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FOREWORD 

This r e p o r t  i s  the  s i x t h  i n  a  se r ies  o f  Q u a r t e r l y  Technical Progress 
Reports On "Damage Analysis and Fundamental Studiesa (DAFS) which i s  one 
element of t he  Fusion Reactor Ma te r i a l s  Program, conducted i n  support o f  t h e  
Magnetic Fusion Energy Program o f  t he  U. S. Department o f  Energy. Other 
elements o f . t h e  Ma te r ia l s  Program are: 

0, Alloy Development for Irradiation Performance (ADIP) . Plasma-Materials Interaction (PMI) . Special mrpose Materials (SPM). 

The DAFS program element i s  a  na t i ona l  e f f o r t  composed o f  c o n t r i b u t i o n s  
from a  number o f  Nat iona l  Labora tor ies  and o ther  government labora tor ies ,  
u n i v e r s i t i e s ,  and i n d u s t r i a l  l abo ra to r i es .  It was organized by t h e  Mater i -  
a l s  and Rad ia t ion  Effects Branch, O f f i ce  o f  Fusion Energy, DOE, and a  Task 
Group on Damage Analysis and Fundamental Studies which operates under t h e  
auspices of t h a t  Branch. The purpose o f  t h i s  ser ies  o f  repo r t s  i s  t o  pro- 
v ide  a  working techn ica l  record  o f  t h a t  e f f o r t  f o r  t he  use o f  t he  program 
p a r t i c i p a n t s ,  f o r  the  f u s i o n  energy program i n  general, and f o r  t h e  Depart- 
ment o f  'Energy. 

This  r e p o r t  i s  organized along t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a  Program 
Plan o f  the  same t i t l e  ( t o  be publ ished)  so t h a t  a c t i v i t i e s  and accomplish- 
ments may be fo l l owed  r e a d i l y  r e l a t i v e  t o  t h a t  Program Plan. Thus, t he  work 
o f  a  given l abo ra to ry  may appear throughout the  repo r t .  Chapters 1 and 2 
r e p o r t  t o p i c s  which are gener ic  t o  a l l  o f  t he  DAFS Program: DAFS Task Group 
A c t i v i t i e s  and I r r a d i a t i o n  Test F a c i l i t i e s ,  respec. t ive ly .  Chapters 3, 4, 
and 5 r e p o r t  the  work t h a t  i s  spec i f i c  t o  each o f  t he  subtasks around which 
the  program i s  s t ruc tured:  A. Environmental Charac ter iza t ion ,  B. Damage 
Product ion, and C. Damage M ic ros t ruc tu re  Evo lu t i on  and Mechanica'l Behavior. 
The Table o f  Contents i s  annotated f o r  t he  convenience o f  t h e  reader. 

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

Klaus M. Zwilsky, Ch ie f  
Ma te r i a l s  and' Rad ia t ion  
. E f fec ts  Branch 
O f f i c e  of Fusion Energy 
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DAFS TASK GROUP ACTIVITIES 

I. Subtask Group B - Damage Product ion (M. W.  Gujnan, Chairman) 

A meeting was he ld  a t  Livermore on June 7-8 t o  d iscuss the  c u r r e n t  

s ta tus  of displacement c a l c u l a t i o n s  .and o f  atomi s t i c  displacement p roduc t ion  

model s  . Attendees inc luded M. W. Guinan (Chairman) , C. M. Logan and 3. H. . 

Ki.nney, LLL ; W. D. Wi-lson and L., G. Haggmark, SLL; L. R .  Greenwood, ANL; 

D. M. Park in,  LASL; M. T. Robinson, ORNL; and D .  G. Doran, H. L. ~ e i n i s c h , , '  

and J. 0. Schi f fgens,  HEDL. 

Thediscussions o f  displacement c a l c u l a t i o n s  centered on extension 

o f  cross sec t ions  above 20 MeV, poss ib le  improvements i n  t h e  t r e a t m e n t ' o f  

c e r t a i n  reac t ions ,  and the  a d v i s a b i l i t y  o f  a l l  l a b o r a t o r i e s  us ing  a common 

code o r  s e t  o f  displacement cross sec t ions .  Fur ther  i n te rcode  comparisons, 

and rev iew o f  the  recen t  exten-sions above 20 MeV by Greenwood, were c a l l e d  

f o r .  I 

Current  cascade s imu la t i on  work i s  i n  progress a t  ORNL, LLL, and 

HEDL. Both LLL and HEDL a re  t r y i n g  t o  meld low energy many-body ca l cu la -  \ 

t i o n s ,  i n  bcc and f c c  l a t t i c e s ,  respec t i ve l y ,  w i t h  Robinson's b i n a r y  c o l l i -  

s i o n  code MARLOWE. O f  p a r t i c u l a r  conc'ern i s  an e f f e c t i v e  t reatment  o f  t h e  

l o c a l l y  e x c i t e d  l a t t i c e  immediately f o l l o w i n g  the  de fec t  forming stage o f  

a  cascade. 

The minutes o f  t h i s  meeting should become a v a i l a b l e  du r i ng  t h e  
/ 

nex t  qua r te r .  

11. Subtask Group C - Damage M ic ros t ruc tu re  Evo lu t i on  and Mechanical 

Behavior (G .  R. Odette, Chairman) 

R. W .  Powell (HEDL) prepared a suggested l i s t  o f  m a t e r i a l s  f o r  DAFS 

. . 



i r r a d i a t i o n s ,  c i r c u l a t e d  i t  f o r  comments, and i n i t i a t e d  procurement., He 

has a l s o  developed a p re l im ina ry  t e s t  p l a n  f o r  DAFS reac to r  i r r a d i a t i o n s  

f o r  review. 

An ad hoc committee, c o n s i s t i n g  o f  R. W. Powell, Chairman, J .  A. 

Spitznagel (W-R&D), - J. A. Sprague (NRL), J. L. Br imha l l  (PNL), and F. . V .  

N o l f i  (ANL) reviewed the cond i t i ons  o f  the  MFE-1 experiment i n  t he  Oak 

Ridge' Research Reactor (ORR) . This experiment was terminated e a r l y  because 

the  des i red  temperatures were exceeded a t  many specimen loca t i ons .  (1 

Consensus was reached on the  d i s p o s i t i o n  o f  the  specimens. Those deemed 

worthy o f  examinat ion w i l l  be d i s t r i b u t e d  by ORNL dur ing  the nex t  quar te r .  

(1  ) A1 1 oy Development f o r  I r r a d i a t i o n  Performance, Q u a r t e r l y  Progress 

Report, J u l y  - September 1978, DOE/ET-005813. 
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I. PROGRAM . 

T i  t . le :  RTNS-I I Operat ions 

P r i n c i p a l  I n v e s t i g a t o r :  C. M. Logan/D. W .  Meikkinen 

~ f f i  1  i a t i o n :  Lawrence Livermore Laboratory 

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  operate t he  RTNS-I1 f a c i l i t y  f o r  the  

f u s i o n  ma te r i a l s  program. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

Various . . . 

I V .  SUMMARY 

A deuteron. beam d iagnos t i cs  system has been i n s t a l  1  ed i n  o rder  t o  j m -  

prove neutron u t i l i z a t i o n .  I r r a d i a t i o n ,  dosimetry and hand l ing  serv ices  

i r e  r o u t i n e l y  being prov ided f o r  user 1  abo ra to r i es  . 

V.  ACCOMPLISHMENTS AND STATUS 

I n  order  t o  make t h e  most e f f e c t i v e  use of neutrons produced a t  RTNS-I1 

i t  i s  necessary t o  accu ra te l y  c o n t r o l  t he  s p a t i a l  p o s i t i o n  o f  the  neutron 

source. Except f o r  smal l  e f f e c t s  caused by nonuniform t r i t i u m  d i s t r i b u t i o n  

i n  t he  t a r g e t ,  t he  l o c a t i o n ,  s i z e  and shape o f  t he  neutron source a re  de te r -  

mined by the  deuteron beam p r o f i l e  and p o s i t i o n  on the  t r i t i u m  t a r g e t .  

s t e e r i n g  and focus ing  systems permi t c o n t r o l  1  i n g  beam. pos i  t i o n  and p r o f i l e  

b u t  some method o f  observa t ion  i s  requ i red .  We have devised such 'a system. 

When the  deuteron beam s t r i k e s  the  ti t a n i u m - t r i  t i d e  t a r g e t ,  v i s i b l e  

1  i g h t  i s  emi t ted.  The i o n  source a t  RTNS-I1 i s  mounted v e r t i c a l l y  and the  

beam i s  ex t rac ted  downward. The D+ component i s  then bent  90' and i n j e c t e d  



i n t o  the  acce le ra t i on  column. The i o n  source and bend magnet a re  l oca ted  

i n  the h igh-vo l tage te rmina l .  The beam t r a n s p o r t  system d e l i v e r s  t he  ac- 

ce le ra ted  beam t o  t he  r o t a t i n g  t a r g e t .  We have reconf igured  the  vacuum 

system i n  t he  reg ion  o f  t h e  bend chamber t o  pe rm i t  i n s t a l l a t i o n  o f  a  t e l e -  

v i s i o n  camera which looks down the  beam l i n e  a t  t h e  l i g h t  em i t t ed  from the  

beam i n t e r a c t i o n  w i t h  the  r o t a t i n g  t a r g e t .  The t e l e v i s i o n  s igna l  i s  then 

t ransmi t t ed  down from the  h igh  vo l t age  te rmina l  v i a  a  f i b e r  o p t i c  system. 

By prea l  i g n i n g  t h e  camera w i t h  t he  beam t r a n s p o r t  system and t h e  sample t o  

be exposed t o  neutrons, a  r e a l - t i m e  image can be d isp layed revea l i ng  the  

l o c a t i o n  o f  t he  neutron source w i t h  respec t  t o  t he  sample being i r r a d i a t e d . '  

The t e l e v i s i o n  s igna l  can be processed t o  t r a n s l a t e  b r igh tness  v a r i a t i o n s  

i n t o  c o l o r  bands. Th is  d iagnos t i c  t o o l  p r o v i d e s e t h e  opera tor  w i t h  an e a s i l y  

i n t e r p r e t e d  graphic  d i s p l a y  which enables him t o  accu ra te l y  c o n t r o l  t h e  

neutron source. 

During t h i s  q u a r t e r  two runs have been completed on capsules assembled 

by HEDL. Each run  was, a  room temperature exposure of many .3 mm d i sks  f o r  

l a t e r  examinat ion by TEM and microhardness. I r r a d i a t i o n  cont inues on a  

composite capsule con ta in ing  samples o f  meta ls  from PNL, TFTR d iagnos t i c  

window g lass  from ANLy and superconductors from both  LLL and BNL. A  p o r t i o n  

o f  t he  PNL samples have been completed. Dosimetry and m a t e r i a l  hand1 i n g  

serv ices  a r e  being r o u t i n e l y  provided. 

A users meeting was h e l d  a t  RTNS-I1 .on June 7, 1979 t o  discuss f u t u r e  

p lans.  

V I  . REFERENCES 

None 

V I I .  FUTURE WORK 

I r r a d i a t i o n s  w i l l  con t inue  nex t  qua r te r .  A  major  e f f o r t  w i l l  be devoted 

t o  i n s t a l l i n g  and per fo rming  the  LLL creep experiment. 
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I. PROGRAM 

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

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

A f f  il i a t i o n :  Argonne Nat iona l  Labora to ry  

11. OBJECTIVE 

To e s t a b l i s h  t h e  b e s t  p r a c t i c a b l e  dos imet ry  f o r  mixed-spectrum r e -  

a c t o r s  and t o  p rov ide  dos imet ry  and damage a n a l y s i s  f o r  MFE exper imenters.  
' 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

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

r e a c t o r .  

I V .  SUMMARY 

Ana l ys i s  o f  t h e  low power s p e c t r a l  measurement i n  t h e  Oak Ridge 
., . . 

~ e s e a r c h  Reactor (ORR) has been completed and t h e  p r ima ry  r e s u l t s  have 

been disseminated. Ana l ys i s  o f  t h e  dos imet ry  w i r e s  f rom ORR-MFE1 i s  

con t i nu ing .  

V. ACCOMPL1SHMENT.S AND STATUS 

A. Experiments a t  t h e  Oak Ridge Research Reactor - - L. R. Green- 

wood and R. R. , .Heinr ich (ANL) 
1 

Ana l ys i s  has been completed f o r  t h e  low power spec t ra l  measure- 

ment i n  t h e  Oak Ridge Research Reactor.  Four 24" l o n g  aluminum capsules 

were i r r a d i a t e d  i n  co re  p o s i t i o n  E7 d u r i n g  January a t  a-power l e v e l  o f  

1  MW (61.53 MWH). Spec t ra l  se t s  o f  10 dos imet ry  w i r e s  were p laced a t  



eight  locations giving a t o t a l  of 28 separate act ivat ion measurements a t  
each location;  ' Four wires ( N i ,  Co-A1 , Fe, .and Ti)  were a1 so placed i n  

each capsule t o  measure the f lux gradients.  

Figure 1 shows the  measured flux-spectrum a t  the maximum f lux 
posi t ion,  about 3" below midplane. Figure 2 shows thermal and f a s t  
(En >1 MeV) f lux gradients a s  a function of height above midplane. 

Table I summarizes the measured flux-spectra a t  each of the  eig'ht 

locations and Table I1 compares our r e su l t s  w i t h  neutronics calculations 

by T.  Gabriel (ORNL). Whereas our f a s t ,  f lux (>1 MeV) agrees very well 
w i t h  calculat ions,  our measurements indicate  subs tan t ia l ly  fewer neutrons 

be1 ow 1 MeV than predicted 'by calcula t ion.  Three possible explanations 
f o r  the  difference have been formulated, a s  follows. F i r s t ,  the  ca l -  
culat ions d i d  not include a large  graphite cylinder in a nearby core 

location which would indeed moderate the  spectrum. Secondly, the measure- 
ment was a t  a  reduced power level of 1 MW whereas calcula t ions  were a t  
30 MW. Finally,  the  neutronics calcula t ions  ( 7 group, 3D) may not 
represent the ORR configuration adequately. Hopeful l y ,  these e f f e i t s  
can be sorted out by l a t e r  comparisons t o  experiments i n  the same 

location a t  f u l l  power (ORR-MFE2) and a t  o ther  locations (ORR-MFE 1 ) .  

He1 ium accumulation f l  uence monitors were a1 so included and a r e  being 

analyzed a t  Rockwell International  by H .  Farrar  IV and D. Kneff. 

More complete r e su l t s  of the spectral  analysis  have been forwarded 
t o  E .  Bloom ( O R N L )  and many DAFS and ADIP Task Group members. Copies 
a r e  avai lable  on request. 

Damage calcula t ions  a r e  now being performed f o r  the  spectral  
i r rad ia t ion .  Results) a r e  l i s t e d  in Table 111 f o r  the  region of highest 
f lux.  



! 

ORR E7'  -3.3 in; 

. . .  FIGURE 1 Capsule 1, -3.3 Inches Be1 o w  Midpl  ane. 
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ORR - MFE 2A - E7 - 1 M W .  

LEGEND 
IJ - THERMAL ' FLUX 
0 - F A S T  FLUX 

HEIGHT ABOVE VERTICAL MIDPLANE,inches 

FIGURE 2. Fast  and Thermal F lux  Gradients f o r  Capsule 4 West. 



TABLE I.' Group F lux  Values, ORR - E7 - MFE2A 

Power = 1 MW, 9 x 1012 n/cm2-s 

Energy L i m i t s ,  M ~ V ~  

He igh t  Lower: 1 .0- lo  5.5-7 9.Z4 1.275-3 1.2-2 0.19 0.920 To ta l  

i n .  (Row) Upper: 5.5-7 9..2-6 1.275- ,31.2-2.  0.19' 0.920 15 

(Thermal ) ( Fast  ) 

Capsule 1 - NW corner  o f  E7 

-7.1 (26)  4.90 1.58 2.50 0.63 1.98 2.37 3.98 17.9 k 2.6 
-3.3 (22)  5.38 1.80 2.75 0.69 2.12 2.91 4.41 20.1 2 2.8 
+0.9 (18) 4.72 1.64 . 2.47 0.62 1.90 2.51 3.89 17.7 ? 2.5 

+5.2 (13)  3.39 1.28 1.89 0.45 1.41 1.92 2.98 13.3 + 1.9 
d 

w 
+9.1 ( 9 )  2.42 0.81 1.28 0.31 0.91 1.21 2.03 9.0 2 1.3 

Capsule 2 - SE corner  o f  E7 



TABLE 11. ORR - LP - MFE2A - E7 

Comparison o f  ANL Gro'up Fluxes w i t h  
Neut ron ics  Ca l cu la t i ons  
(Resu l ts  Normal ized t o  30 MW) 

Lower Group F lux  (1013 n/cm2-s) 

Energy, ROW 22 ROW 9 
R a t i o  R a t i o  

MeV ANL Calc:* ANL/Calc .ANL Cal c.  * ANL/Cal c 

TOTAL 60.3 88.0 0.69 + .10 27.0 35.8 0.75 2 .11 

I 
*Seven Group, 3D c a l c u l a t i o n s ~ p r o v i d e d  by T. Gabr ie l  (1979) 



TABLE 111. Ca lcu la ted  Damaae Rates f o r  ORR 

Element' 

A  1  

T i  

v 
C r  . 

Fe 

Ni 

Cu 

Core P o s i t i o n  E7, 3.3" be.low midplane (max. f l u x )  
Spec t ra l  averages i n c l u d e  thermal 'neutrons 

<a  he > 
(mb) 

0.19 2 101 

D P A ~  
( p e r  yea r )  

9  :39 

a  Ca lcu la t i on  assumes f u l l  power o f  28 MW; 
4, = 5.63 x  lo1'+ n/cm2'-s; $T = 1.77 x  n/cm2 

, ?!~i (n,u) 59~i ( n  ,a) process inc luded 



VI I .  FUTURE WORK 

The ANL dosimetry d a t a  wil l  be integrated with he1 i u m  fluence data 

f o r  both i r r ad i a t i ons  now being analyzed by H. Farrar  IV a t  Rockwell 
I n t ewa t iona l .  The analys is  of ac t iva t ion  d a t a . f o r  ORR-MFE 1  should.be 

compl eted during the  next quarter .  



I. PROGRAM 

T i t l e :  Helium Generation i n  Fusion Reactor   ate rials 
Pr inc ipa l  Invest igators :  D. W. Kneff, H. Farrar  I V  

A f f  i 1 i a t i o n :  Roc kwel 1 ~ n t e r n a t i o n a l  , Energy Systems Group 

I I: OBJECTIVE 

The ob jec t i ve  o f  t h i s  p a r t  o f  the  fus ion  program at.Rockwel1 I n t e r -  

nat iona l  i s  t o  develop and apply helium accumulation f luence dosimetry t o  

the measurement o f  neutron f 1 uences and energy spectra i n  mi,xed-spectrum 

f i s s i o n  . reactors u t i l i z e d  f o r  fus ion  mater ia ls  tes t ing .  . 

111. RELEVANT DAFS PROGRAM PLAN TASVSUBTASK 

TASK I I . A . l  F iss ion Reactor Dosimetry 

SUBTASK I I . A . l . l  Flux-Spectral D e f i n i t i o n  I n  a Ta i lo red F iss ion 
Reactor 

SUBTASK 1I.A. 1.2 Enhance ~ e c h n i ~ u e  

I V .  SUMMARY 

Hel'ium analyses have been performed on 14 helium accumulation . .  . 

dosimetry samples i r r a d i a t e d  i n  the MFE spectra l  character iza t ion i . r rad i -  

a t ion,  and on 17 samples i r r ad i a ted  i n  the MFE-1 exper iment, in the . . Oak . 
Ridge Research ~ e a c t o r  (ORR) . Prel  i m i  nary analysi < resu l  t s  are presented- 

f o r  selected samples o f  'OB, N i ,  Fe, and CLI. 

V. ACCOMPLISHMENTS AND STATUS 

Helium Accumulation Fluence Dosimetrv f o r  the MFE S ~ e c t r a l  Charac- 

t e r i z a t i o n  and MFE-1 I r r a d i a t i o n s  a t . t h e  Oak'Ridge'Research Reactor -- 
D. W. Kneff, Harry Far rar  I V ,  and M. M. Nakata' (Rockwell  In te rna t iona l ,  

Energy Systems Group) 



Helium analyses have been in i t ia ted  for  the helium accumulation 

materials incorporated in the MFE spectral characterization and MFE-1 

experiments in the Oak Ridge Research Reactor (ORR). These materials 

were included i n  the i r radiat ions for  neutron dosimetry, as described i n  

de ta i l  in a previous quarterly report. The materials used in both 

i r radiat ions were combined with radiometric dosimetry materials provided 

by Argonne National Laboratory (ANL). 

The he1 iurn accumulation material s included in the MFE spectral 

i r radiat ion were located in dosimetry monitor tube Number 1, which was 

placed along the northwest cooling tubes in the west section of ORR core 

position E7. This core position i s  the same as tha t  subsequently used 

fo r  the i r radiat ion experiment MFE-2. The spectral i r radiat ion lasted 

63.767 h in January 1979, with an average power level of 0.965 MW. 

Those helium accumulation dosimetry materials included in the MFE-1 

i r radiat ion were located in dosimetry monitor tube Number 9. T h i s  

monitor tube was irradiated in a position along the northeast cooling 

tubes in the north section of ORR core position C7.. .The i r radiat ion 

lasted 134.74 days, with an average power level of 22.524 MW. 

An i n i t i a l  31 samples from.these two irradiat ions were analyzed fo r  

he1 iurn by.'high-sensi t i v i  ty  gas mass. spectrometry during the report . 

period. These included 14. he1 ium accumulation fluence monitor (HAFM) 

capsules' and 17 ' bare w'ire segments. . Prel iminary resu l t s  for  the bare 

wire segments, plus two blank vanadium capsules, a re  presented'in 

Tabl es 1 and 2 for  the MFE spectral characterization and' MFE-1 "experi- 

ments, respectively. More accurate resu l t s  will be reported when data 

reduction i s  complete.. 

The Ni-0.13% ~ O B  used i n  the spectral characterization i r radiat ion 

(Tabl e 1): i s  an a1 loy acquired 'from the Knoll s Atomic Power ~ a b o r a t o r ~  

fo r  use a s . a  neutron dosimeter i n  l i gh t  water reactor applications. I t  
, . . 



TABLE 1 

PRELIMINARY HELIUM GENERATION RESULTS FOR SELECTED HELIUM ACCUMULATION 
MATERIALS IRRADIATED I N  THE ORR SPECTRAL CHARACTERIZATION EXPERIMENT 

Sampl e Core 'sample Etch Number o f  4 ~ e  

Name Mate r ia l  Locat ion Mass Depth 4 ~ e  Atoms Concentrat ion 
(cm).* (mg) (mm) Released ( ~ P P ~ ) T  

* V e r t i c a l  d is tance above core c e n t e r l i n e  
t ~ t o m i c  p a r t s  per  m i l  1 i o n  (10-6 atom f r a c t i o n )  

**With respect  t o  1 0 ~  content  

TABLE 2 

PRELIMINARY HELIUM GENERATION RESULTS FOR SELECTED HELIUM ACCUMULATION 
MATERIALS INCLUDED I N  THE ORR'MFE-1 IRRADIATION 

Samp1 e Core Sample Etch Number o f  4 ~ e  

Name Mate r ia l  Locat ion Mass Depth 4 ~ e  Atoms Concentrat ion 
(cm)* (mg) (mm) Released (appm)+ 

* V e r t i c a l  d is tance above core  e n t e r l i n e  
t ~ t o m i c  pa r t s  per  m i l l  i o n  ( l omS atom f r a c t i o n )  



was chosen because the  small 1°B concent ra t ion  minimizes the  e f f e c t s  o f  

neutron s e l f - s h i e l d i n g  by the  boron. The r e s u l t s  i n  Table 1 prov ide  

evidence t h a t  t he  'OB cqntent  i n  t he  a l l o y  i s  homogeneous f o r  the  sample 

s i zes  analyzed, and demonstrate the  use o f  an a l l o y  dosimeter i n  l o w '  

power MFE r e a c t o r  experiments. 

The h igh  hel ium concentrat ions generated i n  t he  MFE-1-irradiated 

n j c k e l  (Tab1 e 2) demonstrate the considerable s e n s i t i v i t y  o f  n i c k e l  as 

a neutron dosimeter f o r  mixed-spectrum (comparable thermal and f a s t  

neutron f l u x )  reac to rs .  The spectrum-integrated cross sec t i on  f o r  he1 ium 
5 9 5 6 product ion  by the  two-stage n i c k e l  reac t i on ,  58~i (n , Y )  Ni (n  ,a) Fe, 

has, i n  fact ,  r e c e n t l y  been determined f o r  var ious  mixed-spectrum r e a c t o r  

environments f rom previous analyses o f  hel ium generat ion i n  n i c k e l -  

bear ing a l l o y s .  A j o i n t  Rockwell In te rna t iona l -Oak Ridge Nat ional  

Laboratory paper on t h i s  sub jec t  i s  now being prepared f o r  p u b l i c a t i o n  

i n  t h e  Journal o f  Nuclear Mater ia ls .  The present  n i c k e l  r e s u l t s  a re  

a l s o  o f  d i r e c t  a p p l i c a t i o n  t o  hel ium product ion  i n  a l l  n icke l -bear ing  

a l l o y s  being i r r a d i a t e d  i n  ORR f o r  t he  f u s i o n  r e a c t o r  m a t e r i a l s  program. 

The p o s s i b i l i t y  o f  hel ium concent ra t ion  sur face e f f e c t s  i n  t he  

he1 ium accumulat ion ma te r ia l  s, 'which would be produced by the  absorp t ion  

o f  ex terna l  he1 ium, has been examined by e tch ing  d i f f e r e n t  samples t o  

va ry ing  sur face depths. The r e s u l t s  i n  Tables 1 and 2, however, show no 

evidence o f  l a r g e  sur face hel ium concentrat ions.  The small increases i n  

he l ium concen t ra t i on  observed f o r  unetched samples NI-2A ( r e l a t i v e  t o  

NI-2E and 26, Table 1) and FE-1A ( r e l a t i v e  t o  FE-1B and l C ,  Table 2) a r e  

a t t r i b u t e d  t o  he1 ium r e c o i l  f rom ad jacent  m a t e r i a l s  (Ni-0.13% 1°B and Ni, 

r e s p e c t i v e l y ) ,  which have much h igher  hel ium generat ion cross sect ions.  

I n t e r p r e t a t i o n  o f  t h e  hel ium r e s u l t s  froni t he  HAFM capsules has 

been made more d i f f i c u l t  by r e l a t i v e l y  h igh  he1 ium concentrat ions mea- 

sured i n  t h e  vanadium used f o r  HAFM encapsulat ion. Helium concentrat ions 

near ORR co re  center1  i n e  have been found t o  be -14 atomic p a r t s  per  



b i l l i o n  (14 x atom f r a c t i o n )  f o r  t he  MFE spect ra l  i r r a d i a t i o n ,  and 

- 4  atomic p a r t s  per m i l l i o n  (4 x 10 '~  atom f r a c t i o n )  f o r  MFE-1. These 

r e l a t i v e l y  h igh  hel ium l e v e l s  i n  t h e  vanadium a re  n o t  due t o  hel ium i n  

the  o r i g i n a l  material,( ') and cannot be a t t r i b u t e d  t o  neutron reac t ions  

w i t h  t h e  vanadium i t s e l f .  ( 3 )  Absorpt ion o f  hel ium i n t o  the  vanadium 

from ex terna l  sources has been r u l e d  o u t  by t h e  measurements discussed 

above o f  hel ium i n  samples w i t h  vary ing  sur face e tch  depths. A t  present, 

t h e  most l i k e l y  source of t h e  hel ium appears t o  be neutron reac t ions  w i t h  

boron o r  l i t h i u m  impur i t i es ,  both o f  which have s u f f i c i e n t l y  h igh  ( n , ~ )  

cross sect ions. A boron concent ra t ion  o f  - 4 weight ppm would produce 

t h e  measured amount o f  hel ium f o r  both i r r a d i a t i o n  experiments. I n  the  

case o f  MFE-1, t h e  hel ium concent ra t ion  due t o  boron would have reached 

i t s  maximum poss ib le  value ( - 4 appm), due- t o  t h e  t o t a l  burnup o f  'OB. 

A t  t h i s  time, i t  appears t h a t  p lat inum may be a more p r a c t i c a l  HAFM* 

encapsulat ing ma te r ia l  f o r  fu ture  i r r a d i a t i o n s ,  because o f  i t s  much lower 

expected boron i m p u r i t y  l e v e l ,  and because o f  t he  favorab le  experience i n  

us ing t h i s  ma te r ia l  i n  EBR-I1 neutron environments. The poss ib le  e f f e c t s  

o f  small boron and l i t h i u m  i m p u r i t i e s  i n  a l 1 , o f  t he  hel ium accumulation 

m a t e r i a l s  f o r  l i g h t  water reac to r  dosimetry app l i ca t i ons  'are o f  concern, 

and p lans c a l l  f o r  measuring these e f f e c t s  i n  the  fu tu re .  A t  t h i s  t ime, 

no i m p u r i t y  co r rec t i ons  have been made f o r  the  r e s u l t s  presented i n  

Tables 1 and 2. 
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V I I .  FUTURE WORK 

Helium analyses o f  t he  hel ium dosimetry ma te r ia l s  inc luded i n  the .  

ORR i r rad ia t i . ons  w i  11 cont inue. Near-term emphasis w i  11 .be placed on 

ana lyz ing  t h e  n i c k e l  samples f rom a l l  i r r a d i a t i o n  l oca t ions ,  and on 

f u r t h e r  i n v e s t i g a t i o n  i n t o  t h e  source o f  t he  he1 ium l e v e l s  measured i n  

vanadium. Modi f ied sample prepara t ion  procedures w i l l  be s e t  up f o r  

f u t u r e  hel ium analyses o f  t h e  encapsulated mater ia ls ,  t o  minimize o r  

e l  iminate t h e  c o n t r i  bu t i on  o f  he1 iurn from the  vanadium. 



I. PROGRAM 

T i t 1  e: Dosimetry .and Damage Analys is  

P r i n c i p a l  I nves t i ga to r :  L. R. Greenwood 

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

11. OBJECTIVE 

I 

To es tab l  i s h  t h e  best  p r a c t i c a b l  e dosimetry a t  h igh  energy neutron 

sources. 

RELEVANT DAFS PROGRAM TASK/SUBTASK 

TASK 11. A.2. F lux-spectra l  d e f i n i t i o n  a t  h igh  energy neutron 

sources. 

I I V .  SUMMARY 

Neutron and pro ton  f l u x  and spec t ra l  measurements have been made 

a t  the  Argonne ZGS f a c i l i t y  t o  mock-up 'the Intense Pulsed Neutron Source 

( IPNS) now under cons t ruc t ion .  Separate measurements were made f o r  Ta 

and U t a r g e t s  at' E = 500 MeV and p r e l  im inary  r e s u l t s  a re  presented. 
P 

V.  STATUS AND ACCOMPLISHMENTS 

A. Dosimetry a t  the  IPNS S p a l l a t i o n  Source - . -  L. R. Greenwood 

~ (ANL 

1 Neutron and pro ton  dosimetry has been prov ided f o r  'two i r r a d i a t i o n s  

a t  a mock-up o f  t h e  IPNS s p a l l a t i o n  neutron source a t  t he  ZGS a t  Argonne. 

A 500 MeV pro ton  beam was stopped i n  e i t h e r  a Ta o r  a U t a r g e t .  Neutron 

dosimeters were placed i n  two tubes p a r a l l e l  and perpendicular  t o  t h e  

beam ax is .  Proton dosimeters were a l so  inc luded i n  these tubes. The 

i n c i d e n t  proton beam a l s o  passed through a t h i n  aluminum f o i l  p laced 



upstream from the  t a rge t .  This f o i l  was then used t o  determine the 

absolute proton beam in tens i ty  a s  well a s  the spa t i a l  d i s t r ibu t ion  of 

the  beam. 

Our dosimetry r e s u l t s  will be crucial  t o  the  understanding of the 

IPNS spa1 l a t i on  source f o r  (1 ) val idation of neutronics ca lcula t ions ,  ( 2 )  

evaluation of the  Ta and U t a rge t s ,  ( 3 )  absolute neulrson and proton 

f luxes ,  ( 4 )  proton beam cha rac t e r i s t i c s ,  and ( 5 )  mater ia ls  damage 

calcula t ions .  Preliminary r e su l t s  show t h a t  the t o t a l  neutron f lux  per 

incident proton i s  0.040 fo r  Ta and 0.058 f o r  the  U t a rge t  a t  the  

location designated f o r  materials  e f f ec t s  i r rad ia t ions .  The protons a t  

t h i s  location have an average energy between 100-200 MeV with a f lux  

about 1% of the  neutron f lux and appear t o  be produced by sca t t e r ing  

of the  primary protons incident  on the  t a rge t .  The neutron spectrum i s  

s imi lar  t o  t ha t  found in a f a s t  f i s s i on  reactor  except f o r  a weak t a i l  

extending to  very high energies.  

VII. FUTURE WORK 

The analys is  of the  data should be completed during the  next 

quarter .  Neutron spectra wil l  be provided a t  the primary mater ia ls  

i r rad ia t ion  s i t e  and f lux  gradients wil l  be determined over the  e n t i r e  

volume. Displacement damage calcula t ions  wil l  a l so  be performed using 

our recently developed high energy cross  section f i l e s .  



I. PROGRAM 

T i t l e :  Dosimetry and Damage Analys is  

P r i n c i p a l  I nves t i ga to r :  L. R. Greenwood 

A f f i l i a t i o n :  Argonne Nat ional  Laboratory- 

L 

I I. OBJECTIVE 

To improve neutron spectra measurement techniques and t o  determine 

e r r o r s  i n  the  f lux-spectrum as we l l  as ca l cu la ted  damage parameters. 

I V .  

RELEVANT DAFS PROGRAM TASK/SUBTASK 

Task II.A.3. S e n s i t i v i t y  Studies 

SUMMARY 

  he computer code STAYSL. w r i t t e n  by F. G. Perey (ORNL) i s  now 

opera t iona l  a t  Argonne. Tests a re  being conducted t o  compare the  

variance-covariance l e a s t  squares technique with t h e  Monte Carlo 

technique o f  SANDANL c u r r e n t l y  used t o  u n f o l d  neutron spectra and 

associated e r ro rs .  

ACCOMPLISHMENTS AND STATUS 

A. Revis ion and A p p l i c a t i o n  o f  t h e  STAYSL Computer Code - 
L . R". Greenwood ' (ANL) 

Neutron spectra a r e  c u r r e n t l y  unfolded from i n t e g r a l  neutron 

a c t i v a t i o n  measurements us ing  the  SAND11 computeu: code.. This  code. uses 

an i t e r a t i v e  technique t o  f i n d  the  flux-spectrum which agrees most 

c l o s e l y  w i t h  t h e  i n t e g r a l  measurements. The code SANDANL then performs 

an e r r o r  ana lys j s  us ing  a Monte Car lo technique t o  assess the  in f luence 

o f  e r r o r s  i n  neutron cross sect ions,.  i n t e g r a l  a c t i v i t y  ra tes ,  and the  



i n p u t  spectrum. 

We have r e c e n t l y  obta ined a  new code c a l l e d  STAYSL' w r i t t e n  by 

F. G. Perey (ORNL). This  code uses a  l e a s t  squares technique t o  so lve  

the  f u l l  var iance-covariance matr ices.  This  technique i s  i n  p r i n c i p l e  

super io r  t o  our  present programs s ince i t  a l lows the  i n t r o d u c t i o n  o f  

known covariance e f f e c t s  and f i n d s  the  best  f i t  t o  a l l  t he  i n p u t  data 

by a  x2 t e s t .  The code thus requ i res  o n l y  a  s i n g l e  m a t r i x  opera t ion  t o  

a r r i v e  a t  a  s o l u t i o n  r a t h e r  than the  repeated i t e r a t i o n s  requ i red  by 

SAND1 I. 

Unfortunately,  t h e  STAYSL code was n o t  w r i t t e n  i n  a  general ized 

format t o  a l l ow  f o r  r o u t i n e  dosimetry problems s ince the  i n p u t  a t  

present  i s  q u i t e  cumbersome. We have the re fo re  i n t e r f a c e d  t h e  STAYSL 

code w i t h  our  e x i s t i n g  SAND11 code t o  genera l i ze  the  i n p u t  t o  STAYSL 

and t o  take advantage o f  t h e  cross sec t i on  development work t h a t  we 

have p rev ious l y  done. 

This  rev i sed  ve rs ion  o f  t he  STAYSL code. i s  now opera t iona l  and 

undergoing t e s t i n g .  I n  simple cases, where a l l  covariance e f f e c t s  

a re  ignored, t he  ou tput  appears t o  agree q u i t e  we l l  w i t h  our  e x i s t i n g  

codes. E f f o r t s  a re  now underway t o  experiment w i t h  covariance e f f e c t s .  

The most important  source o f  these covariances appears t o  be the  

i n p u t  f l u x  s ince the  a c t i v a t i o n  and cross sec t i on  covariances a re  

negl i g i  b l e  by comparison. Cross sec t i on  covariance e r r o r  f i l e s  w i l l  

be pub1 ished even tua l l y  i n  ENDFIB-V.  Unfor tunate ly ,  1  i ttl e  guidance 

i s  a v a i l a b l e  f o r  dev i s ing  proper i n p u t  f l u x  covariance mat r ices  s ince  

the  i n p u t  spectra a r e  genera l l y  obta ined from neut ron ics  c a l c u l a t i o n s  

w i thou t  any s p e c i f i c a t i o n  o f  e r ro rs .  The output  appears t o  be q u i t e  

s e n s i t i v e  t o  t h e  form o f  f l u x  covariance selected. 

V I  . REFERENCES 

' 1. F. G. Perey, Least-Squares Dosimetry 



Unfolding: The Program STAYSL, 

VII. FUTURE WORK 

We plan t o  continue t e s t i ng  of the  code t o  develop su i t ab le  
covariance matrices f o r  routine appl ica t ions .  Cross Section covariances 
w i l l * b e  included a s  they become ava i lab le  i n  ENDF/B-V. 



I. PROGRAM 

T i t l e :  Nuc lear  Data f o r  FMIT ( w H O ~ ~ I E D K )  

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

A f f  il i a t i o n :  Hanford Engineer ing Development Labora to ry  (HEDL) 

I I. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  supply  immediate nuc lea r  data 'needs . 

f o r  t h e  des ign and o p e r a t i o n  o f  t h e  Fus ion M a t e r i a l s  I r r a d i a t i o n  Tes t  

(FMIT) f a c i  1 i ty. 

111. RELEVANT DAFS PROGRAM PLAN TASKISUBTASK 

A l l  t asks  t h a t  a r e  , r e l evan t  to9FMIT use, w i t h  emphasis upon: 

SUBTASK I I .A .2 .3  F lux -spec t ra  d e f i n i t i o n  i n  FMIT 

SUBTASK I I .B .1 .2  A c q u i s i t i o n  o f  Nuclear  Data 

I V .  SUMMARY 

The e v a l u a t i o n  o f  h i gh  energy neu t ron  c ross  sec t i ons  f o r  neu t ron  

t r a n s p o r t  and damage c a l c u l a t i o n s  i s  descr ibed.  

C a l c u l a t i o n s  o f  deuteron and neu t ron  induced a c t i v a t i o n  o f  FMIT 

s t r u c t u r a l  m a t e r i a l s  have been performed i n  o r d e r  t o  determine t h e  b e s t  

des igns f rom t h e  s tandpo in t  o f  maintenance. 

