the 
transport of bound vacancies to  s inks .  He has shown, however, t h a t  trap-  
ping can be neglected whenever the binding energy E b  25 k T ,  i . e . ,  <0.27 eV 
a t  temperatures of 350°C o r  higher. Bound recombination need n o t  be con- 
sidered a s  being d i f f e r en t  from f r e e  recombination provided E b  < l o  kT.  
Final ly ,  t ransport  of bound vacancies has l i t t l e  e f f e c t  on the e f f ec t i ve  
dif fusion coef f ic ien t  in Equation [ l ]  i f  

% 
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E b  :[lo + I n  ( i l V / O s ) ]  kT .  [ 21  

% As long as E b  < 5  k T ,  condition ( 2 )  i s  a l so  s a t i s f i e d  when D S  i s  no la rger  
than  a b o u t  100 D v .  

All these conditions are  met f o r  vacancy-solute binding ener- 
g ies  in the range of measured values. Therefore, Equation [ l ]  may be used 
as the e f f ec t i ve  vacancy dif fusion coef f ic ien t  in the conventional r a t e  
theory in which the i n t e r s t i t i a l  mobility i s  much grea te r  than the vacancy 
mobility. 

The vacancy dif fusion coe f f i c i en t  f o r  nickel i s  given by 

D v  = 0.0153 exp(-E: / k T )  C31 

For an imaginary so lu te  atom in nickel we assume a d i f -  with E: = 1 . 4  eV. 
fusion coef f ic ien t  of 

O s  = 0.0153 exp(-E:/ kT)  E41 

where E T  d i f f e r s  from E! a t  the most by k0.2 eV. 

Figure 1 shows the e f f ec t i ve  vacancy dif fusion coe f f i c i en t  
D e f f  f o r  the case t h a t  E T  = 1 . 2  eV and E b  = 0.05 eV, and f o r  so lu te  concen- 
t r a t i o n s  u p  t o  5 a t . % .  I t  i s  seen t h a t  small addi t ions  of a f a s t  d i f fusing 
so lu te  element g rea t ly  enhance the vacancy mobili ty.  Note t h a t  r e l a t i ve ly  
minor so lu te  addit ions a r e  qu i te  e f f ec t i ve  and t h a t  addit ional so lu te  has 

e f f  a proportionally smaller e f f e c t .  With increasing so lu te  content,  D v  ap-  
proaches Ds a t  a r a t e  governed by the sign and magnitude o f  the binding 
energy E b .  

V 
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FIGURE 1 .  

3 .  Void Nucleation Rates 

To study the impact of fas t- d i f fus ing  solute  elements on vo id  
formation, the nucleation theory of Katz, Wiedersich and Russell ( ” ’  ( K W R )  

i s  u t i l i z ed  in conjunction with the standard rate theory. 
however, the e f f ec t i ve  vacancy dif fusion coef f ic ien t  D:ff i s  subs t i tu ted  
f o r  3”.  

and can be writ ten in  the  form 

In the l a t t e r ,  

(12,131 The nucleation bar r ie r  energy A G ( x )  has been givenpreviously,  

where 
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ACv i s  t h e  r ad i a t i on- p roduced  vacancy c o n c e n t r a t i o n  ove r  and above t h e  av- 

erage thermal vacancy concen t ra t i on  Fq i n  e q u i l i b r i u m  w i t h  t h e  s i n k s ,  and 

C;(n) i s  t h e  vacancy c o n c e n t r a t i o n  i n  e q u i l i b r i u m  w i t h  a v o i d  c o n t a i n i n g  

n vacanc ies.  Zy and Z; a r e  t h e  i n t e r s t i t i a l  and vacancy cap tu re  e f f i c i e n -  

c i e s  o f  vo ids ,  and Ti and Tv a r e  average cap tu re  e f f i c i e n c i e s  o f  a l l  s i n k s .  
All these q u a n t i t i e s  have been g i v e n  and d iscussed e x t e n s i v e l y  elsewhere.  (12,13) 

V 

The excess vacancy c o n c e n t r a t i o n  A C  can e a s i l y  be ob ta i ned  
V 

from t h e  r a t e  equa t ions .  

g i v e n  i n  Reference 1 2  and a d isp lacement  r a t e  o f  

t i o n  b a r r i e r  AG(x) /kT f o r  " pure n i c k e l "  i s  ob ta i ned  f rom Equa t ion  [5 ]  as 

a f u n c t i o n  o f  t h e  number o f  vacancies,  x, con ta ined  i n  t h e  v o i d ,  and the  

r e s u l t s  a r e  shown i n  F i g u r e  2 f o r  d i f f e r e n t  temperatures.  

Us ing t h e  m a t e r i a l s  parameters f o r  n i c k e l  as 

dpa/sec, t h e  nuc lea-  

X, P:UMDER 01 VACANCIES 

HEDL 7@10-147.7 

FIGURE 2.  Vo id  N u c l e a t i o n  B a r r i e r  C a l c u l a t e d  f o r  "Pure N i c k e l " .  Numbers 
i n  b racke t s  a r e  t h e  s t eady- s ta te  n u c l e a t i o n  r a t e s  p e r  cm3 and 
sec. 
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The numbers in brackets a r e  the s teady- sta te  void nucleation r a t e s  given 
by 

In the following, the void nucleation r a t e  fo r  the pure ma- 
t e r i a l ,  i . e . ,  when O v  

c lea t ion  r a t e  fo r  600°C i r rad ia t ion  i s  very low because the influence of 
helium atoms has  n o t  been included. I t  has been shown e a r l i e r ,  however, 
t ha t  the r a t i o s  I / I o  a r e  r e l a t i ve ly  insens i t ive  t o  the presence of gas 
when studying the parametric influence of variables such as s t r e s s .  

e f f  - - D v ,  wil l  be designated by Io .  Note t h a t  the n u-  

(13j 

T h e  e f f e c t  of 1 a t . %  of so lu te  atoms whose ac t iva t ion  energy 
fo r  migration i s  E! = 1 . 2  eV and  whose binding energy with vacancies i s  
E,, = 0.05 eV i s  shown in Figure 3 .  

4c 

3c 

I C  

&WC- 

I %  SOLUTE I IN NICKEL 

/q AI 10 1W IW 
X, NUMBER OF VACANCIES 

HEDL 7810447.8 

FIGURE 3 .  Free-Energy Barriers t o  Void Nucleation Calculated f o r  Nickel-1% 
Sol ute A1 1 oy . 
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Due t o  the enhanced mobility of vacancies, the  nucleation ba r r i e r  i s  raised 
f o r  temperatures where recombination does not  dominate the point defect  

concentrations and the steady s t a t e  nucleation r a t e ,  I ,  i s  decreased. This 
i s  more c l ea r ly  i l l u s t r a t e d  in Figure 4 which gives the r e l a t i v e  nucleation 
r a t e s  I / I o  as  a function of the so lu te  concentration C s .  

SOLUTE, ATOM ",, 

HEDL 8CQ1-230.1 

FIGURE 4 .  Relative Void Nucleation Rates f o r  Solute Additions with E: = 1 . 2  eV 
and E b  = 0.05 eV. 



These r e s u l t s  n o t  o n l y  c o n f i r m  t h e  c o n j e c t u r e  o f  Venker e t  a l . ,  

b u t  a t  t h e  same t ime  demonstrate t h a t  f a s t - d i f f u s i n g  s o l u t e  a d d i t i o n s  r e -  

duce t h e  v o i d  n u c l e a t i o n  r a t e  and the reby  inc rease  t h e  i n c u b a t i o n  dose f o r  

v o i d  s w e l l i n g .  The en- 

hancement o f  vacancy m o b i l i t y  by a d d i t i o n  o f  f a s t - d i f f u s i n g  s o l u t e s  is ana- 

logous t o  an inc rease  i n  temperature.  I n  b o t h  cases t h e  vacancy supersatu-  

r a t i o n  i s  reduced, and t h e  v o i d  n u c l e a t i o n  r a t e  depressed. 

The e f f e c t  can be i n t e r p r e t e d  i n  a s imple  manner. 

T h i s  argument can be c a r r i e d  f u r t h e r  by c o n s i d e r i n g  t h e  i n -  

f l u e n c e  o f  s l o w- d i f f u s i n g  s o l u t e  a d d i t i o n s .  Acco rd ing l y ,  seve ra l  cases 

have been i n v e s t i g a t e d  where in  t h e  s o l u t e  possesses a m i g r a t i o n  energy of. 

ES = 1.6 eV, i . e . ,  0.2 eV h i g h e r  than E:. F i g u r e  5 g i v e s  t h e  r e s u l t s  f o r  

0.1 a t . %  s o l u t e  a d d i t i o n s .  

d i f f u s i n g  case f o r  s o l u t e s  w i t h  E: = 1.2 eV and Eb = 0.05 eV, whereas t h e  

upper s o l i d  curve is f o r  a s l o w - d i f f u s i n g  s o l u t e  w i t h  E: = 1.6 eV and Eb = 

0.05 eV. Al though t h e  n u c l e a t i o n  r a t e  i s  increased w i t h  s l o w - d i f f u s i n g  

s o l u t e s ,  t h e  e f f e c t  i s  l e s s  pronounced than t h e  cor respond ing suppression 

o f  n u c l e a t i o n  by  f a s t - d i f f u s i n g  so lu tes ,  p rov ided  t h e  b i n d i n g  energy i s  
smal 1. 

m 

The lower  s o l i d  cu rve  shows a g a i n  t h e  f a s t -  

For  s t r o n g  b i n d i n g  w i t h  Eb = 0.2 eV, t h e  s l o w - d i f f u s i n g  s o l u t e  

(E: = 1.6 eV) produces a more s i g n i f i c a n t  i nc rease  i n  t h e  v o i d  n u c l e a t i o n  
r a t e ,  as shown by t h e  upper dashed curve.  T h i s  l a t t e r  case i s  cons idered 
a v e r y  i m p o r t a n t  demonst ra t ion  t h a t  s o l u t e  t r a p p i n g  o f  vacancies does n o t  

n e c e s s a r i l y  l e a d  t o  a r e d u c t i o n  i n  v o i d  s w e l l i n g .  I n  f a c t ,  f o r  reasonable 

b i n d i n g  energ ies  and f o r  a s lower  b u t  f i n i t e  m o b i l i t y  o f  t h e  s o l u t e  t h e  

p resen t  a n a l y s i s  l eads  t o  t h e  o p p o s i t e  conc lus ion .  T h i s  i n  no way c o n t r a -  

d i c t s  e a r l i e r  work on t h e  e f f e c t i v e n e s s  o f  immobi le t r a p s  on reduc ing  

s w e l l  i n g  (14) and i r r a d i a t i o n  c reep.  (15 )  

t h a t  e f f e c t i v e  t r a p p i n g  r e q u i r e s  p robab ly  smal l  p r e c i p i t a t e s  o r  c l u s t e r s  

o f  i m p u r i t i e s .  Conversely,  s o l u t e s  w i t h  low m o b i l i t y  a re  enhancing v o i d  

n u c l e a t i o n ,  and a h i g h e r  v o i d  number d e n s i t y  may be obta ined,  r e s u l t i n g  

i n  a l ower  s w e l l i n g  r a t e .  

Rather, i t  emphasizes t h e  f a c t  
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FIGURE 5. E f f e c t  on t h e  R e l a t i v e  Void N u c l e a t i o n  Rate o f  Slow and Fas t -  
D i f f u s i n g  S o l u t e  With 0.1 a t . %  Concen t ra t i on .  

80 



The i n t e r a c t i o n  o f  a vacancy w i t h  a s u b s t i t u t i o n a l  s o l u t e  atom 

may be r e p u l s i v e  r a t h e r  than  a t t r a c t i v e ,  i n  which case Eb i s  nega t i ve .  

p o s s i b i l i t y  may p a r t i c u l a r l y  e x i s t  w i t h  s l o w - d i f f u s i n g  s o l u t e  a d d i t i o n s .  

There fore ,  such a case was cons idered where in  E! = 1.6 eV and Eb = -0.1 eV. 

The r e p u l s i v e  i n t e r a c t i o n  o f  a vacancy and a s o l u t e  o f f s e t s  t h e  c o n t r i b u -  

t i o n  o f  the  s o l u t e s  t o  t h e  e f f e c t i v e  vacancy m o b i l i t y ,  and v o i d  n u c l e a t i o n  

i s  n o t  a f f e c t e d  much (as  a l s o  shown i n  F i g u r e  5 ) .  

T h i s  

4. D iscuss ion  

S i l i c o n  As a F a s t - D i f f u s i n g  Species i n  A I S I  316: An Assessment 

The above c a l c u l a t i o n s  demonstrate t h a t  t h e  a d d i t i o n  o f  a 

f a s t - d i f f u s i n g  s u b s t i t u t i o n a l  element can have a s u b s t a n t i a l  e f f e c t  on 

v o i d  n u c l e a t i o n  even a t  v e r y  low concen t ra t i ons .  

q u i r e  b i n d i n g  t o  occur,  e x h i b i t s  a s a t u r a t i o n  behav io r  w i t h  i n c r e a s i n g  

s o l u t e ,  and the  r e l a t i v e  suppression can v a r y  ove r  t h e  temperature range.  

The i m p o r t a n t  q u e s t i o n  t o  answer i s  whether t h i s  proposed mechanism i s  one 

o f  t h e  dominant mechanisms by  which i m p u r i t i e s  i n f l u e n c e  v o i d  growth  i n  

A I S I  316. 

The e f f e c t  does n o t  r e -  

I n  thermal  environments, s i l i c o n  i s  though t  t o  m i g r a t e  i n  

n i c k e l  by vacancy exchange mechanisms, as evidenced (16 )  by  i t s  a c t i v a t i o n  
energy f o r  d i f f u s i o n  (61.7 Kcal/gram atom). (16) 

t h a t  t h e  a d d i t i o n  of  s i l i c o n  leads t o  a r e d u c t i o n  i n  v o i d  number d e n s i t y  

i n  316 s t a i n l e s s  s t e e l  a t  low displacement l e v e l s  i n  b o t h  neu t ron  and 

e l e c t r o n  i r r a d i a t i o n s .  Other  a l l o y s  a l s o  show a suppress ion  o f  v o i d  nu- 

c l e a t i o n  w i t h  s i l i c o n .  Since i t s  d i f f u s i v i t y  i s  f rom two t o  t h r e e  o r d e r s  

o f  magnitude g r e a t e r  than  t h a t  o f  n i c k e l  s i l i c o n  appears t o  be an e x c e l -  
l e n t  example of  the  f a s t - d i f f u s i n g  s o l u t e .  '(16) 

I t  has a l s o  been shown 

There i s ,  however, some tendency i n  the  r a d i a t i o n  e f f e c t s  

community t o  v iew t h e  f a s t - d i f f u s i o n  model as be ing  i n  o p p o s i t i o n  t o  

another  p o s t u l a t e d  mechanism, t h a t  o f  s o l u t e  drag b y  f o r m a t i o n  o f  bound 
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i n t e r s t i t i a l s .  Th i s  l a t t e r  mechanisms i n v o l v e s  t h e  f o r m a t i o n  o f  d i - i n t e r -  
s t i t i a l  complexes w i t h  t h e  sma l l e r  atoms o f  t h e  l a t t i c e ,  l o w e r i n g  t h e  e f -  

f e c t i v 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 .  (17)  S i l i c o n  i s  indeed one o f  

t h e  s m a l l e r  atoms i n  a u s t e n i t i c  a l l o y s  and t h e r e  i s  s u b s t a n t i a l  ev idence 

t h a t  s o l u t e  d rag  e f f e c t s  occur .  The seg rega t i on  o f  s i l i c o n  t o  v a r i o u s  

s i n k s  i s  o f t e n  c i t e d  as ev idence o f  so lu te- d rag  e f f e c t s  s i n c e  s i l i c o n  

c o u l d  m i g r a t e  w i t h  i n t e r s t i t i a l s ,  w h i l e  i t  would m i g r a t e  away f rom t h e  

n e t  vacancy f l o w .  Segregat ion  o f  s i l i c o n  a t  s i n k s  cannot  be cons idered 

pr ima f a c i e  ev idence f o r  s o l u t e  d rag  e f f e c t s  as t h e  o n l y  o p e r a t i v e  mecha- 

nism, however. 

t e r s t i t i a l s  ove r  vacancies and t h e  growth o f  vo ids  r e s u l t s  o n l y  f rom d i s -  

l o c a t i o n s  hav ing  h i g h e r  p re fe rences  f o r  i n t e r s t i t i a l s  than do v o i d s .  I t  

shou ld  be noted, however, t h a t  t h e  n e t  f l o w  o f  i n t e r s t i t i a l s  ove r  vacan- 

c i e s  i s  ve ry  smal l  f o r  a l l  s i nks ,  and the  enhanced d i f f u s i v i t y  o f  unbound 
s i l i c o n  would e v e n t u a l l y  r e s u l t  i n  i t s  sampl ing a l l  l a t t i c e  s i t e s .  The 

seg rega t i on  o f  s i l i c o n  m i g h t  t h e r e f o r e  r e s u l t  f rom random m i g r a t i o n  t o  

s i n k s  a t  which t h e  f r e e  energy o f  s i l i c o n  i s  lowered.  Segregat ion  would 

Wo l fe r  (18)  no tes  t h a t  a l l  s i n k s  have pre ferences  f o r  i n -  

a l s o  r e s u l t  i f  t h e r e  were vacancy- so lu te  b i n d i n g .  (19)  

There i s  one t ype  o f  ev idence wh ich  argues v e r y  c o n v i n c i n g l y  

t h a t  s o l u t e  d rag  e f f e c t s  ope ra te  on t h e  s i l i c o n  atoms!"' S i l i c o n  i s  known 

t o  m i g r a t e  t o  specimen su r faces  d u r i n g  i r r a d i a t i o n  and fo rm s i l i c o n - r i c h  

phases. I f  t h e  i r r a d i a t i o n  ceases w h i l e  t h e  tempera ture  i s  ma in ta ined  t h e  

s i l i c o n - r i c h  phases a lmost  immedia te ly  d i s s o l v e .  T h i s  means t h a t  t h e  f r e e  

energy s t a t e  i s  n o t  l o w e r  a t  t h i s  t ype  o f  s i n k  and t h e  s i l i c o n  must have 

been c a r r i e d  o r  dragged up an o t h e r w i s e  insurmountab le  energy b a r r i e r  i n  

o r d e r  t o  fo rm such phases. 