A p r e l  im ina ry  measurement o f  deuteron- induced p roduc t i on  o f  ' ~ e ,  one 

o f  t h e  most troublesome r a d i o a c t i v a n t s  i n  t h e  FMIT l i t h i u m  t a r g e t  system, 

gave a h i ghe r  y i e l d  than a n t i c i p a t e d ,  



V .  ACCOMPLISHMENTS AND STATUS 

A .  High Energy Neutron Cross Sections for  Transport and Damage Cal- 
culations -- R .  E.  Schenter and D. L. ~ohnson (HEDL) 

Neutron transport calculations require extensive nuclear data for  

neutrons as a function of energy including different ial  e l a s t i c  scat ter-  

ing cross sections,  different ial  neutron emission spectra, and non-el a s t i c  

cross sections for  a l l  .i,mportant materials. Damage calculations also 

require such data: 

/' 

For FMIT, these data are  required for  neutron energies u p  to  about 

50 MeV. For transport calculations in the FMIT t e s t  cell  (ealculational 

dosimetry) and for damage calculations i n  simi 1 a r  spectra, data wi 11 be 
required to  about 35 MeV for  important structural materials such as iron, 

nickel, and chromium. For transport calculations of FMIT shielding 
through thick concrete, the dose i s  dominated by neutrons near the high- 
e s t  energies in the spectrum (up t o  ~ 5 0  MeV). Important elements for  
shielding are  oxygen, iron, s i  1 icon, and calcium. 

Evaluations of the t o t a l ,  e l a s t i c ,  non-elastic and removal cross 

sections have been completed for  the major constituents ,of high density 

and ordinary concrete whose data was poorly known (0, Fe, Ca, and S i ) .  

Carbon was also evaluated. The energy range was 20 to  60 MeV which i s  ' 

above the ENDF/B energy range. 

ThGse evaluations were performed using recent UC Davis measurements 

(described in the l a s t  DAFS report (Ref. 1) ) ' and  other data available 

from the CSISRS 1 i brary. Eva1 uations were accompl ished using general ized 
l eas t  squares methods and codes (Ref. 2 ) .  

An example of the resul ts  i s  given in Figure 1 which shows the evalu- 

ation and data for  the non-elastic cross section of neutrons on iron. 
The "a pr ior i"  curve i s  from the 1 ibrary of the Monte .Carlo code used 

for  FMIT shielding calculations. The older data was obtained from 
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FIGURE 1 .  Updated Eva1 ua t ion .  o f  Non-El a s t i c  Cross Sect ion f o r  Neutrons 
on. Iron Plus Experimental Data. 



previous eva lua t ions  (Ref. 3 and 4) based predominant ly on theory. The 

"adjusted"  curve represents our  l a t e s t  eva lua t i on  which takes i n t o  account 

t he  experimental  data as w e l l  as the  previous eva lua t ion .  Note t h a t  f o r  

the  important  h igher  energies, t he  new eva lua t ion  i s  about 10% lower 

than the  prev ious '  evaluat ion.  The symbol s  1 abel ed RO theory  -represent 

' t he  parameter izat ion 

0 non = I T ( ~ ; A " ~  + K)' 

where A i s  the  atomic mass number o f  t h e  ta rge t ,  ro i s  a rad ius  parameter, 

and X' i s  t he  DeBrogl ie wave l eng th  o f  t h e  i n c i d e n t  neutron. 

This  parameter izat ion-has been shown8to work very w e l l  f o r  t h e  non- 

e l a s t i c  cross sec t i on  o f  protons having s i m i l a r  energies. A s l i g h t  en- 

ergy dependence of ro i s  requ i red  f o r  good f i t s ,  however. For t h e  case 

o f  neutrons on i r o n ,  t h e  parameter izat ion used was 

ro = 1.4288 - ,003835 En fe rmis  

where En i s  the  neutron energy i n  MeV. The energy dependence was e s t i -  

mated from pro ton  data on s i m i l a r  t a r g e t s  (Ref. 5)  whereas the  constant  

term was f i t  t o  the  two new UC Davis measurements (Ref. 1 )  shown i n  

F igure  1. The, 'parameterizat ion g ives an idea o f  . the energy dependence 

t h a t  might  be expected. 

I n  the  case of s i l i c o n ,  where no neutron non-e las t ic  data was 

ava i l ab le ,  t he  parameter izat ion which 'fit proton data (Ref. 5)  was used 

as experimental  neutron data. 

B. Deuteron and Neutron Induced A c t i v a t i o n  o f  FMIT ~ c c e l e r a t o r  and 

Beam Transport  S t r u c t u r a l  Ma te r i a l s  -- F. M. Mann and K. E. Mead (HEDL) 
\ 

The unshielded gamma dose from deuteron bombardment o f  C,. 0, At, 
Mn, Fe, Co, Ni ,  Cu, and Au has been ca l cu la ted  f o r  s i x  bonibardment t imes ' . 



(1  week, 1, 3, 6  and 12 months, and 20 years )  and e i g h t  c o o l i n g  t imes 

(1, 8, and 16 hours, 1, 2, and 3  days, 1  week, and 1  month). 

The r e s u l t s  f o r  6  month bombardment a r e  shown i n  F igu re  2. For  a l l  

bombardment and c o o l i n g  t imes studied,  t he  dose i s  l a r g e s t  f rom Fe and 

Co . 

Mu l t i g roup  cross sec t ions  (weighted by t h e  0' and 90" L i  (d,n) spec- 

t r a )  have been prepared f rom ENDFIB f o r  many neutron-induced reac t i ons .  

C. Deuteron and Neutron Induced A c t i v a t i o n  o f  t h e  L i t h i u m  Target  -- 
D. L. Johnson (HEDL) 

Longer l i v e d  r a d i o a c t i v a n t s  i n  t h e  l i t h i u m  t a r g e t  system can be a  , 
7  problem d u r i n g  opera t ion  and maintenance. The reac t i ons  L i  (d,2n), and 

6 ~ i ( d , n )  produce s i g n i f i c a n t  q u a n t i t i e s  o f  7 ~ e .  Th is  r a d i o a c t i v a n t  i s  

expected t o  be one o f  t he  most troublesome because o f  t h e  q u a n t i t y  pro-  

duced, i t s  53 day h a l f - l i f e ,  t he  f a c t  t h a t  i t  emi ts  gamma rays o f  about 

.48 MeV i n  energy, and a l s o  because i t  p l a t e s  o u t  on t h e  i n s i d e  w a l l s  of 

t h e  p ip ing .  

7  Results o f  a  p r e l i m i n a r y  measurement o f  t h e  Be produc t ion  i n  a  

t h i c k  t a r g e t  ( 2  cm) o f  n a t u r a l  l i t h i u m  bombarded w i t h  35 MeV deuterons 
16 a re  as fo l lows.  The produc t ion  r a t e  was 6.8(10 ) atoms/sec-amp and t h e  

6 number of c u r i e s  a t  s a t u r a t i o n  can be expected t o  be 1.8(10 ) cur ieslamp. 

The u n c e r t a i n t i e s  a re  est imated t o  be about 50%. These values appear t o  

be about t h ree  t imes l a r g e r  than prev ious eva lua t ions ,  and repeat  measure- 
ments w i l l  be requ i red  t o  reso l ve  t h e  discrepancy. 

V I .  REFERENCES 
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VII. FUTURE WORK 

Evaluation of high energy cross sect ions  f o r  neutron t ranspor t  and 

damage calcula t ions  wil l  be updated a t  some time in the  fu tu re  by using 

opt ica l  model analys is  and more careful  treatment of underlying uncer- 
t a i n t i e s .  

Evaluation of deuteron and neutron induced ac t iva t ion  cross sections 

wil l  be continued. Measurements a r e  being considered t o  f i l l  i n  the  gaps 

and t o  check calcula t ions .  . 

A paper on the  nuclear data needs of FMIT will  be presented a t  the 

International  Conference on Nuclear Cross Sections f o r  Technology, 

Knoxvi 1 1 e ,  Tennessee (October 1979). 



PROGRAM 

T i t l e :  Nuclear Data f o r  Damage Studies and FMIT (WH025lEDK) . 

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

A f f  i 1 i a t i o n :  Hanford Engineering Development Laboratory (HEDL) 

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  supply nuc lear  data needed f o r  

damage s tud ies  and i n  t he  design and opera t ion  o f  t he  Fusion M a t e r i a l  

I r r a d i a t i o n  Tes t ing  (FMIT) f a c i l  i ty. 

I I I. RELEVANT DAFS PROGRAM PLAN TASKISUBTASK 

SUBTASK I I .A.2.3 F lux  Spectra ' D e f i n i t i o n  i n  FMIT 

TASK ' I I . A . 4  Gas Generat ion Rates 

SUBTASK II.A.5.1 Helium Accumulation Mon i to r  Development 

SUBTASK .I I .B.1.2 A c q u i s i t i o n  o f  ~ u c l e a r  Data 

I V .  SUMMARY 

Resul ts  o f  measurements o f  t h e  y i e l d  and spectra o f  neutrons from 

35 MeV deuterons on t h i c k  t a r g e t s  o f  bo th  n a t u r a l  l i t h i u m  and 6 ~ i  are  

desc r i  bed. 

The microscopic  . . neutron y i e l d  model i s  be ing updated us ing  HEDL- 

UCD experimental  , r e s u l t s ,  1 east-squares adjustment techni,ques and nuc lear  

model s. 



V. ACCOMPLISHMENTS AND STATUS 

A. Cross Sect ion 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  Nuclear Laboratory)  . 

The model f o r  angular d i s t r i b u t i o n s  o f  outgoing p a r t i c l e s  has been 

extended t o  i nc lude  more experimental  r e s u l t s .  It seems poss ib le  t o  ex- 

press the few parameters as a 1 i nea r  f u n c t i o n  o f  l * ( l + l )  where l i s  the  

order  o f  t he  Legendre polynomial.  
) . . 

B. Neutron Y i e l d  Experiments -- D. L. Johnson and F. M. Mann (HEDL), 

J. W. Watson, J. Ullmann, and W. G. Wyckoff ( U n i v e r s i t y  o f  C a l i f o r n i a  a t  

Davls) . *  

T ime-of- f l  i g h t  measurements o f  t he  neutron y i ' e l ds  and spectra from 

35 MeV deuterons on t h i c k  ( 2  cm) l i t h i u m  f o r  the  FbIIT f a c i l i t y  were de- 

scr ibed i n  t he  l a s t  two DAFS q u a r t e r l y  repo r t s .  

The ana lys i s  o f  prev ious measurements has cont inued by det,ermining 

the  neutron spec t ra l  r e s u l t s  f o r  energy b ins  t h a t  a re  1 )lev-wide.  he 
r e s u l t s  a r e  shown i n  F igures 1 and 2.. 

Add i t i ona l  measurements o f  the  very  low energy p o r t i o n  ( < 2  MeV) o f  

t he  spectra were completed i n  May 1979. Spectra were obta ined a t ' 4 " ,  8O, 

12", 20°, 30°, 45", and 70" which correspond t o  angles i n  prev ious mea- 

surements. These measurements d i f f e r  from December 1978 measurements, 

which were descr ibed i n  ' t he  l a s t  DAFS quar te r l y ,  i n  the  f o l l o w i n g  way. 

These new measurements were made w i t h  a c y c l o t r o n  beam d e f l e c t i o n  system 

t h a t  was b u i l t  s p e c i a l l y  f o r  t h i s  experiment. This  system al lowed longer 

t imes between c y c l o t r o n  beam burs ts  on t a r g e t  and as a r e s u l t ,  improved 

background subt rac t ion .  

Measurements were a l s o  made i n  May 1979 o f  t h e  y i e l d  and spectra 
6 f rom 35 MeV deuterons on t h i c k  l i t h i u m  t h a t  was enr iched t o  %99% L i .  
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FIGURE 1. Linear Plot of d-Li Spectra. 
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FIGURE 2. Logar i thmic P l o t  o f  d -L i  Spectra. 



The setup was i d e n t i c a l  t o  t h a t  o f  t h e  n a t u r a l  l i t h i u m  measurements and 

data were taken a t  '300 and 45". P re l im ina ry  i n d i c a t i o n s  a r e  t h a t  t he  
6 y i e l d  from L i  i s - a b o u t  30% l e s s  than from n a t u r a l  l i t h i u m  i f  one makes 

t h e  reasonable assumption t h a t  t h e  neutron a n g u l a r . d i s t r i b u t i o n s  a r e  
6 s i m i l a r .  Hence L i  does n o t  appear t o  be a p r a c t i c a l  t a r g e t  m a t e r i a l  

i f  maximum neutron y i e l d  i s  des i red.  

C. Microscopic  Neutron Y i e l d  Model -- F. M. Mann and F. Schmi t t r o th  

(HEDL) 

Using t h e  l a t e s t  experimental  r e s u l t s  from the  U n i v e r s i t y  o f .  C a l i -  

f o r n i a  a t  Davis (see above) and t h e  l e a s t  squares adjustment t o  d+Li 

neutron y i e l d s  f o r  14 5 Ed < 40''); t he  microscopic  neutron y i e l d  model 

i s  being adjusted. A1 thouyh t h e  r e s u l t s  a re  n o t  compl.ete, 'good agree- 

ment i s  found between the  Davis da ta  and t h e  model. 

V I  . REFERENCES 

1. DAFS Q u a r t e r l y  Report (January - March, 1979) , DOE/ET-006515, May 1979. 

V I  I. FUTURE WORK 

The ana l ys i s  of neutron y i e l d  measurements w i l l  be cont inued. 

The adjustment of t h e  microscopic  y . i e l d  model w i l l  be cont inued. 
, . 

Papers on t h e  experimental  r e s u l t s  o f  t h e  Li.(d,n) experiment and 

the  microscopic  neutron y i e l d  model w i  11 be p resen t i d  a t  t h e  I n t k r n a t i o n -  

a1 Conference on Nuclear Cross Sect ions f o r  Technology, Knoxv i l l e ,  TN 

(October 1979). ... . 

None. 



Title: Damge Analysis and Dosimetry Radiation D m g e  Analysis 

Principal Investigator: A. N. Goland 

Affiliation: Brookhaven National Laboratory 

' 
Radiation damage analysis studies associated with the use of elec- 

trical insulators in fusion reactors. 

111. RELnnwr DAFS PFXERAMS PLAN TASK/SUBTASK 

SUBTASK II.A.2.4 Flux Spectral Definition in FMIT 

SUBTASK II.B.1 Calculation of Displacenwt Cross Sections 

IV. SUMMARY 

Transfer of damage energy calculations to the coquter at the Mag- 

netic Fusion mergy Conputer Center continues. Milestones include having 

the source version of the MJRSE-L computer code made available for general 

use so required changes can be' 'made in the p-am, conversion of the 

Alsmiller-Wish cross section file to the f o m t  required by the JWRSE-L 

code, and making several lengthy runs with PDRSE-L as a first step in 

obtaining good statistics for a coupled neutron-gamm transport problem 

having m georrretry. 

Cross sections for atomic displacmts by g a m  rays through 

Cmnpton and photoelectric interactions'with atomic electrons and through 

'pair production in the fields of the nucleus and atomic electrons have 

been evaluated. The results are 00-ed with those of previous authors, 

and, in order to coverJthe full gamm ray energy range of the Alsmiller- 

Barish cross sections, the evaluations have been extended to 15 MeV. 



Finally, the displacement cross section for garrum rays in Ali03 was 

evaluated by incorporating the total displacemnt functions of Parkin and 

Coulter to relate recoil energy to displacements mlt icaponent  

mter ia l s  . 

V. ACCUWLISHMENTS AND STATUS 

A. U s e  of the Magnetic l?uSiori.'Ehergy Corrputer Center: A. N. Goland, 

H. C. Berry, G. F. De l l  and 0. W. Lazareth (BNL) 

Transfer of damage analysis calculations to the ccanputer a t  the 

Magnetic Fusion Qlergy Camputer Center MFEX?C continues. The source ver- 

sion of the PDRSE-L neutron transport code has been mde available for 

general use, and incorporation of a subroutine for generating neutrons 

characteristic of a Li(d,n) source is i n  progress. 

f 

In addition, a cross sectioli library for use w i t h  the KIRSE-L pro- 

gram has been generated from the cross sections of A l s m i l l e r  and Barish. 

The RSIC version of 'WSE as  w e l l  as the darnage program DON have been sent 

to the MFEX, and a t t a p t s  are being roade. t o  run them a t  the MFM:C. 

Severdl,lengthy coupled neutron-gatnm transport calculations for 

problerns having J?MIT g e o n ~ t r y  have been made using the 30 neutron-15 gamm 

group cross section library a t  MFMX: w i t h  PDRSE-L. In i t i a l  results show 

larger fluxes of g a m ~  rays than were o5tained a t  BNL using the RSIC 

version of WRSE and the Alsniller-Barish cross sections. Both versions 

of M3RSE w i l l  be run  a t  the MFEXX: t o  determine i f  they give equivalent 

results. 

B. Cross Sections for Atomic ~ i s ~ l a c & n t s  by Gamma Rays : A. N. 

Goland, H. C. Berry, G. F. D e l l  and 0. W. Lazareth (BNL) 

In anticipation of results from coupled neutron-gamm transport 

calculations using the Alsmill-Wish cross sections, cross sections for 



atomic displacements by gamm rays have been calculated for gamm ray 

energies up t o  15 MeV. The ~tlethod of evaluation as w e l l  as the notation is 

that used by OM and Holms. A brief description of, the calculation 

fo l lms  . 

The d i s p l a c m t  c rws  section od(Ey,Td) for a gamMray of energy 

E displacing an atam having a displacemnt energy Td is given as: 
Y 

where 

doi(Ey'Eo) is the atcmic cross section for the transfer of kinetic 

mo energy Eo t o  an electron by a g m  ray having energy E 
Y* 

The sum over the index " i"  includes the Conpton, photo- 

electr ic,  and pair production interactions. 

Fl (Eo) is the average n u b r  of displaced aimrrr; produced over the 

range of an electron having original energy Eo. 

The cross sections doi (Ey , Eo) / d ~ ~  were obtained from Bethe and 

Ashkin. For the pair production cross section, effects of screening and 

contributions from the f ie ld  of the electrons were included in the cross 

section. No  further discussion of these cross sections w i l l  be mde. 

The expression for n (Eo) given by Oen  and Holrres is: 
I 

with 

3 
*a being the n* o f .  a$ms/cm , 



-dE/dx being the energy loss by relativist ic electrons, and 

o:(E,Td) being the cross section fo r  displacing an atom by an electron. 

1 

Finally, oz (Ey , T ~ )  is expressed as : 

where 

doe/d~ ,the Wt cross section, is the cross section for giving an atom 

an &ergy T. It can be expressed in closed form to  w i t h i n  1% 

for Z 1 4 0 , ~  and it is integrable. This property s i q l i f i e s  the 

calculation. 

Tm is the'rrraximum energy transfer between an electron of kinetic 

energy E and an atan of mss M , ~  and . 

g (T) is a function that relates recoil energy t o  displacemnfs.~, 

Several cakes of .intercyst are l isted below. . . 

1) g(T) z 1 -tion 1 gives the primary displac-t cross section. 

This is the case treated by Oen'and Helms. 2 

Equation 1 gives.* total  , displace- 

mt cross section. 

3) g (T) = a (T) + b (T) T g (T) is a linear interpolation of a particular 

function. Of particular interest are the nmeri- 

cal evaluations of the total  displacerrwt func- 
6 tions generated by 'parkin and Coulter to relate 

recoil energy t o  displacemnts in  rmlticonpnent 

mter ials  . 



Discussion of Results 

Case 1 - primary displacemnt cross sections. A conparison of dis- 

placerrwt cross sections for copper with the results of Oen and Hohs is 

sham i n  Fig. 1 for two displacement energies. The two sets of results 

show excellent a g r m t .  The to ta l  displacemnt cross sections for copper 

from the Compton, photoelectric, and pair production processes as w e l l  as 

the sum of these cross sections for g a m ~  ray energies up t o  15 MeV are 

shown in Fig. 2. 

Case 2 - total displacemnts cross sections. Total displacement 

cross sections were evaluated'for.Ge using.a displacerent energy of 30 eV. 

These cross sections are q a r e d . i n  Fig. 3 with the results of Cahn. 
7 

The present results are consistently hiaer than .Cahnls results by a factor 

of nearly two. Cahn used an expression for '  (-dE/dx) that is different from 

the one used by Oen and Holmes. This my  explain our good agrement with 

the results of Oen and Holrnes and our poorer agreemmt'with the results of 

Cahn. 

Case 3 - t o t a l  displacerent cross sections in A1203. The total dis- 

placerrent functions ni j, generated for A1203 by Parkin and Coulter have 

been used t o  re la te  recoil energy to displacemhts. The displacerrent 

energies of 18 and 72 eV rreasured by Pells and phillips8 for A1203 w e r e  

used when generating the displacerent functions nij. 

Four calculations are required t o  determine the .nunbe.r of Ill and 0 

atom displaced when the primary displaced a t o m  is ei ther A l  .or 0. The 

t o t a l  n u h e r  of displaced atoms of eachtype is obtained from a sum, 
weighted according t o  the atomic fraction of each atom,. of the'displace- 

mts produced by each type of primry'displaced a tom.  

The displacemnt cross sections for A l  and 0 in A1203 are shown in 

Fig. 4. These cross sections have been used with a g m  ray spec- 

obtained from a previous9 coupled neutron-gamm transport calculation to 
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~ i ~ .  1. ~ k m i c  cross section 'for producing ' Fig. 2. Atconic cross section for. total 
primary displamwnts . in copper through disp1acarent.s in copper through the photo- 
the-Canpton process for displacement energies electric, Conpton, and pair production pro- 
of Td= 25 eV and .Td = 55 eV. Points denote cesses. Td = 25 eV. Tot denotes the sum of 
values of Oen and Hol~res.;. lines denote - .the photoelectric (PE) , Ccanpton (Camp) , and 
present work. .' . pair production (Pair) cross sections. . 
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Fig. 3. ~ t d m i c  cross section for total 
(primary plus secmw) displacatmts in 
Ge for~photoelectric,, Conpton, and pair 
production processes. Td = 30 eV. 
Dashed curves denote values of Cahn; solid 
curves denote present work. 
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Fig. 4.  Total displacemnt cross section/ 
mlecule in M 2 O 3  £ran g m  rays, Td = 18 
eV for aluminum and Td = 72 eV for oxygen. 



obtain the number of displacenents produced in A1203 by g a m  rays. These 

displacemnts are conpared in Table 1 with displacenents produced by the 

neutron spectrum of Fig. 5. The d i s p l a m t s  produced by neutrons w e r e  

'determined by using the t o t a l  displacenwt functions of Parkin and Coulter 

i n  the a g e  program DON. Hence the mthod for  relat ing primary recoil 

energy to t o t a l  displa-ts is the sam f o r  both.neutrons and g a m  rays. 

For the two spectra of Fig. 5 the nmber of displacerrrents produced by 

g a m ~  rays is srrall carpared t o  the nmber of displacenwts produced by 

neutrons. This is t o  be expected, since neutrons are much mre e f f i c i en t  

than electrons in transferring large recoi l  energies to atoms. 
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Future work w i l l  include: 1) continued use of the c~m~uter  at  the 
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MFMX: to obtain mre definitive neutron and gamm ray spectra, and 2 )  'con- 

sideration of ionization assisted mchanisnsl0 i n  g m  ray and electron 

induced displacemnt processes. 

Table 1 

Spectrum averaged displacemnt cross sections for A1203 from 

'fluxes of neutrons and garta~ rays in a block of iron 

located adjacent to  a lithium target. Deuteron energy= 30 MeV. 

Flux (number/cm2 -A s ) 

E (WV) 

ad (Al) (bams/mlecule) 

od (0) (barns/mlecule) 

Neutrons 

2.38 1016 

10.7 

; 5330 

2055 

G a r r a ~ s  

1.34 1014 

0.79 

0.21 

a 0:13 
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I. PROGRAM 

T i t l e :  Rad ia t i on  Damage Ana lys is  and Computer S imu la t ion  

. P r i n c i p a l  I n v e s t i g a t o r :  Don M. Park in  

A f f i l i a t i o n :  Los Alamos S c i e n t i f i c  Laboratory o f  t he  

U n i v e r s i t y  o f  C a l i f o r 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  develop displacement funct ions f o r  

polyatomic ma te r i a l s .  

111. RELEVANT DAFS PROGRAM PLAN TASKISUBTASK 

SUBTASK I 1  .B.2.3 Cascade Product ion Methodology 

II.B.4.1 I n te r face  w i t h  o the r  designs and o t h e r  tasks 

II.B.4.2 Develop theory  of spec t ra l  and r a t e  e f f e c t s  

I V .  SUMMARY . '  

The computer code DISPL3 'was developed t o  c a l  c u l  a t e  funct ' i  ons t h a t  

descr ibe  t h e  p roduc t i on  o f  d i s o r d e r i n g  rep1 acements and which atom types a r e  

respons ib le  f o r  producing secondary displacements i n  c o l l i s i o n  cascades 

i n  polyatomic mater ia ls .  Resul ts  f o r  Nb3Sn show t h a t  the 'a tom type which 

produces t h e  m a j o r i t y  o f  secondary displacements i s  a s t rong f u n c t i o n  of 

t h e  i n i t i a l  PKA type  a n d  energy. I'n con t ras t ,  t h e  f r a c t i o n  o f  d i s -  

o rde r i ng  replacements produced i n  a c o l  1  i s  i o n  cascade i s  n e a r l y  independ- 

e n t  o f  PKA energy except a t  energies q u i t e  near threshold.  

V. ACCOMPLISHMENTS AND STATUS 

A. Funct ions ~ e s c r i ' b i n ~  D isorder ing  Replacements and Secondary 

Displacements i n  C o l l i s i o n  Cascades i n  Polyatomic M a t e r i a l s  -- D. M. 

Park in  ( L A S L ) - ~ ~ ~  C. A. Coul t e r  .(The U n i v e r s i t y  o f  A1 abama) 



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

I n  p r e v i o u s ' i n v e s t i g a t i o n s  we have s tud ied  the  p r o p e r t i e s  o f  'two 

k inds  o f  f unc t i ons  c h a r a c t e r i z i n g  p r o p e r t i e s  of displacement cascades i n  

polyatomic so l  ids.  The f i r s t  o f  these, t he  t o t a l  displacement f u n c t i o n  

'ij (E),is de f i ned  as t h e  average number o f  t ype - j  atoms which a re  at. any 

t ime  d isp laced f rom t h e i r  s i t e s  i n  a displacement cascade i n i t i a t e d  by a 

PKA o f  type i and energy E; and the  second, t-he n e t  displacement f u n c t i o n  

g - . (E), i s  t h e  average number o f  t y p e - j  atoms d isp laced and n o t  recaptured 
1 J  

i n  subsequent replacement c o l l i s i o n s  i n  a s i m i l a r l y - i n i t i a t e d  cascade. 

Whi le  t he  i n f o r m a t i o n  prov ided by the  func t i ons  nij(E) and gij(E) has been 

en l igh ten ing ,  these func t i ons  cannot d i r e c t l y  p rov ide  answers t o  some i n -  

t e r e s t i n g  and impor tan t  quest ions concerning displacement cascades. For 

exampl,e, ni (E) t e l l s  how many t y p e - j  atoms a re  d isp laced i n  a cascade 

i n i t i a t e d  by a type- i  atom; b u t  i t  does no t  t e l l  what f r a c t i o n  of these 

t y p e - j  displacements i s  produced by each atom type represented i n  t he  

ma te r i a l .  S i m i l a r l y ,  t he  d i f f e r e n c e  between nij(E) and g..(E) t e l l s  what 
1 J 

f r a c t i o n  o f  d isp laced t y p e - j  atoms i s  re t rapped i n  subsequent replacement 

c o l l i s i o n s ;  b u t  i t  does no t  i n  general  p rov ide  i n fo rma t i on  about t he  types 

o f  t h e  s i t e s  i n  which t h e  t rapp ing  occurs. To o b t a i n  t h i s  k i n d  o f  i n -  

fo rmat ion  we have in t roduced and s tud ied  two new k inds o f  func t ions .  The 

f i r s t  o f  these, an as-yet-unnamed displacement f u n c t i o n  denoted by pi jk(E), 
i s  de f i ned  as the  average number o f  type-k atoms which a r e  d isp laced from 

t h e l r  s i t e s  by t ype - j  atoms i n  a displacement cascade i n i t i a t e d  by a PKA 

o f  t ype  i and energy E. The second func t ion ,  t e n t a t i v e l y  named the  

capture  f u n c t i o n  and denoted by hi jk(E), i s  de f ined  as the  average number 

o f  t y p e - j  atoms trapped by replacement c o l l i s i o n s  i n  type-k s i t e s  i n  a 

displacement cascade i n i t i a t e d  by a t y p e - i  PKA o f  energy E. 

Using t h e  method and r e s u l t s  o f  L indhard e t  a1. i n t e g r o d i f f e r e n -  

t i ' a l  equat ions were developed t o  determine the  func t i ons  pijk(E) and hijjk(E) 

A computer code was generated t o  numer i ca l l y  i n t e g r a t e  these equat ions  

f o r  a r b i t r a r y  polyatomic ma te r i a l s ,  and the  code was used t o  eva lua te  t he  

two types o f  f unc t i ons  f o r  NbgSn. The i n t e g r o d i f f e r e n t i a l  equat ions and 

t h e  r e s u l t s  obta ined from them a re  discussed i n  t h e  nex t  sect ion.  



2. Theory and Numerical Resul ts  

doi j(E,T) 
We s h a l l  use the  n o t a t i o n  of prev ious repor ts4:  

dT i s  the  

d i f f e r e n t i a l  s c a t t e r i n g  cross sec t i on  f o r  a  moving t ype - i  atom o f  energy E 

t o  e l a s t i c a l l y  t rans fer  k i n e t i c  energy T  t o  a  type'- j  'atom; p .  (T)  i s  the 
J 

'prob,abil ity t h a t  t he  t y p e - j  atom w i l l  then be d isp laced arid E ~ ;  the bind- 
J 

i n g  energy i t  loses i n  t h e  process; and A .  .(E - T)  i s  the  p r o b a b i l i t y  t h a t  
1 J  

t he  i n c i d e n t  atom l e f t  w i t h  energy E - T w i l l  be trapped i n  the  t y p e - j  s i t e  

i f  the  t ype - j  atom i s  displaced. I n  add i t i on ,  Mij i s  the  kinematic energy 

t rans fe r  e f f i c i ency  f o r  the c o l l  i s i o n ,  si (E) i s  t h e  s p e c i f i c  e l e c t r o n i c  

s topping power of the  ma te r ia l  f o r  a  t ype - i  atom o f  energy E y  and fi i s  

t h e  atomic f r a c t i o n  of t ype - i  atoms i n  the  mater ia l .  Using these d e f i n i -  

t i o n s  one may w r i t e  

b  
+ h ~ j k  (T-E ) ]  + [I - ga(T)AiR(E - T)  ] hijk(E - T) - hijk 

It i s  seen t h a t  t h e  two equat ions d i f f e r  i n  on l y  one term: pa(T)6ij6ke 

i n  t h e  f i r s t  equat ion g ives the  p r o b a b i l i t y  t h a t  the  s t r u c k  atom i s  

a c t u a l l y  displaced, and t h a t  i t  i s  of the des i red  type k  w h i l e  t he  d i s -  

p l a c i n g  atom i s  o f  t he  des i red  type j; wh i l e  pi(T)~ij~kRhiR(E - T) i n  the  

second equat ion g ives the  p r o b a b i l i t y  t h a t  i n  a d d i t i o n  t o  a l l  t he  fore- 

going t h e  i n c i d e n t  atom i s  trapped i n  t h e  vacated s- i te.  The remaining 

terms have a  s i g n i f i c a n c e  discussed, i n  p.revious repor ts .  

Using sharp displacement and capture thresholds w i t h  E~ = EF" = 36 eV, 
j J J  

Eqs. (1 )  and (2 )  were numer ica l l y  i n t e g r a t e d  fo r  parameters chosen t o  



< 

represent  t h e  m a t e r i a l  Nb3Sn. To show the  behavior of t h e  funct ions more 

c l e a r l y ,  values o f  t he  t rapp ing  funct ions and displacement f unc t i ons  a t  a  

few energy values a r e  presented i n  Tables 1  - 4 i n  a  form which f a c i l i t a t e s  

comparisons. Table 1  shows Nb t rapp ing  a t  var ious  PKA energies as a  

f u n c t i o n  o f  PKA t ype  and, f o r  g iven PKA type, as a . f u n c t i o n  o f  t r app ing  

s i t e  type. It i s  seen from t h e , t a b l e  t ha t .Nb  t rapp ing  i s  p r e f e r e n t i a l l y  

i n  Nb s i t e s  by a  r a t i o  approx imate ly  3.12 t o  1  almost independent ly of 

PKA energy and t y p e  except f o r  t h e  case o f  a  very  low energy Sn PKA, where 

t h e  Nb-s i te  pre,ference i s  even g rea te r  because Nb t rapp ing  on an Sn s i t e  

requ i res  an ene rge t i ca l l y -d i s favo red  double displacement event. Thus i t  

i s  seen t h a t  a  smal l  depar tu re  from sto ich iomet ' ry  i n  t h e  t rapp ing  occurs 

a t  a l l  energies, and i s  even more enhanced i n  t he  case o f  a  low-energy 

Sn PKA. 

Table 2  shows a  very  s i m i l a r  behavior f o r  Sn t rapping,  w i t h  t h e  

t rapp ing  occu r r i ng  p r e f e r e n t i a l l y  i n  Nb s i t e s  by a  r a t i o  near 2.85 t o  1  

f o r  both PKA types a t  almost a l l  energies, t h e  except ion  i n  t h i s  case 

being p a r a l l e l  t o  t h a t  o f  Nb t rapp ing  i n  t h a t  Sn t rapp ing  i n  Nb s i t e s  

becomes r e l a t i v e l y  l e s s  f a v o r e d f o r a  low-energy Nb PKA. Again, a  smal l  

bu t  cons i s ten t  depar ture f rom s to i ch iome t ry  e x i s t s .  

Table 3  shows Nb displacement a t  se lec ted  energies as a  f u n c t i o n  o f  

PKA type and, f o r  each PKA type, as a  f u n c t i o n  of t he  type of t he  atom 

producing t h e  displacement. Here t h e  dependence o f  atom type producing 

t h e  displacement on energy i s  seen t o  be very  strong. E.g., f o r  an Nb 

PKA t h e  r a t i o  o f  Nb displacements produced by Nb atoms t o  those produced 
4 

by Sn atoms i s  230:l a t  50 eV, 8.9:1 a t  500 eV, 3.82:1 a t  10 eV, 3.1:l 
7  a t  l o 6  eV, and 3.08:l a t  1 0  eV. By con t ras t ,  f o r  an Sn PKA the  r a t i o  o f  

Nb displacements produced by Nb atoms t o  those produced by Sn atollis i s  
4 6  

1:62 a t  50 eV, 1:2.26 a t  500 eV, 1.65:1 a t  10 eV, 2.71:1 a t  10 eV, and 
7  2.73:1 a t  10 eV. Thus t h e  r a t i o  i s  near ( b u t  n o t  equal t o  ) t h e  

s t o i c h i o m e t r i c  r a t i o  a t  l a r g e  PKA energies, bu t  t o t a l l y  d i f f e r e n t  f rom 

t h i s  ra t i o - -as  would be expected--for energies f rom th resho ld  i n t o  t he  

keV range. Table 4 shows analogous behavior  f o r  Sn displacement, where 

f o r  an Nb PKA ' the r a t i o  o f  Sn displacements by Nb atoms t o  those by Sn 
7  

atoms v a r i e s  f rom 190:l a t  50 eV t o  3 .02 : l ' a t  10 eV, w h i l e  f o r  an Sn.PKA 



TABLE 1 

Nb trapping as a  function of PKA type, trapping s i t e  type, and energy 

Nb TRAPPING 

Energy (eY) 
Nb PKA 

Nb . s i t e  Sn s i t e  

'5.3~10- 2 1 . 7 ~ 1  o - ~  
' 0.278 0.0902 

0.834 0.266 

1.51 0.481 

12.9 4.13 

112.1 35.8 

791.6 252.8 

2743 876 

. Sn PKA 

Nb s i t e  Sn s i t e  



TABLE 2 

Sn t rapp ing  as a f u n c t i o n  of PKA type, t r app ing  s i t e  type, and energy. 

Sn TRAPPING 

Nb Pka Sn PKA 

Energy (eV) Nb s i t e  Sn s i t e  Nb s i t e '  Sn s i t e  



TABLE 3 

Number of Nb displacements as a f unc t i on  o f  PKA type, 

t h e  type  o f  the  d i s p l a c i n g  atom, and energy. 

Nb DISPLACEMENT 

Nb PKA 

Energy (eV) Nb p r o j .  Sn p r o j .  

2 . 5 ~ 1 0 ' ~  

0.01 06 

0.381 

1.06 

16.3 

163 

1190 

41 47 

Sn PKA 

Nb p r o j .  Sn p r o j .  



TABLE 4 

Number o f  Sn displacements as a f unc t i on  o f  PKA type, 

the  type o f  t h e  d i s p l a c i n g  atom, and energy. 

Sn DISPLACEMENT 
Nb PKA Sn PKA 

Energy (eV) Nb p r o j .  . Sn p r o j .  Nb p r o j .  Sn p r o j  . 



7 
the  same r a t i o  va r i es  from 1:76 a t  50 eV toS2.67:1 a t  10 eV. I t  i s  

i n t e r e s t i n g  t o  note t h a t  the  g rea tes t  d e v i a t i o n  from s to ich iomet ry  occurs 

f o r  an Sn PKA f o r  displacement o f  both atom types. 

I t  i s  s t r i k i n g  t h a t  t he  r a t i o s  of the  pijk(E) considered vary  r a t h e r  

s t r o n g l y  w i t h  energy w h i l e  those of t he  hijk(E) vary r a t h e r  l i t t l e .  It 

should be noted, however, t h a t  the  index k i s  he ld  constant  i n  t h e  r a t i o s  

o f  the pijk, w h i l e  t h e  index j i s  he ld  constant  i n  t he  r a t i o s  of the  hi jk. 

I n  any case, t h e  r e s u l t s  i n d i c a t e  t h a t  f o r  t he  s e t  o f  system parameters 

considered t h e  f r a c t i o n  o f  d i so rde r ing  replacements produced i n  a c o l l i s i o n  

cascade i s  n e a r l y  independent o f  PKA energy except a t  energies q u i t e  near 

threshold. 

3. conc lus ion  

It i s  be l ieved t h a t  t h i s  i s  t he  f i r s t  c a l c u l a t i o n  ever repor ted  o f  

displacements as a f u n c t i o n  o f  p r o j e c t i l e  type and t rapp ing  as a f u n c t i o n  

o f  s i t e  type i n  a polyatomic ma te r ia l .  However, t h e  r e s u l t s  obta ined f o r  

Nb3Sn f o r  t h i s  s e t  o f  parameters g i ve  o n l y  a l i m i t e d  i n d i c a t i o n  o f  the  

v a r i e t i e s  o f  behavior poss ib le  f o r  o ther  corninbations of mass r a t i o s  and 

o f  displacement and capture thresholds. Considerat ion o f  many a d d i t i o n a l  

cases w i l l  be necessary before some genera\l understanding of the  prop- 

e r t i e s  o f  t he  func t i ons  pi jk(E) and hi jk(E). w i l l  be possib le.  
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FUTURE WORK 

Fur ther  ana lys i s  o f  the  p r o p e r t i e s  o f  t he  funct ions desc r ib ing  

c o l l i s i o n  cascades i n  polyatomic m a t e r i a l s  w i l l  be made. 