There i s  t h e r e f o r e  no doubt  t h a t  s o l u t e  d rag  e f f e c t s  e x i s t ,  

b u t  t h e  f a s t  d i f f u s i n g  and s o l u t e  d rag  concepts a r e  n o t  n e c e s s a r i l y  mutu- 

a l l y  e x c l u s i v e  models. 

t r a t i o n  i s  r e l a t i v e l y  smal l  compared t o  t h e  t o t a l  s o l u t e  l e v e l ,  so d i r e c t  

c o m p e t i t i o n  o f  t h e  two mechanisms would n o t  be a ma jo r  f a c t o r .  

q u i t e  l i k e l y  t h a t  a combinat ion  o f  these two mechanisms i s  ope ra t i ng ,  and 

Both  t h e o r i e s  r e q u i r e  t h a t  t h e  bound d e f e c t  concen- 

It i s  
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the combination would a l l e v i a t e  one of the major problems with the solute-  
binding model. While solute-binding e f f e c t s  could account f o r  segregation 
a t  surfaces ,  exceptionally high binding energies a r e  required t o  a f f e c t  
void nucleation. In e f f e c t ,  the i n t e r s t i t i a l  would have t o  become the 
slowest-moving defect ,  which requires binding energies - >0.7 eV. 
parameter s tudies  by Okamoto e t  a l .  ( ' l) have indicated t h a t  a t  low damage 
r a t e s  dpa/sec) even a binding energy of i n t e r s t i t i a l s  t o  0.1% of 
s i l i con  atoms of 1 . 5  eV has a negl igible  e f f e c t  in increasing vacancy- 
i n t e r s t i t i a l  recombination. 
s t i t i a l  t raps  with binding energy of 1 eV would have a negl igible  e f f e c t  
on radiation-enhanced dif fusion a t  a damage r a t e  of dpa/sec. Recent 
measurements of loop formation during e lectron i r r ad i a t i on  suggest t h a t  

although the experiment was conducted in a manner which did n o t  take i n to  
account possible s i l i con  segregation t o  f o i l  surfaces.  

Some 

Marwick (") has shown t h a t  even 1 %  of i n t e r -  

the s i l i c o n- i n t e r s t i t i a l  binding energy i s  only on the order of 0.26 eV, (23) 

There are  several s e t s  of data which support the combined f a s t  
d i f f u s i o n / i n t e r s t i t i a l  binding model. Several researchers have observed 
s i l i con  depletion in  the i r r ad i a t ed  zone of ion-bombarded specimens, a 
process which r e su l t s  in s i l i con  enrichment both a t  the surface and beyond 
the ion range. (24125) This would be the inevi table  r e s u l t  of solute  bind- 
ing. Marwi ck 
and P i l l a r  have shown, however, t h a t  addit ion of  s i l i con  t o  nickel reduces 
the mobility of implanted tracer chromium atoms during ion bombardment. 
This demonstrates a s t r o n g  e f f e c t  of s i l i con  on the vacancy mobility and 
the subsequent di f fusion of other subs t i tu t iona l  components. Assassa and 

Gui ral denq (26) have recently shown t h a t  s i l i con  addi t ions  t o  a Fe-16Cr-14Ni 
a l loy increases the frequency fac tors  f o r  di f fusion of a l l  three solvent 
atoms, which a l so  s ignals  s i l i c o n ' s  influence on vacancy dif fusion.  

Solute-vacancy binding would not y i e ld  t h i s  r e s u l t .  (24)  

( 2 2 )  

Fast Diffusion by Solvent Atoms: An Assessment 

Nickel i s  the slowest di f fusing component of Fe-Ni-Cr ternary 
( 27 )  a l loys .  I t  a l so  has the smallest  pa r t i a l  molar volume of Fe-Ni-Cr-Si 
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a l l o y s  so t h a t  one would expec t  n i c k e l  t o  concen t ra te  a t  s i n k s  by b o t h  

n i c k e l - i n t e r s t i t i a l  b i n d i n g  e f f e c t s  and by p r e f e r e n t i a l  o u t - m i g r a t i o n  o f  

f a s t e r  d i f f u s i n g  Fe and C r  atoms. 
t h e  c o p r e c i p i t a t i o n  o f  n i c k e l  and s i l i c o n  observed i n  b u l k  m a t e r i a l  (1 -3 )  

i f  t h e  c o p r e c i p i t a t i o n  were o c c u r r i n g  on m i c r o s t r u c t u r a l  s i n k s .  A t  e x t e r -  

n a l  su r faces ,  however, t h e  s i t u a t i o n  i s  n o t  q u i t e  so c l e a r .  N i c k e l  has 

been observed t o  be dep le ted  a t  su r faces  i n  71Fe-15Cr-14Ni ( 2 2 )  d u r i n g  i o n  

bombardment, b u t  accumulated a t  su r f aces  i n  73Fe-13Cr-8Ni- lSi .  ( '  7, The 

d i f f e r e n c e s  i n  n i c k e l  behav io r  may rep resen t  s lower  segrega t ion  phenomena 

i n v o l v i n g  o rdered  phases such as Ni,Fe. 

e f f e c t  i n v o l v i n g  s o l v e n t  atoms would be expected t o  be s lower  than  t h a t  

i n v o l v i n g  s i l i c o n .  T h i s  may e x p l a i n  why an i r r a d i a t i o n - i n d u c e d  phase such 

Such behav io r  would be c o n s i s t e n t  w i t h  

I n  any even t  t h e  f a s t - d i f f u s i o n  

as y '  i n  316 s t a i n l e s s  s t e e l  r e q u i r e s  thousands o f  hours t o  form. ( 1 )  

There does appear t o  be some r e l a t i o n s h i p  between s o l u t e  and 

s o l v e n t  m i g r a t i o n  however. N o t  o n l y  do s i l i c o n  and n i c k e l  c o p r e c i p i t a t e  
under i r r a d i a t i o n  b u t  t h e  a d d i t i o n  o f  s i l i c o n  changes t h e  r a t i o s  o f  d i f f u -  

s i v i t i e s  o f  t h e  v a r i o u s  s o l v e n t  atoms i n  thermal d i f f u s i o n  s t u d i e s  a t  

1334°C.(28) 

v i a b l e  mechanism f o r  s o l v e n t  atoms i n  Fe-Ni-Cr a l l o y s .  

These au thors  showed t h a t  t h e  f a s t  d i f f u s i o n  e f f e c t  i s  n o t  a 

As w i l l  be shown i n  l a t e r  r e p o r t s  t h e  r o l e  o f  n i c k e l  appears 

n o t  t o  be assoc i a ted  w i t h  a l a r g e  d i r e c t  e f f e c t  on b u l k  d i f f u s i o n  behav io r ,  

b u t  i n  i t s  e f f e c t  on s i n k  p re fe rences  f o r  p o i n t  d e f e c t s .  
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Model ing on t h e  compos i t i ona l  dependence of  v a r i o u s  r a d i a t i o n - i n d u c e d  

p r o p e r t y  changes w i l l  con t inue ,  as w e l l  as t h e  a p p l i c a t i o n  o f  these models 

t o  t h e  development o f  f i s s i o n - f u s i o n  c o r r e l a t i o n s .  

VIII.PUBLICATIONS 

A somewhat expanded v e r s i o n  o f  t h i s  r e p o r t  i s  i n t ended  f o r  submiss ion 

t o  Journa l  o f  Nuc lear  M a t e r i a l s .  
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I .  PROGRAM 

Title: Irradiation Response of Materials 
Principal Investigators: S .  Wood, J .  A. Spitznagel and W .  J .  Choyke 
Affiliation: Westinghouse Research and Development Center 

11. OBJECTIVE 

The objective of this work is to assess the phenomenology and mechan- 
isms of microstructural evolution in materials exposed to simultaneous 
helium injection and creation o f  atomic displacement damage by a second 
ion beam. 

111. RELEVANT DAFS PROGRAN TASK/SUBTASK 

SUBTASK II.C.l, II.C.2, II.C.3, II.C.5, II.C.9, II.C.18 

I V .  SUMMARY 

Dual ion irradiation experiments on SA 316 and 20% C.R. 316 SS were 
conducted over a wide range of damage rates, helium injection rates and 
ambient oxygen partial pressures. 
growth regime observed in SA 316 at 600°C is independent o f  t h e  ambient 
oxygen partial pressure. Atomic displacement and helium injection rate 
mapping of the rapid cavity growth regime over 2-3 orders of magnitude 
variation in rates is shown to be possible. Experimentally determined 
maximum equilibrium bubble sizes and "upper bound" theoretical critical 
cavity sizes for a transition from gas-driven bubble growth to bias-driven 
void growth are shown to be in reasonable agreement. 

It is concluded that the rapid cavity 
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V. ACCOMPLISHMENTS AND STATUS 

A .  G e n  

Atmospheres 

Simultaneous i m p l a n t a t i o n  o f  he l i um and bombardment w i t h  t h e  heavy 

ion,  S i t6 ,  beam may r e s u l t  i n  ve ry  r a p i d  c a v i t y  g rowth  a t  600°C i n  s o l u -  

t i o n  annealed 316 SS, as d iscussed i n  e a r l i e r  r e p o r t s .  ( l  

a d d i t i o n a l  exper iments showed") t h a t  specimens i r r a d i a t e d  a t  somewhat 

h i g h e r  damage r a t e s  ( 2  1.7 x dpa/s) and i n  a b e t t e r  vacuum ( l o w e r  

O2 p a r t i a l  p ressu re )  d i d  n o t  revea l  t h e  e x p l o s i v e  growth  phenomenon. 

Thus, i n  o r d e r  t o  separa te  damage r a t e  and oxygen p a r t i a l  p ressure  

e f f e c t s ,  a smal l  m a t r i x  o f  samples were d u a l l y  i r r a d i a t e d  f o r  t h e  nominal 

c o n d i t i o n s  g i v e n  i n  Table I :  t w o  p a r t i a l  p ressures  of oxygen and t h r e e  

damage r a t e s  were u t i l i z e d .  A change in damage r a t e  a t  c o n s t a n t  s e c t i o n  

dep th  was e f f e c t e d  by changing t h e  S i t 6  beam c u r r e n t  and i r r a d i a t i o n  t ime .  

As usua l ,  t h e  He beam was t a i l o r e d  t o  match t h e  S i  Sn(x) curve  and t h e  

He c u r r e n t  was a l s o  a d j u s t e d  t o  y i e l d  a f i x e d  He l e v e l  (% 18 appm) f o r  

a l l  specimens a t  t h e  s e c t i o n  dep th  i n v e s t i g a t e d .  

However, 

The oxygen p a r t i a l  p ressu re  was c o n t r o l l e d  by adding a G r a n v i l l e -  

P h i l l i p s  v a r i a b l e  l e a k  v a l v e  t o  t h e  s imul taneous i m p l a n t a t i o n  fu rnace  

chamber. The conductance o f  t h i s  v a l v e  i s  c o n t i n u o u s l y  v a r i a b l e  f rom 

0.4 l i t e r s / s e c  t o  l i t e r s / s e c ,  t he reby  a l l o w i n g  a wide range o f  

system pressures  t o  be a c c u r a t e l y  ma in ta ined .  

sures were ob ta ined  u s i n g  a Bayard- Alper t  i o n i z a t i o n  gauge and a p p l y i n g  a 

gauge c o r r e c t i o n  f a c t o r  f o r  oxygen. As a f i n a l  check, t h e  compos i t i on  o f  

t h e  gas i n  t h e  v i c i n i t y  o f  t h e  sample was examined us ing  t h e  E x t r a n u c l e a r  

Labo ra to ry  r e s i d u a l  gas ana l yze r .  ( 3 )  
i ns t rumen t  were 0 and O2 i n d i c a t i n g  an e s s e n t i a l l y  pure  oxygen atmosphere 

near t h e  sample su r face .  As g i v e n  i n  Tab le  I ,  t h e  two oxygen p a r t i a l  

p ressures  s e l e c t e d  were 6.7 x and 6.7 x Pa, r e s p e c t i v e l y ,  and 

t h e  damage r a t e s  were chosen t o  encompass those u t i l i z e d  i n  p rev ious  

exper iments shcwing t h e  e x p l o s i v e  growth  e f f e c t .  

Measurements o f  these p res-  

The o n l y  i o n s  observed u s i n g  t h i s  
+ + 
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TABLE 1. EXPERIMENTAL PARAMETERS USED TO DETERMINE THE EFFECT 
OF OXYGEN PARTIAL PRESSURE ON MICROSTRUCTURE 

* 
He r a t e s  a r e  b racke ted  below t h e  damage r a t e s .  

Represen ta t i ve  c a v i t y  m i c r o s t r u c t u r e s  from 4 o f  t h e  samples a r e  shown 

i n  Fig.  1, a l l  a t  f l uences  2.5 dpa. (Note t h a t  t h e  micrographs i n  F igs .  

l a  and IC r e f l e c t  an inhomogeneous t h i n n i n g  o f  t h e  specimens.) Comparison 

revea led  t h a t ,  f o r  a l l  t h r e e  damage r a t e s  (and, t h e r e f o r e ,  he l ium i n j e c -  

t i on  rates),  t h e  m i c r o s t r u c t u r e s  produced i n  t h e  d i f f e r e n t  oxygen atmos- 

pheres a r e  v e r y  s i m i l a r  and e x h i b i t  only minor  d i f f e r e n c e s .  C e r t a i n l y ,  

t h e  oxygen p a r t i a l  p ressure  was n o t  a ma jo r  i n f l u e n c e  i n  t h e  development 

o f  h i g h  s w e l l i n g .  O f  t h e  6 specimens i n v e s t i g a t e d ,  t h e  o n l y  2 which exh ib-  

i t e d  a p r o f u s i o n  o f  l a r g e  c a v i t i e s  were those  i r r a d i a t e d  a t  t h e  h i g h e s t  

damage and he l ium i n j e c t i o n  r a t e s  (F igs .  l a  and l b ) .  Those bombarded a t  

t h e  i n t e r m e d i a t e  r a t e s  (not shown) had m i c r o s t r u c t u r e s  v e r y  s i m i l a r  t o  

those  shown i n  F igs .  IC and I d ,  w i t h  a r e l a t i v e l y  smal l  number d e n s i t y  o f  
voids, o f t e n  assoc ia ted  w i t h  a c i c u J a r  p r e c i p i t a t e s .  These p r e c i p i t a t e s  

were n o t  observed i n  t h e  h i g h  r a t e  samples, b u t  t h e r e  a r e  p a r t i c l e s  w i t h  a 
more b l o c k y  morphology p resen t  i n  both.  

samples p resen ted  i n  F igs .  IC and I d  i s  t h e  presence o f  numerous smal l  

(% 2081) bubbles nucJeated a long  t h e  a c i c u l a r  p r e c i p i t a t e s .  S ince t h e  

L i c ) i L a L e > ,  I L  a w e a n  LO nave a riiqiier bubble d e n s i t y .  D i s l o c a t i o n  s t r u c -  

An a d d i t i o n a l  f e a t u r e  i n  t h e  

pp02 has a h i g h e r  d e n s i t y  o f  p re -  

pendent, showing an 

specimen i r r a d i a t e d  a t  t h e  lower  oxygen 
-1 - - . * - * - -  2 *  *_  L - L-'-l-___ . .  - 
t u r e s  were a l s o  more r a t e  than  oxygen p ressure  de 

. - .. . .  .., . i nc rease  i n  r a u r t e a  loops w i t n  aecreas ing  aamage r a t e  f o r  b o t h  p a r t i a l  

p ressures  o f  oxygen. Q u a n t i f i c a t i o n  o f  b o t h  v o i d  and d i s l o c a t i o n  dens i-  

t i e s  i s  s t i l l  i n  progress.  
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( A )  P P O ~  1 6 , 7  x 10-4 PA; (B) P P O ~  .̂ 6 - 7  x PA; 
DAMAGE RATE 2,O x DAMAGE RATE = 2 , 3  x 

10-4 DPA/S 10-4 DPA/S 

( c )  P P O ~  1 6 , 7  x 13-4 PA; ( D )  P P O ~  = 6 , 7  x 10-6 FA; 
DAMAGE RATE = 5 , 5  x DAMAGE RATE = 5 , 7  x 

10-5 DPA/S 10-5 DPA/S 

FIGURE 1. C a v i t y  M i c r o s t r u c t u r e s  Produced By Simul taneously  Bombarding SA 
316 SS With He and S i + 6  a t  600°C i n  D i f f e r e n t  02 P a r t i a l  Pressures. 

Thus, these r e s u l t s  suggest t h a t  t h e  e x p l o s i v e  c a v i t y  growth reg ime 

i s  n o t  a f u n c t i o n  o f  t h e  oxygen pressure,  b u t  i s  dependent on b o t h  damage 

and he l ium i n j e c t i o n  r a t e s .  

a d d i t i o n a l  exper iments designed t o  d e l i n e a t e  t h e  boundaries o f  t h e  regime 

which a r e  d iscussed f u r t h e r  i n  t h e  n e x t  s e c t i o n .  

Th i s  obse rva t i on  i s  i n  good agreement w i t h  
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B. Rapid C a v i t y  Growth i n  S imul taneous ly  Bombarded 316 SS a t  600°C 

The occurrence o f  t h e  h i g h  s w e l l i n g  phenomenon i n  SA 316 SS s i m u l -  

taneous ly  bombarded w i t h  S i t 6  and l ie a t  600°C has been d iscussed i n  some 

d e t a i l  p r e v i o u s l y .  ( '") 
regime appears t o  be v e r y  dependent upon b o t h  damage r a t e  and he l ium 

i n j e c t i o n  r a t e ,  and thus,  a t tempts  a r e  c u r r e n t l y  underway t o  map o u t  t h e  

s p e c i f i c  va lues f o r  which t h i s  seve re l y  d e t r i m e n t a l  m i c r o s t r u c t u r a l  

e f f e c t  i s  observed. Des ign ing and per fo rm ing  dua l  beam exper iments f o r  

which t h e  S i t 6  beam c u r r e n t  can be a c c u r a t e l y  c o n t r o l l e d  and k e p t  cons tan t  

a t  t h e  specimen ( w i t h i n  * 10%) over  a range o f  va lues (0.3 - 3 uA) o n l y  

became p o s s i b l e  a f t e r  t h e  i n t r o d u c t i o n  o f  new exper imenta l  m o d i f i c a t i o n s .  

F i r s t l y ,  t h e  carbon s t r i p p i n g  f o i l s  have been much improved, and 

secondly,  a t h e r m o e l e c t r i c  c o o l i n g  dev ice  has been added t o  t h e  Cs b o i l e r  

i n  t h e  Un ive rsa l  Negat ive I o n  Source. Improved carbon f o i l s  p e r m i t  

e x c e l l e n t  beam s t a b i l i t y ,  even a t  t h e  h i g h e r  beam c u r r e n t s ,  and t h e  

c o o l i n g  dev ice  a l l o w s  achievement o f  v e r y  low - dpa/s)  damage 

r a t e s .  

It has been observed t h a t  t h e  h i g h  c a v i t y  growth 

F i g u r e  2 documents t h e  exper imenta l  observa t ions  t o  date .  The da ta  

s t r o n g l y  suggest t h a t  t h e r e  a re  s p e c i f i c  ranges o f  damage and he l ium 

i n j e c t i o n  r a t e s  f o r  which r a p i d  c a v i t y  growth occurs,  and t h a t  o u t s i d e  
these ranges, i t  i s  n o t  induced. A t  p resen t ,  t h e  d a t a  d e f i n e  p a r t  o f  t h e  

boundary of t h e  regime and show where t h e  phenomenon - has been observed 

b u t  do n o t  extend s i g n i f i c a n t l y  i n t o  t h e  r e g i o n  o f  "no r a p i d  c a v i t y  
growth."  It i s  assumed t h a t ,  f o r  example, a damage r a t e  o f  q1 2.5 x 

dpa/s a t  a he l ium i n j e c t i o n  r a t e  o f  1.5 x appm/s i s  t h e  boundary 

between r a p i d  and more "normal"  c a v i t y  growth. It i s  no t ,  however, accu- 

r a t e  t o  say t h a t  h i g h  he l ium l e v e l s  independent ly  suppress t h e  phenomenon 

s i n c e  t h e  occurrence i s  a l s o  in terdependent  on damage r a t e .  

A complete mapping o f  t h e  "growth/no growth"  boundary may n o t  be 

p o s s i b l e  because o f  severa l  exper imenta l  f a c t o r s .  F i r s t l y ,  a t  t h i s  

f l u e n c e  (2-5 dpa), d a t a  a t  damage r a t e s  > 2.5 x l o m 4  dpa/s a r e  d i f f i c u l t  
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Curve 720383-A 
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FIGURE 2. Observa t ion  of Rapid C a v i t  Growth i n  SA 316 SS S imul taneous ly  
I r r a d i a t e d  w i t h  He and S i+$  a t  600°C t o  2-5 dpa. 
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to obtain because of beam current limitations. 
injection rates, the damage incurred by the helium beam becomes a signi- 
ficant fraction of the total dpa. 
irradiated at 2.2 x 
damage may be incurred by the He beam. These problems suggest that the 
most fruitful area for future experiments will utilize low damage rates 
and low helium injection rates. 

Also, at high helium 

For example, for the specimen 
dpa/s and 3 x lo-’ appm He/s, 21 30% of the 

The high swelling observed in SA 316 SS at 600°C is often accom- 
panied by cavity alignment and acicular precipitate formation which 
prompted the suggestion that the explosive growth phenomenon is directly 
linked to solute segregation. (’) In any event, the rapid cavity growth 
is obviously the result of a delicate balance between atomic displacement 
rate, helium injection rate and irradiation temperature. A more detailed 
analysis of the data presented in Fig. 2 is still in progress. In parti- 
cular, it is not fully understood why the high swelling is suppressed at 
high damage and helium injection rates, although an independent study in 
304 SS has shown that high helium levels inhibit acicular precipitate 
formation. ( 4 )  Suppression may occur at low damage rates because of a 
reduction in the defect flux, but present data unfortunately suggest 
that the rates characteristic of projected fusion reactor first wall con- 
ditions favor the anomalous cavity growth regime. 

C. Experimental Determination of the Maximum Equilibrium Bubble Size 
in 316 SS and Comparison with the Theoretically Predicted Criti- 
cal Cavity Size for the Transition from Gas-Driven to Bias-Driven 
Growth 

Helium mobility, bubble nucleation and growth rates and the micro- 
structural conditions leading to rapid bias-driven cavity growth from a 
population of bubbles are not known. Such information is essential for 
understanding helium effects in first wall and blanket elements under 
projected fusion reactor conditions. In addition, such information is 
necessary for intelligent planning and modeling of high energy neutron 
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source and mixed-spectrum fission reactor experiments on microstructural 
and mechanical property changes at high (and variable) helium to dpa 
ratios. Dual ion irradiation experiments are well suited for the deter- 
mination of these quantities because of the precision with which damage 
rate, helium injection rate and temperature can be controlled. In this 
section we discuss some recent results of conducting computerized "helium 
inventory" calculations on experimentally measured cavity size distribu- 
tions. The results are compared with theoretically predicted "critical 
cavity" sizes over a range of temperatures. 

In an earlier reporttL' we described the construction of computerized 
data files which facilitate rapid retrieval of dual ion irradiation data, 
and a code which permits queries to delineate parametric sensitivity of 
cavity, dislocation loop and precipitate size distributions. The code 
can quickly scan data from hundreds of dual-ion runs; select the data 
sets from the files which satisfy imposed criteria (e.g., a specified 
combination of irradiation temperature, damage rate, appm He/dpa level, 
etc.); calculate the desired statistics (moments of size distribution, 
etc.); and plot (calcomp) the statistics versus a specified irradiation 
parameter. 

In this quarter, the file system and computer code were used to 
determine the maximum possible equilibrium bubble diameter, Dc, for so lu-  
tion annealed and 20% cold worked targets of 316 SS bombarded simul- 
taneously with 2 MeV helium and 28 MeV Sit6 over a range of temperatures. 
Additional criteria were imposed with respect to damage rate (5.4 x 
dpa/s to 2 x dpa/s), helium injection rate (7 x appm/s to 
3 x appm/s) and dpa level (1.4 - 5.0 dpa). Targets satisfying the 
criteria had all been bombarded at appm He/dpa ratios of % 7-13. 

To obtain the maximum equilibrium bubble diameter (Dc) for samples 
satisfying the imposed criteria, the files were searched for the relevant 
cavity size distributions. 
formed for each size class in a given distribution. 

A "helium inventory" calculation was then per- 
This was accomplished 
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by having the code start with the smallest observed cavity size and cal- 
culate and sum the number of helium atoms in each size class using the 
Van der Waals equation of state and surface energies obtained from extra- 
pol ations of "zero creep" data as described elsewhere. ( 5 )  In performing 
the summation it is assumed that cavities larger than the maximum equili- 
brium bubble size must have passed through that size in their growth and 
thus contain the same number of helium atoms as the largest equilibrium 
bubbles. When the helium concentration summed over the size classes 
equals the implanted concentration the code designates the last size 
class filled with helium as Dc. 
true maximum bubble diameter because additional He atoms in submicroscopic 
bubbles and helium in large cavities with D > Dc cannot be accurately 
"inventoried" using only TEM micrographs. 

Clearly Dc is an upper estimate of the 

Figure 3 shows  the^ temperature dependence of Dc for solution 
annealed and 20% cold worked targets of 316 SS satisfying the imposed 
atomic displacement and helium doping conditions. 
700°C Dc increases rapidly. 
bubble size is identical for both solution annealed and cold worked 
material within the uncertainty of the measurements and calculations. 
In all of the cavity size distributions studied, Dc is smaller than the 
largest cavity diameter. For all but one sample, Dc is larger than the 
average cavity diameter. This indicates that the damage rate and micro- 
structural sink strengths are adequate to permit some cavities to grow 
larger than the equilibrium bubble size by bias-driven growth at all 
temperatures from 550 to 750°C. The parameter Dc i s  thus related to the 
theoretically predicted "critical cavity radius" (r:) for the transition 
from gas-driven bubble growth to bias-driven void growth. 

At temperatures above 
At all temperatures the maximum equilibrium 

(6) 

Wood et. al.(6) have derived a simple analytical approximation for 
rc by ignoring both recombination and the interactive terms i n  the 
calculation of cavity sink strengths. 
estimate to the critical size given by: 

C 
They thus obtain an "upper bound" 
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rc = 2yDS V Zi Zv p D  n/(Zi-Zv)K kt 
C 

where DZ = self diffusion coefficient 
K = damage rate 

y = surface energy 
= dislocation density 

= dislocation bias factor for interstitials and vacancies, Z.,Z 
1 v  

respectively 
Q = atomic volume 
k = Boltzmann's constant 
T = absolute temperature in " K  

I I I I I I 
~ 

Type 316 Stainless Steel  
- So lu t i on  Annealed ( 1O5O0C) 

2. 5-5. 0 dpa; appm Herdpa-7-13 

1. 4-5. 0 dpa; appm He: dpa- 13 

A- 2 0 %  Cold Rolled 

Damage Rate - 5. 4 x lo5 d p a l  s 
to 2 x l o 4  d p d  s 

- 

503 600 700 800 
Bombardmsnt  Temperature OC 

Temperature Dependence of the Maximum Equilibrium Bubble Size 
Calculated from Experimentally Determined Cavity Size Distribu- 
tions in Dual-Ion Bombarded 316 SS. 

FIGURE 3 .  

Calculations perf r ed 
with the Irwin code using the helium inventory method. PIT 
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Table 2 summarizes results of the calculations of 0, from the 
experimentally measured cavity size distributions and 2 r: calculated 
using the Wood et. al. equation. 
variation with temperature and generally agree within an order o f  magni- 
tude. This is reasonable agreement considering the uncertainties in the 
experimental measurements and approximations in the model calculations. 
Better comparisons o f  Oc and 2 rE will be forthcoming through the use of 
(a) the full rate theory model; (b) studies of the dose-dependence of 
cavity evolution to observe the development of a bi-modal population; 
and (c) temperature change experiments. 

Both 0, and 2 r: exhibit a strong 

IRRADIATION 
TEMPERATURE "C 

TABLE 2. COMPARISON OF MAXIMUM EQUILIBRIUM BUBBLE SIZE ( O c )  AND 
THEORETICALLY PREDICTED CRITICAL CAVITY SIZE ( 2  rf) FOR 

Dc (nm) 1 2 rz (nm) 

L _. - ~~ ~~ 

THE TRANSITION FROM GAS-DRIVEN TO BIAS-DRIVEN 
CAVITY GROWTH 

SA 316 SS 

20% CR 316 SS 

550 7 0.2 
650 5 3 
700 6 17 
750 25 28 

600 no visible cavities 
650 6 20 
700 6 93 
750 24 160 
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AERE-R9099, May (1978).  

V I I .  FUTURE WORK 

M i c r o s t r u c t u r a l  a n a l y s i s  f o l l o w e d  by d a t a  compu te r i za t i on  w i l l  be 

completed f o r  t h e  800°C aged 316 SS samples used t o  s t u d y  t h e  e f f e c t s  o f  

p r ima ry  r e c o i l  s p e c t r a  d i f f e r e n c e s  under dua l  i o n  bombardment. Very l o w  

damage r a t e s  approaching p r o j e c t e d  f u s i o n  r e a c t o r  f i r s t  w a l l  va lues w i l l  

be employed i n  dua l  i o n  bombardment o f  SA 316 SS t o  f u r t h e r  d e f i n e  how 

low dose m i c r o s t r u c t u r a l  e v o l u t i o n  " sca les"  w i t h  ins tantaneous dpa and 

!?e i n j e c t i o n  r a t e s .  Specimens o f  T i - m o d i f i e d  316 SS f rom t h e  same hea t  
o f  m a t e r i a l  used i n  HFIR exper iments a t  ORNL w i l l  be sub jec ted  t o  d u a l -  
i o n  bombardment t o  s t u d y  p l a u s i b l e  mechanisms o f  He t r a p p i n g  a t  T i c  

i n t e r f a c e s .  

VIII.PUBLICATIONS 

None 
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I .  PROGRAM 

A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin, Madison 

11. OBJECTIVE 

To deve lop a fundamental unders tand ing o f  t h e  fo rmat  i n  o f  v o i  

T i t l e :  Rad ia t i on  E f f e c t s  on Fus ion Reactor M a t e r i a l s  

P r i n c i p a l  I n v e s t i g a t o r s :  G.L. K u l c i n s k i  and P. Wi lkes 

S ,  

l oops  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  meta ls  

and a l l o y s .  

I 1  I .  RELEVANT DAFS PROGRAM TASK/SUBTASK 

Subtask I I .C.1.2.  Model ing and Ana l ys i s  o f  E f f e c t s  o f  M a t e r i a l s  

Parameters on M i c r o s t r u c t u r a l  

I V .  SUMMARY 

An i n v e s t i g a t i o n  o f  the  e f f e c t s  o f  heavy- ion i r r a d i a t i o n  on t h e  

s t a b i l i t y  o f  p r e c i p i t a t e s  and on t h e  r e d i s t r i b u t i o n  o f  s o l u t e  atoms i n  

severa l  Cu- r i ch  b i n a r y  a l l o y s  i s  i n  progress.  The a l l o y s  Cu-.5 w t . %  Be, 

Cu-1 w t . %  Co and Cu-1 w t . %  Fe, a r e  i r r a d i a t e d  a t  e l eva ted  temperatures i n  
t h e  U n i v e r s i t y  o f  Wisconsin Heavy I o n  I r r a d i a t i o n F a c i l i t y w i t h  14 MeV Cu 

ions.  Fo l l ow ing  i r r a d i a t i o n ,  t h e  a l l o y  m i c r o s t r u c t u r e  i s  examined i n  a 

120 KV t ransmiss ion  e l e c t r o n  microscope (TEM). S o l u t e  concen t ra t i on  p ro-  

f i l e s  near  t h e  i o n  bombarded su r face  a r e  measured u s i n g  Auger E l e c t r o n  

Spectroscopy combined w i t h  s p u t t e r i n g .  

For t h i s  s tudy a new specimen ho lder /hea te r  arrangement, which 

a l l o w s  i n d i v i d u a l  h e a t i n g  o f  a specimen d u r i n g  i r r a d i a t i o n ,  has been 

designed and b u i l t .  A TEM specimen p repa ra t i on  technique has been 

developed f o r  t h e  Cu a l l o y s  t h a t  a l l o w s  examinat ion o f  i r r a d i a t e d  samples 

i n  c ross  s e c t i o n ,  a long  t h e  pa th  o f  t h e  i n c i d e n t  i o n s .  To date ,  a s e t  o f  
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eight Cti-Be and Cu-Co foils have been irradiated at temperature between 
350°C- 475"C, to doses of 0.3 to 3x1Ol6 ions/cm2. 
specimens has not been completed. 
Cu-Be foils irradiated at 400°C, while no precipitation occurred in 
regions of these foils masked from the ion beam. Surface enrichment of 
the Be solute (compared to nonirradiated regions of the specimens) was 
found in most of the Cu-Be foils. 

Analysis of these 
Copious precipitation was observed in 

V .  ACZO~~IPLISH~~IEIITS AND STATUS 
A. Heavy Ion Irradiation of Copper Alloys - R. W.  Knoll 

In order to perform high temperature irradiation effects experiments 
on alloys, it was necessary to redesign the specimen holder/heater 
assembly in the target chamber of the U.W. Heavy Ion Irradiation Facility. 
In the previous design,' 8 specimens were mounted on a linear holder, 
which sat within a cylindrical furnace during irradiation. Specimens were 
irradiated one at a time. However, they were not thermally isolated from 
one another, so they were subjected to unwanted pre-irradiation and post- 
irradiation heating. 
tric, cylindrical-sections of tantalum sheet, which subtend an angle of 
40", and which are separated by a small yap. 
resistively. 
pended above the heater. 
the gap between the heater sheets, and is heated by thermal radiation. 
The other specimens remain at ambient temperature. 

In the new design, the heater consists of two concen- 

The sheets are heated 
The specimens are mounted on a carousel-like holder sus-  

During irradiation, a specimen is rotated into 

Specimens of a Cu-.5 wt.% Be alloy (3.4 at.% Be) were irradiated 
with 14 MeV Cu ions at temperatures of 350, 400, 430 and 475"C, to doses 
of .3 to 3x1Ol6 ions/cm (4 to 40 peak dpa). 
specimens were solution treated at 800°C in an H2 atmosphere, then 
quenched. Two samples irradiated at 400°C have been examined in the 
electron microscope. 
two different thinning methods - a conventional (backthinning) and a cross 
sectioning method. In the former, about 1 micron was removed from the 

2 Prior to irradiation, the 

These specimens were prepared for microscopy using 
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i r r a d i a t e d  su r face  o f  t h e  sample, then t h e  sample was t h i n n e d  f rom t h e  

reverse  s i d e  u n t i l  p e r f o r a t i o n  occurred.  T h i s  r e g i o n  o f  t h e  f o i l  (wh ich 

was sub jec ted  t o  a dose o f  about  5 dpa) con ta ined  many p l a t e - l i k e  

p r e c i p i t a t e s ,  t e n t a t i v e l y  i d e n t i f i e d  as t h e  y '  CuBe phase. Non- i r r ad i a t ed  
areas o f  t h e  specimen con ta ined  no p r e c i p i t a t e s .  

i n  t h e  i r r a d i a t e d  reg ions .  The second specimen was e l e c t r o p l a t e d  w i t h  Cu 

f o l l o w i n g  i r r a d i a t i o n ,  and was then c ross  sec t ioned  and t h i n n e d  i n  t h e  
damage r e g i o n .  T h i s  c ross  s e c t i o n i n g  technique, which i s  s i m i l a r  t o  t h a t  

used by Wh i t l ey3  i n  t h i s  l a b o r a t o r y  t o  s tudy  pure N i ,  a l l o w s  t h e  m ic ro-  

s t r u c t u r e  t o  be examined as a f u n c t i o n  o f  depth  f rom t h e  i r r a d i a t e d  su r-  
f a c e  (hence a dose-scan can be ob ta ined  f rom a s i n g l e  specimen). 

shown i n  F i g u r e  1, p r e c i p i t a t i o n  occur red  i n  t h e  damage r e g i o n ,  ex tend ing  

n e a r l y  t o  t h e  end o f  range o f  t h e  i n c i d e n t  i ons .  No p r e c i p i t a t e s  a r e  

v i s i b l e  i n  t h e  u n i r r a d i a t e d  area. The mechanism respons ib l e  f o r  t h i s  

r ad i a t i on- i nduced  p r e c i p i t a t i o n  has n o t  y e t  been determined. 