1. C. A1 ton  Coul t e r  and Don M. Park i  n, "Damage Energy Funct ions i n  

Polyatomic Mater ia ls , "  submitted t o  J. Nucl. ~ a t e r .  

2. C. A l t o n  Cou l te r  and Don M. Parkin," To ta l  and Net Displacement 

Functions: General Formulat ion and Resul ts  For t he  Monatomic 

Case," submitted t o  J. Nucl. Mater. 



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  Analys is  

P r i n c i p a l  I nves t i ga to r :  D. G. Doran 

A f f i  1  i a t i o n :  Hanford Engineering Development Laboratory 

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  document the  computer code used t o  

deterrtline the  c h a r a c t e r i s t i c s  o f  replacement sequences i n  face-centered 

cubic me.tal s. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II .B.2.3 Cascade Product ion Methodology 

I V .  SUlstMARY 

A d r a f t  has been completed o f  thedocumentat ion o f  t he  computer code COMENT. 

V. ACCOMPLISHMENTS AND STATUS 

A. Documentation o f  COMENT - J.,O. Schi f fgens and N. J. Graves 

(HEDL) 

COMENT, a so-ca l led  "dynamical" code, solves the  c l a s s i c a l  equa- 

t i o n s  o f  motion o f  a l a r g e  number o f  atoms i n t e r a c t i n g  according t o  a 

g iven f o r c e  law, and performs the  des i red  a n c i l l a r y  ana lys i s  o f  the  r e s u l -  

t i n g  data. The purpose of developing COMENT t o  i t s  present  degree of f l e x -  

i b i l i t y  was t o  have a v a i l a b l e  an a t o m i s t i c  s imu la t i on  code which cou ld  be 

used t o  analyze a wide v a r i e t y  o f  atom dynamics, de fec t  con f i gu ra t i ons ,  

phys ica l  processes, and proper ty  changing mechanisms. That i s ,  i t  was 

w r i t t e n  as a dual purpose code intended t o  descr ibe s t a t i c  d e f e c t  conf igu- 

r a t i o n s  as w e l l  as the  d e t a i l e d  mot ion o f  atoms i n  a c r y s t a l  l a t t i c e .  I n  



i t s  ' cu r ren t  form, ana lys is  i s  1  i m i  ted  t o  f c c  l a t t i c e s .  COMENT can be used 

t o  s imulate t he  e f f e c t  o f  temperature, i m p u r i t i e s ,  and preex i  s t i n g  de fec ts  

on rad ia t i , on  induced d e f e c t  p roduc t ion  mechanisms, de fec t  p rope r t i es ,  de- 

f e c t  m igra t ion ,  and d e f e c t  s t a b i l i t y .  I t  has been used most r e c e n t l y  t o  

s tudy replacement sequences i n  an f c c  l a t t i c e .  ( 1 )  

A r e p o r t  has been prepared which documents Version I V  o f  COMENT 

and, i n  t he  process, de f i nes  c u r r e n t  code op t ions .  An e f f o r t  was made t o  

so s t r u c t u r e  COMENT as t o  a1 low f o r  a d d i t i o n a l  op t i ons  w i t h  minimum 

changes i n  t he  e x i s t i n g  ve rs ion  o f  the  code. I t  should be noted t h a t ,  81- 
though COMENT was s p e c i f i c a l l y  w r i t t e n  i n  FORTRAN I V  and COMPASS (CDC 

6000/7000 s e r i e s  assembly language) t o  take f u l l  advantaqe o f  CDC 6000/ 

7000 s e r i e s  computer c h a r a c t e r i s t i c s ,  i t  can, w i t h  a  l i t t l e  e f f o r t ,  be 

adapted t o  o the r  computer systems. The r e p o r t  con ta ins  s u f f i c i e n t l y  de- 

t a i l e d  i n fo rma t i on  about the  code t o  pe rm i t  t he  ready a d d i t i o n  and/or a l -  

t e r a t i o n  o f  subrout ines t o  s a t i s f y  p a r t i c u l a r  user needs and i n t e r e s t s .  

COMENT cons i s t s  o f  a  c a l l i n g  program and t h i r t y - t w o  user de f ined  

subrout ines.  Fourteen subrout ines a r e  associated w i t h  t he  s e l e c t i o n  o f  

program opt ions ;  o n l y  a  few o f  these a re  used i n  any g iven  ana lys is .  Seven 

subrout ines a r e  used t o  e s t a b l i s h  a  v a r i e t y  o f  a r rays  and cond i t i ons  r e -  

q u i r e d  f o r  each ana l ys i s ;  most o f  them a re  used once i n  a  g iven  c a l c u l a t i o n .  

The remaining eleven subrout ines are  used many times i n  each c a l c u l a t i o n ;  

e i g h t  o f  these are  used many t imes per t ime s tep  du r i ng  the  i n t e g r a t i o n  and, 

there fo re ,  a re  w r i t t e n  i n  COMPASS. The COMPASS subrout ines are  descr ibed 

i n  s u f f i c i e n t  d e t a i l  t o  pe rm i t  easy convers ion t o  some o t h e r  machine 

language o r  t o  FORTRAN. 

V I .  REFERENCES 
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V I  I. FUTURE WORK 

No f u r t h e r  work i s  c u r r e n t l y  planned on developing the  code COMENT. 

V I I I .  PUBLICATIONS 

An a b s t r a c t  o f  t he  code w i l l  be submit ted f o r  p u b l i c a t i o n .  The f u l l  

documentation o f  t h e  code w i l l  be a v a i l a b l e  upon request  as HEDL-TME 78-55. 



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

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

A f f i l i a t i o n :  Lawrence L ivermore Labora to ry  

- 11. OBJECTIVE 

The ,ob jec t i ve  o f  t h i s  work i s  t h e  c h a r a c t e r i z a t i o n  o f  t h e  p r ima ry  

damage s t a t e  r e s u l t i n g  f rom 14 MeV neu t ron  i r r a d i a t i o n s  and t h e  de te r -  

m i n a t i o n  o f  t h e  i n f l u e n c e  o f  neu t ron  spec t ra l  e f f e c t s '  on d e f e c t  produc- 

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

111. RELEVANT DAFS PROGRAM TASK / SUBTASK 

SUBTASK II.B.2.3 Cascade Produc t ion  Methodology 

II.B.3.2 S tud ies  o f  Meta ls  

I V .  SUMlviARY 

The ana l ys i  s  o f  exper imental  r e s u l t s  on r e s i s t i v i t y  damage r a t e s  

a t  4.2K i n  rilolybdenum u s i  ny a  lnodi f  i ed K i  nch i  n-Pease rnodel ( i  nvo l  v i  ng 

damaye energy and an e f f e c t i v e  d i  r e c t i  onal -averaged thresh01 d )  revea l  s  

a pronounced e f f e c t  o f  p r ima ry  knock-on energy on de fec t  p roduc t i on  

e f f i c i e n c y .  The p roduc t i on  e f f i c i e n c y  i s  l ow  (.2 t o  .3) j u s t  above 

~il inimum th resho ld ,  r i s e s  r a p i d l y  t o  about 1.1 t o  1.2 a t  p r ima ry  knock-on 

ene ry i es  o f  a  few hundred eV ( 2  t o  5 t i rnes minimurn t h resho ld ) ,  and t hen  

decreases throughout  t h e  low k i l o v o l t  ranye t o  a  cons tan t  va lue  o f  .3 t o  

.4 independent o f  energy up t o  t h e  MeV range. 

Al though t h e  i n i t i a l  r i s e  i s  e a s i l y  understood as a  r e s u l t  o f  t h e  

a n i s o t r o p y  o f  d e f e c t  p roduc t ion ,  t h e  subsequent decrease i s  not. A f u l l y  

.dynamic computer s i m u l a t i o n  o f  d e f e c t  p roduc t i on  i n  tungs ten  r e v e a l s  bo th  

t h e  a n t i c i p a t e d  r i s e  as w e l l  as a  subsequent decrease i n  t h e  l ow  k i l o v o l t  

ranye resu l  t i  ng f rom recombi n a t i o n  processes o c c u r r i  ng i n  t h e  cascade. 



V . ACCOMPLISHMENTS AND STATUS 

A. A Comparison o f  Experimental Defect Product ion E f f i c i e n c y  i n  Mo 

w i t h  Computer Simulat ions i n  W - M. W. Guinan, R. N. S tuar t ,  J. H. Kinney, 

and C. E. V i o l e t  (LLL) 

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

The number o f  Frenkel p a i r s  (FP's) p r 0 d u c e d . b ~  a pr imary 

knock-on atom (PKA) i n  metals has been t r a d i t i o n a l l y  est imated on t h e  bas is  

o f  t h e  Kinchin-Pease model1 f o r  which t h e  number o f  FP's, <n>, produced by 

a PKA of '  energy T i s  

and 

<n> = . 1 f o r  2To > T > To 

f o r  

where To ' i s  the..mi nimum t h r e s h 1  d d i  sp l  acement energy. I n  recent  years 

Eq. 1 has been mpdi f ied  t o  take  account  of e l e c t r o n i c  losses2 ( r e p l  a c i  ng 

T w i th '  t h e  damage energy;' T D A ~ ) ,  t h e  an iso t ropy  o f  displacement thresh01 ds 

( r e p l  ac ing To w i t h  t h e  d i  rec t i fona l  averaged threshold3, TA) and a1 lowi  ng 

f o r  an energy dependent' e f f i c i e n c y  f a c t o r ,  K, t o  g i ve  

Both t h e  ' a n a l y t i c  t heo ry  o f  .random cascades and b i n a r y  c o l l  i s i o n  ca l cu la -  

t i o n s  p r e d i c t  t h a t  K = 0.8 a t  energies we l l  above threshold.  

2. Experimental Resul ts  f o r  Molybdenum 

For experimen'tal ana lys i  s Eq. 2 i s convenient ly  r e w r i t t e n  

i n  terms of atom f r a c t i o n  per  u n i t  f luence, so t h a t  <n> i s  replaced by  t h e  

FPsproduct ion r a t e  and T D ~  by t h e  damage erlergy cross-sect ion,  ODAM- For 



r e s i s t i v i t y  measurements t h e  FP p roduc t i on  r a t e  i s  g i ven  by ( l / ~ f ) d ~ / d Q ,  

where ~f i s  t h e  r e s i s t i v i t y  pe r  atom f r a c t i o n  o f  FP's. So l v i ng  f o r  K, we 

have 

As p a r t  o f  an i n t e r l a b o r a t o r y  program, va lues o f  d ~ / d Q  have 

been measured a t  4.2K f o r  a  d i  1  u t e  molybdenum a1 1  oy(Mo-. 03aloZr)  i r r a d i  a ted  

w i t h  e l  ectrons4, f i s s i o n  neutrons5, moderated f i s s i o n  neutrons6, and h igh  

energy neutrons7. These a r e  l i s t e d  i n  Table 1 w i t h  o t h e r  va lues ob ta ined  

f o r  pure Mo i n  a  thermal spectrum8 and a  moderated f i s s i o n  spectrum9. 

3. Darnage Energy Cross-Sect ions 

For  t h e  f a s t  and h i g h  energy neu t ron  spec t ra  damage energy 

c ross-sec t ions  were c a l c u l a t e d  f rom t h e  1978 ENDL f i l e l o  us ing  t h e  code o f  

Logan and ~ u s s e l l l l  as mod i f i ed  by  Kinney. For  t h e  thermal spectrum t h e  

r e s u l t  o f  Col tman e t  a18 was used. For  e l ec t rons ,  a  Mot t  s c a t t e r i n g  code12 

was w r i t t e n  t o  generate r e c o i l  spec t ra  which were c o r r e c t e d  f o r  e l e c t r o n i c  

1  osses by means o f  Robi nson' s  a n a l y t i c a l  formul  a13 f o r  L i  ndhard 's  numerical  

r e s u l  t s l 4 .  

These r e s u l t s  a r e  1  i s ted  i n  Table 1 w i t h  va lues o f  t h e  rnedi an 

r e c o i  1 energy, T  f o r  each i r r a d i a t i o n  ( t h e  i n t e g r a l  damage energy f o r  r e -  v 
c o i l s  f rom To t o  T  i s  one-ha1 f t h e  i n t e g r a l  ,damage energy over  t h e  e n t i r e  4 
r e c o i  1  spectrum. ). For  t h e  thermal neu t ron  i r r a d i a t i o n  t h e  mean r e c o i l  

energy g i ven  by Reference 8  was used. 

4. Experimental  Damage Produc t ion  E f f i c i e n c i e s  

From t h e  exper imenta l  r e s i s t i v i t y  damage r a t e s  and t h e  c a l c -  

u l a t e d  damage energy c ross -sec t i ons  va lues o f  K were de te r~n ined  f rom Eq. 3  

u s i n g  ~ u c c a s s o n ' s ~  va lues f o r  pf and T*. These a r e  g iven  i n  Table 1 and 

p l o t t e d  as a  f u n c t i o n  o f  TJTo i n  F i g u r e  1. 
2 



TABLE 1 ' 

EXPERIMENTAL RESISTIVITY DAMAGE RATES AND DAMAGE.ENERGY CALCULATIONS FOR Mo 

Spectrum Reference d p / d ( ( 1 0 - ~ ~  Q-cm3) ow(b-keV) T, (keV) TJTn K t 
L L - 

E lec t rons  4 

.95 MeV .007 . I79 .037 1.09 .39 

1.15 .042 .613 .041 1.19 .69 

~ e u t r o n s s  

thermal 8 .039 .335 . I69 4.97 1.16. 

f iss ion(CP-5)  9 1.86 59.4 . 20.1 591. . . - . J l  

f iss ion(LPTR) 6 3.13 67.4 27.2 800. .46 ' 

f iss ion(BSR) 5 3 .,47 82.1 39f0 1150. .42 

d-Be (35 MeV) 7 6.51 179.5 148. 4350. .36 

f u s i o n  (RTNS) 7 10.03 246.1 '184. . 5410. .41 

t ~ r o m  Eq. 3 w i t h  pf = 13 x Q-cm and TA' = 65 eV. 

s ~ a s e d  on f l uence  w i t h  En > .1 MeV f o r  a l l  bu t  thermal spkctrum. 

. ' 5. Computer Simulat ions i n  Tungsten 

Ful l y  dynamic computer s imu la t i ons  o f  de fec t  p roduc t ion  have 

been c a r r i e d  out  f o r  PKA energ ies from th resho ld  t o  2.5 .keV i n  a c r y s t a l  

con ta i  n i  ng 3500 atoms. E l e c t r o n i c  1 osses were no t  i n c l  uded i n  t h e  ~nod'ei s o  



t h a t  d i r e c t  comparisons c o u l d  be made w i t h  b i n a r y  c a l c u l a t i o n s .  The e f f i -  

c i e n c y  i s  found f rom Eq. 2 w i t h  T  i n s e r t e d  f o r  TDAM, i.e. 

Values f o r  <n> a r e  determined a t  t imes  l o n g  enough t o  a l l o w  

t h e  cascade t o  cool  t o  t h e  p o i n t  where defect  mot ion i s  no l onge r  poss ib le .  

Th i s  i s  accomplished by t h e  a p p l i c a t i o n  o f  damping a t  t h e  p e r i o d i c  bound- 

a r i e s  of t h e  c r y s t a l .  The r e s u l t s  f o r  K f o r  two d i f f e r e n t  p a i r - p o t e n t i a l s  

a r e  t a b u l a t e d  i n  Table 2 and shown i n  F ig .  1 w i t h  t h e  Mo exper imenta l  data. 

TABLE 2 

COIJlPUTER SIMULATION RESULTS FOR TUNGSTEN 

P o t e n t i a l  I 71.5 1.1 .073 .33 

P o t e n t i a l  I 1  GOO. 14.6 2.0 2 .4 .68 2 .14 

TO= 41eV 2500. 61.0 5.8 +- .9 .47 + .07 



P o t e n t i a l  I had p r e v i o u s l y  been used f o r  s t u d i e s  o f  d e f e c t  

d i  f f u s i o n 1 5  and a  determi n a t i o n  o f  t h e  FP recombina t ion  vo l  ume16. P o t e n t i  a1 

I 1  i s  i d e n t i c a l  below 2'e~ i n r o r d e r  t o  f i x  t h e  e q u i l i b r i u m  d e f e c t  proper-  

t i e s ,  b u t  i s  cons ide rab l y  s o f t e r  a t  h i g h e r  energies,  r e s u l t i n g  i n  a  lower  

th resho ld .  T A ' W ~ S  determined by  i n t e g r a t i n g  over  t h e  a n i s o t r o p i c  t h r e s h o l d  

sur face17 as were t h e  va lues o f  <n> f o r  r e c o i l s  l e s s  t h a n  4T0. Above 4T0, 

<n> i s  t h e  average o f  10-16 cascades w i t h  random i n i t i a l  d i r e c t i o n s .  

The dramat ic  decrease i n  e f f i c i e n c y  i n  t h e  low keV range i s  

t h e  r e s u l t  o f  bo th  recombina t ion  o f  no rma l l y  s t a b l e  FP's and a  h i g h  d e f e c t  

m o b i l i t y  induced by  t h e  sub th resho ld  a g i t a t i o n  remain ing i n  t h e  l a t t i c e  

d u r i n g  c o o l i n g  o f  t h e  cascade. 

6. Concl us i on  

The c l o s e  correspondence between t h e  c a l c u l a t i o n s  and t h e  ex- 

per imenta l  r e s i s t i v i t y  r e s u l t s  s t r o n g l y  suppor t  t h e  c o n c l ~ s i o n ~ ~  t h a t  t h e  

reduced r e s i s t i v i t y  damage r a t e s  observed a t  PKA energ ies above a few keV 

i n  bo th  f.c.c. and b.c.c. meta ls  a r e  p r i m a r i l y  t h e  r e s u l t  o f  d e f e c t  recom- 

b i n a t i o n  r a t h e r  t han  t h e  r e s u l t  o f  c l u s t e r i n g .  
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V I I .  FUTURE WORK 

C a l c u l a t i o n s  w i l l  be extended t o  5 '  and perhaps 10 keV t o  determine i f  

t h e  e f f i c i e n c y  begi  ns t o  1 eve1 out.  Recombination model s wi  11 be exp lo red  

w i t h  t h e  b i n a r y  code MARLOWE t o  reproduce t h e  dynamic r e s u l t s  and extend 

t h e  c a l c u l a t i o n s  i n t o  t h e  100 keV range. 

T h i s .  i n f o r m a t i o n  w i l l  be presented as p a r t  o f  an i n v i t e d  paper a t  t h e  

AIME Symposium on t h e  A p p l i c a t i o n s  o f  R e f r a c t o r y  Meta ls  i n  Fus ion Reactors 

a t  M i  1 waukee, Wisconsin, September 17-20, 1979. 



MOLYBDENUM 

b . . 0 -e lec t rons  . ' 

a -neutrons 
1. . 1 

TUNGSTEN 

A-computer  s i m u l a t i o n  

FIGURE 1. Damage produc t ion  e f f i c i e n c y ,  K, as a  f u n c t i o n  o f  normal ized 
r e c o i l  energy, T1/2  / TO. A comparison o f  exper imenta l l y  de- 
r i v e d  e f f i c i e n c i e s  from bo th  e lec t ron ,  0 ,  and neutron, 0 ,  
i r r a d i a t i o n s  o f  molybdenum w i t h  computer s imu la t i on  r e s u l t s ,  
A ,  f o r  tungsten. 



I. PROGRAM 

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

P r i n c i p a l  I nves t i ga to r :  M. Guinan / W. Barmore 

Af f i 1  i a t  i on: Lawrence L i  vermore Laboratory 

I I. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t h e  c h a r a c t e r i z a t i o n  o f  t h e  pr imary 

damage s t a t e  r e s u l t i n g  frorn 14 MeV neutron i r r a d i a t i o n s  through t h e  de- 

ve l  op~nent o f  computer rnodel s  f o r  t h e  product ion  and d i s t r i b u t i o n  o f  

de fec ts  i n  h igh  energy c o l l i s i o n  cascades. 

111. RELEVANT DAFS PROGRAM TASK / SUBTASK 

SUBTASK II.B.2.3 Cascade Product ion Methodology 

II.B.3.2 Studies o f  Metals 

I V .  SUMMARY 

A f u l l y  dynamic computer c a l c u l a t i o n  has been made o f  t h e  displacement\  

t h resho ld  i n  tungsten as a  f u n c t i o n  o f  t h e  d i r e c t i o n  o f  t h e  pr imary knock- 

on atom. Values f o r  t h e  displacement t h resho ld  were .determined a t  70 - 

p o i n t s  i n  t h e  stereographic t r i a n g l e  t o  p rov ide  a  d e t a i l e d  map o f  t h e  

an i  sotropy. 

The r e s u l t s  a re  i n  good agreement w i t h  experiments on s i n g l e  c r y s t a l s  

o f  t h e  b.c.c. metals. The minimum th resho ld  i s  found i n  t h e  <loo> d i r e c -  

t i o n ,  fo l lowed by values near <Ill> o f  1.2 t imes t h e  minimum and values 

near <110> o f  2.3 t imes t h e  minimum. The d i r e c t i o n a l  averaged th resho ld  i s  

found t o  be 2.5 t imes t h e  minimum value. Exper imenta l ly ,  r a t i o s  o f  t h e  

th resho ld  near <Ill> t o  t h a t  along < loo> a re  about 1.2 f o r  V, C r ,  Fe, and 

Mo, w h i l e  a  r a t i o  o f  1.05 i s  repor ted  f o r  tungsten. 



V. ACCOMPLISHMENTS AND STATUS 

A. The Anisotropy o f - D e f e c t  Product ion i n  Tungsten - M. W. Guinan 

and R. N. S tua r t  (LLL) 

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

The number, <n>, o f  Frenkel p a i r s  (FP's) created by an ener- 

g e t i c  r e c o i l  o f  energy T  i n  a  metal i s  u s u a l l y  est imated from t h e  mod i f ied  

K i  nchi n-Pease model , 

where K i s  an energy dependent e f f i c i e n c y  and TA i s  t h e  d i r e c t i o n a l  aver- 

aged th resho ld  energy. I n  o rder  t o  evaluate t h e  r e s u l t s  o f  f u l l y  dynamic 

computer s imu la t ions  o f  de fec t  p roduct ion  i n  tungsten1 i n  terms o f  t h i s  

model , a  value f o r  TA i s  requi red.  

2. Procedures . . 

Ca lcu la t ions  have been made us ing  two d i f f e r e n t  pai.r  poten- 

t i a l s  fo.r tungsten. P o t e n t i a l  I i s  t h a t  o f  Johnson and ~ i l s o n 2  a t  near 

e q u i l i b r i u m  separat ions and i s  matched a t  c lose  separat ions t o  a  r e p u l s i v e  

p o t e n t i a l  der ived by W i  1  son and ~i sson3 us i  ng dens i t y  f u n c t i o n a l  methods. 

Po ten t i a l  I 1  i s  i d e n t i c a l  t o  I below 2  eV, bu t  i s  matched t o  t h e  p o t e n t i a l  

used by  Bee1 e r  and ~ e s c o ~  a t  c lose  separat ions. 

A d e t a i l e d  map o f  t h e  th resho ld  displacement sur face has 

been made f o r  p o t e n t i a l  I; a few se lec ted  c a l c u l a t i o n s  f o r  p o t e n t i a l  11. 

Most o f  t h e  r e s u l t s  were obtained i n  a  c r y s t a l  w i t h  p e r i o d i c  boundary 

cond i t i ons  con ta in ing  1500 atoms. We found, however, t h a t  f o r  d i r e c t i o n s  . 
near <Ill> a much l a r g e r  c r y s t a l  (3500 atoms) was requ i red  t o  con ta in  t h e  

1  onger rep1 acement sequences. Use o f  t h e  small e r  c r y s t a l  w i t h  p e r i o d i c .  o r  

r i g i d  boundary cond i t i ons  r e s u l t e d  i n  h igh  values o f  t h e  <Ill> threshold.  



3. Resu l ts  and D iscus ion  

As expected, t h e  minimum t h r e s h o l d  i s  i n  t h e  < loo> d i r e c t i o n  

i n  agreement w i t h  exper iments5 f o r  b.c.c. meta ls  and p rev ious  c a l c u l a t i o n s  

f o r  ~ e ~ .  The va lues ob ta ined  f o r  t h e  p r i n c i p a l  d i r e c t i o n s  a r e  g i v e n  below 

I n  Table 1, and compared t o  exper imenta l  va lues f o r  M O ~  and ~ 8 .  

TABLE 1 

DISPLACEMENT THRESHOLDS I N  PRINCIPAL CRYSTALLOGRAPHIC DIRECTIONS 

Tungsten Co~~ lpu ta t  i on Experiment 

~i r e c t  i on+ I I I Mo W 

< 1 00> 65 4  1 3 5 2  1 4 2 5  1 

 h he minimum values found near t h e  d i r e c t i o n s  i n d i c a t e d  a re  g i ven  

The va lues f o r  t h e  r a t i o s  o f  t h e  t h r e s h o l d  near <Ill>, 

T d < l l l > ,  t o  t h a t  i n  t h e  <loo> d i r e c t i o n ,  Td<100>, a r e  a l s o  g iven  i n  Table 

1. The c a l c u l a t i o n s  f a l l  between t h e  exper imenta l  values f o r  Mo and W, and 

a r e  i n  reasonable agreement w i t h  those  determined5 f o r  V, C r ,  and Fe f o r  

which t h e  r a t i o s  Td<ll l '>/Td<lOO> a r e  1.16, 1.14, and 1.18 r e s p e c t i v e l y .  

A  map o f  t h e  t h r e s h o l d  su r f ace  i s  g i ven  i n  F igu re  1 where t h e  

r a t i o  Td(Q,())/Td<100> i s  p i  o t t e d  over  t h e  s te reograph ic  t r i a n g l e .  Thres- 

ho lds  reach va lues  equal . t o  f i v e  t imes  Td<100> near t h e  c e n t e r  o f  t h e  tri- 

angle. The l o c a l  minima near <110> and C111> can a l s o  be seen. The r e s u l t  

o f  t h e  present  c a l c u l a t i o n  f o r  t h e  r a t i o  Td<l l l>/Td<lOO> o f  1.2 i s  i n  

b e t t e r  agreement w i t h  .exper iment t h a n  t h e  va lue  2.0 f rom previ 'ous work6; 
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V I I .  FUTURE WORK , 

C a l c u l a t i o n s  o f  displacement t h resho lds  f o r  Fe w i l l  be made t o  suppor t  

s t u d i e s  of h i g h  energy cascades i n  a low Z b.c.c. meta l  analogous t d  

those ,  completed i n  tungsten. 

None. 



$ ( D E G R E E S )  

F I G U R E  1. The an i so t ropy  of  t h e  displacement t h r e s h o l d  i n  tungs ten  i s  i l l u s t r a t e d  w i t h  l a b e l e d  
contours o f  t h e  r a t i o  Td(Q,Q)/Td<100> i n  t h e  standard s te reograph ic  t r i a n g l e .  



I. PROGRAM 

T i t l e :  I r r a d i a t i o n  Ef fec ts  Analy.sis (WHOll/EDA) 

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

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

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  determine the  e f f e c t s  o f  h i g h  energy 

neutrons on damage product ion  and evo lu t ion ,  and the r e l a t i o n s h i p s  o f  these 

e f f e c t s  t o  e f f e c t s  produced by f i s s i o n  reac to r  neutrons. S p e c i f i c  objec-  

t i v e s  o f  c u r r e n t  work a re  the  p lann ing  and performance o f  an i r r a d i a t i o n  

program a t  the  Rota t ing  Target Neutron Source (RTNS) -I I and p o s t i  r r a d i  a- 

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

. ' I I I. RELEVANT DAFS 'PROGRAM PLAN TASKISUBTASK 

SUBTASK I 1  .B. 3.2 Experimental '  Charac te r i s t i cs  o f  Primary Damage 

State;  Studies o f  Metals 

I I .C.6.3 E f f e c t s  o f  Damage Rate and Cascade S t ruc tu re  on M i -  

c ros t ruc tu re ;  Low-EnergylHigh-Energy Neutron Corre la-  

t i o n s  

11.'C.11.4 E f f e c t s  o f  Cascades and F lux  on Flow; High-Energy 

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

I 1  .C.17'.1 M i c r o s t r u c t u r a l  Charac ter iza t ion ;  Moni t o r  and Assess 

New Methodologies 

I I .C. 18.1 Re la t i ng  Low- and High- ~ x ~ o s u r e  M ic ros t ruc tu res  ; 

Nucleat ion Exper..ir~~errl;s 

I V .  SUMMARY 

Two ambient temperature irradiations a t  RTNS-I1 have been completed t o  

est imated f luences of 5 x  1017 and 1  x. lo1* n/cm2. Specimen m a t e r i a l s  i n -  
c l  ude pure metals, an Fe-Ni-Cr te rnary ,  an Fe-Ni -Cr-Mo quaternary, and . . . 



rep resen ta t i ve  Path A and B a l l o y s ,  a l l  i n  t h e  form o f  TEM d isks .  Some 

hardness increases have been noted, q u a l i t a t i v e l y  cons i s ten t  w i t h  t h e  ob- 

se rva t i on  by TEM o f  smal l  de fec t  c l u s t e r s  and pinned d i s l o c a t i o n s .  Micro 

t e n s i l e  specimens w i l l  be i r r a d i a t e d  du r i ng  the  nex t  r e p o r t i n g  pe r i od .  

An ul tra-high-vacuum furnace f o r  general  use a t  RTNS-I1 has been con- 

s t r u c t e d  and i s  undergoing f i n a l  t e s t i n g .  

V .  ACCOMPLISHMENTS AND STATUS 

A. RTNS-I1 I r r a d i a t i o n  Program - N. F. Panayotou, R. W. Powel l ,  E. 

Opperman (HEDL) 

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

The RTNS-I1 l oca ted  a t  t he  Lawrence Livermore Laboratory i s  

being used t o  s tudy the  e f f e c t s  of h igh  energy neutron (14 MeV) damage on 

m a t e r i a l  p r o p e r t i e s .  An understanding o f  t h e  pr imary damage s t a t e ,  subse- 

quent m ic ros t ruc tu re  evo lu t i on ,  and the  r e s u l t a n t  mechanical behavior  i s  

impor tan t  i n  developing the  c a p a b i l i t y  o f  p r o j e c t i n g  f i s s i o n  r e a c t o r  data 

t o  f us ion  r e a c t o r  environments. HEDL p lans  t o  address each of these areas 

i n  i t s  exper imentat ion a t  RTNS-I1 . I n  a d d i t i o n ,  s e l e c t i v e  ~ e ( d , n )  i r r a d i -  

a t i o n s  w i l l  be performed a t  UC-Davis and f i s s i o n  r e a c t o r  i r r a d i a t i o n s  w i l l  

be done a t  the  Livermore Pool-Type Reactor (LPTR) t o  assess the  spec t ra l  

s e n s i t i v i t y  o f  r ad ia t i on - i nduced  e f f e c t s .  

2. Specimen Prepara t ion  

Vanadium, procured from E. E. Bloom and T. K. Roche o f  ORNL, 

was f a b r i c a t e d  i n t o  TEM d i s k  specimens f o r  the  second HEDL i r r a d i a t i o n  

a t  RTNS-11. B ina ry  a l l o y s  a r e  c u r r e n t l y  being fab r i ca ted .  I t  i s  a n t i c i -  

pated t h a t  they  w i l l  be inc luded i n  HEDL's t h i r d  i r r a d i a t i o n .  

The r e c r y s t a l l i z a t i o n  heat  t reatments developed by HEDL t o  

produce minimum g r a i n  s i z e  i n  pure copper, n i c k e l ,  t i t an ium,  niobium and 



vanadium have been t ransmi t ted  t o  PNL and LLL researchers. It i s  desi rable.  

t h a t  t he  heat treatments used by a l l  experimenters u t i l i z i n g  HEDL's metal 

s t o c k p i l e  be standardized where p rac t i cab le .  

Thermomechanical t reatments f o r  ADIP a l l o y s  a r e  c u r r e n t l y  being 

developed and r e f i n e d .  To date, Path A and B a l - loys  have been i r r a d i a t e d  i n  

both the  r e c r y s t a l l i z e d  and 40% c o l d  worked cond i t ions .  A c o l d  work p lus  

age t reatment  i s  being developed f o r  the  Path B a l l o y s ,  i n  con junc t ion  w i t h  

the  ADIP program. 

Micro t e n s i l e  specimens, shown i n  F igure  1, have been f a b r i -  

cated from s t a i n l e s s  s t e e l  by' chemical mi 1 l i n g  techniques. Room ternpera- 

t u r e  t e n s i l e  t e s t s  have been conducted us ing  a device designed s p e c i f i c a l l y  

f o r  these micro specimens. These specimens can be i r r a d i a t e d  a t  RTNS-I1 a t  

both e levated and ambient temperatures us ing  a v a i l a b l e  hardware. The chem- 

i c a l  m i l l i n g  technique i s  c u r r e n t l y  being extended t o  o ther  metal systems. 

Micro t e n s i l e  specimens, f a b r i c a t e d  from the same mate r ia l  heat  as our TEM 

d i s k  specimens, w i l l  a l l o w  d i r e c t  c o r r e l a t i o n  o f  microhardness and s t reng th  

r e s u l t s .  This  c a l i b r a t i o n  w i l l  increase the p r e c i s i o n  o f  microhardness 

data as an i n d i c a t o r  o f  changes i n  s t reng th  due t o  i r r a d i a t i o n .  The use o f  

both specimen types i s  des i rab le .  While a complete f l o w  curve can be'ob- 

t a ined  from a t e n s i l e  specimen, TEM d i s k  specimens (about 10 m i l s  t h i c k )  
' 

can be packed more t i g h t l y ,  t a k i n g  b e t t e r  advantage o f  the  l i m i t e d  h igh  

f l u x  volume o f  RTNS-11. Furthermore, t e n s i l e  specimens prov ide  data a t  

o n l y  a s i n g l e  f luence.  Each TEM d i s k  specimen can be tes ted  f o r  ambient 

temperature microhardness and r e i r r a d i a t e d ,  thus p rov id ing  several hardness 

( s t reng th )  values as a f u n c t i o n  o f  neutron f luence.  

Status o f  I r r a d i a t i o n s  

During t h i s  r e p o r t i n g  p e r i o d  two ambient temperature i r r a d i a -  

t i o n s  of  TEM d i s k  capsules were accomplished. HEDL experiment No. 1 was 

performed i n  A p r i l  and i s  est imated t o  have rece ived a peak dose o f  5 x  1017 

n/cm2. HEDL experiment No. 2 was terminated on June 29 and i s  est imated t o  



MICRO TENSILE SPECIMEN 
- 13mm OVERALL LENGTH 

6mm GAGE SECTION 

0.75mm (DIA.) GRIP SECTION 

0.25mm (DIA.) GAGE SECTION 

FIGURE 1 .  M ic ro  t e n s i l e  specimen f a b r i c a t e d  f rom .75 mm ( d i a . )  s t a i n l e s s  

s  tee1 w i r e  by chemical m i  11 i ng techniques . 



have received a peak dose of 1 x 1018 n/cm2. These f luence est imates a re  

based on a 1 cm2 Gaussian spot  and a source s t reng th  o f  1 x 1013 n/cm2. 

Capsule l oad ing  was designed t o  take advantage o f  the  s t rong f l u x  grad ien t ;  

specimen f luences a re  expected t o  vary over a f a c t o r  o f  30 f o r  each expe r i -  

ment. Both capsules conta ined TEM d i s k  specimens o f  r e c r y s t a l l i z e d  pure 

metals (copper, niobium, t i t a n i u m  and n i c k e l  ) , an iron-nickel-chrome t e r -  

nary  and an iron-nickel-chrome-moly quaternary, as w e l l  as rep resen ta t i ve  

ADIP Path A and B a l l o y s .  The Path A and B a l l o y s  were i r r a d i a t e d  i n  

t he  40% c o l d  worked and the  r e c r y s t a l l i z e d  cond i t ion .  Experiment No. 1 

focused on pure metals , t h e  quaternary, and the  te rna ry  a1 1 oy , whi 1 e exper i  - 
ment No. 2 focused on the  Path A and B a l l o y s .  The l a t t e r  experiment a l s o  ' 

i nc luded Ni-5% S i ,  and Ni-5% A l ,  supp l ied  by M. W. Guinan o f  LLL, and r e -  , 

c r y s t a l l i z e d  vanadium. Analys is  o f  the  dosimetry f o i l s  f rom both  exper i -  

ments i s  expected t o  be a v a i l a b l e  du r ing  the  nex t  r e p o r t i n g  per iod .  

Two a d d i t i o n a l  i r r a d i a t i o n s  a re  c u r r e n t l y  scheduled f o r  com- 

p l e t i o n  du r ing  the  nex t  r e p o r t i n g  per iod.  Both w i l l  be a t  ambient tempera- 

t u r e  and w i l l  have a maximum f luence o f .  1 x 1018 n/cm2. HEDL experiment 

No. 3, scheduled t o  begin i n  l a t e  August, w i l l  emphasize the  i r r a d i a t i o n  

o f  TEM d i s k  specimens o f  t he  b ina ry  a l i o y s  described i n  t he  preceeding 

q u a r t e r l y .  HEDL experiment No. 4, scheduled f o r  l a t e  September, w i l l  i n -  

vo lve  the  i r r a d i a t i o n  .o f  mic ro  t e n s i l e .  specimens. These specimens w i l l  .be 

tes ted  a t  room temperature a f t e r  i r r a d i a t i o n  t o  p rov ide  f l o w  data; t h e  r e -  

s u l t s  w i l l  be c o r r e l a t e d  w i t h  microhardness, TEMy.and o the r  p o s t i r r a d i a t i o n  
. . 

t e s t  resu l  t s  where poss ib le .  

4. Specimen Ana lys is  
\ 

Basel ine microhardness data have been c o l l e c t e d  f o r  a l l  metals 

and a l l o y s  c u r r e n t l y  a v a i l a b l e .  P re l im ina ry  microhardness t e s t  r e s u l t s  M f rom 

specimens i r r a d i a t e d  i n  HEDL experiment No. 1 i n d i c a t e  t h a t  some o f  t he  pure 

metals show increases i n  m i  crohard'ness wi'th increas ing  neutron dose. -The 

magnitude o f  t he  increase i n  hardness i s  i n  agreement w i t h  prev ious work 

over the same range o f  neutron f luence.  These r e s u l t s  a r e  i n  q u a l i t a t i v e  



agreement w i t h  i n i t i a l  TEM observat ions o f  small de fec t  c l u s t e r s  and pinned 

d i s l o c a t i o n s .  

B. RTNS-I1 Furnace Development - D. C. K a u l i t z ,  S. C. Meyers (HEDL), 

C. M. Logan (LLL) 

Construct ion o f  a h igh  temperature furnace f o r  general use a t  

RTNS-I1 has been completed. This  furnace w i l l  permi t  t he  i r r a d i a t i o n  o f  

ma te r i a l s  a t  temperatures up t o  a maximum o f  800 '~ .  The design base pres- 

sure o f  the  furnace i s  1 x l o - '  t o r r .  The furnace heat zone i s  approxi - 
mately  15 mm square and 40 mm long ( i n  beam d i r e c t i o n ) .  F ina l  t e s t i n g  o f  

t he  furnace i s  i n  progress.. De l i ve ry  of t he  furnace t o  the RTNS-I1 f a c i l -  

i t y  i s  expected dur ing  the  nex t  r e p o r t i n g  per iod.  A second furnace, de- 

signed t o  accommodate 50 mm t e n s i l e  specimens perpendicular  t o  the  beam 

d i r e c t i o n  i s  c u r r e n t l y  being designed. 
. . 

C. LPTR Furnace Development - N. F. Panayotou (HEDL) , R. Van Konynen- 

berg (LLL), M. W.  Guinan (LLL) 

A furnace t o  be used f o r  i r r a d i a t i o n s  i n  t he  Livermore Pool-Type 

Reactor (LPTR) a t  LLL i s  c u r r e n t l y  being designed a t  LLL as a j o i n t  LLL- 

HEDL p r o j e c t .  The furnace w i l l  have a specimen volume comparable t o  the  

volume o f  HEDL's RTNS-I1 capsules. The i r r a d i a t i o n  of micro t e n s i l e  and 

TEM d i s k  specimens a t  RTNS-I1 can thus be dup l i ca ted  i n  a f i s s i o n  reac to r  

spectrum a t  a comparable displacement' r a t e  t o  pe rm i t  the  study of spec t ra l  

e f f ec t s .  

V I .  FUTURE WORK 

Two i r r a d i a t i o n s  a re  scheduled f o r  the  RTNS-11; one w i l l  emphasize TEM 

d i s k s  o f  b ina ry  a l l o y s ,  and t h e  o the r  w i l l  be the  f i r s t  HEDL i r r a d i a t i o n  o f  

mic ro  t e n s i l e  specimens. 



, TEM and microhardness examinations of RTNS-I I irradiated specimens. 
will continue. 

The RTNS-I1 furnace will-be delivered to the facility during,the next 

quarter. 
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I. PROGRAM ' 

Title: Phase Stability Under Irradiation 

Principal Investigator: K. C. Russell 

Affiliation: Massachusetts Institute of ~ e c h n o l o ~ ~  

11. OBJECTIVE 

To understand and model the effects of irradiation on microst~wctural 

stability. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C..1.2 Modeling and Analysis of Effects of Material 

Parameters on Microstructure 

IV. SUMMARY 

.-- 

A. The stability of incoherent oxide dispersoids may be signifi- 

cantly altered by CTR first wall irradiation conditions. 

B.  Irradiation tends to stabilize oxide particles when the matrix 

dissolves oxygen interstitially and to destabilize when oxygen dissolves 

substitutionally. 
< 

C. The eEfect of irradiation is enough to reverse a several-fold 

solute supersaturation or.undersaturation, over a range of irradiation 

conditions and'temperatures.. 
. . 

D. DispZrsoid stability must be evaluated on a case by case basis 

for each reactor system. , 



V. ACCOMPLISHMENTS AND 'STATUS 

A. Oxide Dispersoid Stability in Irradiated Alloys -- M. S. 

Saiedfar (Massachusetts Institute of Technology, Cambridge, MA) and K. C. 

Russell (Massachusetts Institute of Technology, Cambridge, MA). 

1. Introduction 

Oxide dispersoid alloys include Cr 0 or A1 0 particles in 
2 3 2 3 

a type 316 stainless steel (SS) .matrix, A1 0 particles in an aluminum ma- 
2 3 

trix, and Tho particles in a nic'kel. matrix. The uuzstanding character- 2 
istic of such-alloys is the retention of a reasonable level of strength to 

temperatures near the melting point, as shown in Figure 1. 

r\-:li \ OXIDE DISPERSION 
STRENGTHENED 

\. 
\ -1 .A l 

FIGURE 1. Comparison of strengths of dispersion-strengthened and prqcipi- 

tation-strengthened alloys. (After Ref. [I].) 



The oxide particles are incohe.rent with the matrix, and are thus relative- 

ly inefficient as strengtheners, as compared to the usual partly or total- 

ly coherent particles. However, the oxides are thermodynamically very 

stable, hence are highly insbluble in the matrix. As such, even at tem- 

peratures near the melting point the oxides neither dissolve into the 

matrix nor coarsen (Ostwald ripen) to large sizes, the fate of,most other 

precipitates at high temperatures. As such, the dispersoid strengthened 

alloys retain signi5icant amounts of strength - and maintain structural sta- 

bility to temperatures,near the melting point. 

Oxide dispe.rsoi.ds are of interest in CTR first wall materials for 

three reasons. First, they are an attractive strengthening mechanism. 

Secondly, since these materials may contain only one or two metallic ele- 

ments, one may avoid the format5on of undesirable trai~smutation products 

which tend to form in more complex alloys after exposure to firsi wall 

nentron fluences. Thirdly, the' high density of very small particles gives 

a high sink strength. The interfaces are thus potentially effective traps 

for transmutation-produced helium.and for vacancies and self inter- 

stitial~. 

Before such materials may be seriously considered for first wall use, 

the& stability under irradiation conditions must be assured. It is now 

well-known [2] that there are a number of mechanisms by which irradiation 

will a1,ter the stability of alloy phases. This paper investigates two of 

these: enhanced diffusion and the chemical vacancy effect. The effects 

of solute segregation to or away from the particles is accounted for in an 

approximate way by varying the matrix solute supersaturation as a para- 

meter. Extended calculations have been performed for Cr 0 in 316 SS and 
2 3 

A1 0 in A1 under both fusion neutron and heavy-ion displacement rates 
2 3 

[3]. This short paper is based on results for stainless steel under 

first wall conditions. 



2 .  Theorv 

The theory f o r  t h e  s t a b i l i t y  of incoherent  p a r t i c l e s  under 

i r r a d i a t i o n  i s  descr ibed  i n  d e t a i l  elsewhere [ 4 ] .  The p a r t i c l e s  a r e  char- 

a c t e r i z e d  by x, t h e  number of atoms o r  molecules,  and n ,  t h e  number of 

excess  vacancies  they con ta in .  I f  t he  p r e c i p i t a t e  has  a  l a r g e r  atomic 

volume than  :he ma t r ix  (per  s u b s t i t u t i o n a l  atom), vacancies  w i l l  be ab- 

sorbed dur ing  growth, f i r s t  t o  r e l i e v e ' s t r a i n  energy, bu t  by consuming 

supe r sa tu ra t ed  vacancies  a l s o  c o n t r i b u t e  t o  the  d r i v i n g  f o r c e ,  hence s t a -  

b i l i t y  of t h e  p a r t i c l e s .  I n  t h e  r e v e r s e  case  of an undersized p r e c i p i -  

t a t e ,  growth usua l ly  r e q u i r e s  vacancies  t o  be emit ted i n t o  a  h igh ly  super- 

s a t u r a t e d  matr ix.  This  i s  d i f f i c u l t ,  so  t h e  excess  vacancies  tend t o  d e -  

c r e a s e  p r e c i p i t a t e  s t a b i l i t y .  

P a r t i c l e  behavior  i s  descr ibed  by equat ions  f o r  t h e . p a r -  

t i c l e  v e l o c i t y  i n  n  and x  d i r e c t i o n s .  These a r e :  

= B (1-Bi/~, - exp [ ( l /kT)  (aAGO/an) I )  v  

I n  Eqs. (1 ,2)  2 and a r e  v e l o c i t i e s  (atoms o r  vacancies  pe r , s econd)  i n  

t h e  n  and x  d i r e c t i o n s .  
Bx' Bv 

and ei a r e  t h e  a r r i v a l  r a t e s  of s o l u t e  

atoms, vacancies ,  and s e l f  i n t e r s t i t i a l s  a t  t h e  p a r t i c l e ,  A G O  i s  t h e  f r e e  

energy of forming t h e  p a r t i c l e  from t h e  s o l u t e  atoms and vacancies  i n  t h e  
. . 

matr ix ,  and kT is  t h e  Boltzmann f a c t o r .  

Nodal l i n e s  a r e  obtained by s e t t i n g  k and A i n d i v i d u a l l y  

t o  zero. Under c e r t a i n  cond i t i ons  t h e s e  nodal. l i n e s  i n t e r s e c t  i n  a c r i t -  

i c a l  po in t  where t h e  p a r t i c l e  i s  immobilized -- l i k e  t h a t  c r i t i c a l  nucle- 

u s  i n  nuc lea t ion  theory.  P a r t i c l e s  l a r g e r  than t h i s  s i z e  a r e  s t a b l e  and 

w i l l  grow. I n  o t h e r  ca ses ,  a l l  p a r t i c l e s  a r e  uns t ab le  and w i l l  u l t ima te -  

l y  decay. The c r i t i c a l  p a r t i c l e  s i z e  is  given by 



. . I  

3 
x*. = -32ry 3~2/3(~$) (3 1 

% 

where A$ is an irradiation-modified potential given by . 

where S and S are solute and vacancy supersaturations, and B is a posi- 
X v 

tive constant. Fbr a dispersoid of M 0 where M denotes the metal, 
2 3 

"2% and 6 = 6 = 

5Rm 2Rm 

for substitutional and interstitial oxygen atoms, respectively. Here, 
m 

and R are volumes per substitutional atom in matrix and,precipitate, re- 

spectively. When A$ < 0 the nodal lines intersect as shown in Figure.2. 

FIGURE 2. Phase space for dispersoid behavior, showing nodal lines, 

critical point, and directions of particle movement. (After Ref. [3].) 



3.. Calcu la t i ons  

Ca lcu l a t i ons  were based on Eq. (3) f o r  x* and on Eqs. (1 ,2)  

f o r  x and n. Poin t  d e f e c t  concen t r a t i ons  were c a l c u l a t e d  by t h e  method of 

B r a i l s f o r d  and Bullough [5 ] ,  us ing  measured d i s l o c a t i o n  d e n s i t i e s  [ 6 ] .  

The needed m a t e r i a l  parameters  were ob ta ined  from handbooks o r  t h e  l i t e r -  

a t u r e .  The r e s u l t s  a r e  no t  p a r t i c u l a r l y  a f f e c t e d  by minor changes i n  t h e  

va lues  .of t h e  m a t e r i a l  parameters .  

4. Resu l t s  and Discussion 

It i s  no t  known'whether oxygen d i s s o l v e s  i n t e r s t i t i a l l y  o r  

s u b s t i t u t i o n a l l y  i n  s t a i n l e s s  s t e e l .  Accordingly, ba th  possibilities were 

considered.  

The l o c a t i o n  of t h e  d i sso lved  oxygen proved t o  be c r u c i a l ,  

a s  c a l c u l a t i o n s  showed t h a t  t h e  s i g n  of t h e  m i s f i t ,  6 ,  i n  l a r g e  p a r t ,  

d i c t a t e d  d i s p e r s o i d  s t a b i l i t y .  I n  t h e  c a s e  of s u b s t i t u t i o n a l  oxygen i n  

t h e  mat r ix ,  a d d i t i o n  of e i t h e r  a  C r  o r  0 atom t o  t h e  p a r t i c l e , a d d s  an  

atomic volume of space.  S ince  t h e  volume of C r  0 i s  l e s s  than  t h a t  of 
2 3  

f i v e  mat r ix  atoms, 6  < 0 .  Figure  3  p r e s e n t s  .x* - number of atoms i n  t h e  

c r i t i c a l  s i z e  p a r t i c l e  a s  a  func t ion  of temperature  f o r  v a r i o u s  s o l u t e  
. . 

s u p e r s a t u r a t i o n s .  I r r a d i a t i o n  i s  seen t o  des t ab i lLze  t h e  p a r t i c l e s .  A t  

low temperature ,  t h e  vacancy s u p e r s a t u r a t i o n  i s  h igh  and x* i s  l a r g e .  A t  

temperatures  nea r  . 6  Tm, S  -t 1 and x* is  una f f ec t ed  by i r r a d i a t i o n .  
v  

a I n  t h e  c a s e  o f ' i n t e r s t i t i a l  oxygen, only a d d i t i o n  of a  chromium atom 

t o  t h e  p a r t i c l e  adds on a  l a t t i c e  s i t e .  S ince  t h e  volume of C r  0 i s  
2 3  

cons iderab ly  l a r g e r  t han  two m a t r i x  l a t t i c e  sites, 6  > 0 .  A s  seen  i n  

F igure  4,  i r r a d i a t i o n  s t a b i l i z e s  t h e  p a r t i c l e s .  The e f f e c t  i s  g r e a t e s t  

a t  low temperatures ,  where S is  ve ry  h igh  ( > 10"). I n  a d d i t i o n ,  par-  
v  

t i c l e s  a r e  s t a b l e  i n  a . m a t r i x  j u s t  s a t u r a t e d  (S = 1 )  o r  even undersatu-  
X 

r a t i o n  (S =.5,). I n  t h e  l a t t e r  ca se ,  a  c r i t i c a l  s i z e  e x i s t s  on ly  up t o  
X 



FIGURE 3 .  C r i t i c a l  p a r t i c l e  size f o r  C r - 0  i n  316 SS wi th  6 . c  0. 
2 3  

I 

FIGURE 4.  Cr i t i ca l ,  p a r t i c l e  s i z e  f o r  C r  0  i n  316 SS, with 6 > 0. 
2 3  



a  ~ e r t a i n ' t e r n ~ e r a t u r e ,  a f t e r  which S  i s  too  smal l  t o  keep A$ < 0. 
v  

S t a t e d  another  way, under i r r a d i a t i o n  a  p a r t i c l e  w i th  6 < 0  

may d i s s o l v e  even i n  a  supe r sa tu ra t ed  ma t r ix ,  o r  a  ma t r ix  l o c a l l y  super- 

s a t u r a t e d  by s o l u t e  s eg rega t ion  toward t h e  p a r t i c l e .  Conversely,  a  p a r t i -  . 

c l e  wi th  6 > 0  may grow i n  an undersa tura ted  ma t r ix  o r  i n  a  mat r ix  made 

l o c a l l y  undersa tura ted  by s o l u t e  s eg rega t ion  away from t h e  p a r t i c l e .  The 

importance of t h e s e  e f f e c t s  w i l l  depend on t h e  amount and s o l u b i l i t y  o f  

t h e  d i s p e r s o i d  phase. I n  t h e  c a s e  of a  s u b s t a n t i a l  volume f r a c t i o n  of a 

h igh ly  i n s o l u b l e  phase,  very  l i t t l e  growth o r  d i s s o l u t i o n  would be needed 

t o  a d j u s t  S  t o  a  va lue  g iv ing  A$ = O. I n  t h e  r e v e r s e  c a s e  of a smal l  
X 

amount of a  more s o l u b l e  phase,  s i g n i f i c a n t  growth o r  d i s s o l u t i o n  may have 

t o  occur  be fo re  t h e  ma t r ix  composition i s  ad jus t ed  t o  a  va lue  g iv ing  a  

s t a b l e  s i t u a t i o n .  

Growth t r a j e c t o r i e s  were c a l c u l a t e d  f o r  p a r t i c l e s  under 

s t eady  and pulsed i r r a d i a t i o n .  F igure  5 d e p i c t s  t h e  behavior  of an over- 

s i z e d  p r e c i p i t a t e  du r ing  a  year  of s t eady  i r r a d i a t i o n .  Even i n  an under- 

s a t u r a t e d  ma t r ix  t h e  p a r t i c l e  doubles  i t s  s i z e  i n  a  yea r .  A t . h i g h e r  

s o l u t e  s u p e r s a t u r a t i o n s ,  up t o  ten- fo ld  growth i s  p red i c t ed .  

The ca se  f o r  an  undersized p r e c i p i t a t e  under pulsed i r r a -  

d i a r l o n i s  shownin F igure  6 .  I n  t h i s  ca se ,  A$ > 0  dur ing  i r r a d i a t i o n  and 

A$ < 0  dur ing  t h e  thermal  per iod .  

The p a r t i c l e  f i r s t  of a l l  ga in s  some vacanc ies  (n becomes 

l e s s  nega t ive ) ,  t hen  proceeds t o  decay. However, t h e  s i z e  of t h e  p a r t i c l e  

dec reases  by only  about 10% over  t h e  course  of a  year .  I n  bo th  c a s e s  very  

l i t t l e  growth o r  d i s s o l u t i o n  occurred du r ing  t h e  thermal  c y c l e  due cu t h e  

low s o l u b f l i t i e s  and low atomic m o b i l i t i e s .  

Considerably  d i f f e r e n t  behavior  could e a s i l y  be ohserved 

under o t h e r  m a t e r i a l  and/or  i r r a d i a t i o n  cond i t i ons .  It i s  q u i t e  p o s s i b l e  



316 SS +Cr, 0, ppt. K =  dpa/s 
T.0.35 T, Irradiation Time =lo5 hr 
8 = 1.037 

I I . I  I I I I I 

1 2 3 4 5 6 7 8 9  
X (xlo4) (MOLECULES) 

FIGURE 5. P a r t i c l e  b e h a v i o r  under  s t e a d y  i r r a d i a t i o n  ( 6  > 0).  

t h a t  t h e  the rmal  p r o c e s s e s  cou ld  c a n c e l  o u t  o r  even overwhelm p r o c e s s e s  

o c c u r r i n g  d u r i n g  i r r a d i a t i o n .  Based on t h e  p r e s e n t  C r . 0  work, a h i g h l y  
2 3 

i n s o l u b l e  d i s p e r s o i d  such as A1 0 would probably  b e  s t a b l e  r e g a r d l e s s  of 
2 3 

t h e  s i g n  of 5. 
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I. PROGRAM 

Title: Void Swelling in Irradiated Metals 

Principal Investigator: K. C. Russell 

Affiliation: Massachusetts Institute of Technology 

11. OBJECTIVE 

The objective of this work is to analytically and numerically model 

homogeneous.and heterogeneous void nucleation in irradiated metals. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.2.4 Modeling of Effects of Helium on Microstrucfure 

IV. SUMMARY 

The energetics and kinetics of void nucleation at dislocations and 

interfaces are analyzed. These are potential void nucleation sites only 

when they are not point defect sinks. Both kinds of site are found to be ' 

excellent catalysts in the presence of inert gas. 

V. ACCOMPLISHMENTS AND STATUS 

A. Void Nucleation at Heterogeneities -- S. A. Seyyedi (Massachu- 

setts Institute of Technology, Cambridge, MA), M. Hadji-Mirzai (Massachu- 

setts (Institute of Technology, Cambridge, MA) and K. C. Russell (Massachu- 

setts Institute of Technology, Cambridge, MA). 

1. Introduction 

The existence of irradiation-induced void swelling in 

breeder reactors cladding and ducts was discovered over a decade.ago (1). 



The need for understanding and a means to eliminate or control this swell- 

. ing and the associated loss of dimensional stability has led to many exper- 
\ 

imental and theoretical studies. 

The early theoretical analyses considered the problem 

.piecemeal, and in some cases were in error. A recent theory (2) presented 

a unified analysis of homogeneous void nucleation in the presence'and ab- 

sence of inert gas. However, voids have been.observed to nucleate hetero- 

geneously near or on dislocations and internal interfaces. Very little has 

been done to develop a theory for such nucleation. The one analysis to 

date is by Bates (3) who considered void nucleation at the inter£ac,e be- 

tween the matrix and an incoherent particle. However, since'such inter- 

faces are excellent point defect sinks, there will be no vacancy super- 

saturation and void nucleation is impossible. Most dislocations are also 

point defect sinks, and void 'nucleation is likewise impossible. However, 

certain coherent and semi-coherent interfaces and certain partial dislo- 

cations are not point defect sinks, hence,are potential void nucleation 

sites. 

a We will develop the theory for heterogeneous void nucle- 

ation at such dislocations and interfaces. In each case we first consider 

the void energetics, then the point defect arrival rates, and finally 

develop expressions for nodal lines and nucleation rates. 

2. Theory 

The analysis is based on a'recent unified theory of homo- 

geneous void nucleation in helium-containing metals (2). Voids are char- 

I acterized in a two-dimensional phase space (see Figure 1) where the void 

is assigned coordinates specifying its vacancy content (n) and the number 

of gas atoms it contains (x). The void maymove in'the positive n-di- 

rection by capturing additional vacancies and move in the opposite di- . 

rection either by thermal emisgion of vacancies or capture of self inter- 



0 n (Vacancies / v o i d )  

FIGURE 1. Po in t  d e f e c t  cap tu re  processes  which a l t e r  t h e  s i z e  o r  gas  

con ten t  of a  void.  (Af te r  Ref. 2.) 

s t i t i a l s .  Movement i n  t h e  p o s i t i v e  x-d i rec t ion  is  accomplished v i a  gas  

atoms cap tu re  and i n  t h e  oppos i te  d i r e c t i o n  by r a d i a t i o n  r e s o l u t i o n s ,  

wherein t rapped gas atoms a r e  i n j e c t e d  back i n t o  t h e  matr ix.  The corre-  

sponding component v e l o c i t i e s  i n  n , x  phase space a r e  given by: 

1 aA~O(n,x)  . h = B O  n113[1 - B O ~ I B O ;  - exp .(E 
v an 1 1 

where B0 and Box a r e  t h e  a r r i v a l  r a t e s  of vacancies ,  i n t e r s t i t i a l s ,  and 
v 

gas atoms r e s p e c t i v e l y ,  a t  a hypo the t i ca l  void of one vacancy ( t h e  f a c t o r  
113 . . 

of n accounts  f o r  t h e  dependence of t he  cap tu re  r a t e  upon void s i z e ) .  
X 

K is  the  r a t e  (per  gas atom) of r a d i a t i o n  r e s o l u t i o n ,  AGO(n,x) i s  the  
C 

f r e e  energy t o  form an (n,x)-mer from t h e  vacancies  and gas i n  a  metal ,  

and kT is  t h e  Boltzmann f a c t o r .  



Such f i r s t - o r d e r  d i f f e r e n t i a l  equat ions  a s  Eqs. (1 ,2)  i n  

which time does no t  appear e x p l i c i t l y  (termed autonomous) and which may be 

l i n e a r i z e d  i n  t he  reg ion  of i n t e r e s t  lend themselves t o  a n a l y s i s  through a  

branch of mathematics developed by Poincar'e (4 ,5) .  This  a n a l y s i s  empha- 

s i z e s  t he  l o c i  of p o i n t s  where n  o r  x a r e  zero (nodal l i n e s )  and p o i n t s  of 

i n t e r s e c t i o n , . w h e r e  n = 2 = 0 ( c r i t i c a l  p o i n t s ) .  The a p p l i c a t i o n  of t h i s  

formalism t o  r a d i a t i o n  e f f e c t s  problems i s  descr ibed  i n  d e t a i l  

elsewhere (6) . 

Taking t h e  app ropr i a t e  p a r t i a l  d e r i v a t i v e  of AGO(n,x), 

i n s e r t i n g  i t  i n t o  Eq. ( I ) ,  and s e t t i n g  t h e  ind iv idua l  v e l o c i t i e s  t o  zero 

y i e l d s  t he  equat ions of t h e  two nodal l i n e s  uf i n t e r e s t :  

f o r  ;1 = 0 

f o r  2 = 0 

1 
where A = ( 3 6 1 ~ w ' ) ~ / ~ ~ / k ~ ,  S  = S (1 - f3°ilf30v), R = atomic volume, y  = 

e  v  
s u r f a c e  energy, and Sv = vacancy supe r sa tu ra t ion .  

Simultaneous s o l u t i o n  of Eqs. (3 ,4)  shows i n t e r s e c t i o n s  of 

t h e  nodal l i n e s  ( c r i t i c a l  po in t s )  t o  occur a t  n  va lues  given ( i n  t h e  case  

of homogeneous nuc lea t ion )  by: 

9f30x!2nSe 
where Ij = 

A'K' 
X 

,The va lue  of $ ca t egor i zes  void nuc lea t ion .  I f  $ < 1, t h e  

nodal l i n e s  i n t e r s e c t  a t  two p o i n t s  ( i n  a d d i t i o n  t o  t h e  o r i g i n ) ;  i f  $ = 1 



the.noda1 lines are tangent; in the case where @ < 1, the lines intersect 

only at the origin. Configurations for @ > 1 and @ < 1 are depicted 

schemattcally in Figure 2. When I) > 1 no activation barrier to nucleation 

exists and any.(n,x)-mer is free to develop spontaneously from individual 

point defects. A simple, closed form equation for the rate of void nucle- 

ation may then be' written. 

The power of the nodal line formalism may be appreciated by 

considering the alternative, namely, solution of some 1,000 simultaneous 

equations in 1,000 unknowns -- the concentrations of the voids of various 
. sizes and gas contents. Such systems of equations may be solved numeri- 

cally, but such a solution is time-consuming, subject to serious error, 

and obscures the physics of the process. 

Nucleations on Dislocations 

We follow in general the energetic model of Cahn (7) for 

nucleation of incoherent precipitates on dislocations. Whereas Cahn 

used the calculus of variations to determine the minimum energy nucleus 

form, we assume a cylinder of minimum surface-'to-volume ratio for mathe- 

matical tractability. The free energy of forming such a void is then: 

\ 

where p = elastic shear modulus, b = Burgers vector, V = Poisson ratio, 

and x = void gas content which would be in equilibrium with the matrix. 
e 

This first term in Eq. (7) arises from release of dislocation strain 

energy, the second term from creation of surface energy, the third from 

the vacancy supersaturation, and the last two from the internal gas 

pressure. 



FIGURE 2. Schematic r e p r e s e n t a t i o n  of noda l  l i n e s .  A t  top ,  $ > 1 and 

void n u c l e a t i o n  i s  spontaneous.  A t  bottom, $ < 1 and a c t i v a t i o n  i s  

r equ i r ed .  (Af te r  Ref. 2) 



Only d i s l o c a t i o n s  which a r e  no t  vacancy s i n k s  w i l l  be e f -  

f e c t i v e  void nuc lea t ion  s i t e s ,  a s  o therwise  S = 1. Therefore,  6 and Bi 
v  v  

a t  d i s l o c a t i o n s  a r e  e s s e n t i a l l y  t h e  same a s  i n  t h e  mat r ix .  The d i s loca -  

t i o n s  a r e  assumed t o  be helium t r a p s ,  so  t h e r e  a r e  two r o u t e s  f o r  helium 

a r r i v a l  a t  t h e  void -- chrough t h e  mat r ix  and along t h e  d i s l o c a t i o n .  

Mobile i n t e r s t i t i a l  gas  atoms a r e  provided by r a d i a t i o n  

r e s o l u t i o n  from d i s l o c a t i o n  t r a p s .  The a r r i v a l  r a t e  a t  a  void i n  t h a t  

m a t r i x  is  then (2) :  

T  
where C: i s  t h e  t o t a l  gas concen t r a t ion ,  K i s  the  r e s o l u t i o n  r a t e  from 

0 X 

d i s l o c a t i o n s ,  kL is  the  t o t a l  s i n k  s t r e n g t h  f o r  gas ,  and a  i s  l a t t i c e  
X 

spacing.  

I d  
The helium a r r i v a l  r a t e  a long  d i s l o c a t i o n s  i s  B0 = D p / a2  ~ d  

xd x  
where p  = p r o b a b i l i t y  a  gas atom i s  next  t o  t he  void ,  and Dx = helium 

2  
d i f f u s i v i t y  i n  t he  d i s l o c a t i o n .  Taking p  = ( C ; / R ) / ~ ~ ~ )  where p d  = k  x i s  

t h e  d i s l o c a t i o n  dens i ty ,  g ives  a  helium a r r i v a l  r a t e  a long t h e  d i s l o c a t i o n  

of : 

I 
I Nucleation a t  P r e c i p i t a t e s  

The f r e e  energy of forming a  sphe r i ca l - l ens  shaped gas- 

con ta in ing  void of r a d i u s  r ( see  F igure  3) i s  given by 

where f  (0) = 
2  - 3 ~ 0 ~ 0  + c0s30  

4 



~ o t r i x , = . y p m ~  - - I -  - - -  -------- ), - . 
Prec ip i ta te  

Yp, = ( Ymv + Ypv) cos e 

FIGURE 3 .    ens shaped void formed a t  p rec ip i ta te :mat r . ix  i n t e r f a c e ,  

 he p r e c i p i t a t e  is  assumed t o  be coherent  o r  semi-coherent 

wi th  t h e  matrj-x, s o  t h a t  t h e  i n t e r f a c e  5s not  a  s i n k  f o r  vacancies  o r  in -  

t e r s t i t i a l ~ .  A s  such, 6' and Bo i  w i l l  be s u b s t a n t i a l l y  t h e  same a s  i n  ' '  

v 
t h e  matr ix.  There a r e ,  however, aga in  two pa ths  by which helium may reach 

t h e  heterogeneously nuc lea ted  void.  One pa th  i s  through t h e  ma t r ix ,  a t  a  

r a t e  diminished by t h e  deple ted  helium concent ra t ion  nea r  t h e  p r e c i p i t a t e .  

The o the r  i s  by t h e  " c o l l e c t o r  p l a t e "  mechanism ( 8 ) ,  whereby t h e  helium i s  

trapped a t  t h e  p r e c i p i t a t e : m a t r i x  i n t e r f a c e ,  and d i f f u s e s  thereon t o  t h e  

void.  The r a t e  of a r r i v a l  along the  i n t e r f a c e  (per  atom of per imeter )  i s  

where cP = concen t r a t ion  of t rapped helium a t  t h e  p r e c i p i t a t e ,  and D' =' 
X - X 

d i f f u s i v i t y  of helium i n  t h e  m a t r i x : p r e c i p i t a t e  i n t e r f a c e .  

P To o b t a i n  C we assume t h a t  on a  p e r - s i t e  b a s i s  t h e  pre- 
X 

c i p i t a t e  i n t e r f a c e  has t h e  same helium concent ra t ion  a s  t h e  d i s l o c a t i o n s .  

This  g ives :  _. 



3. Results and Discussion 

Nucleation at Dislocations 

The ratio of helium arrival rates by the two paths is: 

- 
Helium mobilities in solids are generally not well known. To investigate 

the ratio of arrival rates,.we assume that the pre-exponential factor for ' 

helium diffusion along dislocations is the same as for self diffusion. 

The activation energy is estimated to lie in the range between one-half 

and one-fourth that for helium diffusion in the matrix, namely 1.84 eV. 

The results are shown in Table 1 for 316 stainless steel under fusion re-. 

actor irradiation conditions. Diffusion along the dislocation is seen to 

TABLE 1 

Kelative Helium Arrival Rates 

be the dominant mechanism in all cases. This is mainly because of the 

high concentration of helium in the dislocation core. This is high enough 

to compensate for the low mobility in the dislocation relative to that of 

interstitial helium in the matrix. 



The ratio of helium and vacancy arrival rates is: 

Taking extreme conditions of CO = 1 appm, T = .6 .  T and Q = .92 eV, 
x M ' SD . - - 

"xd 
' /Bov > 10'. Under most conditions this ratio will be even greater, so 

that helium is expected to arrive at the void much more rapidly than 

vacancies. 

The helium arrival rate at a void on a dislocation should 

be largely independent of void size, so that 6 = Boxd. Inserting the 
X 

appropriate quantities is Eqs. (1,2) gives nodal lines of: . 

X = 
-pb2 n 113 1 52 1 

(-1 [3 log n + - 113 + 8rryn2l3 
2.303' ' 

- n2Se (15) 
6 kT(1-p) 27~ 3 k ~  (27~) 'I3 

for n = 0 and 

for k = 0. 

Nodal lines were calculated for type 316 stainless steel 

over the temperature range .35 to .6 T .. In no case did the lines inter- 
m 

sect, so that nucleation is spontaneous and rapid over the entire range. 

A typical result is .shown.in Figure 4, where the two nodal lines are seen 

to be very widely separated. The degree of separation is somewhat non- 

physical, coming in part from using the ideal gas law to describe the 

helium in the void. Use of a more realistic gas law would reduce the sep- 

aration by a large amount, but could hardly give intersection. As such, 

void nucleation on dislocations which are not vacancy sinks is expected to 

be spontaneous and rapid over a substantial range of temperatures, dis- 

placement rates, and helium contents. Conversely, both network disloca- 

tions and prismatic loops are excellent vacancy sinks, hence in the pre- 

sent context are not effective void nucleation sites. Partial disloca- 

tions, such as occur in interphase boundaries should be effective 
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.FIGURE 4 .  Nodal line configuration for nucleation on dislocations. 
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nucleation sites, as should be stair-rod dislocations. 

Omission of the last two terms in Eq. (7) allows one to 

calculate the activation barrier to void nucleation in the absence of gas. 

This was done, and it was found that under fusion reactor displacement 

conditions void nucleation on nonvacancy-sink dislocations should be spon- 

taneous at temperatures below.about .55 Tm. Between .55 Tm and .6 T the 
m 

activation barrier is reduced to about half that for homogeneous nuclea- 

tion, but except just above .55 T is still too high to be overcome by 
m 

thermal activation. 

Nucleation at Interfaces 

Defect arrival rate consideratibns are much the same as for 

nucleation on dislocations. The ratio of rates is: 

d P 
which differs frolo Eq. (13) only in replacement of D by Dx. The two 

X 

diffusivities are expected to be about the same. As long as the interface 

is both a helium trap and a short circuit diff,usion path, B 0  >> B0 
xP xm' 

and most gas reaches the void by traveling along the interface. 

Taking the appropriate partial derivative of Eq. (lo), 

inserting it into Eq. (I), and.setting the individual velocities to zero 

yields the equations of the two nodal lines of interest. 

2An 
213 

For n = 0, x = 
3kT 

f 1(8) - nRnS e 

and for x = 0, = 6' I K ~  
. XP x 

Due to the very large value of B0 the k nodal line' will usually lie far 
XP ' 

above the n nodal line.. As such, void nucleation will be spontaneous 



.under typical fusion first wall conditions. This situation is thus 

much the same as was found for nucleation at dislocations. 

Many matrix:precipitate boundaries are of the semi-coherent 

. cype, wherein coherent patches are separated by a grid of misfit disloca- 

tions. In many cases these dislocations cannot climb (without leaving a 

high energy fault) but should be good helium traps. Such interfaces will 

thus have the full vacancy supersaturation and a high helium concentra- 

tion, hence should be good void nucleation sites. 

The si.tiration is different in the absence of helium. In 

this case, the activation barrier for heterogeneous nucleation of the void 

shown in Figure 3 is related to that for homogeneous nucleation by 

where V is the volume of the heterogeneous void and V is the volume 
het sph 

of the sphere of the same curvature. The angle 8 is,governed by the ba- 

lance of interfacial energies, as shown. Generally y and y are of 
mv P v 

the order 1000 m ~ / m ~ ,  while y is of the order 200-400 m~/rn~, so the 
Pm 

angle 0 is thus close to 90°. The void will resemble an only slightly 

flattened sphere, and the activation energy for nucleation is reduced 

hardly at all. 

Thus, in the absence of helium and in the capillarity 

approximation, precipitates are not expected to be very good void nuclea- 

tion sites. In fact, many of the boundaries of interest are made up of 

dislocations, which were found to be good nucleation sites, even in the 

absence of helium. In this case, unless the void is larger than the 

inter-dislocation spacing, the dislocation formalism should be used. 
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I. PROGRAM 

T i t l e :  I r r a d i a t i o n  Response o f  M a t e r i a l s  

P r i n c i p a l  I n v e s t i g a t o r s :  S. Wood, J.  A. Sp i t znage l  and W.  J .  Choyke 

A f f i l i a t i o n :  Westinghowse Research and Development Center 

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  assess ' t he  phenomenology and mechan- 

isms o f  m i c r o s t r u c t u r a l  e v o l u t i o n  i n  m a t e r i a l s  exposed t o  s imul  taneous 

he l ium i n j e c t i o n  and c r e a t i o n  o f  a tomic  d isp lacement  damage by a  second 

i o n  beam. 

/ 

I I I. RELEVANT DAFS PROGRAM TASKISUBTASK 

SUBTASK I I . C . l ,  I I .C .2 ,  IL.C.3, I I .C.5,  I I .C.9,  I I .C .18  

I V .  SUMMARY 

By v a r y i n g  t h e  he l ium i m p l a n t a t i o n  and atomic  d isp lacement  r a t e s  

independent ly ,  i t  i s  seen t h a t  t h e  ins tantaneous he l ium i m p l a n t a t i o n  r a t e  

i s  an impo r tan t  f a c t o r  i n  c a v i t y  fo rmat ion .  Bombardment o f  316 SS aged a t  

800°C t o  produce l a r g e  g r a i n  boundary ca rb ides  p r i o r  t o  d u a l - i o n  i r r a d i a -  

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

bombardment temperatures above 650°C. The r a p i d  c a v i t y  growth regime 

observed i n  s o l u t i o n  annealed 316 SS under d u a l - i o n  bombardment a t  600°C 

i s  shown t o  occur  o n l y  f o r  a tomic  d isp lacement  r a t e s  below %1 .5 x  10- 4 

dpa/s f o r  he l ium i n j e c t i o n  r a t e s  o f  2 x  appmls t o  3  x  1 0 ' ~  appmls. A 

computer ized da ta  f i l e  p e r m i t t i n g  c o n j u n c t i v e  que r i es  and pa rame t r i c  

a n a l y s i s  o f  d u a l - i o n  i r r a d i a t i o n  da ta  has been cons t ruc ted .  



ACCOMPLISHMENTS AND STATUS 

A. E f f e c t  o f  Time/Temperature H i s t o r y  o f  ~ e l i u m  Doping and Atomic 

Displacement Damage on M i c r o s t r u c t u r a l  E v o l u t i o n  i n  20% Cold 

Worked 316 SS (MFE Heat)  

I 

The r a t i o  o f  t he  he l ium p roduc t i on  r a t e  t o  t h e  a tomic  d isp lacement  

r a t e  i s  expected t o  be n e a r l y  cons tan t  f o r  a  sma l l  volume o f  t h e  f i r s t  

w a l l  o r  b l a n k e t  s t r u c t u r e  o f  a  f u s i o n  r e a c t o r  d u r i n g  a  D-T burn  c y c l e .  

The c a l c u l a t e d  r a t i o  w i l l  depend p r i m a r i l y  on t h e  chemical  compos i t i on  o f  

t h e  s t r u c t u r a l  a l l o y .  I t  i s  thus tempt ing  t o  t ry  and c h a r a c t e r i z e  m ic ro -  

s t r u c t u r a l  e v o l u t i o n  under c o n d i t i o n s  o f  s imultaneous he1 ium doping and 

c r e a t i o n  o f  a tomic  d isp lacement  damage i n  terms o f  t h i s  r a t i o  o r  t h e  

r a t i o  o f  appm He:dpa. 

One ques t i on  t h a t  a r i s e s  f rom t h e  use o f  i r r a d i a t i o n  sources l i k e  

t h e  "mixed-spectrum" . f i s s i o n  r e a c t o r s  i s  whether m i c r o s t r u c t u r a l  evo l  u- 

t i o n  can be adequate ly  c h a r a c t e r i z e d  by a  t ime-average v a l u e  o f  these 

r a t i o s .  I t  a r i s e s  because, u n l i k e  t h e  s i n g l e - s t e p  ( n  ,a) t r ansmu ta t i on  

r e a c t i o n s  expected f rom h i g h  energy neut rons i n  a  f u s i o n  r e a c t o r ,  he l ium 

p roduc t i on  i n  n i c k e l - b e a r i n g  a l l o y s  i n  a  f i s s i o n  r e a c t o r  occurs  v i a  a  two 

s t e p  neu t ron  cap tu re  process. Thus, t h e  r a t i o  o f  t h e  he l i um  p r o d u c t i o n  
( 1  1 r a t e  t o  t he  a tomic  d isp lacement  r a t e  changes w i t h  t ime  . 