No vo ids  were observed 

As 

Auger e l e c t r o n  spectroscopy combined w i t h  A r t  o r  Xe' s p u t t e r i n g  

was used t o  p r o f i l e  t h e  near- sur face Be concen t ra t i on  i n  Cu-Be specimens 

i r r a d i a t e d  a t  350, 430, and 475°C. Measurements were taken on b o t h  

i r r a d i a t e d  and n o n- i r r a d i a t e d  areas o f  each sample. The Auger t r a n s i -  
t i o n s  t h a t  were used occur red  a t  94 eV (Be),  920 eV (Cu) and 508 eV ( 0 ) .  

I n  agreement w i t h  s o l u t e  segrega t ion  t h e ~ r y , ~  t h e  unders ized Be s o l u t e  was 
found t o  be enr i ched  near t h e  i r r a d i a t e d  surface. 
enr ichment  was found near  t h e  n o n- i r r a d i a t e d  sur faces,  presumably due t o  

e q u i l i b r i u m  segregat ion.  The r e l a t i v e  concen t ra t i ons  o f  elements w i t h i n  
70 nm o f  t h e  i r r a d i a t e d  and n o n i r r a d i a t e d  su r faces  o f  a 475°C sample a r e  

p l o t t e d  i n  F i g u r e  2 .  

method o f  Davis, e t  a l .  ( 4 )  

f o l l o w s  t h e  Be p r o f i l e ,  i s  e v i d e n t .  The oxygen i s  b e l i e v e d  t o  be i n t r o -  
duced as an i m p u r i t y  i n  t h e  s p u t t e r i n g  gas. 

A s m a l l e r  degree o f  Be 

The concen t ra t i ons  were c a l c u l a t e d  accord ing  t o  t h e  

A r e l a t i v e l y  l a r g e  oxygen concen t ra t ion ,  which 

The near- sur face Co concen t ra t i on  i n  Cu-1% Co specimens i r r a d i a t e d  
a t  400°C and 475°C w i t h  3x111~~ ions/cm was a l s o  measured u s i n g  AES. 2 The 
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magnitude o f  t h e  656 eV 

as a f u n c t i o n  o f  depth f rom t h e  i r r a d i a t e d  s u r f a c e .  

observed i n  t h e  peak h e i g h t s ,  so i t  i s  concluded t h a t  i n  t h i s  temperature 

range, i r r a d i a t i o n  does n o t  cause segrega t ion  o f  t h e  Co s o l u t e  i n  Cu. 

T h i s  i s  c o n s i s t e n t  a l s o  w i t h  s o l u t e  segrega t ion  theory ,  s i n c e  t h e  Co atom 

i n  s o l u t i o n  w i t h  Cu i s  n e a r l y  t h e  same s i z e  as t h e  Cu atom. 

peak o f  Co was compared t o  t h e  920 eV peak of Cu, 

No change was 
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I .  PROGRAM 

T i t l e :  Mechanical Properties 
Principal Investigator:  R.  H .  Jones 
Aff i l i a t ion :  Pacif ic  Northwest Laboratory 

Operated by Bat te l le  Memorial I n s t i t u t e  

11. OBJECTIVE 

The objective of t h i s  program i s  to  study the e f f ec t s  of fusion 
energy neutrons on the mechanical properties and microstructures of 
selected metals fo r  the purpose of developing correla t ions  between the 
displacement damage produced by fusion and f i s s ion  energy neutrons. 
spec i f i c  objectives of the work described herein are t o  determine: 

The 

I f  a hardening plateau ex i s t s  in titanium and vanadium i r rad ia ted  
with T ( d , n )  neutrons; 

The e f f e c t  of oxygen on the hardening plateau in niobium; 

0 The e f f e c t  of temperature on the hardening response of titanium, 
vanadium, and niobium. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

II.C.6 
I I .C. l l  Effects of Cascades and Flux on Flow 
II.C.18 Relating Low and High Exposure Microstructures 

Effects of Damage Rate and Cascades on Microstructures 

IV. SUMMARY 

Experiments have been planned t o  es tab l i sh  the e f f ec t s  of T ( d , n )  

neutron i r rad ia t ion  on the t ens i l e  properties and microstructures of 
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t i tanium, vanadium, and oxygen-doped niobium. The materials f o r  these 
experiments have been obtained and are  current ly b e i n g  prepared f o r  i r r a -  
d ia t ion  i n  the  Rotating Target Neutron Source (RTNS)-11. 

Preliminary t e n s i l e  t e s t s  of the titanium and vanadium mater ials  
indicate  reproducible r e su l t s  can be obtained w i t h  wire specimens of these 
mater ials  using the preparation techniques described herein. 
propert ies  measured with the wire specimens a r e  s imi la r  t o  reported values 
obtained w i t h  large specimens except the y ie ld  s t rengths of the wire spe- 
cimens a r e  h i g h .  

The t e n s i l e  

V .  ACCOMPLISHMENTS A N D  STATUS 

H i g h  Energy Neutron Studies -- E .  R.  Bradley and R. H .  Jones ( P N L )  

1 .  Introduction 

An understanding of the e f f ec t s  of h i g h  energy neutron 
i r r ad ia t ion  on the mechanical propert ies  of metals i s  needed f o r  the 
design and development of fusion reactors .  The current ly ava i lab le  h i g h  
energy neutron sources have small i r r ad ia t ion  volumes and low neutron 
fluxes.  T h u s ,  a correlat ion between fusion and f i s s ion  neutron i r r ad ia-  
t ion induced microstructure and mechanical propert ies  i s  required so t h a t  
data from f i s s ion  neutron i r r ad ia t ions  can be confidently used for fusion 
appl i c a t i  ons. 

Previous r e su l t s  from t h i s  program have shown a hardening 
plateau occurs w i t h  increasing fluence i n  h i g h  puri ty  niobium. ( l )  
height of the hardening plateau and the fluence corresponding t o  the end 
of the  plateau were dependent upon the i r r ad ia t ing  p a r t i c l e ,  i . e . ,  16 MeV 
protons produced greater  hardening and the plateau extended t o  higher f l u -  
ences than f o r  B e ( d , n )  neutrons. 
s ing le  c rys t a l s  i r r ad ia t ed  w i t h  f i s s ion  neutrons has been reported by 

The 

A s imi la r  hardening plateau i n  niobium 
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Loomis and Gerber. Their r e su l t s  show the height and duration of the 
hardening plateau t o  depend on the oxygen content of the niobium. 
comparison of the hardening responses from the f i s s ion  and fusion energy 
neutrons i s  not possible because of the differences in purity and c rys ta l-  
l i n e  s t a t e  of the niobium used in the two invest igat ions .  
fluence a t  the end of the hardening plateau i s  about an order of magnitude 
higher f o r  the f i s s ion  neutrons compared t o  the Be(d,n) neutrons and ,  
therefore ,  suggests a s ign i f ican t  spectral  e f f e c t  in i r rad ia ted  niobium. 

Direct 

However, the 

Experiments have been i n i t i a t e d  t o  determine i f  a hardening 
plateau occurs in vanadium and titanium. Also, the temperature dependence 
of the i r rad ia t ion  induced hardening in niobium, vanadium, and titanium as 
well as  the e f f e c t  of oxygen on the radiation behavior of these three  
metals will  be studied in these experiments. 

2 .  I r radiat ion Program 

Neutron i r rad ia t ions  during the current f i s ca l  year will be 
concentrated on T ( d , n )  neutron i r rad ia t ions  a t  the RTNS-11. 
i r rad ia t ions  include b o t h  room temperature and elevated temperature i r r a -  
dia t ions  of high purity titanium and vanadium as well as oxygen-doped 
niobium. Both  wire and f o i l  specimens f o r  t e n s i l e  t es t ing  and transmis- 
sion electron microscopy, respectively,  w i l l  be included i n  the i r rad ia-  
t ion packets. 

The planned 

A to ta l  of  s i x  room temperature i r rad ia t ions  over the f l u -  
ence range 5 x 10l6 t o  2 x 10l8 n/cm w i l l  be performed t o  es tab l i sh  i f  a 
hardening plateau ex i s t s  i n  h i g h  purity titanium and vanadium and t o  
es tab l i sh  the e f fec t s  of oxygen content on the hardening plateau produced 
in niobium by T ( d , n )  neutrons. 
i r rad ia t ions  t o  the previous r e su l t s  from high purity niobium and nickel 
will  provide information regarding the e f f ec t s  of crysta l  s t ruc ture  and 
purity on the i r rad ia t ion  induced hardening and microstructural evolution. 

2 .  

Comparison of the data obtained from these 
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Four elevated temperature i r rad ia t ions  ( 1 7 5 O C )  a re  a l so  
planned fo r  l a t e r  i n  the f i s c a l  year. 
in the room temperature i r r ad i a t i ons ,  high purity niobium wires and f o i l s  
will  a lso be included in these i r rad ia t ion  packets. 
f o r  these i r rad ia t ions  will be selected t o  coincide t o  those of the room 
temperature i r rad ia t ions  within the fluence range where a hardening pla- 
teau i s  expected (1  x 1017 t o  1 x 10l8 n/cm ) .  Thus, d i r e c t  comparisons 
of the r e su l t s  from the two i r rad ia t ion  temperatures will  enable the 
e f f ec t s  of i r rad ia t ion  temperature on the hardening response and micro- 
s t ruc tura l  evolution t o  be established.  

In addition t o  the materials  used 

The fluence levels  

2 

Future i r rad ia t ions  of  the same materials  with Be(d,n) and 
f i s s ion  neutrons will  be used t o  determine the e f f e c t s  of the neutron 
energy spectra on t h e  radiation induced property changes. T h e  r e su l t s  
obtained from the RTNS-I1 i r rad ia t ions  will  guide the planning and scope 
of these i r r ad i a t i ons .  

3 .  Specimen Preparation 

The majority of the materials  f o r  the i n i t i a l  i r r ad i a t i ons  
are  current ly  avai lable .  
and sheet (0 .25 mm th ick)  stock material was obtained from R. W .  Powell, 
Hanford Engineering Development Laboratory ( H E O L ) .  T h e  vanadium wire con- 
tained many surface defects and laminations which could e f f e c t  the data 
from t ens i l e  t e s t s  of these small diameter wires. Therefore, addit ional 
vanadium wire stock i s  currently being prepared by F. W .  Wiffen, Oak Ridge 
National Laboratory ( O R N L ) .  The ex is t ing  supply of Materials Research 
Corporation Marz Grade niobium will  be used f o r  oxygen doping in order t o  
d i r e c t l y  compare the r e su l t s  t o  the previous data on t h i s  material .  

Titanium and vanadium wire (0.51 mm diameter) 

The procedures fo r  preparing the titanium and vanadium 
wires f o r  i r r ad i a t i on  have been developed. 
t o  the approximate length and vacuum annealed a t  

The as-received wires are  cut  

t o r r  fo r  one hour .  
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The  individual wires are  then straightened by a small amount of p l a s t i c  
deformation in tension,  cu t  t o  f ina l  length, and annealed in vacuum fo r  
an additional hour. 
which produces an equiaxed grain s t ruc ture  with an average grain s i z e  of 
about 25 vm. 
titanium wires when annealed a t  650°C. 
t o  meet the f ine  grain s i ze  requirements fo r  t es t ing  the 0.51 mm diameter 
wires. 

The annealing temperature f o r  the vanadium was 950°C 

An average grain s i ze  of about 15 urn was produced in the 
These s izes  are  su f f i c i en t ly  small 

Specimens of b o t h  the titanium and vanadium wires have been 
prepared by the above procedures and are ready fo r  i r rad ia t ion .  However, 
the vanadium wires will no t  be used i f  the new wire obtained from ORNL i s  
of better qua l i ty .  

A vacuum system with a controlled oxygen leak has been 
designed fo r  oxygen doping the high purity niobium. 
the system are avai lable  and i t  i s  current ly  being assembled. 

The components f o r  

4.  Tensile Testing 

A few t ens i l e  t e s t s  on the titanium and vanadium wires have 
The primary objectives of these t e s t s  were t o  develop the 

The r e su l t s  

been conducted. 
electropolishing conditions f o r  producing the reduced gage section i n  

these materials and es tabl ish  the optimum tes t ing  procedures. 
of these tests show t h a t  f a i r l y  uniform gage sections can be consis tent ly  
obtained a f t e r  the cathode configuration and electropolishing conditions 
are established.  
were 202 - + 20 MPa and 394 
50% higher than reported in the l i t e r a t u r e  f o r  materials with s imilar  
grain s i ~ e s . ' ~ ' ~ )  The higher yie ld  strengths fo r  the wire specimens i s  
thought t o  be pa r t i a l l y  associated with the gr ips  used f o r  the tes t ing .  
These gr ips  were designed fo r  0.38 mm diameter wires and some bending 

The measured yie ld  strength of the titanium and vanadium 
20 MPa, respectively.  These values are  25 t o  
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occurred d u r i n g  loading the la rger  diameter wires. 
designed which wil l  minimize deformation d u r i n g  loading and thereby 
improve the r e l i a b i l i t y  of the data.  Also, t e s t s  a r e  planned to  measure 
the y ie ld  s t rength as a function of the specimen diameter i n  these mate- 
r i a l s  and thus,  the e f f ec t s  of specimen puri ty  will be minimized. 

New grips a r e  being 
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V I I .  FUTURE WORK 

T h e  specimens f o r  the room temperature i r r ad ia t ions  wil l  be prepared, 
loaded i n t o  the i r r ad ia t ion  packets, and sen t  t o  L L L  f o r  RTNS-I1 
i r r ad ia t ion .  

New gr ips  f o r  t e n s i l e  t e s t i ng  the 0.51 mn diameter wire specimens 
wi l l  be designed and fabricated.  
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VIII .  PUBLICATIONS 

A paper e n t i t l e d  "Hardening Stages i n  Niobium Ir radia ted  W i t h  Ener- 
g e t i c  Neutrons and Protons", R. H. Jones, E. R. Bradley and 0. L. S ty r i s ,  
was presented a t  the 1979 Fall AIME Conference, Milwaukee, W I ,  September 10, 
1979. 
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I .  

I1 

PROGRAM 

T i t l e :  I r rad ia t ion  Effects  Analysis (AKJ) 
Principal Invest igator :  D .  G .  Doran 
Af f i l i a t i on :  Hanford Engineering Development Laboratory 

OBJECTIVE 

The object ive o f  t h i s  work i s  t o  determine the e f f e c t s  of h i g h  energy 
neutrons on damage production and evolution, and the  re la t ionships  of these 
e f f e c t s  t o  e f f e c t s  produced by f i s s ion  reac tor  neutrons. 
t i ve s  of cur rent  work a re  the planning and performance of an i r r ad ia t ion  
program a t  the  Rotating Target Neutron Source (RTNS)-I1 a t  the Lawrence 
Livermore Laboratory ( L L L )  and pos t i r rad ia t ion  t e s t i ng .  

Specif ic  objec- 

111. RELEVANT OAFS PROGRAM TASK/SUBTASK 

SUBTASK II.B.3.2 Experimental Characterization of Primary Damage 
S ta t e ;  Studies of Metals 
Effects  of  Damage Rate and Cascade Structure on Mi- 
cros t ruc ture ;  Low-EnergylHigh-Energy Neutron Corre- 
l a t ions  

II.C.6.3 

II.C.11.4 Effects  of Cascades and F l u x  on Flow; High-Energy 

II.C.17.1 Microstructural Characterization; Monitor and Assess 
New Nethodologies 

II.C.18.l Relating Low- and High-Exposure Microstructures; 
Nucleation Experiments 

Neutron I r r ad ia t ions  

IV. SUMMARY 

The dosimetry from the H E D L- 2  i r r ad ia t ion  shows a maximum fluence of 
1.19 x l o i 8  n/cm2 and a spa t i a l  var iat ion t h a t  i s  consistent w i t h  a beam 
diameter of about 1 cm. The h i g h  vacuum furnace designed and fabricated 
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a t  HE3L has been rece ived  and assembled a t  RTNS-11. 

V . ACCOMPLISHMENTS AND STATUS 

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

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

Marz grade Fe f o i l  has been ob ta ined  f o r  t h e  RTNS-I1 metal  

Procurement o f  o t h e r  forms o f  t h e  same hea t  o f  Fe i s  i n  p ro-  s t o c k p i l e .  

gress.  

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

The i r r a d i a t i o n  o f  HEDL's f o u r t h  capsu le  has been delayed un- 

A new t i l  mid-January due t o  equipment problems a t  t he  RTNS-I1 f a c i l i t y .  

i r r a d i a t i o n  capsule (see F igu re  1) w i l l  be employed which a l l ows  f o r  s imul-  

taneous i r r a d i a t i o n  o f  w i r e  and d i s k  specimens. The r e s u l t s  f rom p o s t i r -  

r a d i a t i o n  t e n s i l e  t e s t s  on the w i r e  specimen w i l l  be c o r r e l a t e d  w i t h  data  

obta ined f rom the  microhardness t e s t i n g  o f  d i s k  specimens. 

Dosimetry r e s u l t s  have been rece ived  f rom LLL f o r  HEDL's second 
Some o f  t h e  Nb dos imet ry  data  a re  d i sp layed  i n  F i g u r e  2 i n  

As t h e  source c h a r a c t e r i s t i c s  

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

o rde r  t o  demonstrate the  dos imet ry  coverage. 

become b e t t e r  known, i t  should be p o s s i b l e  t o  reduce the  number o f  f o i l s .  

The abso lu te  u n c e r t a i n t y  i s  b e l i e v e d  t o  be l e s s  than 10%; the  r e l a t i v e  un- 

c e r t a i n t i e s ,  due p r i m a r i l y  t o  the  need f o r  i n t e r p o l a t i o n ,  a re  l e s s  than 3%. 
The peak f l uence  a t  a specimen l o c a t i o n  was 1.19 x 1 0 l 8  n/cm2. The minimum 

f l uence  was lower  by a f a c t o r  o f  25. 
es t imated us ing the  assumed f l u x  d i s t r i b u t i o n  f o r  a f i x e d  1 cm source; i t  

compares w i t h  the  va lue o f  15 ob ta ined  i n  HEDL's f i r s t  exper iment .  

beam s t e e r i n g  technique which was i n  p lace  f o r  HEDL-2 appears t o  have i m -  

proved the  l ong- te rm s t a b i l i t y  o f  t h e  beam p o s i t i o n .  

f luence was n o t  ob ta ined  on the  capsule a x i s ,  b u t  was d i sp laced  by about  3 mm. 