I n  d u a l - i o n  bombardment exper iments,  such as those r e p o r t e d  here,  

t h e  he l ium i m p l a n t a t i o n  and atomic  d isp lacement  r a t e s  can be v a r i e d  

independent l y .  Th i s  i s  a  u s e f u l  f e a t u r e  p e r m i t t i n g  one t o  s t udy  system- 

a t i c a l l y  t h e  e f fec ts  o f  changing t h e  ins tantaneous and t ime-averaged r a t e s  

o f  he l ium i n j e c t i o n  and atomic  d isp lacement .  Such exper iments shou ld  

prove most use fu l  i n  d e l i n e a t i n g  n u c l e a t i o n  dominated o r  growth dominated 

- regimes o f  c a v i t y ,  d i s l o c a t i o n  l o o p  and p r e c i p i t a t e  fo rmat ion .  I n  an 

e a r l i e r  r e p o r t ( 2 )  we ou t1  i n e d  seve ra l  "beam h i s t o r y "  exper iments t o  be 

conducted a t  t h e  H igh  Energy I o n  Bombardment F a c i l i t y  a t  t h e  U n i v e r s i t y  



o f  P i t t s b u r g h .  Three exper iments w i t h  v a r y i n g  i o n  beam h i s t o r i e s  have 

now been conducted and t h e  r e s u l t s  o f  TEM examinat ion a t  t h e  f i r s t  

s e c t i o n  depth (a1 .2 vm f rom t h e  bombarded s u r f a c e )  a r e  presented i n  

F igures 1  and 2. The exper iments a re  conven ien t l y  descr ibed  by t h e  

" vec to r "  diagrams d iscussed p r e v i o u s l y ( 2 ) .  I n  t h e  exper iment  descr ibed  

schemati c a l  l y  i n  F ig .  1  , t a r g e t s  o f  20% c o l  d  r o l l  ed 316 SS were bombarded 

w i t h  28 MeV ~ i + ~  ions  o n l y  u n t i l  a damage l e v e l  o f  approx imate ly  1  .'5 dpa 

was ach ieved a t  t h e  f i r s t  s e c t i o n  depth.  A Faraday cup, which i n t e r -  

cepted t h e  he l ium i o n  beam, was then  removed and bombardment con t inued  

w i t h  bo th  s i l i c o n  and he l ium i ons  co i tnp ing ing on t h e  t a r g e t s .  The 

ins tantaneous he l ium i m p l a n t a t i o n  r a t e  f o r  t h e  p e r i o d  r e q u i r e d  t o  accumu- 

l a t e  t h e  l a s t  1 .5  dpa was a1 .5 x  1 0 ' ~  appmls, g i v i n g  an ins tan taneous  

appm He/dpa r a t i o  o f  a13. The .t ime-averaged he l ium i n j e c t i o n  r a t e  

(averaged over  t h e  t o t a l  i r r a d i a t i o n  t i m e )  was a7.5 x  appm/s. Whi le  

t h i s  va lue  has l i t t l e  p h y s i c a l  s i g n i f i c a n c e  f o r  t h e  p a r t i c u l a r  i r r a d i a -  

t i o n  sequence shown i n  F i gu re  1, i t  w i l l  be use fu l .  f o r  d i s c u s s i o n  pur-  

poses. For  t h e  c o n d i t i o n s  shown i n  F i gu re  2, t h e  he l ium and s i l i c o n  i o n  

beams coimpinged on t h e  t a r g e t s  d u r i n g  t h e  f i r s t  q u a r t e r  o f  t h e  i r r a d i a -  

t i o n .  The he l ium beam was then i n t e r c e p t e d  by l o w e r i n g  a  Faraday cup and 

exposure con t inued  w i t h  o n l y  t h e  h i gh  energy s i l i c o n  i ons  bombarding t h e  

t a r g e t s .  A t  a  f i r s t  s e c t i o n  damage l e v e l  o f  a2.2 dpa t h e  Faraday cup was , 

removed and t h e  i r r a d i a t i o n  f i n i s h e d  w i t h  bo th  s i l i c o n  and he l ium i ons  

bombarding t h e  t a r g e t s .  The ins tantaneous he1 ium i m p l a n t a t i o n  r a t e  f o r  

t h e  f i r s t  and f i n a l  q u a r t e r s  o f  t h e  i r r a d i a t i o n  was a1.5 x  appmls 

and t h e  va lue  averaged ove r  t h e  e n t i r e  i r r a d i a t i o n  p e r i o d  was 7.5  x  

1 o - ~  appmls. A  t h i r d  exper iment  i n v o l v i n g  cont inuous he1 ium i m p l a n t a t i o n  

over  t h e  f i r s t  h a l f  o f  t h e  i r r a d i a t i o n  p e r i o d  a t  a  r a t e  o f  u1.5 x  

appmls t o  a  c o n c e n t r a t i o n  o f  20 appm ( f i r s t  s e c t i o n )  and then  no add i -  

t i o n a l  he l ium i n j e c t i o n  as t h e  damage l e v e l  was inc reased  f rom 1.5 t o  3 

dpa was a l s o  run .  TEM r e s u l t s ,  however, a re  n o t  y e t  a v a i l a b l e .  

As r e p o r t e d  e a r l  i e r ( 3 ) ,  cont inuous bombardment o f  20% c o l d  r o l l  ed 

316 SS a t  600°C w i t h  co imp ing ing  he l ium and s i l i c o n  i ons  a t  an appm 

He/dpa r a t i o  o f  a11 and an ins tantaneous he l ium i n j e c t i o n  r a t e  o f  



Fig 

I 20% Cold Rolled 316 SS 

2 MeVHe 
I 

1.5dpa -3dpa 
* 

Void Microstructure Dislocation Structure 
g = I0021 
f -~m1 

1 - Microstructures produced in 316 SS after bombardment with He and 
~i'6 (note that the He beam was utilized only during the second 
ha1 f of the experiment). 



20% Cold Rolled 316 SS 

Void Microstructure Dislocation Structure * 
g = I0021 
?- rioo I 

Fig. 2 - Structural changes f nduced in cold rolled 316 SS after bombarding 
according to the above beam schedule. 



4 . 5  x appmls produced no v i s i b l e '  c a v i t i e s .  Th is  i s  c l e a r l y  the  

case f o r  t h e  bombardment cond i t ions  shown i n  Figures 1 and 2 even though 

the  time-averaged hel ium i n j e c t i o n  ra te ,  t he  t o t a l  amount o f  hel ium 

implanted and the  average appm he1ium:dpa r a t i o s  are  s i m i l a r  f o r  t h e  

th ree  runs. - This observat ion suggests tha t ,  f o r  t he  condi t ions o f  these 

experiments, t he  instantaneous hel ium imp lan ta t i on  r a t e  i s  an impor tant  

f a c t o r  i n  c a v i t y  formation. The "average" appm He/dpa r a t i o ,  t o t a l  

amount o f  hel ium implanted, o r  time-averaged hel ium i n j e c t i o n  r a t e  a re  

n o t  1 i ke l  y t o  be very  useful parameters f o r  charac ter i  z i  ng micros t ruc -  

t u r a l  evo lu t i on  when t h e  time- h i s t o r y  o f  atomic displacement damage and 

hel ium product ion a re  d i f f e r e n t .  

For t h e  experiments depicted i n  Figures 1 and 2 t h e  instantaneous 

he1 ium i n j e c t i o n  r a t e s  a r e  the  same ( e l  t h e r  zero o r  1.5 x appmls) . 
Changing t h e  sequence o f  beam on-beam o f f  time, however, has a l t e r e d  t h e  

nuc lea t ion  and/or growth o f  t he  c a v i t i e s  as expected. An assessment o f  

beam-history e f f e c t s  on c a v i t y  nuc leat ion  and growth k i n e t i c s  w i  11 be 

made i n  t h e  next  quar ter  when computer processing o f  the  data i s  com- 

p le te .  Visual  observat ion suggests t h a t  the  micros t ruc tures  shown i n  

Figures 1 and 2 a re  n o t  d ramat i ca l l y  d i f f e r e n t .  I f  borne o u t  by t h e  

numerical ana lys is  o f  t h e  data, t h i s  i n fo rma t ion  w i l l  prove use fu l  i n  

assessing the  need f o r  t r a n s l a t i n g  i r r a d i a t i o n  capsules i n  mixed-spectrum 

f i s s i o n  reac to r  (ORR-KFE) e x p e r i ~ e n t s  . 

Mic ros t ruc tu ra l  E f fec ts  o f  Dual-Ion Bombardment i n  Aged 316 SS 

~ a z i a s z ' ~ )  has demonstrated the  importance o f  var ious carb ide  and 

i n t e r m e t a l l  i c  phases on the  nuc leat ion  and growth o f  he1 ium bubbles i n  

316 SS. Prolonged exposure o f  f us ion  reac to r  f i r s t  w a l l  and b lanket  

ma te r ia l s  t o  temperatures i n  excess o f  500°C a re  l i k e l y  t o  r e s u l t  i n  

p r e c i p i t a t i o n  o f  Cr - r ich  carbides o r  Fe-Mo in te rmeta l  1 i c  phases i f  

austeni  t i c  s t a i n l e s s  s t e e l s  a re  used f o r  these appl i ~ a t i o n s ( ~ ) .  It i s  

genera l ly  no t  poss ib le  t o  study phenomena t h a t  depend on time-at- 

temperature (such as carbide p r e c i p i t a t i o n )  i n  charged p a r t i c l e  



experiments where exposure times are  limited to a few hours o r  a t  most a 
few days. However, i t  should be possible t o  study the mechanisms by 
which these second phase part ic les  alter bubble and dislocation loop 
nucleation and cavity growth i f  pre-aged specimens are  used. In support 
of th i s  contention HFIR experiments have shown tha t  T i c  part ic les  
dramatical ly  change bubble s izes  and spat ia l  distributions independent of 
whether the s t ee l s  were pre-treated t o  produce the T i c  precipitates or 

(5) whether the phase forms under i r radiat ion . 

To determine the e f fec ts  of aging and intergranular face-centered 
cubic Cr-ri ch carbide (M23C6) part ic les  on micros tructural evolution 
under dual-ion bombardment, 316 SS from the MFE heat was given a 50% cold 
reduction, recrystall ized by annealing a t  1050°C for 0.5 h and subse- 
quently aged a t  800°C for  10 hours a t  Argonne National Laboratory. 
Specimens obtained from ANL were subsequently bombarded a t  the High 

Energy Ion Bombardment Faci l i ty  a t  the University of Pittsburgh. For a l l  
of the experiments he!ium was continuously implanted a t  rates from 3.2 x 

to  5.7 x l d 3  appmls a t  damage rates  of 3.4 x to 4.6 x 
dpals . Bombardment temperatures were (nominal 1 y) 550, 600, 650 and 700°C. 
Numerical analysis of the data is i n  progress. A comparison of TEM 

observations for  targets  sectioned to  damage levels of 9-12 dpa a f t e r  
bombardment a t  the various temperatures is shown i n  Figures 3-5. 
Bombardment a t  700°C, Figure-3, resul ts  in a strongly bimodal cavity s ize 
dis t r ibut ion.  Visible cavi t ies  a re  preferentially associated w i t h  the 
unidentified acicular precipitates also observed i n  solution annealed and 
20% cold worked 316 SS targets .  There i s  very l i t t l e  association of the 
cavi t ies  w i t h  the network of extended dislocations. A t  lower i r radiat ion 
temperatures, Figure 4 ,  a bimodal cavity s i ze  dis t r ibut ion i s  s t i l l  
observed b u t  the centroids a re  shif ted to  smaller cavity diameters. 
Preferential association of cavi t ies  w i t h  acicular preclpi ta tes  i s  s t i l l  
observed b u t  fewer precipitates form with decreasing i r radiat ion tempera- 
ture.  Faulted dislocation loops appear below 600°C and association of 

cavi t ies  w i t h  dislocations becomes more prevalent as the number of 
acicular precipitates decreases. Finally a t  550°C, Figure 5a, no 



I W)% Cold Rolled 316SS Solution 
Annealed A t  1050°C For l/2 H r  And 
Aged At 800°C For 10 H r  

5% 600, 650, 70O0C 
85 - 150 appm He  
3.4 - 4 6 x lom4 dpals 

Void Microstructure Void Nucleation On Dislocations 
Acicular.Precipitates a = NlO21, i' - 1101 

Fig. 3 - Bombardment history for specimens aged to yield carbide precipi- 
tation prior to ion implantations, i,cros truc tures 
obtained at 700'~. 10 dpa. 3 A ' .  



Void Microstructure Dislocations, ;= [[0021 
2- [llQl 

( b )  W C ,  123dpa 
Fig. 4 - Microstructures obtained for aged specimens of 316 SS irradiated 

according to the beam schedules in Fig. 3 .  



(b )  ~arbkleform&tm (C 1 ~ahide Formation in 
ARer 6 P C  IrradM9oti Unirradiatad. Aged 
To 10 dpa 316SS Specimen' 

Fig. 5 - (a) and (b) are microstructures obtained under the beam. schedules 

given i n  Flg. 3; (c) shows carbide formation in unirradfated 316 
SS . 



acicular precipitates formed and a unimodal (nearly gaussian) cavity s ize  

distribution i s  observed. Visual observation suggests a double peak w i l l  

ex i s t  i n  the swell ing-temperature curve w i t h  cavity g rowth  rates  a t  550°C 
and 680°C determining the swell i n g  behavior. Clearly the unidentified 
aci cular precipitates dominate cavity nucleation when they are  present. 
The Cr-rich carbides were confined to  the grain boundaries i n  the as- 
received material, Figure 5c, and no additional carbide precipitation was 
detected a f t e r  dual-ion bombardment. A t  irradiation temperatures of 
650°C and above, rapid growth  of large intergranular cavi t ies  associated 
w i t h  the grain boundary carbide particles was observed, Figure 5b. 

Simi 1 a r  observations of rapid cavity growth a t  carbide/austeni t e  inter- 
faces i n  316 SS irradiated i n  a mixed-spectrum fiss ion reactor have 

(4)  previously been reported . 

The dearth of i ntragranul a r  carbide particles i n  the u n i  rradiated 
specimens suggests tha t  the 800°C aging treatment was above the "knee" of 
the tine- temperature-precipi tation curve14). Attempts t o  determine the 

effects  of intragranular carbides will require lower aging temperatures 

for  the unirradiated samples. The 800°C aging treatment, however, 
represents one of the reference conditions fo r  the MFE 316 SS heat and 
for an interlaboratory study ( in progress) of the effects  of different 
primary knock-on atom energy spectra on microstructural evolution a t  h i g h  

he1 ium 1 evels. Detailed comparison of resul ts  from previous runs w i t h  

solution annealed and 20% cold worked 316 SS targets must await further 
data reduction. 

C.  Damage Rate Dependence of the Rapid Cavity Growth Rate Reqime 
i n  Solution Annealed 316 SS 

Simultaneous implantation of helium and bombardment w i t h  the heavy 
ion beam a t  a damage ra t e  of d x dpa/s may resul t  i n  very rapid 

cavity growth a t  600°C i n  solution annealed 316 SS as shown i n  an - - 
earl  i er  report(2) .  In this reporting period experiments- were conducted 
i n  an attempt to  better define the range of temperatures for the 
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anomalous growth. Targets bombarded a t  575OC and 625OC showed no 

evidence f o r  t h e  r a p i d  growth o f  c a v i t i e s  a t  low doses. Su rp r i s ing l y ,  

bombardment a t  600°C d i d  n o t  produce r a p i d  c a v i t y  growth e i t h e r ,  Figures 

6, 7. These r e s u l t s  were puzz l ing  because the  phenomenon was very 

reproduc ib le  i n  previous experiments(2). Only two experimental condi - 
t i o n s  had changed s ince t h e  e a r l i e r  runs. The vacuum a t  t h e  t a r g e t  was 

improved by approximately an order  o f  magnitude by t h e  a d d i t i o n  o f  two 

turbomol ecul  a r  pumps, and a s l i g h t l y  h igher  damage r a t e  was necessary 

because new carbon s t r i p p i n g  f o i  1 s r e s u l t e d  i n  unexpectedly h igh  ~ i + ~  

bean currents.  Thus, ave rage  damage ra tes  o f  1 .7 x 1 o - ~  dpals t o  2.7 x 

dpals were used ins tead o f  the  previous value o f  0.9 x dpals. 

To determine whether the  cond i t ions  lead ing t o  the  d e n d r i t i c  networks o f  

c a v i t i e s  c h a r a c t e r i s t i c  o f  t h e  r a p i d  growth regime were atcentuated by 

lower damage ra te ,  seven ta rge ts  were simultaneously bombarded a t  600°C 

a t  a ca l cu la ted  atomic displacement r i t e  o f  2.3 x dpals. Under 

these cond i t ions  r a p i d  c a v i t y  growth was again observed, F igure 8. 

Examination o f  data from runs w i t h  a v a r i e t y  o f  damage ra tes  has now 

shown t h a t  r a p i d  c a v i t y  growth i s  n o t  observed a t  damage r a t e s  greater  

than 4 . 5  x dpals f o r  hel ium i n j e c t i o n  ra tes  o f  2.2 x 10 -~ -a~pm/s  t o  

$3 x appmls. For damage ra tes  where l i n k i n g  o f  l a r g e  c a v i t i e s  

occurs q u i c k l y  t h e  phenomenon can apparent ly  be suppressed by r a i s i n g  t h e  

hel ium imp lan ta t i on  r a t e  t o  values on the  order  o f  1 x 10" appmls as 

reported prev ious ly (2) .  Thus, i t  appears t h a t  t h e  occurrence o f  l a r g e  

c a v i t i e s  a l i gned  i n  [ l l O ]  d i rect ions,  which l i n k  up a t  low doses t o  

produce extensive networks,is t h e  r e s u l t  o f  a d e l i c a t e  "balance" between 
atomic displacement ra te ,  hel ium i n j e c t i o n  r a t e  and i r r a d i a t i o n  tempera- 

tu re .  Unfor tunate ly ,  lower damage ra tes  and hel ium i n j e c t i o n  ra tes  d 

c h a r a c t e r i s t i c  o f  p ro jec ted fus ion  r e a c t o r  f i r s t  w a l l  cond i t ions  favo r  

t h i s  anomalous c a v i t y  growth i n  s o l u t i o n  annealed 316 SS from the  MFE 

heat. Table 1 summarizes t h e  observat ions t o  date. The e f f e c t  o f  a l t e r -  

i ng the  vacuum ambient (oxygen p a r t i  a1 pressure) on mi cros t r u c t u r a l  

e v o l u t i  on i n  s o l u t i o n  annealed 316 SS under dual i o n  bombardment w i l l  be 

a i nves t i ga ted  i n  the  next  r e p o r t i n g  period. 



I 316 SS Solution Annealed 
At 10500C For l/2 H r  

VOCQ M ~ F O S ~ ~ U C ~  u re D isfscat bns $=I0021 
(Faulted b p s )  

Fig. 6 - E f f e c t  of simultaneous bombardment on the vo4d and dislo~ation 
structures in solutlon annealed 316 SS at 6 6 0 ' ~ .  



I 316SS Solution Annealed 
At l O W C  For y2Hr 

575OC 
2 MeV He 16appm He 

L 7 x dpals 

28 MeV SI I 

Void Microstructure D islocations 
I, 

g = I0021 
(Faulted Loops 1, 11101 

Fig.  7 - Void and d is locat ion  structures developed i n  so lut ion  annealed 
316 SS a f t e r  simultaneous bombardment a t  ,575'~. 



I 316SS Solution Annealed At 10M°C For l/2 H r  

2 5 dpa 
t 

Void Microstructure Precipitation On Dislocations, 
D is locat ions g= [0021. ?- [0131 

Fig. 8 - Microstructures produced in solution annealed 316 SS after a low 
damage rate, simultaneous bombardment experiment. 
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TABLE 1. SUMMARY OF EXPERIMENTAL OBSERVATIONS OF RAPID CAVITY 
GROWTH I N  SOLUTION ANNEALED 316 SS RESULTING FROM 
ION BOMBARDMENT AT 600°C 

Relat ive Rapid 
Damage Damage He1 i um Oxygen Cavity 
Level Rate Concentration P a r t i  a Growth Mode o f  He1 ium 
(dpa) (dpa/s) (appm) Pressurela) Observed Imp1 anta t ion 

2 0 . 8 ~  88 High 

High 

High 

High 

Yes Simultaneous 

Yes Simultaneous 

Yes Hot 
Preimplantat ion 

Yes Simultaneous 

High No Simultaneous 

Low No Simultaneous 

Low 

Low 

, NO Simultaneous 

Yes Simultaneous 

High Yes Simultaneous 

High Yes Hot 
Preimpl anta t ion 

(a )  Estimated values o f  ~5 x ~ / m *  and 1 x JI/m2 f o r  "high" and 
l l l o ~ " ,  respect ively.  

(b )  I r r a d i a t i o n  temperature was 575OC. 



D. Numerical Analysis o f  Cavity Size D is t r ibu t ions  

Experimental evidence obtained dur ing the past year has shown tha t  

character izat ion o f  cavi ty,  d i s loca t ion  loop o r  p rec ip i t a te  s i z e  dis-  

t r i b u t i o n s  i n  terms o f  average values alone can be ser ious ly  misleading. 

I n  order t o  understand the combined nucleat ion and growth aspects o f  

po in t  defect-sol u te  c lus te r ing  under the h i gh l y  non-equi 1 i b r i  um condi- 

t i ons  imposed by dual- ion (and fus ion reactor )  i r r a d i a t i o n  a t  e l  evated 

temperature, i t  i s  necessary t o  consider higher order moments o f  c lus te r  

s i ze  d i s t r i bu t i ons .  Var iat ions i n  these moments caused by changes i n  

bombardment temperature, dose (dpa l eve l ) ,  pre-bombardment microstruc- 

ture,  appm He/dpa r a t i o  and r a t i o  o f  the helium i n j e c t i o n  r a t e  t o  atomic 

displacement r a t e  must then be unfolded t o  y i e l d  nucleat ion and growth 

rates.  Theoretical pred ic t ions o f  nucleat ion and growth k i ne t i c s  have 

concentrated on the e f fec ts  o f  these parameters on average values o f  the 

defect-sol u te  c l us te r  size. Most computer models such as Russel 1 ' s  

c a v i t y  nucleat ion theory based on the nodal 1 i ne/cr i  ti cal  po in t  formalism 

o f  ~ o i n c a r i ( ' )  and the B E K ( ~ )  f u l l y  dynamic r a t e  model o f  c l us te r  growth, 

however, can t r e a t  mu1 ti p l e  s i z e  classes. 

To fac t  1 i t a t e  i n t e r a c t i  an o f  experiment and theory, we have con- 

s t ruc ted computerized data fi 1 es under separate fundi  ng which permit con- 

junc t i ve  queries t o  del ineate parametric s e n s i t i v i t y  o f  cav i ty ,  d i s l  oca- 

t i o n  loop and p rec ip i t a te  s i ze  d i s t r i bu t i ons .  The computer code uses an 

inver ted f i l e  system and random access d isk  storage. Thus, the code 

qu ick ly  scans the data from a l l  dual- ion runs; selects the data from the 

f i l e s  which s a t i s f i e s  the imposed c r i t e r i a  (e.g., a spec i f i ed  combination 

o f  i r r a d i a t i o n  temperature, damage ra te ,  appm He/dpa 1 eve1 , etc. ) ; cal-  

culates the desired s t a t i s t i c s  (moments o f  s i ze  d i s t r i bu t i ons  , maximum 

equ i l  i b r 5 m  bubble size, e t c . ) ;  and flats (ealcomp) the ~ t a t l ~ t l c s  versus 

a spec i f i ed  i r r a d i a t i o n  parameter. 



As a simple example of the  use of the computerized f i l e  system, we 

asked for  combined plots  of cavity s i z e  d i s t r ibu t ions  measured f o r  316 SS 

(MFE heat) f o r  20% col d-worked and solution annealed (1 050°C) ta rge t s  

bombarded simul ' taneo~sly w i t h 2  MeV helium and 28 MeV ~ 1 ' ~  a t  650°C. 

Additional c r i t e r i a  were imposed for  ranges of damage r a t e  (0.9 x 10- 4 

dpa/s t o  1.2 x dpals) ,  dpa level (2-3 dpa), helium inject ion r a t e  

(6 x appmls t o  7 x appmls) and implanted helium concentration 

(16-18 appm). Thirty-three data s e t s  s a t i s f i e d  the  c r i t e r i a .  "Vector" 

diagrams describing the  experiments and representative micrographs a r e  

included i n  an e a r l i e r  r epo r t (2 ) .  In addition t o  plot t ing the  combined 

data for  each di  f fe ren t  pre-i r radia t ion condition, a computation of t he  

maximum possible equi l i  brium bubble diameter (DC) fo r  each case was 

requested. To determine D,, the code s t a r t s  a t  the  smallest  observed 
(r 

cavity s i z e  and calcula tes  the  number of helium atoms i n  each s i z e  c lass  

using the  Van der Waals equation and surface energies obtained from 

extra pol a t ions  of "zero creep" data 'as described e l  sewhere(8). When the  

he1 i um concentration summed over the  s i z e  c lasses  equals t he  imp1 anted 

helium concentration, the code designates the  l a s t  s i z e  c lass  f i l l e d  w i t h  

helium as DC. Clearly DC i s  an important parameter re la ted  ( theore t i -  

cal l y )  to  the  t r ans i t i on  between gas-driven bubbl e growth and bias-driven 

void growth(9). Figures 9 and 10 a r e  the  combined cavity s i z e  pldts  f o r  

solution annealed and cold-worked conditions, respectively.  The average 

cavity s izes  i n  both cases a re  nearly ident ical  (-40 nm) but the  swelling 

i n  the solution annealed ta rge t s  averaged 0.33% while fo r  the  20% cold 

worked conditioh the  swelling was -10%. The difference i s  due t o  an 

order of magnitude higher cavity density i n  the cold-worked ta rge t s  
3 (%3 x 1014 cavi tieslcm ) r e l a t i v e  t o  t he  solution annealed specimens. 

Simi 1 a r  observations have been made fo r  HFIR-irradiated 31 6 SS 'sampl es. 

Unlike t h e  effects  of cold work a t  low helium levels  (e.g., EBR-I1 

i r r ad i a t i on )  where swelling is suppressed a t  low doses, cold work 

enhances swelling a t  high helium levels  presumably by increasing the  
number of cavity nucleation s i t e s .  This supposition is supported by an 

analysis  of the cavity s i z e  d i s t r ibu t ions .  There i s  a high concentration 

s f  small c av i t j  es i n  the  cold worked samples. The maximum equiljbrium 





F ig .  10 - Combined c a v i t y  s i z e  d i s t r i b u t i o n  f o r  20% c o l d - r o l l e d  316 SS 

a f t e r  d u a l - i o n  bombardment a t  650°C ( twenty-one .da ta  se t s  

s a t i s f y i n g  parameter ,ranges descr ibed  i n  t e x t ;  combined p l o t  

ob ta i ned  us i ng  computer ized da ta  f i  1 e)-. 



bubb le  s i z e s  (DC) f o r  t h e  d i s t r i b u t i o n s  shown i n  F i g u r e s  9  and 10  a r e  

20.5 nm and 7.2 nm, r e s p e c t i v e l y .  Wh i le  t h e r e  i s  c o n s i d e r a b l e  uncer-  

t a i n t y  i n  t h e  accuracy  o f  these  va lues  because o f  t h e  assumpt ions 

r e q u i r e d  t o  c a l c u l a t e  them, t h e i r  r e l a t i v e  magni tudes suggest  t h a t  t h e  

c o n d i t i o n s  f o r  r a p i d  b i a s - d r i v e n  g rowth  a r e  a l s o  enhanced by t h e  h i g h e r  

d i s l o c a t i o n  d e n s i t y ( 9 ) .  A  s i m i l a r  a n a l y s i s  f o r  sampl es bombarded a t  

750°C shows enhanced bubb le  n u c l e a t i o n  i n  co ld-worked t a r g e t s  b u t  no 

b i a s - d r i v e n  c a v i t y  growth.  A more comple te  d i s c u s s i o n  o f  t h e  c a v i t y  s i z e  

d i s t r i b u t i o n s  and t h e  i n f l u e n c e  o f  he1 ium i n j e c t i o n  r a t e ,  a t o m i c  d i s -  

p lacement r a t e ,  i r r a d i a t i o n  temperature ,  and p r e - i r r a d i a t i o n  m i c r o s t r u c -  

t u r e  w i l l  be p resen ted  i n  a  subsequent r e p o r t .  
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V I  I. FUTURE WORK 

TEM and comp'uterized da ta  f i l e  analyses o f  i n t e r r u p t e d  he1 ium beam 

and temperature change exper iments w i l l  be cor i t inued: Targets  o f  316 SS 

(MFE hea t )  i n  t h e  s o l u t i o n  annealed c o n d i t i o n  w i l l  be sub jec ted  t o  dual -  

i o n  bombardment a t  a tomic  d isp lacement  r a t e s  from dpa/s t o  5  x 10- 4 
2 dpa/s w i t h  oxygen p a r t i a l  pressures f rom d x N/m t o  5 x N/m 2 

i n  t h e  t a r g e t  chamber t o  s tudy  t h e  e f f e c t s  o f  t h e  vacuum ambient on t h e  

r a p i d  c a v i t y g r o w t h  regime. Dual - ion bombardment s t u d i e s  o f  a- vanadium 

a l l o y  ( e i t h e r  V-20 T i ,  Vanstar  7 o r  V-15 Cr-5 T i )  w i l l  be i n i t i a t e d  t o  

determine t h e  e f f e c t s  o f  d i f f e r e n t  H and CO p a r t i a l  pressures i n  t h e  

t a r g e t  chamber on m i c r o s t r u c t u r a l  e v o l u t i o n .  
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I. PROGRAM 

Title: Synergistic Helium Production by Boron Doping of Splat 

Cooled Alloys 

Principal Investigator: 0 .  K. Harling 

Affiliation: Nuclear Reactor Laboratory, Massachusetts Institute 

of Technology 

1 OBJECTIVE 

This work is directed toward the development of better simulation 

techniques for the synergistic production of helium and displacement I 
damage in first wall structural materials. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

A number of tasks are relevant since adequate experimental simulat- 

ion of fusion reactor irradiation effects is a major reason for the DAFS 

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

TASK 1.1. A,. 4 Gas Generation Rates 

II.C.2 Effects of Helium on Microstructure 

II.C.8 Effects of Helium and Displacement on Fracture 

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

Initiation and Propagation. 

VI. SUMMARY 

Splat quenched stainless steel ribbons containing 5000 appm B, and 

5000 appm B and 5000 appm Zr were prepared using the melt spinning 

technique. 



V. ACCOMPLISHMENTS AND STATUS 

'A. Boron Doping of Stainless Steel by Rapid Quenching - S. Best, 
G. Dansfield, H. Frost, J. Megusar, 0. Harling, and K. Russell . 
(M. I. T.) 

L 

1. Introduction 

It is generally understood that existing irradiation 

facilities, i.e. accelerators and fission reactors, will have to be 

used for the initial irradiation testing of controlled thermonuclear 

reactor (CTR) structural materials. Damage rates and helium production 

rates should simulate the expected rates in .CTR1s. Only fission react- 

ors offer the required large testing volumes with fast neutron fluxes 

which produce damage rates which equal or exceed those expected for near 

term CTR's. Helium production rates, with the exception of nickel 

alloys in mixed spectrum reactors, cannot be reproduced by direct 

nuclear reaction on the alloy constituents. The present studies are 

directed toward the development of techniques for the production of 

helium during fission reactor irradiations. Current efforts emphasize 
. . 

the doping of structural alloys with boron. .To assure the uniform 

distribution of boron, the alloy is produced by rapid quenching from the 
9 melt. Cooling rates of lo5 - 10 'c/sec offer the possibility of uniform 

boron concentrations which are much higher than those which can be 

maintained without segregation during normal solidification rates. The 

usefulness of this approach to boron doping will also depend upon the 

maintenance of a uniform boron distribution during thermo-mechanical 

consolidation, and during the use of the consolidated materi.al in the 

temperature, stress and radiation environment of the fission reactor. 

Furthermore, the effect of boron on the physical properties of the 

I boron doped alloys, whether segregated to grain boundaries or uniformly 

distributed, must be understood. 



2. Melt Spinning of Boron Doped S t a i n l e s s  S t e e l  

A s  d i scussed  i n  a previous DAFS Quar te r ly  ~ e p o r t , ( ' )  t h e  

mob i l i t y  of boron ( a t  a concent ra t ion  of 5000 appm and a t  t e s t  temper- 

a t u r e s  of i n t e r e s t )  d i c t a t e s  t h a t  any boron.added t o  an a l l o y  of i n t e r e s t  

must be t i e d  up i n  smal l  s t a b l e  p r e c i p i t a t e s  t o  pFevent s i g n i f i c a n t  

segrega t ion .  It has  been proposed t h a t  a f i n e  d i s p e r s i o n  of s t a b l e  Z r B 2  

p a r t i c l e s  can be obta ined  by r ap id  quenching of a boron doped a l l o y  from 

t h e  melt  followed by s u i t a b l e  hea t  t rea tment .  

Melt spinning provides a convenient method by which many 

smal l  l o t s  (%lo gms) of m a t e r i a l  having v a r i e d  compositions may be  r a p i d l y  

quenched from t h e  mel t .  For t h i s  reason mel t  spinning was used t o  prepare 

s e v e r a l  s p l a t  cooled s t a i n l e s s  s t e e l  samples a l l oyed  wi th  5000 appm B, and 

5000 appm B p l u s  5000 appm Z r .  These s p l a t s  w i l l  be  used i n  an i n i t i a l  

i n v e s t i g a t i o n  of t h e  behavior  of boron and of t h e  p r e c i p i t a t i o n  k i n e t i c s  

of zirconium bor ide  p a r t i c l e s .  

The mel t  spinning appara tus  used i n  t h i s  experiment cons is t s  

o: a copper wheel w h i c h ' r o t a t e s  about a qua r t z  c r u c i b l e  which holds  t h e  

charge of m a t e r i a l  t o  be  mel t  spun. The m a t e r i a l  i s  induct ion  heated 

under an argon atmosphere and when i t  i s  e n t i r e l y  molten i t  is  poured 

a s  a . s t r e a m  through a smal l  s l i t  i n  t h e  bottom of t h e  c r u c i b l e  onto t h e  

r a p i d l y  r o t a t i n g  copper d i s c .  The r e s u l t a n t  r a p i d l y  quenched m a t e r i a l  i s  

a r ibbon approximately 1 cm wide. 

I n  t h i s  work, boron doped a l l o y s  were prepared from very  

low carbon s t a i n l e s s  s t e e l  (hea t  // 8178) suppl ied  by Allegheny Ludlum. 

The s t a r t i n g  composition of t h i s  m a t e r i a l  i s  shown i n  Table 1. 

TABLE 1. Composition of S t a i n l e s s  S t e e l  

Content* (wt %) 



From t h i s  s t a i n l e s s  s t e e l ,  master  a l l o y s  conta in ing  l a r g e  amounts of B 

and Z r  were prepared i n  a vacuum a r c  melt ing device under an argon atmos- 

phere-. S t a i n l e s s  s t e e l  samples doped. wi th  5000 appm B y  and 5000 appm B , 

plus  5000 appm Z r  were then  made us ing  smal l  p i eces  of t h e s e  master  

a l l o y s .  The boron/zirconium doped samples p l u s  s e v e r a l  samples conta in ing  

no boron o r  zirconium were then m e l t s p u n .  An i n i t i a l  i n v e s t i g a t i o n  

showed t h a t  t h e  d e n d r i t e  arm spacing of t h e  melt  spun r ibbons ranges  

approximately from 2 t o  5 p m .  Fur ther  s tudy of t h e s e  specimens is- planned- 

f o r  t h e  near  f u t u r e .  

A new vacuum mel t ing  furnace  w a s  completed and pu t  i n t o  

opera t ion  t o  produce bdron loaded molten SS i n  pound l o t s  f o r  t h e  r o l l  

quench apparatus .  Adequate q u a n t i t i e s  of r o l l  quenched SS -t B a r e  now 

being produced f o r  mechanical proper ty  t e s t i n g .  

V I  REFERENCES , 

- 

1. S. Best ,  G. Dansfield,  H. F ros t ,  J. Megusar, 0.. Harl ing,  and 

K. Russe l l ,  "Damage Analysis  and Fundamental S tud ie s  Quar te r ly  

Progress  Report", January-March 1979, DOE/ET-0065/5, pp. 69-85. 

V I I .  FUTURE WORK . 

The boron doped mel t  spun m a t e r i a l  p rev ious ly  descr ibed  i n  t h i s  . 

r e p o r t  w i l l  b e  examined t o  determine t h e  a s - sp l a t t ed  boron d i s t r i b u t i o n  

and t o  s tudy  t h e  e f f e c t  of va r ious  h e a t  t rea tments  on t h e  p r e c i p i t a t i o n  

and thermal s t a b i l i t y  of zirconium bor ide  p a r t i c l e s .  

I f  good s t a b i l i t y  can be a t t a i n e d  f o r  t h e  zirconium bor ide  p a r t i c l e s  

without  i r r a d i a t i o n ,  t hen . an  i r r a d i a t i o n  experiment w i l l  be planned and 
\ 

c a r r i e d  ou t .  We would at tempt  t o  des ign  t h i s  i r r a d i a t i o n  t o  i n v e s t i g a t e  
7 t h e  r a d i a t i o n  s t a b i l i t y  of t h e  bo r ide  p r e c i p i t a t e s ,  t h e  r o l e  of L i  [from 

t h e  1 ° ~ ( n ,  i) r e a c t i o n ]  and t o  examine t h e  e f f e c t  of t h e  a d d i t i o n  of a  

smal l  volume f r a c t i o n  of p r e c i p i t a t e s  on t h e  i r r a d i a t i o n  performance of 

t h e  m a t e r i a l  of i n t e r e s t .  



I .  PROGRAM 

T i t l e :  .Radiation Damage Studies for  Fusion Reactors 
Principal Investigators: P .  Wil kes and G . L .  Kulcinski 

Affil iation: University of Wisconsin-Madison 

OBJECTIVE 

,To develop a fundamental understanding of the formation of voids, 
loops and precipitates in heavy ion and electron irradiated materials. 

II.C.6. Effects of Damage Rate and Cascade Structure on Micro- - 

structure.  

IV. SUMMARY 

This report covers a recent section of our work probing the causes 

of phase ins t ab i l i t y  in ordered second phase part ic les .  We have de- 
veloped a new theoretical approach to  radiation disordering which we here 
show t o  explain current avai 1 able data on irradiated order compounds. 

The predicted order i s  then used to  compute the free energy of the phase 
under irradiation and hence the re la t ive  s t a b i l i t y  with adjacent phases. 
We show how th i s  approach can give radiation modified phase diagrams. 

V .  ACCOMPLISHMENTS AND STATUS 

The Radiation Disorder Model of Phase Stabi l i ty  -- K - Y .  Liou. ( A N L )  
and P .  Wilkes (University of Wisconsin) 

A detailed theory i s  presented for  radiation induced order-dis- 
order phase transformations. Both radiation enhanced ordering and 
radiation induced disordering are described and the temperature and 



r a d i a t i o n  r a t e  dependent balance 'between them i s  obta ined.  The t heo ry  i s  

a p p l i e d  t o  t h e  case o f  Cu3Au. 

The f r e e  energy o f  p a r t i a l l y  o r  comple te ly  d iso rdered  phases i s  

then  c a l c u l a t e d  so t h a t  r a d i a t i o n  m o d i f i e d  phase diagrams can be de- 

termined. Such diagrams a re  presented f o r  t h e  Ti-Co, Nb-Rh and Ti-Ru 

systems. Several  exper imenta l  observa t ions  o f  phase i n s t a b i l i t i e s  a re  

exp la i ned  on t h e  bas i s  o f  t h e  theory .  