T h i s  i s  c lose  t o  t h e  f a c t o r  o f  30 

The new 

However, t h e  peak 
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-TYPICAL DISK SPECIMEN 8 DOSIMETRY FOIL ARRANGEMENT-. 

FIGURE 2. 

1016 5 10 15 
AXIAL POSITION, mm 

HEDL 8W1-143.1 

Measured Fluences in Specimen Capsule Parallel  t o  Beam A x i s  B u t  
D isp laced  Radially 3.8 mm (Nominally). 
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3 .  Elevated Temperature I r r ad ia t ions  

The f i r s t  generation RTNS-I1 u l t r a  h i g h  vacuum furnace was de- 
l ivered t o  the RTIIS-I1 f a c i l i t y .  The furnace and associated components 
were assembled and checked out .  

VI .  FUTilRE WORK ____ 

The fourth HEDL i r r ad ia t ion  should begin i n  January 1980. I t  wi l l  
contain microtensile and TEM d i s k  specimens. Plans a r e  being made f o r  ex- 

tended i r r ad ia t ions  a t  an elevated temperature, probably near 300°C. Plans 
a r e  a l so  being made i n  col laborat ion w i t h  LLL f o r  comparative i r r ad ia t ions  
i n  the Omega-West reactor  a t  Los Alamos. 
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I .  PROGRAM 

T i t l e :  Effects of I r rad ia t ion  on Fusion Reactor Materials 
Principal Invest igators:  F. V. Nolfi ,  J r .  and A. P .  L. Turner 
Aff i l i a t ion :  Argonne National Laboratory 

I I .  OBJECTIVE 

The object ive of t h i s  work i s  t o  e s t ab l i sh  the e f f e c t s  of f lux ,  
s t r e s s ,  a l loying elements and so lu te  red is t r ibut ion  on the creep-deformation 
behavior of various classes  of materials d u r i n g  l ight- ion i r r ad ia t ion .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I .C. l l . l  Light Pa r t i c l e  I r rad ia t ions  

IV. SUMiilARY 

Further experiments were performed on solut ion annealed and aged 
type 316 s t a in l e s s  s t ee l  (MFE Heat # 15893) t o  resolve the  phenomenon 
o f  negative i r r ad ia t ion  creep. I t  is shown t h a t  negative s t r a i n s  a r e  
l imited t o  a small dose; %0.2 dpa. 
t;ie formation o f  f e r r i t e  via radiat ion induced segregation ( R I S )  as a 
possible mechanism. 

In- s i tu  electron i r r ad ia t ions  suggest 

I n  order t o  understand the e f f ec t s  of  RIS on the mechanical propert ies ,  
torsional creep measurements a r e  a l so  being made on model systems viz . ,  
pure Vi, Ni-Si and tli-A1 al loys.  Mew data i s  presented on Ni-4 % Si t h a t  
shows t h a t  RIS a f f ec t s  the mechanical properties by defect  c l u s t e r  
decoration, long before the e f f ec t s  a r e  v i s ib l e  i n  the  microstructure. 
A two phase Y' dispersed a l loy  of Ni-A1 shows very l i t t l e  radiat ion 
enhancement of creep, and no i r r ad ia t ion  hardening. 
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V. ACCOI4PLISHMENTS AND STATUS 

A. Creep Deformat ion Behavior  o f  Type 316 S t a i n l e s s  S tee l  -- 
V. S e t h i  

I n  a r e c e n t  p rogress  r e p o r t ,  we showed t h a t  s o l u t i o n  annealed and 

aged type 316 s t a i n l e s s  s t e e l  (MFE Heat No. 15393) e x h i b i t s  an anamolous 
r a d i a t i o n  creep b e h a v i o r ( l )  v i z . ,  nega t i ve  i r r a d i a t i o n  creep. F u r t h e r  

i r r a d i a t i o n  creep measurements have been made on w i r e  specimens o f  t h e  

a l l o y  t o  c h a r a c t e r i z e  t h e  phenomenon. I n  a d d i t i o n ,  i n - s i t u  HVEM e l e c t r o n  

i r r a d i a t i o n s  were performed a t  low dose- rates (%6 x dpa.s - l ) ,  and 

smal l  t o t a l  dose (<0.5 dpa) t o  i d e n t i f y  t h e  r e s p o n s i b l e  mechanism. The 

exper iments and r e s u l t s  a r e  desc r i bed  i i i  t h i s  s e c t i o n .  

Specimen 316 SA 15893-01, w i t h  a minimum d iameter  %0.013 cm and 

gauge l e n g t h  2.0.5 cm, was i n s t a l l e d  i n  t h e  t o r s i o n a l  creep apparatus.  

Specimen p r e p a r a t i o n  techniques and t h e  d e t a i l s  o f  t h e  t o r s i o n a l  creep 

apparatus a r e  g i ven  e lsewhere ( I - ’ ) .  
and a to rque  o f  4.75 x I1.m was a p p l i e d  (maximum shear s t r e s s  a t  t h e  

minimum d iameter  %I10  14Pa). The specimen was a l l owed  t o  Cree? f o r  2.45 h 

p r i o r  t o  i r r a d i a t i o n  w i t h  21 MeV deuterons (dose- ra te  2.2 x 10 -‘ dpa-s- ’ ) .  

The specimen was i r r a d i a t e d  on f o u r  separa te  occasions t o  a t o t a l  accumu- 

l a t e d  dose %0.25 dpa. 

The specimen was heated t o  400°C 

F i g u r e  1 i l l u s t r a t e s  t h e  creep s t r a i n  as a f u n c t i o n  o f  t i m e  f o r  t h e  

specimen f o r  t h e  d u r a t i o n  o f  t h e  t e s t  2.170 h. 

t h e  creep s t r a i n  cu rve  i s  d i v i d e d  i n t o  n i n e  reg ions  t h a t  a r e  separa ted  by 

d o t t e d  l i n e s ,  and a r e  labeled as reg ions  1-9. Region 1 shows t h e  thermal  

c reep cu rve  a t  400°C and 110 l1Pa p r i o r  t o  i r r a d i a t i o n .  Dur ing  t h e  f i r s t  

i r r a d i a t i o n  ( r e g i o n  Z ) ,  we observe i r r a d i a t i o n  enhanced creep t h a t  q u i c k l y  

changes t o  nega t i ve  creep,  and t h e  a l l o y  cont inues  t o  deform a g a i n s t  t h e  

a p p l i e d  s t r e s s  f o r  t h e  d u r a t i o n  o f  t h e  f i r s t  i r r a d i a t i o n  pe r i od .  When t h e  
beam i s  t u rned  o f f  ( r e g i o n  3)  t h e  de format ion  behav io r  r e v e r t s  t o  normal. 

Du r ing  t h e  second i r r a d i a t i o n  p e r i o d  ( r e g i o n  4 )  t h e  nega t i ve  c reep resumes 

To f a c i l i t a t e  t h e  d i scuss ion ,  
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b u t  slows down continuously throughout the i r rad ia t ion .  Again,  d u r i n g  the 
beam off  period i n  region 5, normal thermal creep i s  observed w i t h  a creep- 
r a t e  t h a t  is  ident ical  
Dur ing  the t h i r d  i r r ad ia t ion  period (region 6 ) ,  the mechanism responsible 
f o r  the negative deformation seems t o  have reached near sa tura t ion ,  and a 
gradual t r ans i t i on  from negative creep t o  normal creep behavior i s  observed. 
Dur ing  the fou r th  i r r ad ia t ion  period (region 8 ) ,  the creep- rate i s  higher 
than the thermal creep- rate i . e . ,  irradiation-enhanced creep is  observed. 
Figure 2 i l l u s t r a t e s  the  accumulated s t r a i n  i n  the specimen d u r i n g  i r rad ia-  
t ion as a function of dose. Transition from a negative creep t o  i r r ad i a-  
t ion  enhanced creep occurs a t  $0.16 dpa, and f o r  dose ~ 0 . 2  dpa the  creep- 

-11,-1 t o  t h a t  observed i n  regions 1 and 3 (%6 x 10 1. 

-10,-1 r a t e  i s  constant (%3.2 x 10 1. 

I f  one assumes t h a t  the  i r r ad ia t ion  creep curve shown i n  Figure 2 
cons is t s  of two components viz . ,  i r r ad ia t ion  enhanced creep w i t h  a creep- 
r a t e  d . 2  x 10- ’Os-’, and a negative creep component caused by precipi- 
t a t i on ,  swelling e t c . ,  the to ta l  negative s t ra in  accumulated d u r i n g  the 
t e s t  i s  %6 x 10- . 5 

The e l a s t i c  response of a wire specimen of diameter d ,  shear modulus 
G under the action of an applied torque T i s  given by 

T 
- 16 T - ma x 

-7- - 
nd3G 

where yel i s  the shear s t r a i n  and T~~~ is  the maximum shear  s t r e s s .  

on Equation 1 ,  in a previous progress repor t ( ’ )  we speculated t h a t  a dose 
dependent i r rad ia t ion  induced increase i n  G and/or d wil l  result i n  a 
decrease in yel a t  a fixed T, which i f  l a rge r  t h a n  the i r r ad ia t ion  creep- 
r a t e  wil l  cause a net negative s t r a i n  t o  be measured d u r i n g  the course of 
a creep experiment. 

specimen 316 SA 15893-01 f o r  pre i r rad ia t ion  and post- irradiat ion conditions.  
I r rad ia t ion  induced increase i n  the s t i f f n e s s  i s  qui te  c l ea r  inplying 
t h a t  d .G has increased. For T = 4.75 x N * m  (maximum shear s t r e s s  

Based 

I n  F i g .  3 the plots  of yel vs. T a r e  shown f o r  the 

3 
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%110 MPa) the reduction in yel i s  
negative s t r a i n  calculated from the i r rad ia t ion  creep s t r a i n  curve of 
Figure 2 .  

consis tent  with the amount of 

I n  order t o  ident i fy  the microstructural changes t h a t  are  responsible 
fo r  the modulus and density changes, th in  f o i l s  of the a l loy ,  t h a t  had 
been heat t reated s imi la r ly  t o  the creep specimens, were i r rad ia ted  with 
1 MeV electrons in the Kratos EM-7 1 .2  MV High Voltage Electron Microscope. 
I r radiat ion conditions were s imilar  t o  those of the Cyclotron i r rad ia t ions  
i . e . ,  400°C; dose-rate dpa.s-l and to ta l  dose %0.2 dpa. To achieve 
these low dose- rates,  i r rad ia t ions  were carr ied o u t  a t  low magnifications 
with defocused beam, and t h u s  in- s i tu  observation was not possible.  
I r radiated regions were l a t e r  examined in the JEM lOOC microscope. 
Electron i r rad ia ted  f o i l s  were found  t o  contain i r regula r ly  shaped precipi-  
t a t e s  (Figure 4 ) .  Selected area d i f f rac t ion  pat terns  obtained from these 
pa r t i c l e s  are  consis tent  with a body centered cubic l a t t i c e  with the 
l a t t i c e  parameter a = 2.878 which i s  the expected l a t t i c e  parameter for a 
high chromium f e r r i t e ,  u phase. 

The formation of phase in the a l loy a t  these small doses i s  qu i te  
surpr is ing,  ye t  consis tent  with the ra t iona l iza t ion  of negative creep 
as an i r rad ia t ion  induced reduction in the e l a s t i c  s t r a i n .  The formation 
of phase i s  expected t o  cause an increase in the e f f ec t i ve  shear 
modulus(3), as well as an increase in the volume of the specimen. 

B. Radiation-Induced Segregation and  I r rad ia t ion  Creep -- 
V .  Sethi and R.  Scholz 

This section deals with experiments designed t o  determine the e f f ec t s  

1 .  Ni - 4 % Si 

I n  a previous progress report'') we showed t h a t  i r rad ia t ion  enhances 

of radiation-induced segregation (RIS) on creep deformation in model a l loys .  

the creep- rate of pure Ni by %40% more than t h a t  of Ni - 4 % S i ,  when 
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s t r e s ses  were selected such t h a t  p re i r rad ia t ion  thermal creep- rates for the 
two mater ials  were comparable. 
considerable i r r ad ia t ion  ilardening, while no such hardening was observed 
i n  the  pure metal. 

We a l so  showed t h a t  the  a l loy  exhib i t s  

I n- s i t u  HVEI4 e lectron i r r ad ia t ions  of the two mater ials  were performed 
-1 a t  350°C w i t h  1 MeV electrons a t  calculated dose-rates -6 x 3pa.s . 

Figure 5 i l l u s t r a t e s  the loop s t ruc tures  i n  pure Nickel ( F i g .  5a) and i n  
Ni - 4 % Si ( F i g .  5b). 
diameter. They unfault  and gl ide a t  r e l a t i v e l y  small thermal s t r e s ses  t h a t  
develop d u r i n g  specimen cool-down. 
a r e  %2008. i n  diameter w i t h  a considerably higher number density.  
addi t ion,  the  loops shown i n  F i g .  5b a r e  decorated w i t h  l i i3Si(y ' )  pre- 
c i p i t a t e s ,  as i s  evident from the  selected area d i f f r ac t ion  pat tern.  I t  
s h o u l d  be mentioned t h a t  Y '  r e f lec t ions  appear only a f t e r  an incdbation 
dose ~ 0 . 1 5  dpa, while creep data indicates  tha t  almost a l l  of the  i r rad ia-  
t i o n  hardening occurs a t  doses considerably smaller than th i s  (see F i g .  

6 ) .  
a function of dose. 
performing one hour long i r r ad ia t ions ,  and monitoring the thermal creep 
a f t e r  each i r r ad i a t ion .  
a t  doses <0.01 dpa, indicat ing t h a t  defect  c lu s t e r s  a r e  decorated and 
s tab l ized  by RIS o f  s i l i con  very quickly, while Y' formation a t  the loops 
requires t h a t  considerably la rger  concentrations of s i l i c o n  be achieved. 

The Frank loops observed i n  Ni a r e  %6008 i n  

The Frank loops observed i n  the a l loy  
In 

Figure 6 shows the post- irradiat ion creep- rate of Ni - 4 % S i  a l loy  a s  
The data were obtained over a period of one week by 

Clearly,  a major f rac t ion  of the hardening occurs 

2 .  Ni - 12.8 % A1 

Torsional Creep measurements were made on wire specimens of aged 
(1.5 h a t  615°C) Ni -12.8 % A1 a l loy  a t  35S°C, a t  %70 MPa maximum 
shear  s tress,  before, d u r i n g  and a f t e r  i r r ad ia t ion  w i t h  21 MeV deuterons 
(dose-rate QZ x 3pa.s-l) .  The important observations a r e  described 
below. 

(a). Figure 7 i l l u s t r a t e s  the i r r ad ia t ion  creep s t r a i n  curves f o r  pure 
Ni, Ni - 4 % S i  and aged Ni - 12.8 % Al. The pre i r rad ia t ion  thermal 
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creep- rates for the  three  materials were ident ica l .  Clearly,  the aged 
lii - 12.8 % A1 exhib i t s  very l i t t l e  rad ia t ion  enhancement of the creep- 
r a t e .  

(b ) .  Comparison of the  pre i r rad ia t ion  and post- irradiat ion thermal 
creep data i s  shown i n  Figs. 3 and 9. The a l loy  does not exh ib i t  any 
i r r ad ia t ion  hardeniilg or softening f o r  the  small doses involved in  these 
experiments. T h i s  i s  understandable because i r r ad ia t ion  t o  these l o w  

doses would not be expected t o  increase the density o f  obstacles t o  
d is loca t ion  mot ion  s ign i f i can t ly  above the i n i t i a l l y  high density in  
the  prec ip i ta t ion  hardened a l loy .  

VI. R E F E R E N C E S  

1 .  V .  Sethi and F .  V. Nolfi ,  J r . ,  DAFS Quarterly Progress Report f o r  
Period E n d i n g  December 31, 1978, p .  202. 

2 .  V .  Se th i ,  A.  P. L .  Turner and F. V.  Nolfi ,  J r . ,  DAFS Quarterly Progress 
Report f o r  Period Ending September 30, 1978, p .  192 .  

3. F. Garofalo, P. R .  Idalenock, and G.  V .  Smith, Symposium on Determina- 
t ion  of E la s t i c  Constants (Phi ladelphia) ,  American Society f o r  Testing 
Materials,  New York, N . Y . ,  June 1952, p. 10. 

4.  V .  Se th i ,  R. Scholz and F. V .  Nolfi ,  J r . ,  DAFS Quarterly Progress 
Report f o r  Period Ending June 30, 1979, p .  226. 

VII. FUTURE W O R K  

S t ress  and temperature dependencies o f  the  i r r ad ia t ion  creep- rate  i n  
Ni and Ni - 4 % Si a l loy  wil l  be determined f o r  comparison with theory t o  

determine the  operating mechanisms of i r r ad ia t ion  enhancement. TEM exami- 
nation of  the i r rad ia ted  s t a i n l e s s  s t ee l  creep specimens wi l l  a l s o  be per- 
formed t o  confirm the  presence of f e r r i t e .  
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Figure 1. Creep s t r a in  curve for  specimen 316 SA 15393-01. 
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Figure 2. Creep s t r a i n  curve f o r  solution annealed and aged 316 
s t a in l e s s  s t e e l .  
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Figure 3. Comparison o f  the preirradiation and postirradiation Torsion 
modulus o f  specimen 31 6 SA 15893-01 . 
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DOSE-RATE ... 1.4 x d p 0 - s '  
- 

- 
0.01 0.02 0.03 

DOSE (dpo) 

Figure 6. Post i rradiat ion creep- rate of Ni - 4 Si as a function o f  

i r r ad ia t ion  dose. 
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IRRADIATION CREEP 
T=350'C 
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Figure 7 .  Comparison of i r rad ia t ion  creep s t r a i n  curves f o r  pure Ni, 
Ni - 4 S i  and aged Ni - 12.8 A1 a l loys .  S t ress  values were 

selected such tha t  prei r radiat ion tlierrnal creep-rates were 
-10 ,-1 

ident ical  (d x 10 1. 
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I. PROGRAM 

T i t l e :  S i m u l a t i n g  the CTR Environment i n  t h e  HVEM 

P r i n c i p a l  I n v e s t i g a t o r s :  W .  A. Jesser  and R. A. Johnson 

A f  f i 1 i a t  i o n  : Uni vers  i t y  o f  V i  r g i n  i a 

I I .  OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  e x p e r i m e n t a l l y  i n v e s t i g a t e  some 

of  t h e  parameters and f r a c t u r e  c r i t e r i a  i n  recen t  h e l i u m  e m b r i t t l e m e n t  

t h e o r i e s  . 
I l l .  RELEVANT DAFS PROGRAM TASK 

Task I I .C.14.2 Fundamental r e l a t i o n s  between m i c r o s t r u c t u r e  

and f r a c t u r e  mechanisms. 

I V .  SUMMARY 

Exper imenta l  measurements o f  a t h e  f r a c t i o n a l  area covered by R '  

t h e  f r a c t i o n a l  a rea  cnvered M'"-R' d imples on t h e  f r a c t u r e  su r face ,  and 

by bubbles o r  vo ids  i n  t h e  m a t r i x  i n t e r i o r ,  were t a r r i e d  o u t  f rom 

micrographs o f  annealed u n i r r a d i a t e d  3 1 6  s t a i n l e s s  s t e e l  samples and 

n e u t r o n  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  t h a t  were t e s t e d  a t  25 and 

60OoC. No c o r r e l a t i o n  was found t o  e x i s t  between t h e  a r e a l  bubble  

d e n s i t y  MaR and t h e  g r a i n  boundary coverage a 

r e l a t i o n s h i p  was d iscovered  between f r a c t u r e  s u r f a c e  d imple  s i z e  and 

d e n s i t y  w i t h  bubble  ( o r  v o i d )  s i z e  and d e n s i t y  i n  t h e  sample i n t e r i o r .  

An examina t ion  o f  a h e l i u m  i o n  i r r a d i a t e d  t e n s i l e  specimen t h a t  

e x f o l i a t e d  revea led  t h a t  bubbles i n  t h e  t h i n  a rea  p a r t i c i p a t i n g  i n  t h e  

f r a c t u r e  process a r e  1 i k e l y  n o t  o v e r p r e s s u r i z e d  w i t h  he l ium.  

t u r e  n a t u r e  i s  n o t  determined bv t h e  amount of  l a t t i c e  he l ium.  

a 

I n  a d d i t i o n  no R '  

The f r a c -  
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V.  ACCOMPLISHMENTS AND STATUS 

An Exper imental  I n v e s t i g a t i o n  I n t o  Some Parameters and F r a c t u r e  
C r i t e r i a  Used i n  Recent Hel ium Embr i t t l ement  Theor ies,  J. 1 .  
Bennetch, J. A. Horton,  and W .  A. Jesser,  Department o f  M a t e r i a l s  
Science, -U n i v e r s i t y  o f  - V i  r g i n i a ,  C h a r l o t t e s v i  1 l e ,  V i  r g i n i  a. 

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

A number o f  t h e o r i e s  o f  h e l i u m  e m b r i t t l e m e n t  have come out  re-  

c e n t l y  i n  t h e  l i t e r a t u r e ,  i n v o l v i n g  such parameters as a t h e  a rea  R '  

f r a c t i o n  o f  t h e  g r a i n  boundary occupied by h e l i u m  bubbles,  t h e  i n i t i a l  

bubble  o r  c a v i t y  s i z e  and d e n s i t y  versus t h e  f r a c t u r e  s u r f a c e  d imp le  

s i z e  and spacing,  and t h e  h e l i u m  bubble  gas pressure.  Tr inkhaus and 

U l l m a i e r  ( I )  use a as t h e  f r a c t u r e  c r i t e r i o n  for t h e i r  theory  and 

i n  v a r i o u s  c a l c u l a t i o n s  use e i t h e r  a = 0.1 or  a = 0.5 as t h e  

p o i n t  a t  which f r a c t u r e  occurs.  Goods and N i x  (2) assume i n  t h e i r  

model t h a t  t h e  d imple  spac ing  on t h e  f r a c t u r e  s u r f a c e  corresponds t o  

t h e  bubble  spac ing p resen t  b e f o r e  t e s t i n g .  F i n a l l y ,  Evans (3)  assumes 

t h a t  t h e  d r i v i n g  f o r c e  fo r  b l i s t e r i n g  i s  caused by an o v e r  p o p u l a t i o n  

o f  h e l i u m  i n  t h e  c a v i t i e s .  

R 

R R 

I t  i s  t h e  purpose o f  t h i s  r e p o r t  t o  comment  on each o f  these  

f a c t o r s  by a comparison o f  p e r t i n e n t  exper imenta l  measurements t o g e t h e r  

w i t h  p r e d i c t e d  va lues f o r  each f a c t o r  f rom these  t h e o r i e s .  

2 .  Exper imental  D e t a i l s  

T e n s i l e  samples o f  s t a i n l e s s  s t e e l  types 304 and 316 were 

punched i n t o  r ibbons w i t h  t h e  c e n t r a l  p o r t i o n  e l e c t r o p o l i s h e d  t o  a 

t h i c k n e s s  t r a n s p a r e n t  t o  500 kV e l e c t r o n s .  These were t e s t e d  i n - s i t u  

a t  two temperatures,  25' and 600°, i n s i d e  a h i g h  v o l t a g e  e l e c t r o n  
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microscope. The t y p e  304 s t a i n l e s s  s t e e l  samples had been p r e v i o u s l y  

n e u t r o n  i r r a d i a t e d  i n  t h e  E B R - I I  r e a c t o r  w h i l e  t h e  316 s t a i n l e s s  s t e e l  

samples were e i t h e r  ones t h a t  were i o n  i r r a d i a t e d  i n - s i t u  by 80 kV 

h e l i u m  ions o r  were u n i r r a d i a t e d  annealed c o n t r o l s .  Micrographs 

c h a r a c t e r i z i n g  the bubble  m i c r o s t r u c t u r e  were taken b e f o r e ,  d u r i n g ,  

and a f t e r  t h e  samples were s t r a i n e d  t o  f a i l u r e .  For d e t a i l s  o f  t h e  

equipment and s i m i l a r  t e n s i l e  t e s t  c o n d i t i o n s ,  one i s  r e f e r r e d  t o  

p rev ious  DAFS r e p o r t s .  P o s t - t e s t  examinat ions o f  t h e  sample s u r f a c e  

and i n t e r i o r  were performed i n  a h i g h  r e s o l u t i o n  100 kV P h i l i p s  EM 400. 

3. Exper imenta l  Resu l t s  

a .  Area F r a c t i o n  Occupied by Bubble on Gra in  Boundar ies 

One common parameter i n  many t h e o r i e s  o f  h e l i u m  e m b r i t t l e m e n t  i s  

a 

For comparison purposes we he re  i n t r o d u c e  ano ther  parameter,  

area f r a c t i o n  o f  an a r b i t r a r y  p l a n e  i n  t h e  m a t r i x  occupied by h e l i u m  

bubbles.  Since many t h e o r i e s  assume t h e  v a l u e  o f  a must reach a 

c r i t i c a l  va lue  b e f o r e  f r a c t u r e  can occur ,  t h i s  parameter shou ld  be 

e x p e r i m e n t a l l y  determined t o  enable  v e r i f i c a t i o n  o f  h e l i u m  e m b r i t t l e -  

ment mechan i sms . 

t h e  a rea  f r a c t i o n  o f  a g r a i n  boundary occupied by h e l i u m  bubbles.  

t h e  

R '  

M'R. 

R 

I n  o r d e r  t o  c a l c u l a t e  a f o r  a g i v e n  example, t h e  g r a i n  boundary R 
bubble  s i z e  and a r e a l  d e n s i t y  o f  bubbles on t h e  g r a i n  boundary a r e  

needed. To compare a f o r  a g r a i n  boundary t o  t h e  e q u i v a l e n t  q u a n t i t y  

fo r  an a r b i t r a r y  p lane  i n  t h e  m a t r i x  r e q u i r e s  c a l c u l a t i o n  o f  MaR f o r  

t h i s  m a t r i x  p lane.  Since, s t a t i s t i c a l l y ,  t h e  amount o f  s w e l l i n g  A V / V ,  

i n  a volume V i s  equal  t o  t h e  f r a c t i o n a l  coverage AA/A o f  an a r b i t r a r y  

R 
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p lane  o f  a rea  A through t h e  g r a i n  i n t e r i o r  (5 ) ;  t h u s  we g e t :  

=-5-= amount o f  s w e l l i n g .  M% A v 

A comparison o f  a 

r e p r e s e n t a t i v e  h e l i u m  i r r a d i a t e d  s t a i n l e s s  s t e e l  samples performed a t  

t h i s  f a c i l i t y  a r e  shown i n  t a b l e  I a long  w i t h  va lues o b t a i n e d  from 

measurements on micrographs pub1 i shed  i n  recen t  a r t i c l e s  f rom o t h e r  

au thors  i n  t h e  l i t e r a t u r e .  From t h i s  t a b l e ,  a number o f  f e a t u r e s  

emerge. i) From va lues o f  a measured from d i f f e r e n t  areas o f  t h e  

same sample, i t  i s  p o s s i b l e  t o  o b t a i n  over  an o r d e r  o f  magni tude 

v a r i a t i o n .  i i )  I n t e r g r a n u l a r  f r a c t u r e  may occur  when a as 

measured f rom TEM observa t ions  i s  I %  or  less  at e l e v a t e d  temperature  

w h i l e  t r a n s g r a n u l a r  f r a c t u r e  may occur  a t  room temperature  when t h e  

v a l u e  o f  a i s  30%. i i i )  The depos i ted  q u a n t i t y  o f  h e l i u m  v a r i e d  

o v e r  a lmost  5 o r d e r s  o f  magnitude and d i d  n o t  determine t h e  n a t d r e  o f  

t h e  fracture,i.e.,transgranular, d u c t i l e  f r a c t u r e  can occur  a t  very  

h i g h  he1 i u m  c o n c e n t r a t i o n s  and i n t e r g r a n u l a r  f r a c t u r e  can o c c u r  a t  

ve ry  low h e l i u m  c o n c e n t r a t i o n s .  

and MaR va lues measured from micrographs o f  R 

M R  

R 

R 

These observa t ions  do not form a l a r g e  enough s e t  o f  da ta  t o  

i s o l a t e  t h e  e f f e c t  o f  each v a r i a b l e ;  however, they suggest t h a t  a 

unique, c r i t i c a l  va lue  o f  a i s  n o t  e s s e n t i a l  t o  produce i n t e r -  

g r a n u l a r  fa i l u re , i . e . , comp le te  h e l i u m  e m b r i t t l e m e n t .  F u r t h e r ,  t h e  

q u a n t i t y  o f  h e l i u m  i n  t h e  l a t t i c e  does not determine t h e  n a t u r e  o f  

t h e  f r a c t u r e .  

R 

The inhomogeneous n a t u r e  o f  t h e  m i c r o s t r u c t u r e  from one a rea  o f  

133 



m .- 
L 
a, 
Y 
m 

ZL 

> 0 
0 
0 N O  
ro 

0 0  
r . r . 0  0 

N -  L n  

0 3  3 0  
0 0 0 3  0 0  I '0 I 0 0 1  

I 
Lno LnoLno 0 0  I 0 I O - f l  

N O N O  a- I r .  I cor. I 

al a, 
C c 
0 0 
C C 

co 
0 

0 0  Ln M 
N L n - M  - 

O L n  
M -  

E -  
.a, - m N  

m m  U- 
o x  

r n Y  m -  0 .- 
w w w w  w = a ,  V I m  w z  

v o  
L L  
2 u  a n  a 2 ,  

134 



t h e  sample t o  t h e  nex t  has been observed by Kern (5 ) ,  and h e r e  such 

a v a r i a t i o n  i n t roduces  a l a r g e  u n c e r t a i n t y  i n t o  t h e  measurement. The 

measurement o f  a f rom TEM data  away f rom t h e  f r a c t u r e  may n o t  be 

r e p r e s e n t a t i v e  o f  t h e  a R 

i n v e s t i g a t e  f u r t h e r  t h i s  aspect  o f  the problem, a comparison was made 

between TEM data  f rom t h e  sample i n t e r i o r  and SEM data  f rom t h e  

f r a c t u r e  su r face  and i s  presented i n  t h e  nex t  s e c t i o n .  

R 
a t  t h e  f r a c t u r e  su r face .  In o r d e r  t o  

b. C o r r e l a t i o n  o f  F r a c t u r e  Sur face Dimples wi th  I n t e r i o r  Bubbles 

I n  c o n s i d e r i n g  t h i s  c r i t e r i o n ,  most researchers  have used b u l k  

specimens, which they have f r a c t u r e d ,  and counted t h e  bubbles o r  

dimples on t h e  f r a c t u r e  su r face .  They then would prepare and examine 

TEM samples f rom these p o s t - f a i l u r e  specimens. These specimens would, 

by n e c e s s i t y ,  come f rom an area f a r  enough f rom the f r a c t u r e  s u r f a c e  

t o  enab le  a specimen t o  be prepared. 

f rom t h e  samples would be examined f rom areas i n c l u d i n g  g r a i n  bound- 

a r i e s .  One might  expect  t h a t  t h e  d imple spac ing  on the f r a c t u r e  

s u r f a c e  corresponds t o  t h e  bubble spacing b e f o r e  t e s t i n g ,  e s p e c i a l l y  

i n  t h e  case o f  i n t e r g r a n u l a r  f r a c t u r e .  The exper iments o f  Sagues e t  

a l .  ( 6 )  showed a much l a r g e r  a 

g r a i n  boundar ies i n  t h e  TEM samples (a -50% as compared t o  - 3% 

r e s p e c t i v e l y ) .  

U l l m a i e r  ( I )  conclude t h a t  t h e  TEM r e s u l t s  were f rom an area f a r  

enough away from t h e  f r a c t u r e  edge t o  have a lower s t r e s s  and thus a 

lower f r a c t i o n a l  area coverage of bubbles a t  g r a i n  boundar ies than a t  

t h e  f r a c t u r e  su r face .  Tr inkhaus and U l i m a i e r  te rm t h i s  d iscrepancy  as 

The v o i d  o r  bubb le  d e n s i t i e s  

a t  t h e  f r a c t u r e  s u r f a c e  than a t  t h e  R 

R 
To e x p l a i n  t h i s  " observa t i on  gap" Tr inkhaus and 
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an " o b s e r v a t i o n  gap". Goods and N i x  (2)  assume i n  t h e i r  model t h a t  

t h e  d imp le  spac ing  on t h e  f r a c t u r e  s u r f a c e  cor responds t o  the bubb le  

spac ing p r i o r  t o  t e s t i n g .  They e x p e r i m e n t a l l y  r e p o r t  t h a t  t h e  f r a c t u r e  

s u r f a c e  d imples a r e  an o r d e r  o f  magni tude c l o s e r  t o g e t h e r  than t h e  

bubble  spacing.  They c a l l  t h i s  a " cur ious  r e s u l t  and as y e t  unex- 

p l  ained" . 

I n  o r d e r  t o  f u r t h e r  i n v e s t i g a t e  t h e  " observa t ion  gap" phenomenon 

a s e r i e s  o f  SEM and TEM micrographs o f  samples t h a t  had been p u l l e d  t o  

f r a c t u r e  i n - s i t u  i n  t h e  HVEM were examined t o  de te rm ine  c o r r e l a t i o n s  

between bubb le  spac ing p r i o r  t o  t e s t i n g  and d imp le  spac ing a f t e r  

t e s t i n g  for d i f f e r e n t  sample p re t rea tments ,  m i c r o s t r u c t u r e s ,  and t e s t  

temperatures.  Samples t h a t  f r a c t u r e d  t r a n s g r a n u l a r l y  were inc luded .  

For comparison purposes, s i m i l a r  measurements were conducted on m i c r o-  

graphs from Sague's paper. The r e s u i t s  o f  t h i s  i n v e s t i g a t i o n  a r e  

summarized i n  t a b l e  2 .  A number o f  o b s e r v a t i o n s  a r e  apparent .  F i r s t ,  

l o o k i n g  a t  those samples t h a t  f r a c t u r e d  t r a n s g r a n u l a r l y ,  one can see 

t h a t  t h e  TEM-determined va lues  o f  MaR for  t h e  neu t ron  i r r a d i a t e d  

samples ranged f rom 0.3% t o  

from t h e  f r a c t u r e  su r faces  o f  t h e  same samples ranged from 8% t o  15% 

r e s p e c t i v e l y .  In t h e  same samples, v o i d  d e n s i t i e s  were two o r  t h r e e  

o r d e r s  o f  magni tude g r e a t e r  than t h e  d imp le  e q u i v a l e n t  volume d e n s i t i e s .  

(Converted f rom measured d imple  a r e a l  d e n s i t i e s ) .  Note t h a t  t h e  

above d iscrepancy 

from t h e  f r a c t u r e  su r faces  i s  found a t  room temperature  as w e l l  as a t  

60OoC. 

I %  and t h e  SEM-determined va lues o f  a R  

between da ta  from t h e  sample i n t e r i o r  and t h a t  

One f u r t h e r  n o t i c e s  t h a t  t h e  d imp le  d e n s i t y  and a va lues  R 
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o b t a i n e d  a t  t h e  f r a c t u r e  s u r f a c e s  o f  u n i r r a d i a t e d  samples a r e  s i m i l a r  

t o  those  va lues o b t a i n e d  from t h e  i r r a d i a t e d  samples t e s t e d  under 

s i m i l a r  c o n d i t i o n s .  These d a t a  show t h a t  fo r  t r a n s g r a n u l a r  f r a c t u r e  

t h e  d imple  d e n s i t y  i s  independent o f  bubble  p o p u l a t i o n  o v e r  a t e s t  

temperature  range. E v i d e n t l y  the d imples a r e  determined by t h e  

p l a s t i c  de fo rmat ion  processes r a t h e r  than a p r e - e x i s t i n g  bubb le  

p o p u l a t i o n .  The sma l l  c a v i t i e s  a t  t h e  f r a c t u r e  s u r f a c e  were n o t  

d i s c e r n a b l e  i n  t h e  SEM micrographs and hence t h e  d imple  d a t a  i s  fo r  

d imples l a r g e r  than about . Ipm. The smal l  c a v i t i e s  on t h e  f r a c t u r e  

s u r f a c e  which correspond t o  t h e  p r e - e x i s t i n g  bubbles were observed 

i n  t h e  HVEM samples t o  inc rease  i n  d iamete r  by  a f a c t o r  t w o ,  w h i l e  t h e  

number d e n s i t y  o f  c a v i t i e s  remained cons tan t .  Th is  p l a s t i c  d e f o r -  

mat ion induced enlargement o f  bubbles has been d iscussed  b e f o r e  (7 )  

and c o u l d  account f o r  a f a c t o r  8 d iscrepancy between t h e  TEM and 

SEM data.  However, i n  o u r  case t h e  d imples a r e  too l a r g e  t o  be 

generated by t h e  above observed p l a s t i c  deformation enlargement of  

bubbles.  