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

Experiments have shown t h a t  under i r r a d i a t i o n  p r e c i p i t a t e s  

may e i t h e r  grow o r  s h r i n k ,  t h a t  e q u i l i b r i u m  phases may d i s s o l v e  and be 

rep1 aced w i t h  non-equi 1  i b r i  um phases and t h a t  p r e c i p i t a t i o n  sequences 

may be a l t e r e d .  The s i t u a t i o n  i s  e v i d e n t l y  v e r y  complex and severa l  

d i f f e r e n t  mechanisms a re  ope ra t i ng  t o  mod i fy  mi c r o s t r u c t u r a l  phase 
\ 

s t a b i l i t y  under i r r a d i a t i o n .  

The mechanisms t h a t  have been proposed and i n  some cases demon- 

s t r a t e d ,  can be c l  ass i f i ed. 

a)  Rad ia t i on  Enhanced D i f f u s i o n .  The i nc rease  i n  p o i n t  d e f e c t  

p o p u l a t i o n  caused by atomi c  displacements causes an inc rease  i n  d i f f u s i o n  

r a t e s .  ) T h i s  o f t e n  pe rm i t s  s l u g g i s h  phase t r ans fo rma t i ons  t o  proceed.  

t o  complet ion under i r r a d i a t i o n  when thermal r e a c t i o n  had apparen t l y  

ceased. 

b )  Rad ia t i on  Induced segrega t ion .  (') Dur ing  i r r a d i a t i o n  1  arge 

numbers o f  p o i n t  d e f e c t s  a re  generated, d i f f u s e  t o  s i n k s  and a n n i h i l a t e .  

Any coup l i ng  between s o l u t e  atoms and t h i s  f l u x  o f  de fec t s  w i l l  induce 

a  f l u x  o f  s o l u t e  towards o r ,  away f rom t h e  s i nks .  The segrega t ion  induced 

by t h e  s o l u t e  f l u x  can cause t h e  composi t ion o f  l o c a l  r eg ions  t o  c ross  
t h e  phase boundary so t h a t  p r e c i p i t a t i o n  can occur .  ( 3 )  Elsewhere i n  t h e  

m a t r i x  a  corresponding d e p l e t i o n  o f  s o l u t e  can cause p r e c i p i t a t e  d i s -  



so lu t i on .  

c )  Other F lux Coupling Phenomena. A coup l ing  between de fec t  f l u x e s  

and so lu te  atoms may occur near p r e c i p i t a t e s  t o  a i d  the de fec t  a n n i h i l a -  

t i o n .  For example ,(4) an incoherent  p r e c i  p i  t a t e  may anni h i  1  a te  vacancies 

a t  i t s  sur face o n l y  i f  the  res .u l tan t  volume s t r a i n  i s  r e l i e v e d  by 

t rans fe r  o f  so lu te  i n t o  o r  o u t  o f  t h e  p r e c i p i t a t e  (depending on the  r e l a -  

t i v e  s o l u t e  - atom s izes  i n  t he  mat r ix .  and p r e c i p i t a t e ) .  A l t e r n a t i v e l y  

 arti in'^) has proposed t h a t  s o l u t e  concentrat ion f l u c t u a t i o n s  may a t t r a c t  

de fec ts  and enhance recombinat ion. The r e s u l t a n t  dep le t i on  o f  defects 

induces a  f u r t h e r  de fec t  f l u x  i n t o  t h e  reg ion  and t h i s  may drag more 

s o l u t e  and enhance the  i n t e n s i t y  o f  the  f l u c t u a t i o n  t o  the p o i n t  where 

p r e c i p i t a t i o n  can occur.  

L d,) Cascade and Displacement E f f e c t s .  . The damage process may 

d i r e c t l y  a f f e c t  p r e c i p i t a t e s  by removing s o l u t e  atoms from a  p r e c i p i t a t e  

by energet ic  knock-on o r  by cascade d i s s o l u t i o n  a t  the  sur face of a  

p r e c i p i t a t e .  (6,7) 

e )  Defect  Concentrat ion E f f e c t s .  I n  con t ras t  t o  the  e f f e c t  o f  

de fec t  f l uxes  which i s  invo lved i n  a ) ,  b)  and c )  , i t  has been proposed (8)  

t h a t  the steady-state de fec t  concent ra t ion  under i r r a d i a t i o n  may i t s e l f  

d e s t a b i l i z e  a  phase and permi t  an a l t e r n a t i v e  phase t o  p r e c i p i t a t e  

ins tead.  This  paper represents a  new approach t o  mechanism e) .  The 

steady-state de fec t  concentrat ions under i r r a d i a t i o n  are  genera l l y  too, 

small t o  produce t h e  - 10-100 kJ/mole i n  i n t e r n a l  energy requ i red  t o  

d e s t a b i l i z e  e q u i l i b r i u m  phases. 

However, i n  ordered a l l o y s  i n  a d d i t i o n  t o  vacancy and i n t e r s t i t i a l  

de fec ts  caused by atom displacements., there  are a n t i  - s t r u c t u r e  atoms 

caused by atom rep-lacements. Since the  replacements o f t e n  exceed the 

displacements by between one and two orders of tmagni tude the  steady- 

s t a t e  concentrat ion o f  a n t i - s t r u c t u r e  atoms can be much. larger  than f o r  

other,defects. I f  the  ordered phase has a  h igh  order ing  energy and a  



slow reordering ra te ,  the energy involved in radiation-induced disorder- 

Sng can easi ly  reach the levels required to  modify phase stabi 1 i ty .  

In th i s  paper we propose a detailed model for  the disordering,of 

phases by irradiation and the calculation of radiation modified phase 
diagrams. 

2 .  Radiation Induced Disorder 

There i s  abundant evidence that  radiation induces dis- 

('-12) An i r radiat ion process which creates atomic displacements order. 
will also create replacements. In an ordered alloy both events produce 

point defects; displacements producing frenkel pairs and replacements 
producing anti-structure atoms. Since, these events are caused by the 

incident par t ic les  w i t h  energies much greater than the t>hermal energy 
per atom, the defect production i t s e l f  i s  independent of temperature 

(except for  any temperature induced defocussi ng of col 1 i sion sequences). 

~ n ~ '  disordered a1 lojt wi 11 return t o  i t s  equi 1 ibrium degree of order 

provided the appropriate diffusion 'process can operate. The radiation- 
produced vacancies and i n t e r s t i t i a l  s enhance diffusion (provided that  

they are mobile) so that  radiation can also enhance the reversion to  the 

equi 1 i briurn degree of order. 

In an ordered alloy under i r radiat ion we therefore have two opposing 

processes continuing, a disordering and a reordering, with some steady- 
s t a t e  degree of order being established when the two rates balance. 
The purpose of th i s  section i s  t o  describe a simple model for  calculating 

th i s  steady-state order. , We consider only long. range order of stoichio- 
metric ordered phases. 

The Bragg-Williams definit ion of the long range order parameter 
for  a 'binary alloy with atoms arranged on two sub-latt ices a and f3 i s  



where fAa i s  the  p r o b a b i l i t y  o f  an A atom being a t  an a l a t t i c e  s i t e ,  

and XA i s  the  atomic f r a c t i o n  o f  A atoms. S=l when the  a l l o y  i s  com- 

p l e t e l y  ordered and S=O when i t  i s  completely random. When t h e  ordered 

a l l o y  i s  i r r a d i a t e d ,  a  r a t e  equat ion can be w r i t t e n  f o r  the  balance 

between t h e  d i so rde r ing  and reorder ing  ra tes  

The second term on the  r ight-hand s ide  i s  t he  i r r a d i a t i o n  enhanced 

thermal reorder ing  ra te .  

The s o l u t i o n  o f  t h i s  s teady-state equat ion g ives the  steady-state 

degree o f  o rder  under i r rad ia t i on . .  I n  o rder  t o  f i n d  t h i s  we must f i r s t  

express t h e  order ing  and d i so rde r ing  ra tes  i n  terms o f  the  i r r a d i a t i o n  

and m a t e r i a l  parameters and t o  t h i s  we now tu rn .  - 
I r r a d i a t i o n  D isorder ing  

The u n i t  o f  r a d i a t i o n  damage, displacement per  atom (dpa), which 

has been comnonly used f o r  v o i d  swe l l i ng  s tud ies ,  i s  n o t  appropr iate 

f o r  r a d i a t i o n  induced d isorder .  We need ins tead the t o t a l  number o f  

a t m s  replaced by o the r  atoms du r ing  i r r a d i a t i o n .  A replacement event 

can be e i t h e r  a  d i r e c t  replacement o r  t he  product ion  o f  an i n t e r s t i t i a l  

which recombines w i t h  a  vacancy o r  migrates t o  a  de fec t  s ink .  I f  we 

assume t h a t  atoms are randomly replaced by o the r  atoms, i t  can be e a s i l y  

shown by p r o b a b i l i t y  considerat ions t h a t  

where k  i s  t h e  dpa r a t e ,  v  i s  t he  number o f  replacements and vd  i s  the  r 
number o f  displacements . 



~ h e r e  are d i f f e r e n t  mechanisms by which an ordered a l l o y  can be '  

d isordered by i r r a d i a t i o n .  I n  t h e  case o f  d i so rde r i ng  due t o  focussed 

rep1 acement sequences ( o r  dynami c crowdions) , d iso rde r i ng  depends on 

c r y s t a l  l og raph i c  d i r e c t i o n s  and equat ion ( 3 )  should be mu1 t i p 1  i e d  by a 

geometr ic fac to r .  D isorder ing  can occur 1 ocal  l y  i n  displacement sp ikes 

by uncor re la ted  recombinat ions o f  f r e n k e l  p a i r s , o r  by format ion o f  de fec t  

c l  us te rs  (vacancy 1 oops formed by cascade c0.1 1 apse f o r  example) . The 

mix ing  o f  atoms i n  these regions i s  probably  random and can; t he re fo re ,  

be approximated by equat ion ( 3 ) .  I n  general ,  we in t roduce a d i so rde r i ng  

e f f i c i e n c y  E and w r i t e  

The parameter E i s  o f  t h e  order  o f  t he  r a t i o  (vr/vd) , which depends on 

the  s t r u c t u r e  o f  displacement cascade o r  t he  types o f  i r r a d i a t i o n .  

Under neutron o r  heavy-ion i r r a d i a t i o n  cond i t i ons ,  E cou ld  vary f rom 
(33)  While under e l e c t r o n  i r r a d i a t i o n ,  E i s  approximately 10 t o  100. 

approximately 1 - 3. 

2.2. I r r a d i a t i o n  Enhanced Thermal Reordering 

Nowick and Weisberg 3, consider  an order-di ,sorder t r a n s i ' t i  on as a' 

chemlcal r e a c t i o n  i n  which a p a i r  o f  A-B atoms a t  t h e  wrong l a t t i c e  

s i t e s  i s  interchanged t o  g i v e  an A-B p a i r  a t  t he  r i g h t  l a t t i c e  s i t e s .  ' 

The r a t e  constants f o r  t he  r e a c t i o n  are g iven  by 

K1 = v1 exp (-U/kBT) 

K2 = v2 exp [-(U+V)/kgT] 

where U i s  t h e  energy b a r r i e r  f o r  t h e  r e a c t i o n  and the  a c t i v a t i o n  energy 



V i s  t he  energy r e d u c t i o n  -when a wrong ,A-B p a i r  t rans fo rms i n t o  a  r i g h t  

A-B p a i r .  V depends on t h e  instantaneous c o n f i g u r a t i o n  o f .a toms ( o r  t h e  

degree o f  o r d e r ) ,  vl and v p  a r e  frequency f a c t o r s .  

Nowick, e t  a l .  ( I 3 )  show t h a t  a t  low temperatures where S approaches 

u n i t y  t h e  s o l u t i o n  o f  t h e  chemical r a t e  equa t ion  reduces t o  

c o t h  ( x t + y )  
- =  

where Se i s  t h e  e q u i l i b r i u m  o rde r  parameter, y i s  a  cons tan t .  

For our  purpose we r e q u i r e  t h e  t ime  d e r i v a t i v e  o f  S, 

w i t h  t h e  r a t e  cons tan t  x  i n  the-absence o f  i r r a d i a t i o n  be ing  (13)  

where Vo i s  t h e  a c t i v a t i o n  energy when S=1. Z i s  t h e  number o f  B s i t e s  B 
which a re  neares t  ne ighbors t o  an a s i t e  w h i l e  vr  and vw'.are t h e  f r e -  

quency f a c t o r s  f o r  a  r i g h t  and wrong p a i r ,  r e s p e c t i v e l y .  I f  t h e  a c t i -  

v a t i o n  en t ropy  i s  neglected,  these f requenc ies  a r e  c l o s e  t o  t h e  Debye 

frequency. A1 though equat ion  (6a)  i s  de r i ved  f o r  S c l ose  t o  one, i t  has 

been shown t o  f i t  exper imenta l  da ta  from Cu3Au and Ni3Mn q u i t e  w e l l  f o r  

t h e  whole range o f  o rder .  (13-17) Th i s  has been j u s t i f i e d  by Nowick 

e t  a l .  ( I 3 )  i n  a  d e t a i l e d  mathematical  argument i n  which t h e  t h e o r e t i c a l  

p r e d i c t i o n  gave a s a t i s f a c t o r y  f i t  up t o  3 0 ' ~  f rom t h e  c r i t i c a l  tempera- 

t u r e .  I n  systems where t he  o r d e r  parameter i s  c l ose  t o  u n i t y  up t o  t h e  

t r a n s i t i o n  temperature (e.g. Cu3Au) o r  f o r  ordered compounds as discussed 

l a t e r  i n  t h i s  paper, t h e  model i s  a t  i t s  bes t .  

The mass r e a c t i o n  model descr ibed  above, however, does n o t  r e l a t e  

' the k i n e t i c s  o f  o rde r -d i so rde r  t r a n s i t i o n  t o  the .  p o i n t  de fec t s .  To 



modify the  model f o r  a l l o y s  under i r r a d i a t i o n ,  one s imp ly  considers va- 

cancies and i n t e r s t i t i a l s  as species o f  c a t a l y s t  f o r  t he  chemical 

r e a c t i o n  i n  equat ion (5a) .  

exp ( - U , / ~ ~ T )  = CV 'exp ( - E ! ~ / ~ ~ T )  (z, + zg - 2) 

I 

where C v  i s  t he  concent ra t ion  o f  vacancies and E!, i s  t h e  vacancy migra-  

t i o n  energy f o r  those vacancy jumps which cause the  re -o rde r i ng  ( t h i s  

need n o t  be i d e n t i c a l  t o  E: f o r  t he  non-ordering jumps i n  t h e  a l l o y ) .  

Consider f i r s t  t he  vacancy mechanism; t he re  are d i f f e r e n t  paths f o r  

t he  order -d isorder  r e a c t i o n  o f  an A-B p a i r .  F igure  1 shows the  most 

probable path which cons i s t s  o f  two successive jumps o f  t he  A and B atoms 

i n v o l v i n g  on l y  one vacancy. By t h i s  r e a c t i o n  path, . t he  Bol tzmann fac to r  

w i t h  t he  energy b a r r i e r  U can be w r i t t e n  as 

T r a n s i t i o n  from a wrong A-B p a i r  t o  a r i g h t  A-B p a i r  by t h i s  

r e a c t i o n  pa th  can begin w i t h  a vacancy e i t h e r  a t  one o f  t h e  Z, s i t e s  

around a 6 type vacancy o r  a t  one.of  t h e  Zg s i t e s  around an a vacancy. 

The t o t a l  number o f  such r e a c t i o n  paths f o r  t he  A-B p a i r  considered 

i s  t he re fo re  (Za + Zg  - 2 ) .  I n  both CsCl and AuCug type  s u p e r l a t t i c e s ,  

The pre-exponent ia l  f a c t o r  f o r  a : reac t i on  pa th  o f  non-successive 
2 jumps i n v o l v i n g  two vacancies i s  (Cv) . This  and o t h e r  l e s s  probable 

paths are, t he re fo re ,  n e g l i g i b l e  compared t o  t h e  most probable pa th  o f  

two successive jumps i n v o l v i n g  o n l y  one vacancy. 

I Order-d isorder  by an i n t e r s t . i t i a l c y  mechanism i s  l e s s  understood 

I because o f  t h e  more compl icated i n t e r s t i t i a l  m i g r a t i o n  process. Exper i -  

mental evidence (18-20) and t h e o r e t i c a l  ca1cu1at ions(" show t h a t  

i n t e r s t i t i a l s  i n  pure metals (A l ,  Cu, N i ,  Mo, Fe) a re  i n  t he  conf igura-  
I 

t i o n  o f  <loo> dumbbells f o r  f c c  and <110> dumbbells f o r  t he  bcc s t r u c -  

t u r e .  These s e l f - i n t e r s t i t i a l s  m ig ra te  by,combined r o t a t i o n a l  and 



t r a n s l a t i o n a l  jumps as shown i n  F igure  2. (23)  1n such cases an A-B p a i r  

on t h e  wrong s i t e s  can be t r a n s f e r r e d  t o  r i g h t  s i t e s  by th ree  successive"  

jumps i n v o l v i n g  one dumbbell. This  dumbbell must con ta in  t he  appropr ia te  

atom necessary t o  g i v e  a  r i g h t  atom i n  i t s  f i n a l  jump. An example i n  

f c c  i s  shown i n  F igu re  3. Other reac t i ons  f o r  t h e  A-B p a i r  i n v o l v i n g  

more than one i n t e r s t i t i a l  can be neglected compared t o  the  most probable 

pa th  i n v o l v i n g  on l y  one i n t e r s t i t i a l  . 

However, m i g r a t i o n  o f  dumbbell i n t e r s t i t i a l s  may be d i f f e r e n t  i n  

a l l o y s .  When t h e r e  i s  a  l a r g e  d i f f e r e n c e  between the  e f f e c t i v e  atomic 

volumes o f  t he  a l l o y i n g  elements t h e  undersized atoms are  p r e f e r e n t i a l l y  

accommodated a t  t h e  dumbbells. As a  r e s u l t  on l y  t h e  undersized atoms are  

d i f f u s i n g  by t h i s  mechanism and the order -d isorder  r e a c t i o n  i s  l i t t l e  

a f f ec ted .  I n  genera l ,  each r e a c t i o n  pa th  con ta in ing  th ree  successive 

jumps should be weighted by a  geometric f a c t o r  and a  s i z e  dependent 

p r o b a b i l i t y  f a c t o r .  Whi le t he  k i n e t i c s  o f  o rder -d isorder  t r a n s i t i o n  by 

t h e  i n t e r s t i t i a l c y  mechanism i s  s t i l l  under study, we can in t roduce an 

i n t e r s t i t i a l c y  reo rde r i ng  e f F i c i e n c y , ' ~ ,  and express t h e  Boltzmann f a c t o r  

w i t h  the  energy b a r r i e r  U  i n  equat ion (8) as: 

exp (-Ui/kBT) = o Ci exp ( -  E : ~ / ~ ~ T )  

where Ci i s  t h e  concent ra t ion  o f  the  i n t e r s t i t i a l s  and ~l~ i s  an e f -  

f e c t i v e  (o rde r i ng )  m i g r a t i o n  energy o f  t he  dumbbell. The parameter 

.a conta ins  geometric f a c t o r s  determined by the  numbers o f  t he  r e a c t i o n  

paths and the  p r o b a b i l i t y  f a c t o r s  f o r  reac t i ons  t o  take p lace  by these 

paths. 

By combining equat ions (8) and (9 ) ,  equat ion (7) can be r e w r i t t e n  

as : 

X A  112 
x  = {vvCv exp - E : ~ / ~ ~ T )  (Z,+ZB-2) + vi o Ci exp (-E~,/~~T)I  [-I 

X B -  : 

Zg exp (-Vo/2kBT) 



where 

= .-la f o r  bcc us ing  the  quasi-chemical model f o r  the  

v0 ( -- f o r  fee) 
o rde r ing  energy Q = VAB - v ~ ~ + v ~ ~  

2  

The f a c t o r s  two and th ree  i n  these frequencies r e f l e c t  t he  f a c t  t h a t  
Y 

a s i n g l e  p a i r  i nve rs ion  requ i res  two vacancy jumps o r  t h ree  i n t e r s t i t i a l  

jumps. 

By i n s e r t i n g  x from equat ion (10) i n t o  equat ion (6b) t he  r a d i a t i o n  

enhanced order ing  r a t e  can now be determined i n  terms o f  the  ma te r ia l  

parameters. . . 

The steady-state de fec t  concentrat ions (C-V and Ci) can be calcu-  

1  ated, f o l  lowing B r a i l  s f o r d  and Bul lough, (24)  by s o l v i n g  the  steady- 

s t a t e  r a t e  equat ions: 

where a i s  a  d e f e c t  recombinat ion parameter;, ki2 and kv2 are  the  

e f f e c t i v e  s i n k  st rengths f o r  the  i n t e r s t i t i a l s  and the  vacancies 

r e s p e c t i v e l y  i n  t he  c r y s t a l  under i r r a d i a t i o n .  Appropr iate s i n k  

st rengths can be used depending on the  types o f  de fec t  s inks  present  

under d i f f e r e n t  i r r a d i a t i o n  parameters. For simp1 i c i  t y  we consider  a  - 

s t a b l e  r a d i a t i o n  induced d i s l o c a t i o n  network t o  be the  major s ink  and 



express the  s i n k  s t rengths  as a f u n c t i o n  o f  t he  d i s l o c a t i o n  dens i t y  pd, 

The b ias  f a c t o r s  Zi and Zv  g iven by B r a i l s f o r d  and Bul lough a re  

c lose  t o  u n i t y  and d i f f e r  by a few percent .  

The Order-Disorder Transformat ion Under I r r a d i a t i o n  

Having obta ined both t h e  o rde r i ng  and d i s o r d e r i n g  r a t e s  f rom the  

prev ious sec t ions  we can now determine t h e  s teady-s ta te  o rder  by i n -  

s e r t i n g  them i n  the  r a t e  equat ion ( 2 ) .  

The general  s o l u t i o n  t o  t h i s  r a t e  equat ion w i t h  an i n i t i a l  c o n d i t i o n  

S = S  a t t = O i s  
0 

where 

Se i s  t he  e q u i l i b r i u m  long range order  parameter and x the  r e a c t i o n  , 

constant  t o  be determined. .We i n t e n d  t o  comment on t h i s  t ime v a r i a t i o n  

o f  o rder  under i r r a d i a t i o n  i n  a l a t e r  paper; here we concentrate on the  

steady s t a t e  s o l u t i o n  when equat ion (2 )  i s  s e t  equal t o  zero and t 

i n  equat ion ( I l a ) .  Th i s  g ives  

S =  1 - p =  1 + ( ~ k  - ~ ) ( 1  - S,) 
2x - (1 1 -b) 



. , w i t h  t h e  dose i n  dpa, 4 = k t .  Equat ion ( 1  1  b) , there fo re ,  g i v e s  t h e  

s teady-s ta te  o rde r  as a f u n c t i o n  o f  dose r a t e .  

Expression (1  1  b )  con ta ins  t h e  equi  1  i b r i  um o r d e r  parameter i n  t h e  

absence of i r r a d i a t i , o n  (Se) which can be ob ta ined  f rom o rde r -d i so rde r  

t r a n s i t i o n  t heo ry  (see r e f s .  25, .26 f o r  r ev i ews ) .  Us ing t he  quas i -  

chemical model o f  Fowler-Guggenheim (27  ,28) and Takagi , (29)  t h e  f r e e  

energy as a f u n c t i o n  o f  t h e  long-range o rde r  parameter f o r  t h e  CsCl t ype  
s u p e r l a t t i c e  i s  g iven  by 

kBT 
F(S) = F (1 )  + { ( l + S )  I n  ( I + S ) , +  ( I - S )  en (1-S) - 2 en 2 . 

where 5 = [I + (1-s2)  ( e ~ ~ ( - 2 ~ / k ~ ~ ) - l ) ] ~ / ~  and Z i s  t h e  c o o r d i n a t i o n  

number. For  t he  Aucu3 t ype  s u p e r l a t t i c e ,  however, t h i s  approach us ing  

neares t  ne ighbor  p a i r s  f a i l s  t o  p r e d i c t  an o rde r -d i so rde r  t r a n s i t i o n .  

The p a i r  t heo ry  was m o d i f i e d  by Yang and L i  (30y31)  who cons idered a 

group o f  f o u r  atoms a t  a  t e t r a h e d r a l  quadrup le t  of  s i ' tes  as t h e  b a s i c  

u n i t  and a p p l i e d  t h e  quasi-chemical  model t o  t he  AuCu3 t y p e  s u p e r l a t t i c e .  

They s ~ c c e s s f u l l y  p r e d i c t e d  a s t a b l e  s u p e r l a t t i c e  below a g i ven  c r t t i c a l  

temperature.  An e q u i v a l e n t  c a l c u l a t i o n  by McGlashan (32 )  u s i n g  Yang and 

L i ' s  approach f o r  an AB3 s u p e r l a t t i c e  i s  summarized below. 

' The cons tan ts  a re  



f* = 3(1-s)' (S+3)/256 

h* = 3(1-s) (s+313/256 

The parameters a, c, h, f a re  determined by the  equat ions 

w i t h  5 given by t h e  s o l u t i o n  o f  

and where q = exp (Q/kgT). 

The t h e r m a l e q u i l i b r i u m  long-range order  parameter Se can, there-  

f o re ,  be determined by min imiz ing  F(S)  w i t h  respect  t o  S us ing  one o r  

t h e  o the r  o f  these models as appropr ia te .  

2.4. A p p l i c a t i o n  t o  Cu,Au 
U 

 he present  model o f  o rde r -d i  sorder  t r a n s i t  j on under i r r a d i  a t i  on. 

i s  here app l i ed  t o  t h e  Au Cu3 s u p e r l a t t i c e .  s he ' r e s u l t i n g  long-range 

order  parameter as  a f u n c t i o n , o f  temperature f o r  a s e r i e s  o f  dose r a t e s  

i s  shown. i n  F igu re  4, an'd t h e  va r i ab les  f o r  t h i s  c a l c u l a t i o n  a re  shown 

i n  Table 1. 



TABLE 1  

VARIABLES FOR LONG-RANGE ORDER CALCULATION 

cmL 0.78- 
sec 

13 -1 10 sec 

The i n t e r s t i t i a l c y  r e o r d e r i n g  mechanism i s  neg lec ted  by s e t t i n g  a=O be- 

cause o f  t h e  l a r g e  d i f f e r e n c e  between t h e  e f f e c t i v e  atomic volumes o f  

copper and go ld .  The d e f e c t  parameters f o r  pure  Cu a re  used i n  t h i s  

c a l c u l a t i o n .  The o r d e r i n g  energy P (used i n  c a l c u l a t i n g  Se) i s  f i x e d  

such t h a t  t he  c r i t i c a l  temperature p r e d i c t e d  co inc ides  w i t h  t h e  ex- 

per imenta l  va lue,  Tc = 663 '~.  - - 
, 

The va lues o f  vacancy f o rma t i on  energy and pre-exponent Do a re  

those f o r  copper s i n c e  no va lue  i s  a v a i l a b l e  f o r  Cu,Au. The va lue  
" 

chosen f o r  E: i s  t h a t  found i n  t h e  4 2 0 ' ~  annea l ing  s tage i n  Cu3Au where 

most o f  t h e  i r r a d i a t i o n  induced r e s i s t i v i t y  anneals o u t  t he rma l l y .  (50)  

The remain ing q u a n t i t i e s  i n  Table 1  are. chosen as reasonab lees t imates .  

F i g u r e  4 i n d i c a t e s  t h a t  a t  low enough temperatures t h e  o r d e r  para-  

meter  w i l l  always approach zero  f o r  d i s o r d e r i n g  r a d i a t i o n  because t h e  

de fec t s  a re  f r o z e n - i n  and unable t o  d i f f u s e .  There i s  t h e r e f o r e  no 

o r d e r i n g  r e a c t i o n .  A t  h i g h  temperatures near t h e  c r i t i c a l  temperatures 

t he  o r d e r i n g  r a t e  due t o  t h e  thermal e q u i l i b r i u m  d e f e c t  concen t ra t i on  

dominates and r a d i a t i o n  makes 1  i t t l e  d i f f e r e n c e  except  f o r  t he  h i g h e s t  

damage r a t e s .  The s teady -s ta te  curve then  approaches t h e  c a l c u l a t e d  

e q u i l i b r i u m  curve  app rop r i a te  t o  t h e  quasi-chemical  model. A t  i n t e r -  

mediate temperatures t h e  r a d i a t i o n  enhanced de fec t s  inc rease  t he  o rde r i ng '  

r a t e  and.balance t h e  r a d i a t i o n  d i s o r d e r i n g  t o  g i v e  i n te rmed ia te  va lues 

f o r  t h e  o rde r  parameter. 

It should be no ted  t h a t  a t  low va lues o f  S  t he  assumption t h a t  t h e  



ordering energy i s  independent of S breaks down. However, t h i s  only 
affects  the thermal back reaction ( i  . e . ,  the thermal disordering ra te )  
which i s  already very small a t  these temperatures. In any case the 

curves approach zero order rather rapidly and an enhancement in the 
di.sordering ra te  will merely decrease S a 1 i t t l e  more rapidly with de- 

creasing temperature. 

As shown in F i g .  4, a dose rate  as low as dpalsec i s  able to  I 
disorder the AuCu3  super la t t ice  below -+ 430'~. A dose ra te  of k > 

1 x 1 0 ' ~  dba i s  necessary t o  completely disorder the ordered a1 loy a t  
a l l  temperatures. A par t ia l  phase diagram under i r radiat ion,  based on 

these r e su l t s ,  i s  shown in Fig. 5. The low temperature l imit  of the or- 

dered phase i s  taken from F i g .  4. The remaining boundaries of the or- 
dered region are assumed to  diverge smoothly from the i r  equilibrium 
positions as shown. 

Several investigators (33-38) have irradiated Cu3Au;  however, a1 1 

these workers appear to  have studied transient phenomena over limited 

dose ranges so tha t  no measures of steady-state properties have been 
made. Most workers monitored r e s i s t iv i ty  and the connection between 

t h i s  and order i s  not simple. 

In sp i t e  of these d i f f i cu l t i e s  the basic features of the theory 

correspond with experiment. A t  root11 temperature and below, ordered 

alloys are progressively disordered (33) as F i g .  4 predicts. A t  higher 
temperatures highly ordered alloys disorder while disordered alloys 
order (33-35) indicating that  the intermediate values of S predicted in 

Flg. 4 would eventually be attained. Since the available data does not 
reach steady-state, however, the quantitative predictions of Fig. 4 

cannot yet be tested. 

The best data available i s  that  of Kirk and ~ l e w i t t ' ~ ~ )  which 
suggests tha t  a t  423 '~ and a dose rate  -+ 10-'1 dpalsec of f a s t  neutrons 



a value of 1 > S > 0.5 would be a t ta ined although the sample did%ot  . 

reach steady-state.  This r e s u l t  agrees very well with the curves of '. 

Fig. 4. I t  would be desi rable  t o  have dislocation dens i t i es  avai lable  
fo r  future  experiments of t h i s  type. 

Given the we1 1 -known def ic iencies  of the quasi -chemical and chemical 

r a t e  models fo r  ordering,  deta i led f i t s  t o  the data (especia l ly  close t o  

the c r i t i c a l  temperature) a r e  not t o  be expected. However, viewed as  a 

simple phenomenological approach giving physical meaning t o  parameters 

needed t o  f i t  the da ta ,  the  current  model i s  obviously a t t r ac t i ve .  

The t rans i t ion  from s teady-s ta te  disorder t o  order over a narrow 

temperature ran e under i r rad ia t ion  has a lso  been observed in Ni3Fe, 
Mg3Cd and Ni3Si 751) f o r  1 MeV electron i r rad ia t ion .  Zr3Al has shown 
s imilar  e f f ec t s .  ( 9 3 5 2 )  The basic features  of the model , therefore ,  

would seem t o  have general application t o  ordered systems. 

Final ly ,  i t  should be noted t ha t  the i r rad ia t ion  induced increase 

in the degree of order i s  an example of radiat ion enhancement of a 
sluggish reaction.  Figure 6 shows schematically how t h i s  can occur. 

Consider a phase which has not been aged fo r  su f f i c i en t  time to.produce 

the equilibrium degree of order ,  the maximum order obtained i s ,  there- 
f o r e ,  l e s s  than unity (So) .  Under i r r ad i a t i on ,  however, i n  the 

temperature range j u s t  below Tc ,  radiat ion enhanced diffusion increases 

the thermal reordering r a t e  causing the steady-state order parameter 
t o  l i e  above the original  incompletely equi l ibra ted level (Fig.  6 ) .  

The arrows on the diagram indicate  the  di rect ion in which the order para- 

meter wil l  change under i r r ad i a t i on .  

Radiation Induced Phase Instabi 1 i t y  

The change in the order-disorder region of an a l loy described in 

Section 2.4 i s  an example of an i r rad ia t ion  modified phase t rans i t ion .  

When a strongly ordered ' intermetal 1 i c  compound i s  in  thermal equi 1 i brium 



w j  t h  other phases of the a1 loy , disordering of th i s  ordered compound can 
change the whole alloy phase structure.  As described in the thermal 
equi 1 i bri um theory of order-di sorder t ransi t ions , atoms in the a1 1 oy are 
arranged to obtain the degree of order which minimizes the free energy. 
When the alloy i s  i r radiated,  i t  i s  displaced from thermal equilibrium 
to a steady-state of long-range order S where the free energy 3s. higher 

than th i s  equilibrium value. Under i r rad ia t ion ,  therefore, a new f ree  
energy balance between adjacent phases may be established giving a lower 

f ree  energy than can be attained w i t h  the partial  ly (or  ent i rely)  

radiation disordered compound. 

Figure 7 shows the modification of cornpositi.ons of all.oy phases 
a and y determined by the comnon tangents of f ree  energy curves when 
irradiation induces an increase of f ree energy 6 F  of the intermetall ic 

compound 8. 

Since in the above sections the free energy of an ordered phase 
under irradiation has been obtained, t h i s  can be inserted into 

equil ibrium calculations of phase diagrams containing such phases to  
obtain the i r radiat ion modified phase f ie lds .  This assumes, of course, 

that  the f ree  energy of disordered.phases i s  unaffected by irradiation 
and that they can achieve a new equilibrium when an ordered phase 
dissolves. 

To i l l u s t r a t e  t h i s  part of the calculation we 'take several systems 
fo r  which calculated phase diagrams have been pub1 ished and which contain 
strongly ordering phases. Diagrams for  the systems Ti-Co, Nb-Rh and 

T i  -Ru have been cal cul ated by Kaufman (39) using a se t  of thermodynamic 
data l i s t ed  in re f .  39. The calculational procedure i s  based on sub- 
regul ar solution theory as developed by Kubachewski and co-workers , (40-43) 

and adopted i n  a s e t  of computer programs using a wide range of thermo- 
dynamic data by Kaufman. (39 y 4 2  y43) These computer programs were modified 
t o  use the free energy of the compounds calculated from section ( 2 )  , for  

the steady-state degree of order under irradiation using data,given in 



TABLE 2 

PARAMETERS USED 1N.CALCULATING STEADY-STATE DEGREE OF ORDER 

A 

2 ( 1 )  a/Di = 1017 c used i n  a l l  cases t o  compute d e f e c t  concentrat ions (where a i s  t he  recombinat ion 

parameter).  (24) 
f ( 2 )  The Ev  and Do o f  pure T i  were used as an approximation i n  TiRu and Tic03 and est imated values 

. 

were used i n  NbRh3 c a l c u l a t i o n .  

(3 )  The o rde r i ng  energy ~2 i s  obta ined from thermodynamic data i n  Ref. 39 and i s  assumed t o  be 

112 

(sec- ' )  

l o 1 3  

lo13 

lo13 

temperature independent. 

( 4 )  a = 0 i n  t he  TiRu compound because the  l a r g e  s i z e  d i f f e r e n t  makes i n t e r s t i t i a l c y  reo rde r i ng  un- 

l i k e l y .  The 6 values o f  0.01 f o r  TiCo3 and NbRh3 are est imates.  

(5) The energies o f  mot ion o f  the  d i s o r d e r l o r d e r  vacancy motion are assymed t o  be l a r g e r  than 

t h e i r  equ iva len ts  i n  t h e  pure metals.  For t h e  purposes of c a l c u l a t i o n  a f a c t o r  of two has been 

taken ( i . e .  E: = 1  eV i n  a l l  cases). 

'i o 

( )  

- 

0.01 

0.01 

TiRu 

T i C o j 1  

NbRh3 

~ ( e v )  

0.18 

0.20 

0.16 

Zv 

1.0 

1.0 

1.0 

E 

10 

10 

10 

Pd(cm-2) 

10" 

10" 

10" 

0 

0 

0.01 

'i , E:(~v) E;(~v) 

- 

0.15 

1.02 1 1 . 0  
! 

E~ v  0 

( a )  

2.0 

2.0 

1.02 

1.02 

0.15 

Do 
2 
(3 
1.0 

1.0 

1.6 

1.6 



t a b l e  2. 

I n  t h e  case of the Ti-Co and Nb-Rh systems the  increase i n  f r e e  

energy was i n s u f f i c i e n t  t o  remove the  compounds TiCo3 and NbRh3 from the  

phase diagram. Ins tead the  phase boundary o f  t h e  te rmina l  s o l i d  s o l u t i o n  

was progress ive ly  s h i f t e d  t o  h ighe r  s o l u b i l  i t i e s  , r e f l e c t i n g  t h e  change 

i n  comnon tangent  con tac t  p o i n t  on t h e  f r e e  energy curve f o r  the  te rmina l  

so lu t i ons .  The l i m i t  o f  t h e  e f f e c t  o f  r a d i a t i o n  occurs when the  com- 

pound i s  f u l  l y  d isordered  a t  1  ower temperatures. A t  in te rmed ia te  

temperatures t h e  boundary l i e s  between the  thermal e q u i l i b r i u m  value 

( f u l l y  ordered compound) and t h e  h ighe r  s o l u b i l i t y  appropr ia te  f o r  a  

balance w i t h  t h e  f u l l y  d isordered  compound. The separa t ion  o f  t h e  phase 

boundary f rom the  equi 1  i b r i  um p o s i t i o n  occurs a t  h ighe r  temperatures 

f o r  h igher  i r r a d i a t i o n  r a t e s  as F igures 8 and 9  show. The i r r a d i a t i o n  

r a t e s  chosen ( 1 0 ' ~  and dpa/sec) are appropr ia te  t o  f a s t  r e a c t o r  

neutrons and heavy i o n  i r r a d i a t i o n s ,  r e s p e c t i v e l y .  These r e s u l t s  show 

t h a t  p a r t i c l e s  o f  t h e  ordered phase i n  t h e  a m a t r i x  w i l l  sh r i nk  under 

i r r a d i a t i o n  and may d i s s o l v e  e n t i r e l y  . i f  the  a1 l o y  composit ion i s  c lose  

t o  t h e  phase boundary. 

The c a l c u l a t e d  equi.1 i b r i  um phase diagram ( f o l  1  owing Kaufman) (39) 

f o r  t he  TiRu system i s  shown i n  F ig .  10a, and agrees c l o s e l y  w i t h  

experiment. The diagram conta ins  the  s t r o n g l y  o rde r i ng  compound TiRu, 

f o r  which t h e  f r e e  energy s h i f t  on d i so rde r i ng  i s  p a r t i c u l a r l y  l a r g e .  

s i nce  the  equi-atomic composit ion maximizes t h e  number o f  wrong bonds 

when d isordered.  The order  parameter ca l cu la ted  from our  model is .shown 

i n  F igure  11; the  v a r i a t i o n  o f  vacancy concent ra t ion  a t  s teady-state i s  

a l s o  shown. The parameters used i n  t he  c a l c u l a t i o n s  are found i n  t a b l e  

2. 

The l a r g e  Increase i n  f r e e  energy as the  compound d i so rde rs  under 

i r r a d i a t i o n ,  l i f t s  t h e  compound's f ree energy curve above the  common 

tangent  f o r  t he  adjacent  phases. A new balance s t a t e  then occurs based 

on t h e  mix tu res  o f  these two phases ( 6  and E ' )  g i v i n g  a  new two-phase 



r e g i o n  on t h e  diagram (F igu re  l o b  and c ) .  A t  t h e  equi -a tomic composi t ion 

t h e  f r e e  energy o f  t h e  phase i t s e l f  i s  lower  than  t h e  d i so rde red  TiRu 

so t h a t  t h e  B f i e l d  extends over  t h i s  range 'as  t h e  f i g u r e  shows. 

The temperature a t  which t h e  TiRu phase d isappears depends upon t h e  

i r r a d i a t i o n  r a t e .  A c r i t i c a l  degree o f  d i s o r d e r  i s  r e q u i r e d  t o  remove 

t h e  phase above t h e  B f r e e  energy and t h i s  depends upon t he  d i s o r d e r i n g  

r a t e  which i n  t u r n s  depends upon t he  i r r a d i a t i o n  r a t e  ( Figs. 10b and c ) .  

The diagram shows t h a t  t h e  d iso rdered  compound w i l l  t r ans fo rm  t o  

B .  If t h e  compound e x i s t s  as p a r t i c l e s  i n ' a n  E '  m a t r i x  ( t h e  B+E' r e g i o n )  

the new P phase may f o rm  by i n - s i t u  t r ans fo rma t i on  o f  t h e  d i so rde red  

Ti.Ru o r  by n u c l e a t i o n  and growth from the  supersa tu ra ted  E '  produced 

by TiRu d i s s o l u t i o n .  

The d e t a i l e d  mode o f  t r ans fo rma t i on  o f  t h e  des tab i  1  i z e d  compound 

wi 11 depend upon k i n e t i c  f ea tu res  which remain t o  be exp lo red  and a r e  

n o t  i nc l uded  i n  t h e  c u r r e n t  model. 

Once again t h e  d e t a i l e d  numerical  p r e d i c t i o n s  (such as t he  

temperature a t  which a phase boundary s h i f t s  o r  d isappears)  should n o t  

be regarded as accura te  i n  d e t a i l  s i nce  t hey  depend on t h e  parameters . 
i n  t a b l e  2, severa l  of which a r e  es t imated .  However, t h e  general  p a t t e r n  

of t h e  phase diagrams i s  expected t o  be observed. 

4. Discuss ion 

4.1. Examples o f  Rad ia t ion-D isorder  I n s t a b i l i t i e s  

W i l l  iams, S t i e g l e r  and  iffe en(^^) i r r a d i a t e d  W - ~ e  a1 l o y s  i n  EBR-I1 
2 t o  t he  doses o f  6.1 - 37 x  1  02' neut rons lcm (>  0.1 MeV). They repo r ted  

format ion o f  X-phase (WRe3) i n  a  s ing le-phase (bcc W-r ich s o l i d  s o l u t i o n )  

r e g i o n  c l o s e  t o  t h e  (bcc+a) phase boundary. a  i s  an ordered phase 
(near  50 a t %  Re) between t h e  t ungs ten - r i ch  bcc and t h e  .d isordered 

(47)  X-phase i n  t h e  thermal e q u i l i b r i u m  phase diagram. Kaufman e t  a l .  



est imated the  increase o f  t he  f r e e  energy of a-phase necessary f o r  the 

fqnnat ion  of x phase t o  be -. 5440 ~ / m o i e  (1.3 kcal/mole) . They used 

Maydet and Russel I s  t heo ry (4 )  t o  compute the  i r rad ia t i on - i nduced  e f -  

f e c t i v e  f r e e  energy. change which turned ou t  t o  be we l l  below the value 

necessary f o r  the suppression o f  a-phase. 5 - 10 kJ/mole, however, 

could be e a s i l y  a t t a i n e d  by d i so rde r ing  the ordered a phase r e s u l t i n g  

i n  i t s  d i s s o l u t i o n  and replacement by the d isordered x phase, as i n  the  

Ti-Ru case. Though the' mechanism o f  the  phase i n s t a b i  1 i t y  o f  W-Re system 

can now be understood, t he  q u a n t i t a t i v e  computation o f  t he  i r r a d i a t i o n  

mod i f ied  phase diag.ram must awai t  a complete c r y s t a l l o g r a p h i c  s t r u c t u r e  

determinat ion o f  the complicated a-phase. 

A s i m i l a r  disappearance o f  a-phase has been observed i n  the  Fe-Ni-Cr 

system. Brown and Cawthorne (48) were unable t o  de tec t  a-phase a f t e r  

i r r a d i a t i o n  a t  temperatures up t o  700'~. I n  t h i s  range a-phase i s  

r e g u l a r l y  observed and i t s  presence i s  p red i c ted  from thermodynamic 

ca l cu la t i ons .  I n  i t s  p lace  a y '  p r e c i p i t a t e  formed. The absence o f  

a-phase has been conf irmed by B i l sby .  (49) Thermodynamic data are un- 

a v a i l a b l e  f o r  both t h e  a and y.' phases a t  the  present  t ime.  I n  add i t i on ,  

t he  d e t a i l s  o f  the  o rde r ing  arrangement i n  a-phase are  unclear .  I t  i s ,  

there fore ,  n o t  poss ib le  t o  c a l c u l a t e  the te rna ry  diagram a t  the present 

t ime. However, the  f a c t  t h a t  t he  s t r o n g l y  ordered, equi-atomic a-phase 

disappears c e r t a i n l y  suggests r a d i a t i o n  d i so rde r ing  as a poss ib le  cause. 

Our model so f a r  has considered on ly  the  e f f e c t  o f  chemical bonding 

i n  t he  ordered s t ruc tu res .  The nex t  s tep i s  t he  more d i f f i c u l t  one'of 

c a l c u l a t i n g  the  energy change under i r r a d i a t i o n  when the  order  i s  due t o  

t h e  s i z e  d i f f e r e n c e  o f  atoms (e.g. Laves phases). Obviously, a s i m i l a r  

phenomenology w i l l  apply  b u t  the  c a l c u l a t i o n  o f  t he  f r e e  energy d f  such 

phases when they are  d isordered by i r r a d i a t i o n  i s  very d i f f i c u l t .  It 

seems 1 i k e l y  t h a t  such e f f e c t s .  w i  11 be very 1 arge, r e a d i l y  destabi  1 i z i n g  

such phases. 

 ina all^, i t  should be noted t h a t  a l a r g e  change i n  f r e e  energy on 



d i s o r d e r i n g  does n o t  guarantee a l a r g e  phase diagram change. If t h e  

ordered phase i s  much more s t a b l e  than  surrounding phases even l a r g e  

s h i f t s  w i l l  n o t  d e s t a b i l i z e  i t  e n t i r e l y .  

4.2. I m p l i c a t i o n s  f o r  A l l o y ' D e s i g n  

The c a l c u l a t i o n s  presented demonstrate t h a t  r a d i a t i o n  induced d i s -  

o r d e r i n g  i s  capable o f  r a d i c a l l y  a l t e r i n g  phase diagrams under ir- 

r a d i a t i o n .  S ince r a d i a t i o n  d i s o r d e r i n g  as a phenomenon has a1 ready been 

demonstrated expe r imen ta l l y ,  i t  i s  c l e a r  t h a t  we have a sound explana- 

t i o n  f o r  phase i n s t a b i l i t i e s  under i r r a d i a t i o n .  

I n  our  model ,we make no a t tempt  t o  improve on c u r r e n t  t h e o r i e s  o f  

order-d isorder ; .  our  o b j e c t i v e  has been t o  p rov ide  a c l e a r  conceptual  

framework f o r  f u r t h e r  exper iment.  Experimental  r e s u l t s  f o r  t h e  reo rde r - ,  

i n g  and d i s o r d e r i n g  r a t e s  under i r r a d i a t i o n ,  t oge the r  w i t h - t h e  necessary 

thernlcdynamic data,  a re  a l l  t h a t  a r e  r e q u i r e d  t o  determine phase d i a -  

grams. 

From t h e  a l l o y  des ign p o i n t  o f  v iew we can conclude t h a t  phases.  

hav ing  t h e  f o l . l ow ing  c h a r a c t e r i s t i c s  a re  l i k e l y  candidates f o r  r ad i . a t i on  

induced d e s t a b i l i z a t i o n .  

a)  A ve ry  h i g h  o r d e r i n g  energy 

b )  A s i m i l a r  s t a b i l  i t y  ( f r e e  energy) t o  ad jacen t  phases 

c )  Close t o  equi  -atomic concen t ra t i on .  

Our model o f f e r s  a gu ide t o  a p a r t i c u l a r  t ype  o f  phase s t a b i l i t y  

which must be combined w i t h  s o l u t e  segrega t ion  and o t h e r  mechanisms t o  

o b t a i n  an o v e r a l l  p i c t u r e  o f  a l l o y  s t a b i l i t y  under i r r a d i a t i o n .  Such a 

comprehensive approach w i l l  r e q u i r e  t h a t  a l l  t h e  var ious  aspects 

descr ibed  i n  t h e  i n t r o d u c t i o n  be inc luded .  One can now begin t o  d i s -  

t i n g u i s h  how t h i s  problem shou ld  be a t t acked  w i t h i n  t h e  framework o f  our  

c u r r e n t  understanding. 



F i r s t l y ,  a l l o y  design should be based on a  knowledge o f  t he  t r u e  

e q u i l i b r i u m  s t a t e  o f  the  ma te r ia l  and i t s  approach t o  t h i s  e q u i l i b r i u m  

under i r r a d i a t i o n .  Secondly, so lu te -de fec t  coup l ing  should be evaluated 

based on measurements and theory c u r r e n t l y  avai 1  able. T h i r d l y  , second 

phases used t o  s t rengthen the  ma te r ia l ,  o r  which may form under i r -  

r a d i a t i o n  need t o  be evaluated. This  l a t t e r  s tep  w i l l  i nc lude  the  model 

o f  t h i s  paper, bu t  k i n e t i c  e f f e c t s  associated w i t h  nuc lea t i on  o f  new 

phases s t a b i l i z e d  by i r r a d i a t i o n  w i l l  need t o  be added so t h a t  r a d i a t i o n  

phase diagrams can be used t o  p r e d i c t  which phases w i l l  a c t u a l l y  occur 

i n  p rac t i ce .  

C lea r l y ,  t h i s  requ i res  a major research e f f o r t ,  a  subs tan t i a l  p a r t  

o f  which w i l l  i nvo l ve  measurements o f  bas ic  thermodynamic p rope r t i es  i n  

systems o f  i n t e r e s t .  

4.3. L i m i t a t i o n s  of t he  Model 

Probably the  most important  assumption made i n  the c a l c u l a t i o n s  

described here i s  t h a t  when a  given compound d isorders  and becomes un- 

s t a b l e  w i t h  respect  t o  a  m ix tu re  o f  two adjacent  phases, a  new e q u i l i -  

br ium w i l l  be a t ta ined .  Since t h i s  invo lves  the nuc lea t i on  and growth 

o f  a  new phase i n  the  s t r u c t u r e ,  whether o r  n o t  e q u i l i b r i u m  i s  a t t a i n e d  

depends on the  k i n e t i c  f a c t o r s .  Both nuc lea t i on  and growth depend on 

d i f f u s i o n  and t h i s  w i l l  be enhanced by i r r a d i a t i o n ,  because o f  the  

l a r g e r  de fec t  popu la t ion .  However, a t  very low temperatures de fec ts  
w i l l  remain f rozen and the  new phase w i l l  be unable t o  form. Under 

these cond i t ions  the  r a d i a t i o n  phase diagram w i l l  n o t  be obeyed and the  

two-phase reg ion  w i l l  be found i n  p r a c t i c e  t o  c o n s i s t  o f  a  supersaturated 
s o l u t i o n  produced by the d i s s o l u t i o n  o f  ordered p a r t i c l e s .  The re levan t  

f r e e  energy which the  d isordered conipound must then exceed i s  t h a t  o f  

the  supersaturated m a t r i x  r a t h e r  than the  f r e e  energy o f  the  two phase 

mix ture .  

Even i f  d i f f u s i o n  i s  permi t ted  new phases may n o t  nucleate.  How- .,. I1 



ever, a t  t h i s  point a unified approach would consider radiation affected 

nucleation which has been discussed for  incoherent precipitates by 

Maydet and Russel ( 4 )  and for  coherent precipitates by Martin. (5)  ' 1n both 
these approaches nucleation may be ei ther .  promoted or inhibited. Further 

discussion on the k i ~ e t i c s  of the steady-state conditions i s  retained for  

a l a t e r  paper. 

Our model i s  also 1 imi ted by the fac t  that  we have selected a simple 

phenomenological approach to  order-disorder so as to  provide a framework 
for  using experimental values of ordering' and disordering rates  under i r -  

radiation. The calculational de ta i l s ,  therefore, r e s t  on the assumptions 

of quasi-chemical or sub-regular solution theory and the long range 
order approximation. However, in an area of high technological i n t e re s t ,  

i t  i s  better t o  use simple models with phenomenological adjustment to  

produce detailed agreement with experiment rather than to  attempt very 
complex ab-init io calculations with less  general models. 

5. Conclusions 

1 .  Starting from current knowledge on the disordering of struc- 

tures under irradiation we have been able to  show that  the f ree  energy 
changes produced are suff ic ient  t o  cause many ordered phases t o  become 

uns tab1 e . 

2 .  Phase diagrams under irradiation can be calculated i f  ordering 

or disordering rates are known (together with necessary thermodynamic 

data for  the equil ibri'u:m diagram). 

3 .  In general a t  low temperature, phases which have undergone an 

order-disorder transit ion on 'cooling can be forced to  reve,rt t o  the 
disordered form by i rradiat ion.  The-temperature for  th is  has been 

calculated for  Cu3Au as a function of dose rate .  



. 4. Several cases of radiation phase instabilities may. be explicable 

by this mechanism. 
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V I  I. FUTURE WORK 

This  paper completes theore. t ica1 work' i n  t h i s .  area on t h i s  con t rac t .  



Cur ren t  work i n  p r e c i p i t a t e  s t a b i l i t y '  and v o i d  f o rma t i on  w i l l  be repo r ted  

i n  subsequent i ssues .  
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FIGURE 2. Interstitialcy motion in fcc(a) and bcc(b). 



FIGURE 3. Interstitial motidn in the CugAu type lattice. The interstitial dumbbell is ringed. 

Note that its motion causes an ordering with A atoms on the a sites (linked by lines) . 

and B atoms on the 6 (face centered) sites. 



Steady State Long Range Order S of 
C u 3  AU Under Irradiation ( p  = l o f 1  cmW2) 

D 

TEMPERATURE ( O K )  

FIGURE 4. The s t e a d y  s t a t e  long range  o r d e r  pa ramete r s  Cu3Au under  
i r r a d i a t i o n  f o r  v a r i o u s  i r r a d i a t i o n  r a t e s  k ( i n  dpa / sec )  a s  



FIGURE 5. The r a d i a t i o n  mod i f i ed  p a r t i a l  phase diagram f rom t h e  Cu3Au 

r e g i o n  o f  t h e  Cu-Au system. The e q u i l i b r i u m  phase d i a g r a m ' i s  

on t h e  l e f t  and r a d i a t i o n  m o d i f i e d  ve rs i ons  o f  t he  Cu3Au l u o p  

a r e  p l o t t e d  as a  f u n c t i o n  o f  dose r a t e  on t h e  t h i r d  a x i s .  The 

c a l c u l a t e d  p o i n t s  mark ing t h e  minimum temperature f o r  t h e  

ordered r e g i o n  a r e  shown as do t s  a t  t h e  base o f  each loop.  The 
s ides  o f  t h e  loops  a r e  schematic on l y .  



TEMPERATURE 
b 

FIGURE 6. Showinghow i n  the  temperature range j u s t  above p o i n t  A, r a d i a t i o n  induces an increase i n  
. . 

o rder  over t h e  incomple te ly  aged s t a t e  i n d i c a t e d  by the  l i n e  marked "observed". The 
arrows i n d i c a t e  how t h e  order  v a r i e s  t o  t he  r i g h t  and l e f t  of p o i n t  A. 
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COMPOSITION % 8 

FIGURE 7. Showing how an ordered intermetallic compound ,6 increases its 

free energy by an amount 6F as it disorders to ,6 ' under 
irradiation. The new equ-ilibrium is then indicated by the 

dashed tangent line A'C' between a and y phases. Note the 

change in solubilities from A to A' and C to C '  when this 

occurs. 
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FIGURE 8. The c a l c u l a t e d  p a r t i a l  phase diagram f o r  t h e  Ti-Co system as 

mod i f i ed  by i r r a d i a t i o n  a t  t h e  damage r a t e s  shown. The o r i g i n a l  

e q u i l i b r i u m  phase boundary i s  t h e  k=O l i n e .  
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FIGURE 9. The calculated partial phas'e diagram for the Nb-Rh system*as 

modified by irradiation at the rates shown. 



AT. % Ru 

FIGURE 10. a) The equilibrium phase diagram for the Ti-Ru system as 

calculated 'by Kaufman. (39) , 
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FIGURE 10. b )  The r a d i a t i o n  m o d i f i e d  Ti-Ru system f o r  a  dose r a t e  of 

dpa/sec, c a l c u l a t e d  u s i n g  t h e  da ta  i n  Table 2 and 

re fe rence  (39) .  



FIGURE 10. c ) ~  As l o b )  f o r  a dose r a t e  o f  10:' dpalsec. 
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T i t l e :  Mechanical P rope r t i es  

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

A f f i l i a t i o n :  P a c i f i c  Northwest Laboratory 

Operated by B a t t e l l e  Memorial I n s t i t u t e  

OBJECTIVE . . 

The purpose o f  t h i s  experiment was t o  determine a damage c o r r e l a t i o n  

parameter ' i n  metals i r r a d i a t e d  w i t h  f u s i o n  energy neutrons and 16 MeV 

protons.. The c l u s t e r  dens i t y  and y i e l d  s t reng th  increase o f  h igh  p u r i t y ,  

n i c k e l  and niobium i r r a d i a t e d  a t  25°C w i t h .  T(d, n )  and Be(d, n )  neutrons 

and 16 MeV protons were used t o  determine the c o r r e l a t i o n  parameter. 

I I I. RELEVANT DAFS PROGRAM PLAN TASKISUBTASK 
, . 

. . .  

SUBTASK II.C.6.1' E f f e c t s  o f  Damage Rate and Cascade Structure on 
' 

~i crostructure-charged P a r t i c l  e/'Neutron Cor re la t ions .  

SUBTASK I I . C . l l .  1 Effects of Cascades and F lux  on   low-~i~ht p a r t i c l e  

11 .c.  11.4 I r ' r ad ia t i ons  and High Energy Neutron I r rad i 'a t ions .  

I V .  SUMMARY 
: ... 

 he f low s t ress  o f  T(d, '!) and Be(d, n )  neutron . and . 16 MeV proton . . . n 

i r r a d i a t e d  n i c k e l  and niobium have been measured and found t o  have many 

s i m i l a r i t i e s .  D i s t i n c t  hardening stages were observed i n  ~ e ( d ,  n )  n6utron 

and 16 ~ e ~ ~ r o t o n  i r r a d i a t e d  niobium. The protons induced 1.6 t imes more 

hardening than the Be(d, n )  neutrons i n  stage I w h i l e  the  hardening r a t e s  ,' 

were equal i n  the h igher  f l u e n i e  stage. The hardening . . r a t e  o f  T(d, n ) ,  

Be(d, n )  and 16 M ~ V  p ro ton  . i r r a d i a t e d  . n i c k e l  cou ld  be described by a . s i n g l e  . 



re1  a t i onsh i  p as a func t i on  o f  f l  uence. When the r a d i a t i o n  induced hardening 

i s  compared on a damage energy basis us ing the  damage energy cross-sect ion 

f o r  T > 10 keV the curves co inc ide  exact ly ,  b u t  a s h i f t  occurs i f  the  t o t a l  

cross-sect ions (T > 0.01 keV), a re  used. 

V.  ACCOMPLISHMENTS AND STATUS 

Cor re la t i on  o f  16 MeV Protons w i t h  Fusion Neutrons - - R. H. Jones (PNL) 

Since l a s t  r e p o r t i n q  on the  c o r r e l a t i o n  s tud ies  o f  14 MeV neutron and 
16 MeV proton damage i n  n i c k e l  and niobium, several i r r a d i a t i o n s  have been 

completed which have helped e luc ida te  the  damage s ta te .  The most s t r i k i n g  

r e s u l t  i s  the observat ion o f  a hardening p lateau i n  both the Be(d, n )  neutron 

and 16 MeV proton i r r a d i a t e d  niobium, as shown i n  Figure 1. The T(d, n )  

neutron i r r a d i a t e d  niobium hardening shows a t rend  towards a p lateau bu t  

more i r r a d i a t i o n s  are  needed t o  v e r i f y  t h i s .  T(d, n )  neutron i r r a d i a t i o n s  

t o  3.5 x 10'' cm-2 and %2 x 1018 cme2 are  complete and are  being prepared 

f o r  t es t i ng .  A hardening p la teau has been repor ted  i n  f i s s i o n  neutron 

i r r a d i a t e d  niobium by Loomis and ~ e r b e r , '  so the  present  observat ion i s  

n o t  unique b u t  i s  a conf i rmat ion  t h a t  f us ion  energy neutrons do n o t  induce 

a unique damage s ta te .  

The s i m i l a r i t y  i n  the  hardening response o f  the  16 MeV proton and 

Be($, n )  neutron i r r a d i a t e d  niobium suggests t h a t  they induce s i m i l a r  

damage. The major d i f f e r e n c e  i n  the  response i s  i n  the  i n i t i a l  hardening 

r a t e  which corresponds t o  Stage I o f  Loomis and Gerber. The he ight  o f  the  

p la teau i s  a func t i on  o f  the  hardening r a t e  i n  Stage I. The hardening 

r a t e  induced by protons and neutrons appears t o  be s i m i l a r  a t  the  h igher  

f luences which corresponds t o  Stage I V  o f  Loomis and Gerber. They 

concluded t h a t  Stage I hardening i s  due t o  i m p u r i t y  atom-point de fec t  

complexes wh i l e  Stage I V  i s  due t o  de fec t  c l u s t e r s  and d i s l o c a t i o n  loops.. 

I f  the  same hardening processes are opera t ive  i n  the  16 MeV proton and 

Be(d, n )  neutron i r r a d i a t e d  niobium, then the  h igher  Stage I hardening 

r a t e  o f  the protons could be expla ined by a so f te r  pw spectrum a , . 



FIGURE 1. The Y i e l d  Strength Increase Versus P a r t i c l e  Fluence f o r  Niobium. 
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l a r g e r  f r a c t i o n  o f  the  damage i s  i n  the form o f  simple p o i n t  de fec t  

product ion. Using the  y i e l d  s t reng th  increase o f  the  plateau' as a measure 

of t he  hardening ra te ,  the  16 MeV protons induce 1.6 t imes more hardening 

than the Be(d, n )  neutrons i n  Stage I. The 16 MeV protons and T(d, n) 

neutrons have s i m i l a r  hardening r a t e s  on t h i s  basis .  

I 1  I I I 4  

The s i m i l a r i t y  o f  the hardening r a t e s  i n  Stage I V  suggests t h a t  the  PKA 

I I I 

spectrum are  s i m i l a r  a t  h igher  energies. From the  c a l c u l a t i o n s  o f  Omar 

e t  a1 .' and the  r e s u l t s  o f  Jones e t  a1 .3 the  damage energy cross-sect ions 

f o r  17 MeV protons and Be(d, n )  neutrons (Ed = 40 MeV) on niobium are  

723 b-keV (T > 0.01 kev) and 256 b-keV, respec t i ve l y .  The y i e l d  s t ress  

1 1 1 1  I 1 1  

versus damage energy r e s u l t s  shown i n  F igure 2 were ca l cu la ted  us ing  

1 1 1 1  

these cross-sect ions.  This f i g u r e  compares the  hardening response as a 
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FIGURE 2. The Y i e l d  St rength  Increase Versus Damage Energy 
fo r  Niobium, 25°C. 

f u n c t i o n  o f  t he  e n t i r e  PKA spectrum b u t  i f  the  damage-energy cross-sect ions 

f o r  i n t e g r a t i o n  l i m i t s  o f  T > lOkeV were used, there  would be l i t t l e  

d i f f e r e n c e  between the  f luence and damage energy dependences. The damage 

energy c ross-sec t ion  f o r  17 MeV protons on niobium f o r  i n t e g r a t i o n  l i m i t s  

o f  T > lOkeV i s  269 b-keV. The s i m i l a r i t y  i n  t he  damage energy cross- 

sec t ions  f o r  energies > lOkeV and the  Stage I V  hardening r a t e s  suggests 

t h a t  the Stage I V  hardening mechanism i s  s i m i l a r  f o r  niobium i r r a d i a t e d  

w i t h  Be(d, n)  neutrons and 16 MeV protons. 

The hardening r a t e  o f  T(d, n )  , Be(d, n )  and 16 MeV pro ton  i r r a d i a t e d  

, . n i c k e l  can be described as a f u n c t i o n  o f  f luence by a s i n g l e  r e l a t i o n s h i p  

as shown i n  F igure .3. Using damage energy cross-sect ions from Omar e t  a l .  2  

and Jones e t  a1.3 f o r  n i c k e l ,  the  hardening respdnse i s  shown as a f u n c t i o n  

o f  damage energy i n  F igure 4. As was t h e  case f o r  niobium, the  pro ton  
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FIGURE 3. The Y i e l d  S t rength  Increase Versus P a r t i c l e  Fluence f o r  N icke l  

r e s u l t s  f o r  n i c k e l  are s h i f t e d  t o  h ighe r  damage energ ies than the  Be(d, n )  

neutron r e s u l t s .  There would be l i t t l e  d i f f e r e n c e  between the  pro ton  and 

Be(d, n )  r e s u l t s  i f  the  c ross-sec t ion  f o r  T  > lOkeV were used. The damage 

energy c ross-sec t ion  f o r  17 MeV protons on n i c k e l  wi' th T  > lOkeV i s  

275 b-keV w h i l e  t he  t o t a l  c ross-sec t ion  f o r  Be(d, n )  neutrons on n i c k e l  i s  

295 b-keV. I t i s  expected t h a t  t h e  Be(d, n )  c ross-sec t ion  changes very 

l i t t l e  f o r  i n t e g r a t i o n . l i m i t s  o f  T  > lOkeV and T > 0.OlkeV: 

The s i m i l a r i t y  o f  t he  hardening r a t e s  and the  damage energy cross-  

\ 
sec t ions  f o r  T  > lOkeV suggest t h a t  t h e  hardening mechanisms i n  Be(d, n )  

neutron and 16 MeV pro ton  i r r a d i a t e d  n i c k e l  i s  s i m i l a r .  These r e s u l t s  are 

n o t  t o o  s u r p r i s i n g  .since i t  i s  w e l l  known t h a t  the  more complex de fec t s  

produced by h igh  energy cascades havk a  s t ronger  i n t e r a c t i o n ' w i t h  d i s l o c a -  

t i o n s  than do p o i n t  de fec ts .  
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FIGURE 4. The Yield Strength Increase and Cluster  Density Versus 
Damage Energy f o r  Nickel, 25OC. 

Serrated yie lding was observed i n  nickel specimens i r rad ia ted  t o  
17 f luences g rea te r  than 3 x 1 0  . cm-2 with Be(d, n )  neutrons and 16 MeV 

protons. The average load drop and p l a s t i c  s t r a i n  range f o r  se r ra ted  . 

18 yie lding increases w i t h  increasing f luence.  A t  a fluence of 10 . cm-' the 

average load drop corresponds t o  a s t r e s s  change of 14 MPa and pe r s i s t s  

t o  a s t r a i n  of 0.008 while a t  a fluence of 3 x 1017 cm-* these parameters 

were 8 MPa and 0.005, respectively.  
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V I I .  FUTURE WORK 

No f u r t h e r  p ro ton  i r rad , i a t i ons  are planned. T(d, n )  neutron i r r a d i a -  

t i o n s  t o  3.5 x 1017 and %2 x 1018 cmm2 have been completed a t  the  

RTNS I 1  source a t  LLL. Future RTNS I 1  experiments a re  planned t o  determine 

the  temperature dependence o f  t h e  var ious  hardening s t a g e s s i n  ni.obium and 

t o  determine i f  s i m i l a r  stages a re  observed i n  vanadium and t i t an ium.  Also, 

an i n v e s t i g a t i o n  o f  t he  r o l e  o f  oxygen i n  t h e  r a d i a t i o n  beh*avior o f  niobium,. 

vanadium and t i t a n i u m  i s  being planned. 

V I  I I. PUBLICATIONS 

There were no p u b l i c a t i o n s  f o r  t h i s  task  f o r  A p r i l  through J u l y  1979. 



1 .  PROGRAM 

T i t l e :  S imulat ing the CTR Environment i n  the HVEM 

P r i n c i p a l  I nves t i ga to rs :  W .  A. Jesser, R. A. Johnson 

A f f i  1 i a t i o n :  U n i v e r s i t y  o f  V i r g i n i a  

II. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  i nves t i ga te  the in f luence o f  

hel ium on f r a c t u r e  mechanisms and crack propagation i n  s t a i n l e s s  

s tee l .  

I l l .  RELEVANT DAFS PROGRAM TASK/SUBTASK 

Subtask ll.C.8.2 Post I r r a d i a t i o n  Test ing 

Task l l . C . 1 3  Crack I n i t i a t i o n  and Propagation 

I V .  SUMMARY 

I n - s i  t u  HVEM tens i  l e  t e s t s  o f  neutron i r r a d i a t e d  type 304 

s t a i n l e s s  s t e e l ,  u n i r r a d i a t e d  and hel ium i r r a d i a t e d  type 316 s t a i n l e s s  

s tee l  over a range o f  temperature from 2 5 ' ~  t o  6 0 0 ' ~  showed t h a t  the 

na ture  o f  the  crack propagation could be co r re la ted  w i t h  the nature 

o f  the f a i l u r e  mode. The angle def ined by the crack edges. a t  the 

t i p  o f  the crack tended t o  decrease as the b r i t t l e  na ture  o f  the 

f r a c t u r e  increased. The w id th  o f  the p l a s t i c  zone a t  the crack 

f l anks  a l s o  tended t o  decrease as the b r i t t l e  na ture  o f  the f a i l u r e  

increased. I n  neutron i r r a d i a t e d  samples increas ing  temperature 



. / 

increased the  b r i t t l e  n a t u r e  o f  the  f a i l u r e .  The same e f f e c t  i s  

t r u e  t o  a  l ess  e x t e n t  i n  he l i um i r r a d i a t e d  samples. I n  u n i r r a d i a t e d  

samples decreas ing t he  temperature increased the b r i t t l e  n a t u r e  o f  

the  f a i l u r e .  A t  4 0 0 ' ~  neu t ron  i r r a d i a t e d  samples ,exh ib i ted  p e r s i s t e n t  

s  1 i p  on l o c a l  i zed bands a long  which c rack  propagat i on  subseq'uent ly 

occurred.  Pronounced s l i p  a t  the  f r a c t u r e  sur face  was observed and 

revealed a  channel f r a c t u r e  mechanism. A l l  these r e s u l t s  a re  cons i s ten t  

w i t h  f a i l u r e  behav io r  found i n  b u l k  samples. 

ACCOMPLISHMENTS d STATUS 

E f f e c t  o f  Temperature and M i c r o s t r u c t u r e  on Crack Propagat ion i n  
U n i r r a d i a t e d  and I r r a d i a t e d  A u s t e n i t i c  S ta i n l ess  S tee l .  J. A. 
Hor ton & W. A. Jesser,  Department o f  M a t e r i a l s  Science, U n i v e r s i t y  
o f  V i r g i n i a ,  C h a r l o t t e s v i  1 l e ,  V i r g i n i a  

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

A  review o f  the  f r a c t u r e  processes i n  aus ten i  t i c  s t a i n l e s s  s t e e l  

has been g iven  by  loom") . The expe r imen ta l l y  observed r e l a t i o n s h i p  

among the  v a r i a b l e s  s t r e s s  (and thus s t r a i n  r a t e ) ,  temperature and 

f r a c t u r e  mode i s  g iven  schematical  l y  f o r  un i  r r a d i a t e d  aus ten i  k i c  

s t a i n l e s s  s t e e l  as w e l l  as f o r  neu t ron  i r r a d i a t e d  type 304 s t a i n l e s s  

s t e e l .  I t  i s  o f  i n t e r e s t ,  i n  t he  p resen t  case, t o  c o r r e l a t e  t he  above 

f r a c t u r e  behavior ,  determined f rom neu t ron  i r r a d i a t e d  b u l k  samples, 

w i t h  c rack  propagat ion s tud ies  on microsamples o f  neu t ron  i r r a d i a t e d  

type 304 s t a i n l e s s  s t e e l  t e n s i l e  t e s t e d  i n  the  HVEM. Fu r the r  

comparisons between u n i r r a d i a t e d  and he l i um i r r a d i a t e d  t ype  316 

. s t a i n l e s s  s t e e l  w i l l  be made w i t h  t he  case o f  neu t ron  i r r a d i a t e d  

samples. 



I n  t he  cases above o f  neu t ron  i r r a d i a t e d  b u l k  samples and mic ro -  

samples t he  f r a c t u r e  behav io r  can be d i v i d e d  i n t o  t h e  f o l  lowing t h ree  

d i s t i n c t  t ypes ;  d u c t i l e  f r a c t u r e ,  which i s  u s u a l l y  t r ansg ranu la r ;  

b r i t t l e  f r a c t u r e ,  which i s  o f t e n  i n t e r g r a n u l a r ;  and a  r e l a t i v e  new 

f r a c t u r e  mode known as channel f r a c t u r e ( 2 ) ,  which f o l l o w s  p r e f e r r e d  

planes n o t  a long  g r a i n  boundaries and ,is n o t  observed i n  u n i r r a d i a t e d  

samples. A1 1  o f  the  above f a i  1 u re  behav io r  has been. reproduced i n  the  

HVEM t e n s i  l e .  s tage f o r  neu t ron  i r r a d i a t e d  samples by s e l e c t i n g  d i f f e r e n t  

t e s t  temperatures w h i l e  ma in ta i n i ng  rough ly  t hc  same s t r a i n  r a t e  (and 

hence s t r e s s ) .  The aim o f  the  p resen t  s tudy i s  t o  c o r r e l a t e  the  i n - s i t u  

HVEM observa t ions  o f  c rack  propagat ion i n  u n i r r a d i a t e d ,  neu t ron  

i r r a d i a t e d ,  and heli 'um i on  i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  s t e e l  m ic ro -  

samples w i t h  the  f a i l u r e  behavior  r epo r ted  i n  the  a u s t e n i t i c  s t a i n l e s s  

s t e e l  1 i t e r a t u r e  f o r  un i r r a d i a t e d  and b u l k  neu t ron  i r r a d i a t e d  samples. 

Crack p ropagat ion  behav io r  w i l l  a l s o  be c o r r e l a t e d  w ' i th  the  

appearance o f  t he  f r a c t u r e  sur faces  ob ta i ned  f rom t h e  t h i c k  (-50um) 

reg ions o f  t h e  m ic ro - ' t ens i l e  samples. 

2. E x ~ e r i m e n t a l  Deta i  1s 

Type 304 s t a i n l e s s  s t e e l  microsamples were prepared from mic ro -  

samples neu t ron  i r r a d i a t e d  i n  E B R - I  I a t  e i t h e r  3 7 3 ' ~  t o  a  f l uence  o f  

2  I x n/cm2 (> 0.1 M ~ V )  o r  4 4 2 ' ~  t o  a  f luence  o f  6.5 x n/cm . 
The p repa ra t i on  and geometry o f  these samples, p rov ided  by J. 0. 

( 3  S t  i e g l e r  o f  ORNL, has been discussed p r e v i o u s l y  . 



Samples o f  t ype  j l 6 ' s t a i n l e ~ ' s  s t e e l  i n  t he  form o f  m i c r o - t e n s i l e  

spetimeiis were prepared t o  the  same geometry as t he  above neu'tron 

i r r a d i a t e d  samples. The type 316 s t a i n l e s s  s t e e l  samples were e i t h e r  

t e n s i  l e  t e s t e d  i n  the  un i  r r a d i a t e d  condi t ions. o r  tens i l e  . tes ted  a f t e r  

bombardment by 80keV he.lium ions.  I n  a l l  cases i n - s 4 t u  HVEM t e n s i l e  

t e s t s  were performed i n  a h e a t i n g - t i l t - t e n s i l e  stage. The r e l e v a n t  

sample an'd t e n s i l e  t e s t  c o n d i t i o n s  .a.re g i ven  i n  t a b l e  I below. 

Fu r the r  d e t a i l s  o f  the  .he.lium i r r a d i . a t i o n  c o n d i t i o n s  and r e s u l t i n g  

(4,5) m i c r o s t r u c t u r e  may be found elsewhere- , . 

TABLE I HVEM TENSILE EXPERIMENTS 
r\l 

- 
0 5- 3 '  . 0 

st: * -0 4 I C 0 
m a  #- u Q)N w a M i c r o s t r u c t u r e  d i  meter 

Q m .  3 0  Q) I I 
x .- k $  . - - , , , $  - E  ,,, a, E a, dens i t y  ( 1 0 ~ 3  cm '1 
W LL I -  LL- LL U I- I- 

3 5 neut  373 I x 10Z3 25 

20 1 neut  373' I i lo23 25 

.I1 8 He 600 3 3 l o i 7  25 
13 He 600 3 

17 7 .x 8 25 .' . 

17. .7 He 600 20 2 x ' I O  25 
25 3,4 neut  373 I x 1 0 ~ ~ . 4 0 0 ,  . 

5 neut  442' . 7' x '600. 
10 2 neut  373 I x 600 

. . . . 

12 neut  373 .  , 'I lo23  600 

1.6 He ',,600 9 
17 5 x l o l 8  600 

19 He 600. . 7 3 . x  10 600 : 

2 4 '  6 He , 600  1 .5 3.6 x I 0 1 , ~  600 

loops <20nm 40 
vo ids  <20nm 160 

. 1 oops <20nm 40 
vo ids  <20nm 100 

, loops 25nm 1 0 0  
few bubbles 200nm 
bubb'les 300nm 20 
1.oop5, <20nm 40 : 
voids'  c20nm 100 
yo ids  300nm 10 
loops <20nm 40 
vo ids  <20nm 1.00 
loops c20nm 40 
vo ids  <20nm 100 
few bubbles 
bubbles 300nm 3 
bubbles IOOnm 300 

;tAll neu t ron  i r r a d i a t i o n s  a r e  f o r  t ype  304 s t a i n l e s s  s t e e l ;  o t h e r  
cases .a re  f o r  t ype  316 s t a i n l e s s  s t e e l .  