Turn ing  now t o  t h e  case o f  i n t e r g r a n u l a r  f r a c t u r e ,  one can see 

f r o m  t h e  da ta  i n  t a b l e  2 t h a t  an " observa t ion  gap" e x i s t s  i n  t h i s  case 

a l s o .  Again t h e r e  i s  about an o r d e r  o f  magni tude d i f f e r e n c e  between 

and t h e  l a r g e r  a a t  t h e  f r a c t u r e  s u r f a c e .  t h e  magni tude o f  MaR 

S i m i l a r l y  t h e  bubble  a rea  d e n s i t y  f o r  t h e  n e u t r o n  case i s  much 

d i f f e r e n t  f rom t h e  co r respond ing  d imple  d e n s i t i e s .  Once aga in  t h e r e  

e x i s t s  a l a r g e  " o b s e r v a t i o n  gap" between TEM-determined ail va lues  and 

SEM-determined a va lues,  from-3% t o  -50% for t h e  i n t e r g r a n u l a r  h e l i u m  

R 

R 
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case. Finally, neither by examining the initial bubble nor final 

dimple size, can one see a simple correlation between the two for 

either transgranular or intergranular fracture. 

Looking at this problem of the bubble/dimple "observation gap" 

from another point of view, an examination o f  the TEM transparent 

fracture surface exposed by an exfoliated helium-irradiation-produced 

blister cap was conducted. The purpose of  this experiment was to 

eliminate the "observation gap" since both the fracture surface and 

the matrix interior could be observed from the same area. Since the 

University of Virginia facility has available a high resolution 100 kV 

Philips EM 400 with SED and STEM as well as TEM modes of operation, 

the identical area of sample could be viewed at the surface and in the 

interior. 

The sample under consideration blistered in a region thin enough 

so that the underlying area was electron transparent at 100 kV. These 

thin areas are of a thickness (<IO0 nm) less than the helium range 

(282 nm at 80 kV). 

away from the helium beam. The area studied in detail came from a 

(in the subsequent tensile test after irradiation) crack parallel to 

the plane of the sample produced by an exfoliated layer which exposed 

the fracture surface of the bottom layer. Secondary electron- 

detector formed images at the top and bottom surfaces were taken as 

well as scanning transmission electron micrographs at the same area. 

Interior bubble and surface dimple population densities were noted 

and plotted on a histogram (figure I ) .  Comparison with bubbles 

Blistering occurred on the side of the sample 
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formed in  an uns t ressed  sample s u b j e c t e d  t o  a s i m i l a r  i r r a d i a t i o n  

h i s t o r y  was made on t h e  same h is togram.  As one can see i n  t h e  f i g u r e ,  

t h e r e  was a h i g h  d e n s i t y  o f  sma l l  bubbles as revea led  by TEM and STEM 

micrographs t h a t  a r e  n o t  seen on t h e  su r face .  

bubbles i n  t h e  i n t e r i o r  o f  t h e  b l i s t e r e d  r e g i o n  were r a d i a t i o n  induced, 

r a t h e r  than p l a s t i c / d e f o r m a t i o n  induced c a v i t i e s ,  s i n c e  t h e  bubbles 

o f  a s i m i l a r  s i z e  and d e n s i t y  were found i n  uns t ressed  samples, as 

seen from t h e  f i g u r e .  As t h e  bubble  d iameter  i s  increased,  t h e  number 

o f  bubbles seen i n  t h e  s u r f a c e  (SED) images approaches t h a t  seen in 

t h e  t r a n s m i s s i o n  (STEM) image. By add ing t h e  two SED images a t  r e a r  

and f r o n t  su r faces  p l u s  t h e  TEM image, one can approx imate ly  recon- 

s t r u c t  t h e  STEM h i s t o g r a m  as shou ld  be t h e  case. The r e s o l u t i o n  o f  

t h e  STEM and SED micrographs was not good enough t o  r e s o l v e  t h e  

s m a l l e s t  bubbles.  One can p l a i n l y  see t h a t  t h e  r e a r  b l i s t e r e d  

Th is  p robab ly  means t h e  

f r a c t u r e  s u r f a c e  has d imples up t o  - O . 5 m  i n  s i z e ,  two and one h a l f  

t imes l a r g e r  than any f e a t u r e  on t h e  f ront  ion-bombarded su r face .  

Dimple s i z e s  o f  -0.5 - I .Opm were o b t a i n e d  b e f o r e ,  as was shown i n  

t a b l e  2 p r e v i o u s l y .  Thus i t  appears t h e  " observa t ion  gap" i s  a r e a l  

phenomenon, not an a r t  i f a c t .  

c. C r i t i c a l  He l ium Bubble Pressure a t  F r a c t u r e  

I n  t h e o r i e s  o f  h e l i u m  e m b r i t t l e m e n t ,  t h e  c o n s i d e r a t i o n  o f  t h e  

i n t e r n a l  gas p ressure  o f  a h e l i u m  bubble  repea ted ly  e n t e r s  t h e  

equa t ions .  E q u i l i b r i u m  bubbles a r e  u s u a l l y  assumed t o  c o n t a i n  a 

h e l i u m  gas p ressure  which balances t h e  s u r f a c e  t e n s i o n  such t h a t  

P = 2 y / r  where P i s  t h e  pressure,  y i s  t h e  s u r f a c e  t e n s i o n ,  and r i s  
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t h e  r a d i u s  o f  t h e  bubble .  Cost and Chen (8) c a l c u l a t e d  t h e  number o f  

h e l i u m  atoms p e r  bubb le  i n  e q u i l i b r i u m  fo r  a g i v e n  bubble  d iameter  

u s i n g  a v i r i a l  equa t ion ,  f u r t h e r i n g  t h e  c a l c u l a t i o n s  o f  Barnes (9 ) ,  

who used a vander Waals e q u a t i o n  w i t h  a c o r r e c t i o n  f a c t o r .  

i n  h i s  gas p ressure  d r i v e n  t h e o r y  o f  b l i s t e r i n g ,  assumed o v e r  - 

p r e s s u r i z e d  bubbles which e n l a r g e  u n t i l  t hey  f r a c t u r e  t h e  m a t e r i a l  

between them. By u s i n g  Cost and Chen's r e s u l t s  t o  c a l c u l a t e  t h e  

c o n t e n t  o f  h e l i u m  i n  e q u i l i b r i u m  bubbles and comparing t h a t  r e s u l t  

t o  t h e  amount o f  imp lan ted  h e l i u m  a v a i l a b l e  t o  t h e  bubbles one can 

e s t i m a t e  t h e  r o l e  o f  h e l i u m  p ressure  i n  t h e  f r a c t u r e  process. 

Evans ( 3 ) ,  

In o r d e r  t o  c a l c u l a t e  t h e  h e l i u m  c o n c e n t r a t i o n s  i n  bubbles 

(which of  course i s  r e l a t e d  to t h e  bubb le  p r e s s u r e ) ,  t h e  amount o f  

d e p o s i t e d  h e l i u m  i n  316 s t a i n l e s s  s t e e l  fo r  a g i v e n  i n c i d e n t  h e l i u m  

i o n  energy was c a l c u l a t e d  by u s i n g  t h e  E- DEP- I  code as developed by 

Manning and M u e l l e r ( l 0 ) .  A Gaussian d i s t r i b u t i o n  f o r  t h e  h e l i u m  

d e p o s i t i o n  was assumed. The c a l c u l a t e d  h e l i u m  c o n c e n t r a t i o n s  were 

then  averaged o v e r  t h e  e n t i r e  specimen th i ckness .  I n  a d d i t i o n ,  a l l  

t h e  implanted h e l i u m  was assumed t o  d i f f u s e  t o  t h e  bubbles,  b u t  n o t  

t o  t h e  f r e e  su r faces .  Both assumpt ions l e d  t o  a v a l u e  which 

rep resen ts  t h e  maximum amount o f  h e l i u m  t h a t  c o u l d  be c o n t a i n e d  i n  

t h e  bubbles.  The r a t i o  o f  t h e  number o f  h e l i u m  atoms con ta ined  i n  

e q u i l i b r i u m  bubbles (by Cost and Chen) a t  a g i v e n  d iamete r  t o  t h e  

maximum number o f  imp lan ted  h e l i u m  t h a t  c o u l d  be con ta ined  i n  these  

same bubbles was c a l c u l a t e d  f rom micrographs f rom f o u r  exper iments ,  as 

summarized i n  t a b l e  3 .  The f i r s t  two micrographs,  taken o f  t h i n  areas 
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i n  a 100 kV TEM, revea led  smal l  bubbles (average d iameter  o f  25 nm and 

I O  nm, r e s p e c t i v e 1 y ) w i t h  cor respond ing  r a t i o s  o f  I I  and 2 w h i l e  t h e  

l a s t  two, t aken  i n  a 500 kV HVEM, showed much l a r g e r  bubbles (270 nm 

and 130 nm, r e s p e c t i v e l y )  i n  t h i c k e r  areas o f  specimens and much 

s m a l l e r  r a t i o s  o f  0.01 and 0.6. These ca :cu la t i ons  show t h a t  i n  t h e  

t h i n  reg ions  o f  a sample, t h e r e  i s  more bubble volume than  h e l i u m  

volume a t  t h e  e q u i l i b r i u m  p ressu re  t o  f i l l  them. The i m p l i c a t i o n  o f  

t h i s  r e s u l t  for  t h i n  specimens i s  t h a t  t h e  bubbles a r e  v o i d - l i k e  i n  

t h e i r  p r o p e r t i e s .  Since b l i s t e r i n g  a l s o  occu r red  i n  nearby t h i n  areas 

and s i n c e  o f  course,  t h e  c r a c k  l e a d i n g  t o  f a i l u r e  a l s o  propagated 

th rough t h i n  areas,  t h i s  suggests t h a t  a c r i t i c a l  hel ium bubb le  

p ressu re  may not be necessary for  c rack  p ropaga t i on  and e x f o l i a t i o n  

o r  b l i s t e r i n g .  

4. Conclus ions 

a. I t  appears t h a t  a unique,  c r i t i c a l  area f r a c t i o n ,  aR, o f  g r a i n  

boundary occup ied  by h e l i u m  bubbles i s  n o t  necessary t o  produce 

i n t e r g r a n u l a r  f r a c t u r e  or  h e l i u m  e m b r i t t l e m e n t .  

b. No c o r r e l a t i o n  was found between d imp le  s i z e  o r  a r e a l  d e n s i t y  

and bubb le  s i z e  or  a r e a l  d e n s i t y .  

c. I t  has been observed i n  t h i n  specimens (<IO0 nm t h i c k )  t h a t  

b l i s t e r i n g  due t o  h e l i u m  i r r a d i a t i o n  may occu r  even when t h e  bubbles 

a r e  n o t  f i l l e d  w i t h  h e l i u m ( i . e . , a r e  v o i d - l i k e . )  

d. Hel ium e m b r i t t l e m e n t  ( i n t e r g r a n u l a r  f r a c t u r e )  i s  n o t  

c o r r e l a t e d  t o  a f i x e d  c o n c e n t r a t i o n  o f  hel ium. 
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V I  I .  FUTURE WORK 

I t  i s  p lanned t o  t e s t  a d d i t i o n a l  samples c o v e r i n g  a w ide  v a r i e t y  

o f  m i c r o s t r u c t u r e s  i n  o r d e r  t o  b e t t e r  de termine t h e  r e l a t i o n s h i p  

between m i c r o s t r u c t u r e  and f r a c t u r e  mechanisms. 
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I .  PROGRAM 

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

11. OBJECTIVE 

The objectives of t h i s  work a r e  1 )  t o  determine the u t i l i t y  of in-situ 
HVEM deformation experiments f o r  characterizing the e f f e c t  of i r r ad i a t i on  
on mechanical behavior, and 2)  t o  invest igate  the cause of reduced d u c t i l i t y  
of an Fe-0.3%Cu al loy following neutron i r r ad i a t i on .  

111. RELEVANT DAFS PROGRAM TASKISUBTASK 

TASK II.C.14 Models of Flow and Fracture Under I r radiat ion 

IV. SUMMARY 

In an  e f f o r t  t o  be t te r  understand the nature of i r r ad i a t i on  embrit- 
tlement of low al loy s t e e l s ,  in-situ HVEM deformation t e s t s  have been per- 
foi-med on pure iron and iron-0.3% copper ribbon t ens i l e  specimens in b o t h  
t h e  unirradiated and i r radiated ( 2 . 5  x 1019 n/cm2, E > 1  MeV a t  290°C) con- 
d i t i ons .  Microstructural response i s  described pr incipal ly  in terms of 
the matrix in which cracks were observed t o  propagate across the d i f f e r en t  
specimens. Major differences between the i r rad ia ted  iron-copper a l loy and 
the other material conditions were 1 )  the p l a s t i c  zone which developed a-  
head of propagating cracks was smaller, and 2)  d is locat ions  were found t o  
develop a crenulated s t ruc ture  uncharacter is t ic  of the other conditions 
studied.  I t  i s  inferred t h a t  the crenulations r e s u l t  from the presence of 
obstacles t o  d is locat ion motion and thereby demonstrate the matrix strength-  
ening e f f e c t  of small, radiation- induced, presumably copper-rich precipi-  
tates.  However, the obstacles which a r e  most e f fec t ive  i n  retarding dis-  
location motion are found t o  be d i s t r ibu ted  on a much coarser scale  than 
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t h a t  of the radiation-induced dis locat ion loops .  

V .  ACCOMPLISHMENTS AND STATUS 
A .  HVEM In- si tu  Deformation of Neutron I r radiated Fe-0.3a/o C u  

0. S .  Gelles ( H E D L )  

1 .  Introduction 

Embrittlement o f  l i g h t  water reactor  (LWR) pressure vessel 
s t e e l s  due to  neutron i r r ad i a t i on  i s  a well-known,") b u t  n o t  well-under- 
stood phenomenon. 
t rans i t ion  from duc t i l e  t o  b r i t t l e  f a i l u r e  as the t e s t  temperature i s  re- 
duced. Neutron i r r ad i a t i on  r e s u l t s  i n  an upward s h i f t  of the t r ans i t i on  
temperature and a reduction o f  the toughness a t  temperatures abcve the 
t r ans i t i on  temperature. The problem i s  of i n t e r e s t  due t o  the f a c t  t h a t  
f e r r i t i c  s t e e l s  are  now being ser iously  considered as a l te rna t ives  t o  

Such s t e e l s  have a cha rac t e r i s t i c  of undergoing a 

aus t en i t i c  s t e e l s  f o r  service  in fusion reactors .  ( 2 )  

The level of copper impurity i n  pressure vessel s t e e l s  i s  
found t o  have a strong influence on the magnitude o f  the i r rad ia t ion- in-  
duced s h i f t  in the  d u c t i l e - b r i t t l e  t r ans i t i on  temperature (DBTT). 
demonstrated t h a t  careful  control of selected impurity elements, namely 
copper and phosphorus, resul ted in reduced DBTT ~ e n s i t i v i t y . ' ~ )  
recent ly ,  Varsik and Byrne have attempted t o  co r r e l a t e  empirically t h i s  
s e n s i t i v i t y  with impurity content and f ind high s e n s i t i v i t y  f o r  copper 
above 0.1% whereas below 0.1% copper they can ascr ibe the e f f e c t  t o  other 
i m p ~ r i t i e s . ' ~ )  
confirmed by work of Hawthorne e t  a l .  who compared pressure vessel s t e e l s  

Hawthorne 

More 

T h i s  i n sens i t i v i t y  f o r  copper leve ls  below 0.1 percent was 

with extra  low (<0.06 percent) and low (<0.10 percent) copper contents.  ( 5 )  

I n  s tud ies  t o  better understand the e f f e c t  of copper on i r -  
radiat ion embrittlement, simple binary and ternary a l loys  have been em- 
ployed. Smidt and Sprague compared Fe-0.3 a/oCu w i t h  pure i ron ,  iron-base 
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al loys  with vanadium, n ickel ,  carbon o r  phosphorus, and several pressure 
vessel s t e e l s  chosen fo r  t h e i r  d i f f e r e n t  copper levels .  (6) They found 
large increases i n  compressive y ie ld  strength a f t e r  i r r ad ia t ion  t o  2.5 x 
1019 n/cm2 ( E > 1  MeV) a t  280°C f o r  both the copper a l loy  and the high cop- 
per pressure vessel weldment compared t o  the other  materials  tested. 
could be corre la ted ,  i n  the case of the copper a l l o y ,  with rapid develop- 
ment of small dislocat ion loops (2.5 t o  5.0 nm).  They showed t h a t  such 
behavior was explainable by a heterogeneous loop nucleation model in  which 
small c l u s t e r s  of copper atoms serve as nucleation s i t e s  for p o i n t  defec t  
aggregates. Brenner e t  a l .  obtained r e s u l t s  consis tent  with t h i s  hypothe- 
s i s  using f ield- ion microscopy. (7 )  A specimen of iron-0.34 w/o Cu i r r a d i -  
ated t o  3.0 x 1019 n/cm2 ( E > 1  MeV) was shown t o  contain imperfections ten- 
t a t i v e l y  ident i f ied  as copper s t ab i l i zed  voids with a mean diameter of 0.6 

nm and a number densi ty of 8 x 1017/cm3. I n  l i ne  with the f a c t  t h a t  b r i t -  
t l e  f rac tu re  i s  general ly t r ansc rys ta l l ine  and tha t  Auger spectroscopy 
of an embrittled pressure vessel s t ee l  reveals  no copper segregation a t  
the f rac ture  surface , (8)  i t  was therefore concluded t h a t  embrittlement was 
due t o  precipi ta t ion  hardening of the matrix. 

This 

More recent work designed t o  study synergis t ic  e f f e c t s  of 
alloying on i r r ad ia t ion  embrittlement has been reported by T a k a k u  e t  a l .  ( 9 )  

Tensile t e s t s  were performed on a s e r i e s  of binary and ternary iron a l loys  
containing copper a f t e r  i r r ad ia t ion  t o  a fluence of 5 x lo1* n/cm2 ( E > 1  MeV) 
a t  250°C and in some cases a f t e r  isochronal anneals. 
t ions  i n  elongation were found with increasing copper content, whereas, 
fo r  a constant copper level of 0.1 w/o, addit ions of ti tanium, s i l i con  and 
aluminum reduced the e f f e c t .  The Fe-0.3 w/o Cu  a l loy  was found t o  have 
fa i l ed  intergranularly following i r r a d i a t i o n ;  f a i l u r e  remained intergranu- 
l a r  a f t e r  annealing a t  300'C f o r  ten hours. (Electron microprobe analysis  
d i d  n o t  reveal copper segregated on the f rac tu re  surface b u t  such experi-  
ments cannot de tec t  atomically th in  l a y e r s . )  
f a i l u r e  observed, the authors proposed tha t  grain boundary segregation of 
copper atoms i s  a t  l e a s t  in  p a r t  responsible fo r  the i r rad ia t ion  embri t t le-  
ment. 

Signi f icant  reduc- 

Due t o  the intergranular  
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The present experiment was devised t o  be t t e r  understand the 
role of copper addit ions on i r rad ia t ion  embrittlement of pressure vessel 
s t e e l s .  
causing the embrittlement b u t  the pa r t i c l e s  were so small t h a t  they could 
not be iden t i f ied  by transmission electron microscopy. However, increased 
y ie ld  strengths indicated t h a t  the particles must be affect ing dis locat ion 
motion and therefore HVEM in-situ deformation studies might reveal the 
nature and e f f e c t  of the pa r t i c l e s  on deformation behavior. 

I t  was deemed l i ke ly  t h a t  copper p rec ip i ta te  pa r t i c l e s  were 

2 .  Experimental Procedure 

Specimens of pure iron and Fe-0.3%Cu in the form of 50 pm 

( . 0 5  mm) thick disks 3.0 mm in diameter were kindly provided by Smidt and 
Sprague o f  N R L .  Five unirradiated disks and f o u r  disks i r rad ia ted  t o  2 . 5  

x 1019 n/cm2 ( E > 1  MeV) a t  290°C remaining from t h e i r  previous work(6) were 
supplied. Specimens were prepared as  ribbon microtensile specimens with a 
gauge section u p  t o  2 mm long, approximately 0.75 mm wide and approaching 
.002 mm thick.  Such specimens were found t o  be extremely f r a g i l e  and there-  
fore  a supporting ring consist ing of the outer  edge of the disk was retained 
for handling and loading purposes. 

Specimens were mounted in a s ing le  t i l t i n g ,  heating, s t r a i n -  
ing side-entry stage supplied by Gatan, Inc., P i t t s b u r g h ,  Pennsylvania, 
Catalog #582-0000, especial ly  designed t o  handle specimens 3 mm in length.  
This device provides a measurable s t r a i n  in the specimen with readout in 
microns (0.001 mm)  by transducer coupling t o  a heated s t ra in ing  wire and 
thewfore  the device represents a "hard" or  s t ra in- control led t e n s i l e  ma- 
chine. Power input fo r  heating the s t ra in ing  wire i s  manually control led.  
After mounting was completed, supporting ring members were severed leaving 
only the ribbon t e n s i l e  gauge section between the s tage gr ips .  

In-situ deformation experiments were performed a t  room temp- 
erature in a JEM-1000 high voltage electron microscope su i tab ly  adapted t o  
accept the Gatan s ide entry  stage geometry and operating a t  1 MeV. The 
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beam in tens i ty  was k e p t  low, below 1 dpa/hour, t o  reduce climb in the d i s-  
location s t ruc ture .  
area in the sample, climb could be detected. However, a specimen experienced 
fur ther  s i gn i f i can t  i r rad ia t ion  induced microstructural change during 
examination only in the unusual instance t h a t  examination times were pro- 
longed. Microstructural information was primarily recorded on video tape 
u s i n g  a low l i g h t  level Isocon in tens i f ied  camera system (Cohu Model 73048) 
focused on a transmission fluorescent screen. Detailed dis locat ion and 
crack qeometries were a l so  recorded on photographic fi lm; in some cases, 
a f t e r  the deformation experiment had been completed, the specimen was 
transferred t o  a doub le  t i l t i n g  stage and  photographed. 

During a f i f t e e n  m i n u t e  examination of a pa r t i cu l a r  

3. Experimental Results 
General Behavior 

Specimen mounting and ,  i n  pa r t i cu l a r ,  severing of the speci- 
men supporting r i n g  member were found t o  be very de l ica te  operations.  
Lateral movement o f  the grips can occur d u r i n g  loading thereby placing 
the specimen in su f f i c i en t  tension t o  cause f a i l u r e .  
ed by placing each specimen in s l i g h t  compression during the support r ing 
severing operation. 
unavoidable during specimen mounting. 

This could be avoid- 

As a r e s u l t ,  a minor amount of p l a s t i c  bending was 

As the s t r a in  was increased, the dislocation s t ruc ture  con- 
tained in the specimen was careful ly  inspected. In no specimen was d i s lo-  
cation motion typical  of the onset of p l a s t i c  yie lding iden t i f ied .  Dis- 
location motion was only encountered in a localized region a f t e r  crack t i p  
formation had occurred. As a r e s u l t ,  the onset of p l a s t i c  deformation o r  
yielding was not examined. I t  i s  possible t h a t  t h i s  response i s  a result 
of a strong tendency in these materials  t o  form Luders bands. 
t i v e l y ,  specimen non-uniformity, channel deformation, or simply bad luck 
prevented observation of the onset of p l a s t i c  deformation. 
t ion t o  t h i s  problem may l i e  in the development of fabr icat ion techniques 

Alterna- 

A future  solu- 
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which produce specimens w i t h  much s m a l l e r  gage sec t i ons .  

A l l  r i b b o n  t e n s i l e  specimen c o n d i t i o n s  ( t h e  pure i r o n  and the  

i ron- copper  a l l o y  i n  b o t h  t h e  u n i r r a d i a t e d  and the  i r r a d i a t e d  t rea tments )  

r evea led  the  f o l l o w i n g  de fo rmat ion  behav io r .  A narrow band o f  m a t e r i a l  
t end ing  t o  be o r i e n t e d  pe rpend i cu la r  t o  t h e  t e n s i l e  a x i s  was t h i nned  by 

p l a s t i c  de fo rmat ion  ahead o f  t he  c rack  t i p .  

m a t e r i a l  ahead o f  t h e  c rack  t i p  appeared t o  shimmer as bend f r i n g e s  were 

r e o r i e n t e d  by d i s l o c a t i o n  mot ion.  I n  many ins tances ,  i n d i v i d u a l  d i s l o c a -  

t i o n s  c o u l d  be reso l ved  when s u i t a b l e  imaging c o n d i t i o n s  were ob ta ined .  

These d i s l o c a t i o n s  moved away from t h e  c rack  t i p  on s l i p  p lanes o f  a g i ven  

o r i e n t a t i o n  and then, sometime l a t e r ,  movement o f  d i s l o c a t i o n s  occur red  on 

a second, n e a r l y  o r thogona l  s l i p  system. The s l i p  p lanes were es t imated  

t o  be i n c l i n e d  approx imate ly  45" t o  t he  specimen f o i l  su r faces .  As s t r a i n  
proceeded, t he  c rack  t i p  was observed t o  propagate i n  a s e r i e s  o f  z igzag  

s teps o f t e n  i n  t he  d i r e c t i o n  o f  t he  o p e r a t i v e  d i s l o c a t i o n  s l i p  system. The 

p o i n t s  mark ing each change i n  d i r e c t i o n  o f  t h e  c rack  t i p  moved a p a r t  i n  t h e  

d i r e c t i o n  o f  t he  a p p l i e d  s t r e s s .  

indeed due t o  t he  a p p l i e d  t e n s i l e  s t r e s s .  

t e r e d  o f  apparent c rack  b l u n t i n g  by g r a i n  boundar ies.  

r e s u l t e d  i n  n u c l e a t i o n  o f  a second c rack  i n  t h e  ad jacen t  g r a i n  ahead o f  

t h e  p ropagat ing  c rack  f o l l o w e d  by f a i l u r e  o f  t h e  l i n k a g e  between t h e  c racks ,  

w h i l e  p ropagat ion  o f  t h e  secondary crack con t inued  i n  t h e  ad jacen t  g r a i n .  

On no occas ion was c rack  p ropagat ion  observed t o  proceed a long  a g r a i n  

boundary. 

As de fo rmat ion  proceeded, t h e  

Thus, t h e  c rack  opening d isp lacement  was 
Several  examples were encoun- 

On occasion, t h i s  

A p r e l i m i n a r y  a n a l y s i s  o f  t h e  change i n  d i r e c t i o n  o f  a c rack  

t i p  as a f u n c t i o n  o f  t h e  c rack  t i p  opening d isp lacement  was per formed f o r  

t h e  case o f  a c rack  p ropaga t i ng  i n  an u n i r r a d i a t e d  pure i r o n  specimen. 

shown i n  F igu re  1 ,  no c o r r e l a t i o n  was found between the  opening d isp lacement ,  

d e f i n e d  by the  r a t i o  o f  t he  d i s t a n c e  between t h e  p o i n t s  mark ing the  l a s t  

change i n  d i r e c t i o n  o f  t h e  c rack  t i p  and t h e  p ropaga t i on  l e n g t h  o f  t h e  l a s t  

c rack  segment, and t h e  ang le  which t h e  c rack  m i d l i n e  makes w i t h  t h e  t e n s i l e  

a x i s .  However, i t  can be noted t h a t  a l l  da ta  p o i n t s  l i e  i n  t h e  range 37 

As 
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t o  68°C from the normal t o  the t e n s i l e  ax i s .  
where two measurements were made fo r  the same crack segment, the r a t i o  of 
opening displacement versus length increased (as  indicated by arrows on the 
f igu re ) .  

Also of note i s  the f a c t  t h a t ,  
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FIGURE 1.  Crack Propagation Behavior i n  an Unirradiated Pure Iron Specimen. 
The crack opening displacement, b/a, i s  p lot ted a s  a function of 
the angle defining the d i rec t ion  of propagation +. 

Differences Due t o  Composition and I r rad ia t ion  

Seven t e n s i l e  specimens were successfully mounted in the 

These comprised two unirradiated and one i r rad ia ted  pure iron 
s t ra in ing  stage and deformed while the resul t ing behavior was recorded on 
video tape.  
specimens, and two unirradiated and two i r rad ia ted  Fe-0.3 a/o Cu specimens. 
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The i r r ad i a t ed  specimens had been exposed t o  2.5 x 1019 n/cm2 a t  290'C. 

Differences in the s t ra in ing  behavior were detected f o r  the 
d i f f e r en t  specimens tes ted .  
of the p l a s t i c  zone ahead of a propagating crack t i p  and the a l loy  composi- 
t i on  and i r r ad i a t i on  h i s tory .  Also, the shape of individual dis locat ions  
produced during deformation varied with a l loy  composition and i r r ad i a t i on  
h i s  tory.  

A correla t ion could be found between the s i z e  

The var ia t ion in p l a s t i c  zone s i ze  ahead of a propagating 
crack t i p  was found t o  vary with specimen condition as follows: both the 
width and extent of the p l a s t i c  zone were notably smaller f o r  the i r r a d i -  
ated iron-copper a l loy compared t o  the other  three  a l loy  conditions tested. 
P l a s t i c  zone widths a t  the crack t i p  and p l a s t i c  zone lengths ahead o f  t h e  
propagating crack were determined d i r e c t l y  from video tape playback of each 
t e n s i l e  test .  
ble in a given specimen ( f o r  example, due t o  crack blunting a t  a grain 
boundary) and accurate measurements were d i f f i c u l t  t o  make. 
c l ea r  indicat ion of a trend i s  indicated: 
copper a l loy has reduced the p l a s t i c  zone s i z e ,  consis tent  w i t h  y i e ld  
strength behavior. (6) 
reduction resul t ing from i r rad ia t ion  i s  estimated t o  be on the order of 
50%. 

A summary i s  provided in Table 1 .  Variation was considera- 

However, a 
radiat ion damage i n  the iron- 

Furthermore, the magnitude of the p l a s t i c  zone s i z e  

The shape of individual dis locat ion segments produced during 
The unirradiated deformation varied as  a function of specimen condition. 

specimens developed r e l a t i ve ly  s t r a i g h t  dis locat ion segments during de- 
formation. Examples were found where, within dis locat ion tangles ,  d i s lo-  
cations developed s ign i f ican t  curvature,  b u t  these were c l ea r ly  s i t ua t i ons  
where dis locat ion pinning points were widely separated and the curvature 
of such dis locat ions  was smooth. 

154 



TABLE 1 

Specimen 
Condition 

Pure iron 

P l a s t i c  Zone Size Measurements of Propagating Cracks in 
Ribbon Tensile Specimens Deformed In-Situ 

P l a s t i c  Zone 
Width Length 

No. Size Standard No. Size Standard 
Measured (nm) Dev. (nm) Measured (nm)  Dev. (nm)  

5 3200 800 5 gaoo 1500 

Fe -0.3C u- - 
i r radia ted  

2800 300 3 10000 3500 I Pure iron-- 
i r rad ia ted  

9 21 00 600 9 6200 2400 

Fe-0.3Cu I 10 2800 500 10 12600 4700 I 

In comparison, the i r r ad ia ted  specimen showed somewhat d i f -  
fe ren t  dislocat ion s t ructure .  
a l s  b u t  they were generally larger  and l ess  dense in the case of the pure 
iron.  
i n  the pure iron case,  they appeared crenulated f o r  the iron-copper a l loy.  
An example of this difference i s  provided in Figure 2. 
the dislocat ion s t ruc tu re  i n  deformed i r rad ia ted  pure i r o n  and Figure 2b 
shows the dislocat ion structure in the i r rad ia ted  Fe-0.3Cu a l loy .  
cases, d is locat ions  are  inclined from f o i l  top t o  bottom and arrayed on 
s l i p  planes. The crenulat ions which appear on d is locat ions  i n  the iron- 
copper a1 loy are  apparently due t o  irradiation- induced fea tures  which i m-  
pede d is locat ion  motion. The dis locat ion  loops i n  the iron-copper a l loy  
presumably developed when dis locat ions  bypassed obstacles by a looping 
ra ther  than a cut t ing  process. 
order o f  8 rim in diameter and probably represent  d is locat ion  loops wrapped 
around individual obstacles,  whereas l a r g e r  elongated loops probably re-  
present dislocations wrapped around more than one obstacle.  
of d is locat ion  motion is indicated both by the d i rec t ion  of curvature of 
individual d is locat ions  and by surface s l ip  plane t races  which appear as 
f a i n t  white l i n e s .  

Dislocation loops developed in both materi- 

However, whereas individual d is locat ion  l i n e  segments were smooth 

Figure 2a shows 

In bo th  

The smallest  loop fea tures  a re  on the 

The di rec t ion  
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FIGURE 2. Comparison of Dislocation Structures in Irradiated Deformed 
Ribbon Tensile Specimens of a)  Pure Iron and b) Iron-0.3 
a/o Copper. 
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4 .  Discussion 

The concept t h a t  copper atom c lu s t e r s  may form in i r rad ia ted  
iron-copper a1 loys and t h a t  such clusters may d i r ec t l y  lead t o  hardening 
of the matrix and impede p l a s t i c  deformation has been strengthened in the 
present s t u d y .  
developed obstacles t o  dislocation motion and these obstacles were effec-  
t i v e  even a f t e r  s ign i f ican t  deformation had occurred. 
case with pure iron.  
head of a propagating crack was less in the case of the iron-copper a l loy 
demonstrating tha t  the amount of local p l a s t i c i t y  (and volume) pr ior  t o  
f a i l u r e  was reduced. 
the to ta l  elongation poss ib l e . ( lO) )  
previous s tudies  of embrittlement in pressure vessel s t e e l s  and provide 
improved understanding of the nature of the embrittlement phenomenon. 

During i r r a d i a t i o n  the iron-copper a l loy  was found t o  have 

Such was n o t  the 
Additionally, the extent  of p l a s t i c  deformation a- 

(The p l a s t i c  zone s i ze  should be a d i r e c t  measure of 
These r e su l t s  are  consis tent  with 

However, what appears t o  be even more s ign i f i can t  i s  the na- 
ture of the obstacles obstructing dis locat ion motion. 
measured a density of 4 x 1015 dislocation loops/cm3 in Fe-0.3Cu a f t e r  
i r rad ia t ion  t o  2 .5  x 1019 n/cm2 and 2.5 x 1 O I 6  dislocation loops/cm3 
a f t e r  4.5 x l ozo  n/cm2 in the same mater ia l .  
i n t e rpa r t i c l e  spacing a l o n g  a l i n e  of random direct ion of approximately 
25 nm. Examination o f  F i g u r e  2b reveals  t h a t ,  although crenulations on 
the order of 25 nm can be observed, the spacing between the most e f fec t ive  
obstacles i s  an order of magnitude la rger .  Thus, each dis locat ion loop 
produced by i r rad ia t ion  does n o t  cons t i tu te  a major obstacle t o  disloca-  
t ion  motion. 
orders of magnitude smaller. 
t ion loop" fea tures ,  cons t i tu t ing  0.1% of the population, o r  they a r e  some 
other  radiation-induced feature  which forms a t  a much lower number densi ty ,  
on the order of 1013 

Smidt and Sprague 

This corresponds t o  a mean 

Rather, the major obstacles have a number density three 
They e i t h e r  represent the l a rges t  "disloca-  
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5. Conclusions 

In-situ deformation t e s t s  on pure iron and iron-0.3 a/o copper 
r i b b o n  t e n s i l e  specimens in  b o t h  the unirradiated and i r rad ia ted  (2 .5  x 
1019 n/cm2, E > 1  MeV a t  290OC) conditions reveal a number of di f ferences  in 
microstructural development, and these are  re la ted  t o  the a l l oy  content 
and i r rad ia t ion  his tory.  

1 )  The observed p l a s t i c  zone s i ze  ahead of propagating cracks was 
smaller in the i r rad ia ted  iron-copper a l loy specimens. 

2 )  Dislocations which moved during in-situ s t ra in ing  of the i r rad ia ted  
iron-copper a l loy specimens developed a crenulated shape uncharacter is t ic  
of the other materials  tested. 

Therefore, i t  has been shown t h a t  radiat ion damage in i ron con- 
ta ining copper introduces obstacles t o  dis locat ion motion which r e s u l t s  
in matrix hardening and an increased tendency fo r  embrittlement. However, 
uncertainty e x i s t s  concerning the nature of the obstacles ,  because t h e i r  
density i s  considerably l e s s  than dis locat ion loop dens i t i es  measured in 
t h i s  mater ia l .  
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