3. Resu l ts  

a. F rac tu re  C h a r a c t e r i z a t i o n  

I n  o r d e r  t o  c h a r a c t e r i z e  the  . f a i l u r e  behav io r  o f  t he  microsamples, 

c rack  p ropagat ion  behav io r  i n  t he  e l e c t r o n  t ransparen t  (~0.5pm) - r eg ions  

o f  the  sample was recorded and c o r r e l a t e d  w i t h  the  appearance o f  the 

f r a c t u r e  sur faces  ob ta ined  f rom the  t h i c k  (-50um) reg ions o f  the  

specimen. The c rack  was cha rac te r i zed  i n  terms o f  two parameters: 

i )  t h e  p r o j e c t e d  angle o f  ' t he  c rack  edges measured a t  the  crack t i p  

and i i )  t he  w i d t h  o f  t h e  p l a s t i c  zone ad jacen t  t o  t he  f l a n k s  o f  the  

crack. I f  t.he c rack  f o l l owed  a g r a i n  boundary i t  i s  l a b e l l e d  ( I ) ,  

crossed a g r a i n  (T ) ,  and f o l l o w e d  a narrow zone o f  p l a s t i c  deformat ion 

( c )  . The f r a c t u r e  sur faces  a r e  des ignated as t r ansg ranu la r  (T) when 

t he  t y p i c a l  appearance o f  dimples and rough sur faces a r e  present ;  

i n t e r g r a n u l a r  ( I )  when, t he  smooth sur faces  apparen t l y  f o l  lowing 

. . 
g r a i n  boundar ies 'are .present;  and channel f r a c t u r e  ( c )  when the  

sur faces  show pronounced s l i p  s teps and f a c e t l i k e  reg ions.  The r e s u l t s  

o f  the measurements and observa t ions  a r e  g iven  i n  Table 2.  

b. E f f e c t  o f  Temperature , 

I t  can be seen f rom the  da ta  o f  t a b l e  2 t h a t  . i n  the  un i  r r a d i a t e d  

samples an increase i n  temperature '  i s  accompanied by an i.ncrease i n  

t he  c r a c k - t i p  ang le  as w e l l  as an increase i n  the  w i d t h  o f  the  p l a s t i c  

zone assoc ia ted  w i t h  t he  c rack  f l a n k .  ' I n  th'e neu t ron  i r r a d i a t e d  

samples an  increase o f  temperature causes a decrease i n  the crack-  

t i p  ang le  and a decrease . i n  t he  w i d t h  o f  t he  p l a s t i c  zdne. These 

r e s u l t s  f o r  the  neu t ron  i r r a d i a t e d  samples . . appear t o . b e  f o l l owed  by 



TABLE 2 CRACK T1.P ANGLES & CRACK FLANK PLAST'IC ZONE WIDTH . < 
U -- 

- 
Test '  Ty'pe Type Crack T i p  

U 
Exp Type' m a 

# l r r a d i a t i o n  
m C 

Temp F rac tu re  Crack Angle degrees - o 
L N 

~ n i r r a d i a t e d ( 3 1 6 ~ ~ )  
Uni r r a d i  a ted (3  l6SS) 

3,20 ~ e u t  ron ( 3 0 4 ~ ~ )  
25 ~ e u t r o n ( 3 0 4 ~ ~ )  

10,12 Neutron (304SS) 
5 ~ e u t r o n ( w i t h  l a r g e  

vo ids )  
13 He l ium(wi th  bubbles) 

19,24 He1 ium(wi t h  bubbles) 
I I  ~ e l i u m ( f e w  b u b b l e s ) '  

-10 I v m  
20-30 > 2pm 
10-15 . I ' t o  .3pm 
,5 -10  . 1 .  t o  .3pm. 

- 2 '  : none ev i'den t 

the  he l i um i r r a d i a t e d  samples. The p l a s t i c  zone i n  the  neu t ron  

i r r a d i a t e d  samples appears more s'harply de f i ned  than t h a t  o f  the  

he l i um i r r a d i a t e d  samples. 

The , . c rack f l a n k s  o f  t he  neu t ron  i r r a d i a t e d  sample c o n t a i n i n g  

smal l  vo ids  (exp. 20) f a i l e d '  a t  room temperature i n  a duc t i ! e  

manner t y p i c a l  o f  t h a t  o f  u n i r r a d i a t e d  samples. Th i s  f e a t u r e  i s  

mani fested by .the appearance o f  " teeth"  caused by t he  shear,  processes - 

l o c a l i z e d  t o  the  t h i n  1.igaments a t  t he  c rack  f 1 a n k s . a s . i ~  shown i n  

f i g .  I .  Very s i m i l a r  micrographs have been o b t a i n e d . p r e v i o u s l y , f r o m '  . . 

(6) t e n s i l e  t e s t s  a t  room temperature o f  t ype  304 s ta in less ,  s tee l :  . 
T h i s . c r a c k  appearance i s  t o  be compared t o  t h a t  ob ta ined  from t e n s i l e  

t e s t s  a t  6 0 0 ' ~  which a re  narrow and f o l  low g r a i n  boundaries (see 

F ig .  2 ) .  These cracks obviou,sly a re  assoc ia ted  wi t h  i n t e r g r a n u l a r  

f r ac tu re .  , The b r i  t t l e  appearance o f  t he  f r a c t u r e  sur faces from the 

t h i c k e r  . pa r t s  o f  the  specimen suppor ts  t h  i s view. 



A t  4 0 0 ' ~  the  f r a c t u r e  occurs by a process known as channel 

f r a c t u r e .  The p ropagat ion  o f  cracks proceeds i n  t he  f o l l o w i n g  

manner determined f rom dynamic observa t ions  d u r i n g  deformat ion.  A 

s l i p  band i s  c rea ted  and p e r s i s t e n t  s l i p . i n  t h i s  band con t inues  

u n t i l  a  c rack  i s  i n i t i a t e d  and propagates a long  t he  narrow s l i p  band. 

A n  example o f  t h i s  c rack  i n  a  channel i s  shown i n  f i g .  3 

f o r  t he  case o f  neu t ron  i r rad ia , ted  type 304 s t a i n l e s s  s t e e l  (exp. 2 5 ) .  

The f r a c t u r e  su r f ace  f rom the  t h i c k  r e g i o n s - o f  the  same sample 

e x h i b i t s  pronounced s l i p  a long  t h e  (111)  planes. Th is  r e s u l t  i s  

s e & n . i n  f i g u r e  4. . The exposed ledges a re  ( I l l )  planes as a r e  the  

sur faces  j o i n i n g  t o  form the  po in ted  " roo f - top"  sec t i ons  o f  t he  

f r a c t u r e  su r f ace . .  A s i m i l a r  behav io r  o f  c rack  p ropagat ion  a long  a 

'channel o f  p l a s t i c  de fo rmat ion  has been observed i n  neu t ron  i r r a d i a t e d  

samples which c o n t a i n  p r e - e x i s t i n g  s l  i p  bands and a re  deformed a t  

room temperature.  'An example o f  t h i s  crack p ropagat ion  i s  shown i n  

f i g .  5 which corresponds t o  exper iment -  3. 

'Another example o f  crack propagat ion a long  s l i p  zones which a re  

swept c lean  o f  de fec t s  i s  s.hbwn i n  f i g .  6. Here t he  sample 

(exper iment 24) was he1 ium i r rad i ,a ted  under s t r e s s  t o  produce a ' 

- p o p u l a t i o n  o f  bubb les .  w i t h  de fo rmat ion  i'nduced bands f r e e  o f  bubbles. 

Crack p ropagat ion  a t  6 0 0 ' ~  was a long  these bubb le - f ree  bands. Such 

bubb le - f ree  bands have been found ad jacen t  t o  g r a i n  boundaries i n  

some cases . (  F i g .  7, exp. 17, sh0ws.a bubble-decorated g r a i n  

boundary' as we1 1 as severa l  ' bubb le-decorated i ncoherent t w i n  

boundaries.  The zone f r e e  o f  bubbles does n o t  extend a long  t he  . 



e n t i r e  boundary an'd i s  l a r g e r  i n  t t ie (110) g r a i n . t h a n  i n  the  (103) 

g ra i n .  

A f r a c t u r e  su r f ace  f rom a he l ium i r r a d i a t e d  specimen t e n s i l e  

t e s t e d  a t  room temperature i s  shown i n  f i g .  8, (exp. I I )  t o  e x h i b i t  

exaggerated s l ' i p  s i m i l a r  t o  t h a t  observed i n  the  case o f  neu t ron  

i r r a d  i a ted  samples tested.  a t  400°c..' I n  t he  case o f  expkr  imknt I I 

s i g n i f i c a n t  tw inn ing  was observed a t  the  crack edge and may 

c o n t r i b u t e  t o  t he  morpholog ica l  appearance o f  t h i s  f r a c t u r e  sur face.  

The s e r r a t e d  appearance o f  the  f r a c t u r e  su r f ace  i n  the  case o f '  

he1 i um i r r a d i a t e d  samp.les' .does n o t  fo l ' l ow t he  same temperature ' 

. . 
depkndence a's t h a t  o f  the. neu t ron  i r r a d i a t e d '  samples which exh i k i  t 

. . 
exaggerated s.1 i.p on 1 y at' i n t e rmed ia te  temperatures o f  - 4 0 0 ~ ~ .  

c . '  E f f e c t -  o f  ~ i c r o i t i u ' c t u r e  

From.the da ta  o f  t a b l e  2 a comparison o f , expe r imen ts  10, 12, 

and 5 shows. t h a t  llarge vo ids  (>30nm i n  'd iameter) .  i n '  n e u t r o n  . , 

i r r a d i a t e d  samples cause the  c r a c k - t i  p ang le  and the  w-idth o f  t he  

p l a s t i c  z o n e ' t o  increase.  Th is  tendency i s  much less  pronounced i n  

the  case . o f  he1 i um i r . r ad ia ted  samples. A comparison o f  'exper iments 

I I and 13 suggests t h a t  . t h i s  t r e n d  i s  perhaps fo l lowed.  The 

presence o f  l a r g e  vd ids . '  ( o r  bu'bbles) apparen,t ly ,b lun t s  the  crack 

t i p  and promotes d u c t i l e  f r a c t u r e .  

4.. D iscuss ion  - 

The above r e s u l t s  o f  c r a c k - t i p  ang le  and w i d t h  o f  the'  p l a s t i c  

zone cd jacen t  t o  the  c rack  f l a n k s  ' c o r r e l a t i n g  w i t h  the  d u c t i l e -  

b r i t t l e  characte'r  o f  the  f a i  l u r e ' a r e  qual ' i  t a t i v e .  Never the less they 



p rov ide  a  u s e f u l  means o f  s t udy ing  the  i n t e r a c t i o n s  between cracks 

and m i c r o s t r u c t u r e .  The above c o r r e l a t i o n  seems i n t u i t i v e l y  

p l a u s i b l e  and can .be  employed t o  b e t t e r  c h a r a c t e r i z e  such phenomena 

as channel f r a c t u r e .  

One o f  the  f i r s t  observa t ions  o f  l o c a l i z e d  s l i p  bands se rv i ng  

as p r e f e r r e d  reg ions f o r  ' f u r t h e r  s l  i p  has been p rov ided  about two 

decades ago (798). The mechanisms o f  the  de fec t  d e p l e t i o n  i n  the, 

s l i p  band have been d iscussed i n  severa l  review a r t i c l e s  (9- 1 1 )  

T y p i c a l l y  the  de fec t s  e l i m i n a t e d  from the  channel a r e  smal l  d i s l o -  

c a t i o n  loops and smal l  p o i n t  d e f e c t  aggregates. I n  t he  c l a s s i c  

p i c t u r e  o f  F i s h  e t  a1 . (2 )  channel f a i  l u r e  i s  shown t o  a f f e c t  a  narrow 

reg ion  o f  sample w i t h o u t  removing the  vo ids f rom the  channel. Th is  

r e s u l t  i s  c o n s i s t e n t  w i t h  t he  p resen t  HVEM observa t ions ;  however 

t he re  a r e  cases i n  which channels have been c rea ted  f r e e  o f  vo ids  

o r  bubbles. I t  i s  b e l i e v e d  i n  the  case o f  he l i um i r r a d i a t i o n s  o f  

microsamples t h a t  the  a c t i o n  o f  l o c a l i z e d  s l i p  d u r i n g  i r r a d i a t i o n  

may g i v e  r i s e  t o  bubb le - f ree  zones. Th is  r e s u l t  i s  found even 

though examples o f  de fo rma t i on .ass i s ted  bubble growth have a l s o  been 

~ b s e r v e d ' ~ ) .  I t  should be o u t  t h a t  whi l e  emphasis i n  t h i s  

r e p o r t  i s  on c rack  p ropagat ion  a long  narrow bands, many examples 

o f  c rack  p ropagat ion  n o t  r e s t r i c t e d  t o  a  r e . l a t i v e l y  s t r a i g h t  pa th  

a r e  a1 so observed, b u t  under .o ther  exper imenta l  condi t ions than t he  

s p e c i a l i z e d  ones which f avo r  channel f r a c t u r e .  

The f r a c t u r e  sur faces  show deep s l i p  l i n e s  l o c a l i z e d  t o  a  

narrow reg ion  so t h a t  e s s e n t i a l l y  s i n g l e  ledges o f  w i d t h  6pm a r e  

. . 



. c rea ted  corresponding . t o ' s 1  i p by over  20,000. d i  S loca t i ons  ' i n '  t he  . f  

. . 

same "channel'.'. These f r a c t u r e .  su r faces  which show a  s e r i e s  o f  t he  

exaggerated s l i p  l i n e s  are. o n l y  observed i n  t he  neu t ron  i r r a d i a t e d  

samples a t  i n te rhed  i ? t e  temperatures (ar6und 400 '~)  and suggest 

t h a t  the  temperature o f  t he  t e n s i l e  t e s t  i s  a  c r i t i c a l  v a r i a b l e .  

The d e t a i l e d  r o l e  o f  temperature i s  be ing  explored.  .Perhaps. du r i ng  ' 

the t ens i , l e  t e s t  s u b t l e  m i c r o s t r u c t u r a l  changes occur  wh i ch . f avo r  

channel format  ion .  

5., Conclusions 

I n  h i g h  f luence neu t ron  i r r a d i a t e d  type  3 0 4 - s t a i n l e s s  s t e e l ,  

1 

u n i r r a d i a t e d  type  316 s t a i n l e s s  s t e e l '  and t o  a  lesser  e x t e n t  i n  h i g h  

f luence  he l i um i r r a d i a t e d  type 316 s t a i n l e s s  s t e e l ,  b r i t t l e  cracks 

a r e  assoc ia ted  w i t h  smal l  c r a c k - t i p  angles and smal l  p l a s t i c  zones 

a t  t he  crack f l a n k s .  D u c t i l e  cracks a r e  assoc ia ted  w i t h  l a r g e r  

, c r a c k - t i p  angles and l a r g e r  p l a s t i c  zones than f o r  b r i t t l e  cracks.  

I n  un i  r r a d i a t e d  type  316 s t a i n l e s s  s t e e l ,  i nc reas ing  te-mperature 

causes-w ider  p l a s t i c  zones a t  t h e . c r a c k  f l a n k s  and w ider  c r a c k - t i p  . 

angles.  I n  i r r a d i a t e d  samples decreas ing temperat.ure causes w ider  

p l  as t i c  zones and crack-  t i p  angles . . , 

The obse rva t i on  o f  s l  i p .  band fo rmat ion  f o l  lowed, by crack 

p ropagat ion  a long  the  path o f  the  s l i p  band has been c o r r e l a t e d  w i t h  

t he  appearance o f  exaggerated s  1 i p  1 ines. on f r a c t u r e  sur faces  o f  

n e u t r o n  i r r a d i a t e d  m i c r o - t e n s i l e  samples o f  type 304 s t a i n l e s s  

s t e e l  deformed a t  400'~.  Th is .  temperature i s  between t he  t e s t  

temperatures o f  2 5 ' ~  and 6 0 0 ' ~  f o r  which duct  i l e  f a i  l u r e  occurs 



in similar samples and conforms. to. the deformation behavior o f  

' 'simi lar bulk samples. 

VI. Future Work 

Similar 'HVEM tensile tests on heavy ion irradiated samples 
. . 

and RTNS-II irradiated samples are planned. 



Fig.  1 HVEM micrograph (exp 20) o f  a  neutron i r r a d i a t e d  sample t e n s i l e  
tested a t  25 '~ .  Note. the "teeth" i n  the p l a s t i c  zone. 

Fig.  2 HVEM micrograph (exp 10) o f  a  neutron i r r a d i a t e d  sample f rac-  
ured a t  6 0 0 ' ~  showing a much reduced p l a s t i c  zone as compared 
t o  f i g u r e  1 .  



Fig. 3 HVEM mlc-rograph (exp 25) o f  a neutron i rred ia ted sample f ractured 
a t  4 0 0 ~ ~ .  Note tha t  the crack i s  f o l  lawing a narrow sl i p  band. 

Fig. 4 SEM micrograph (exp 25) o f  the same sample as i n  f i gu re  3 showing 
pronounced s l  i p  along the (1 11 ) planes. The exposed ledges are 
(1 11) planes as are the planes facing the f ront .  



Fig. 5 HVEM micrograph (exp 3) o f  a neutron i r r ad ia ted  sample f rac tured 
a t  room temperature. The crack propagated along a pre-ex is t ing 
s l i p  band. 

'7 2 

Fig. 6 HVEM micrograph (exp 24) o f  a helium ion i r r ad ia ted  sample frac- 
tured dur ing i r r a d i a t i o n  a t  6 0 0 ~ ~ .  Note the deformation induced 
bands tha t  are  kept f r ee  o f  bubbles. The crack propagated along 
one o f  these bands. 



Fig. 7 HVEM micrograph (exp 17) o f  a helium ion i r rad iated sample frac- 
tured a t  2S0C. Note the bubble free band adjacent t o  the grain 
boundary and the bubble-decorated incoherent twin boundaries as 
we1 1 as a bubblle-decorated grain boundary. The lower l e f t  grain 
has a (110) or ientat ion ( f ree surfaces). The upper r i g h t  grain 
i s  (1.03). 

%%-la. 8 SEM micrograph (exp 11) o f  a he1 im ion i r rad iated s i l ~ ~ p l e  
tured a t  25% showing exaggerated s l i p  s imi la r  t o  that  o f  
neutron sarnpl e fractured a t  400'~. Twi nn ing was observed 

f rac- 
the 
i n  the 

crack edge. 
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1. PROGRAM . . 

Title: Effects of Near Surface Uamage-and Helium on the Performance 

of the First Wall 

Principal ~nvesti~ator: 0. K. Harling 

Affiliation: Nuclear Reactor Laboratory, Massachusetts Institute of 

Technology 

11. . OBJECTIVE 

The objective of this study is to understand and quantify the effects 

of near surface damage and implanted gas on the performance of the fusion 

reactor first wall. : . . . .  

111'. .RELEVANT DAFS PROGRAM TASK/ SUBTASK . .. . . 

. . 
I 

. . 

TASK II.C.5 Effects of Cycling on Microstructure . . . . . . .  

11. C. 8. Effects of Helium and Displacement. on Fracture . . ; . 

II.C.12 Effects of Cycling on Flow and Fracture 

II.C.13 Effects of . Helium c and Displacement.on Crack 

Initiation and Propagation 

II.C.15 Effects of Ncar Surface Damage on ~atigue' 

IV. SUMMARY . . .  
\ 

The in.core cycling system has been shown to function as expected, 

w i L 1 i  a full cycle time of 4 min.. Premature,failure of an' irradiated, 

specimen led to application of electron beam welding techniques,for 

all future.specimens. ,Accurate measurements and high magnification , . .  , 

observations of the surface of highly radioactive specimens are..possible 

with a just completed setup. The elastic behavior of the specimen:has 

been characterized by finite element analysis. Safety related experiments, 

showed that the use of much higher specimen pressures and thus thicker 

walls would be possible. Preparations for .more irradiations are well 



advanced. 

V. ACCOMPLISHMENTS AND STATUS. -- H. Andresen (M.I.T.1~ahn Meitner Inst.) 
G. Kohse, .K. Kwok, A. Argon, 0.. ,Harling (M.I.T.) 

1. In- Core Experiment 

A description of the in core experiment has been given previous- 

ly* Irradiation of a pressurized capsule for about 20 reactor days 

showed that the system functions as expected. The sample was cycled 

between 350 and 550°C with a full cycle length of 4 minutes. Unfortunate- 

ly the sample failed prematurely at a welded joint. Therefore, electron 

beam welding will be used for all future specimens. 

A major difficulty of the experiment, namely intermittent 

specimen characterization. wit.h continuing irradiation has been resolved. 

A system has been completed, which allows accurate dimensional measure- 

ments of highly radioactive specimens together with optical observation 

of the surface, at magnifications up to ~~1000 x. It con~ists of 

a) a Nikon profile projector on which two precision trans- 

lational stages and one.rotationa1 stage driven by step 

motors are mounted. 

b) a Unltron nricroscopo aoupled t.o a TV camera, both of which 

are mounted on the stage of the profile projector. 

The system is " set-.up .. behind heavy shields near the hot cells in 

the MITR-I1 containment and all essential functions can be remotely 

operated. The hot specimens coming .from the reactor can be inserted 

into a special precision holder mounted on the rotational.stage which 

allows optical~access to ~ ~ 8 0 %  of the sample surface. 

This arrangement allows characterization of any a s ~ ~ e t r i e s  in 

the deformation of the..samples in between irradiations as well as the 

detection of surface cracks, flaking and 'eventual blistering. Intermittent. 
. .. 



specimen c h a r a c t e r i z a t i o n  w i l l  probably be done on a biweekly b a s i s .  With 

t h i s  approach t h e  f a i l u r e  of a sample a f t e r  cyc l ing  i t  through i ts  l i f e  

ili Lhe r e a c t o r  can be analyzed i n  much more d e t a i l  than  would be  p o s s i b l e .  

by a s t r i c t l y  .post  i r r a d i a t i o n  anal.y.si,s. 

2. Out-of-Core Experiments 

A small~vacuum furnace  has been b u i l t ,  which al lows anneal ing 
- 5 of samples u p . t o  1300°C i n  an o i l - f r e e  vacuum below .10 ;;Torr. It i s  

.used f o r  anneal ing .of t h e  samples before  p r e s s u r i z a t i o n  wi th  a helium/ 

argon mixture and far pure thermal creep measurements on some of t h e  

samples. These w i l l  h e lp  t o  s o r t  ou t  t h e  in f luence  of d i f f e r e n t  experi-  

mental parameters i n  t h e  in-core experiment. The same g o a 1 . i ~  pursued 

wi th  t h e  p repa ra t iod  of an  experiment,  which w i l l  s imula te  as accu ra t e ly  

a s  pbss ib l e  t h e  in-core experiment without  t h e  su r f ace  'bombardment by 
' 

. a -par t ic les  and t h e f f a s t  neutron e f f e c t s .  A s e r i e s  of .experiments has  

been performed which show t h a t  much h igher  p re s su re s  can be app l i ed  t o  

t h e  pressur ized  capsules  i n  t h e  in-core f a c i l i t y  than t h e  p r e s e n t l y  used 

allowed s a f e t y  l i m i t  of %I00 atm a t  550°C. This  a l lows t h i c k e r  w a l l s  i n  

t h e  specimens a t  h igher  p re s su re s  without  any ' r i s k s  t o t h e  r e a c t o r  i n  t h e  

event  of a rap id  capsule  f a i l u r e .  

Calcu la t ions  and Theore t i ca l  Work 

The geometry of t h e  p re s su r i zed ' capsu le s  used i n  the.experiment 's 

i s  very  simple. The ' t apered  s e c t i o n .  ( s ee  Fig. 1 )  i s  designed mainly t o  

provide a broad v a r i a t i o n  of t h e  s t r e s s  l e v e l s  i n  d i f f e r e n t  s e c t i o n s  of 

one sample. I n  a r e l a t i v e l y  d i f f i c u l t  scoping experiment l i k e  t h e  present  

one i t  is important t o  l i m i t  t h e  number of specimens. '  Since t h e ' s t r e s s  

l e v e l  i s  very  important f o r  t h e  mechanical behavior  i t  was f e l t  t h a t  

s imple a n a l y t i c  approximations a r e  no t  s u f f i c i e n t  f o r  comparison of t h e  

experimental  d a t a  wi th  theory.  Therefore f i n i t e  element c a l c u l a t i o n s  

were performed. 
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Figure 1. SAMPLE CAPSULE. 



Stress distributions in,the sample specimen of the fatigue 
- cracking experiment were analyzed both by the finite element computer 

cbde, ADINA'~) (~utomaeic Dynamic Incremental Nonlinear Analysis), and 

by the thin wall a?proximation. The results are plotted in Fig. 2. 

Excellent agreement is found in the thin region of the sample, whereas 

only the finite element solutions provide adequate in£ ormat ion' about the 

coupling effects of the cap and shell. In this fatigue cracking 

experiment analysis, 96 eight-node elements were used as shown in Fig. 3. 

These solid elements are two-dimensional and axisymmetrical. .  ater rial 
properties were assumed to be linear-elastic at 450°C. A non-linear 

analysis with the same finite element mesh will be performed in the near 

future with the thermo-elastic plastic-creep material behavior and with 

the Von Mises yield criterion. 

4. . In-Reactor ~ritium Trick 

? . . . 

It has been shown that the tritium trick.can be used for the 

simulation of helium buildup in fusion reactor walls made from materials 

with high hydrogen solubility. .The related- work has been presented 

at a conference and will be published in the Journal of Nuclear 
, 

(2) ~aterials. 
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0 F i n i t e  e l emen t  a n a l y s i s  r e s u l t s  

- 
T h i n  w a l l  a p p r o x i m a t i o n  r e s u l t s .  

I n t e r n a l  p r e s s u r e :  1470 p s i  
6  

Modulus o f  e l a s t i c i ty :  23 .6  x  1 0  p s i  e0 

H e i g h t  Z (mm) 

F i g u r e  2. HOOP STRESS ON OUTER WALL OF FATIGUE CAPSULE. 



Figure 3 .  FINITE ELEMENT MESH. 
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3 .  Compwter Code ADINA, developed a t  M. I. T. by Prof .  K. J. 

Bathe. It i s  used f o r  s t a t i c  and dynamic displacement and 

stress a n a l y s i s  of s o l i d  s t r u c t u r e s  and f l u i d  s t r u c t u r e  systems. 

I r r a d i a t i o n s  of spec5mens wi th  accompanying c h a r a c t e r i z i n g  measure- 

ments w i l l  con t inue  through a t  l e a s t  t h e  next  h a l f  year .  Fa i l ed  specimens 

w i l l  be d i s s e c t e d  and c a r e f u l l y  analyzed. Work on the. out-of-core simula- 

t i o n  experiment w i l l  be  s tepped up.. The f i n i t e  element c a l c u l a t i o n s  

w i l l  be cont inued t o  i nc lude  i n e l a s t i c  e f f e c t s  l i k e  thermal and 

i r r a d i a t i o n  creep.  



I. PROGRAM 

. T i t l e :  Mechanical Proper t ies.  

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

A f f  il i a t i o n :  ~ a c i f  i c  ~ o r t h w e s t  Laboratory 

. . 1. Demonstrate a  technique based on l eak  r a t e  f o r  generat ing low 

cyc le  f a t i g u e  data. . .. 

2. Compare the f a t i g u e  and s t ress  rup tu re  l i f e  data from a  l eak  . rate 

. f a t i g u e  experiment . , t o  e x i s t i n g  low cyc le  f a t i g u e  and s t ress  

rup tu re  data from convent ional t es t s .  

3. Ca lcu la te  the p red i c ted  l eak  r a t e  f rom observed crack geometry 

and compare t o  the measured l eak  r a t e .  : .  . . .  , . 

. . 
. . . . . . 

111. RELEVANT DAFS AND A D I P  TASK/SUBTASK - . . ,  

. . 

I I. C.8 E f f e c t s  o f  He1 ium and Displacements on Frac ture ,  . . .. ,. . 
. . 

I I .C.9 E f f e c t s  o f  Hydrogen on Fracture 

I I .C.12 E f f e c t s  o f  Cyc l ing  on Flow and Fractu.re . . 

I V .  SUMMARY 

I Thin wa l led  u n i r r a d i a t e d  304 SS tubes have been cyc led  a t  500°6 'at  

maximum tangen t ia l  s t resses ranging from 224 MPa t o  348 MPa. The s t ress  

r a t i o ,  o ~ ~ ~ / o ~ ~ ~  was +O. 1  and the c y c l e  frequency was 0.25 sec-' . No 
4 i n d i c a t i o n  o f  a  leak  was observed i n  10 cyc les  a t  s t resses below 286 MPa 

3  w h i l e  a  crack was developed i n  4  x  10 cyc les  a t  t h i s  s t ress .  This  

corresponds t o  40 days f o r  a  tokamak w i t h  a  1000 second duty  cyc1e:Life 

f r a c t i o n  ana lys is  suggests t h a t  f a i l u r e  r e s u l t s  p r i m a r i l y  from the c y c 1 . i ~  

s t ress  s ta te .  



V . ACCOMPLISHMENTS AND STATUS 

A. Leak Rate Fat igue Experiment - S. M. Bruemmer and R. H. Jones (PNL) 

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

A tokamak vacuum . f i r s t  w a l l  w i  11 be the  pr imary boundary sepa- 
r a t i n g  the  magnet ica l ly  confined plasma from the  l i q u i d  o r  gaseius coolant .  

This primary boundary must main ta in  vacuum i n t e g r i t y  under the  r a d i a t i o n  and 

chemical environment which w i l l  be agravated by cyc l  i c  stresses and tempera- 

t u r e s  accompanying the reac to r  burn- re fue l ing  cycle.  A c r i t i c a l  crack i n  

t h i s  vacuum boundary can the re fo re  be def ined as one which, a l lows the  

1  eakage o f  a  c r i t i c a l  q u a n t i t y  of cool a n t  s u f f i c i e n t  t o  contaminate the  

plasma t o  en te r  dur ing  the pe r iod  o f  one burn cycle.  

It i s  n o t  poss ib le  a t  t he  present  t ime t o  p r e d i c t  t he  l i f e t i m e  

o f  a..vacuum f i r s t  w a l l  because t h e  r e l a t i o n s h i p  between-fat igue f a i l u r e  based 

on vacuum i n t e g r i t y  and s t r u c t u r a l  f a i l u r e  i s  unknown. A pressur ized tube 

fat i .gue t e s t  which measures the leak  r a t e  o f . t h e  p ressu r i z ing  gas through 

t h e  tube w a l l  has been developed f o r  the  purpose o f  e s t a b l i s h i n g  such a  

r e l a t i o n s h i p .  

2.- Experimental Apparatus '. 

A schematic of t he  l eak  r a t e  f a t i g u e  apparatus 4s shown i n  

F igure  1. The specimen i s  a  t h i n  wa l led  tube w i t h  one end plugged and a  gas 

i n l e t  tube welded i n t o  a  p lug  a t  t he  o ther  end f o r  c y c l i c  p ressur iza t ion .  

The tube i s  pos i t ioned w i t h i n  an evacuated cyc l i nde r  and both i n t e r n a l  and 

ex te rna l  pressures are cont inuously monitored. Temperature i s  measured 

f rom two t h k r m o c o ~ ~ l e s  spot welded o n  the  sample. The capabi l  i t i e s  o f  

t h e  l eak  r a t e  f a t i g u e  apparatus and several o f  the  experimental s p e c i f i c s  

a re  l i s t e d  i n  Table 1. 
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FIGURE 1. '; Leak Rate Fat igue 'Apparatus. 
. . 

TABLE 1 . Experimental S p e c i f i c s  

TEST MATERIAL 304. SS 

MATERIAL CONDITION ANNEALED 
1 OOO°C/ l  h r  . 

INTERNAL PRESSURIZATION 
CAPABILITY 0-600 p s i  

EXTERNAL VACUUM 1 lo- '  
CYCLE GAS HELIUM . . 

TEMPERATURE CAPABI LITY. 1 oooOc 
I E S T  TEMPERATURE 500°C 

.,. .. -. . . 
'TUBE WALL :THICKNESS ' . 0.008 i 'n ' ' . 

CYCLE FREQUENCY . 0.25 set-' 
STRESS RATIO, omi n / ~ a x  



The approximately saw tooth  type stress-ti 'mp p ro f i , l e  i s  shown i n  

Figure 2. I n  o r d e r  t o  compare t h i s  c y c l i c  load ing t o  s t a t i c  st ress rupture  

data, a  conservative time at st ress dur ing each cyc le  has been estimated. 

For t h i s  simple analysis, i t  i s  assumed t h a t  the re levant  po r t i on  o f  the 

cyc le  i s  t h e  time a t  stresses between 70-100% o f  the maximum. It can be 

seen from s t ress rupture ,  data'') t h a t  reducing the s t ress  l e v e l  a t  any 

p o i n t  on,  the s t ress  versus time .curve..by 30%, increases the time t o  f a i l u r e  

by greater  than an order o f  magnitude. Thus 'any time dur ing our cyc le  

when the s t ress  i s  below t h i s  l eve l  i s  bel ieved t o  be i n s i g n i f i c a n t .  

~ n s t e a d  o f  obta in ing an average s t ress from t h i s  upper 30%, the maximum 

st ress .has been used i n  the l i f e  f r a c t i o n  ca lcu la t ions;  hence i t  i s  assumed 

t h a t  the r esu l t s  w i l l  be biased high and can be considered maximum values 

f o r  comparison w i t h  un iax ia l  .stress rupture  data. 
1 

TIME (SECONDS) 

FIGURE 2. - Pressur izat ion Cycle and ~ i m e  a t  
Stress Approximation. 



3. Leak Rate Fat igue Tests 

3.1 Data Comparison: Experiment versus L i t e r a t u r e  

The i n t e r n a l  p ressu r i za t i on  o f t h e  t e s t  c y l i n d e r  causes a  b i a x i a l  

s t a t e  o f  s t ress  w i t h  l o n g i t u d i n a l  and t ransverse s t ress  components. ' I n  

t he  low cyc le  fa t igue regime i n  which these t e s t s  were conducted, i t  i s  

be1 ieved t h a t  f a i  1  u re  w i  11 be governed by the maximum shear s t ress,  T ~ ~ ~ .  . 

Therefore, the  comparison shown i n  F igure 3  considers ' on l y  the, r e l a t i o n s h i p  

between rmaX and the  number o f  cyc les  t o  f a i l u r e  f o r  t he  low cyc le  f a t i g u e  

case. The same i s  t r u e  i n  F igure 4 where -rmax i s  r e l a t e d  t o  the t ime t o  

f a i l u r e .  . . 

' . .  .._ . L . .  ' . . . . .  . " 

I'n 'order t o  achieve f a i l u r e s  i n  reasonable t imes, the  s t ress  l e v e l  
, . 

was stepped t o  h igher  l e v e l s  du r ing  each t e s t .  The normal number o f  .cyc les  
3  4 a t  a  p a r t i c u l a r  s t ress  l e v e l  ranged from 1  x  10 t o  2 x  10 cyc les.  Miner 's  

summation r u l e ( * )  was employed t o  g i ve  an est imate o f ' . t he  l i f e  f r a c t i o n ,  

which ' i s '  p l o t t e d  i n  Figures 2 and 4. Thus, the steps shown f o r  each t e s t  

represent  t he  damage f r a c t i o n  a t  each s t ress ,  n o t  the  ac tua l  number o f  

cyc les  o r  t ime a t  s t ress  ... Only one o f  t he  f o u r  t e s t s  was found t o  f a i l  

as a  r e s u l t  of a  leak ,  the  o thers  e x h i b i t e d  rup ture .  ' However, usin'g the 

1  i f e  f r a c t i o n  ca l  culat'ions considerably more damage i s  observed when 
. . 

comparing the  resu l  t s  t o  low cyc le  f a t i g u e  data (F igure :  3 ) .  ; ~ v e n '  . . us ing  

the  maximized t ime a t  s t ress,  t he  h m u l a t i v e  damage reaches l e s s  ':than 3% 

o f  t he  u n i a x i a l  s t ress  rup tu re  data. ' In  the f a t i g u e  comparison, the 

ana lys i s  i nd i ca tes  the l i f e  f r a c t i o n  a t  f a i l u r e  i n  one t e s t  to. be over 

60%. It i s  impor tan t  t o  note t h a t  the u n i a x i a l  f a t i g u e  and s t ress  rup tu re  

curves ove rp red i c t  the  data from these b i a x i a l  t e s t s .  This  suggests t h a t  

f a i l u r e  i n  such a  b i a x i a l l y  loaded system may occur wel'i be fore  pred ic -  

t i o n s  us ing  data from .co.nventional t e s t s .  However,.the maximum t e n s i l e  

s t ress  l e v e l s  employed i n  these t e s t s  a re  a  f a c t o r  o f  1.3 t o  1.6 t imes the  

y i e l d  -s t ress  for.304SS a t  500°C and~ . : s ign i f i can t l y  h igher . than would be 
. . 

a n t i c i p a t e d  i n '  serv ice  .'. I a 
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.A  d e f i n i t e  conclus ion regard ing  a d i f f e r e n c e  between the leak  r a t e  

f a t i g u e  l i f e  and s t r u c t u r a l  f a t i g u e  l i f e  o f  a ma te r i a l  i s  n o t  poss ib le  w i t h  

the  present  data because the  samples f a i l e d  by rup tu re  and n o t  by the  forma- 

t i o n  o f  a s lowly  propagating crack. Tests a t  lower s t resses and hence a t  

h igher  cyc les are needed t o  achieve slower crack growth ra tes .  This  w i l l  

be accomplished by automating the  f a t i g u e  apparatus t o  make h igher  cyc le  

t e s t s  more p r a c t i c a l .  

3.2 Leak Rate Ca lcu la t ions  

The l eak  r a t e  o f  hel ium as a f u n c t i o n  o f  crack geometry has been 

est imated f rom equations f o r  the  ..fl.ow o f ,  gases through . o r i f i c e s .  The 

ana lys is  was c a r r i e d  o u t  f o r  both viscous f l o w  where the  mean f r e e . p a t h  

o f  the  gas i s  c o n t r o l  1  ed by in te rmol  ecul a r  co l  1 i sions and f o r  molecular 

f l o w  where the mean f r e e  path. i s  c o n t r o l l e d  by the  crack wa l l s .  Viscous 

f l o w  w i l l  predominate on the  coo lan t  s ide  o f  the  wa l l  w h i l e  molecular  f l ow  

may occur a t  the vacuum s ide  o f . t h e  crack; however, i t  i s  expected t h a t  

viscous f l o w  w i l l  dominate the  leak  r a t e  o f  hel ium through a crack i n  the  

vacuum w a l l .  

A c r i t i c a l  leak  fo r  a tokamak reac to r  has been a r b i t r a r i l y  taken as t h a t  

whiCh a1 lows the  he1 r'um concent ra t ion  i n  the  plasma t o  equal;- the '  deuter ium 

and t r i t i u m  concentrat ion i n  a 5000 second burn per iod.  . F o r  viscous 

cond i t ions ,  '%the r e s u l t i n g  c r i t i c a l  crack i s  0.0254 cm x 0.00254 cm. This 

i s  a very small crack which may form r e a d i l y ' u n d e r  c y c l i c  s t ress  0.r tempera- 

t u r e  cond i t ions  and w i l l  a l so  b e . d i f f i c u l t  t o  d e t e c t  f o r  r e p a i r  work. 

' Th is  ana lys i s  can be seen t o  g i ve  a reasonable p r e d i c t i o n  o f  l eak  r a t e  

i f  the  crack s i z e  i s  known i n  F igure 5. A sample w i t h  a smal l  l eak  was 

removed and the  crack dimensions measured a t  room temperature and pressure. 

Usi.ng t h i s  crack s i z e  the p red i c ted  l eak  r a t e  wa.s w i t h i n  an order  o f  

magnitude o f '  the  measured l eak  ra te .  



V I .  

MEASURED LEAK RATE 
SPECIMENT PF04-3 

CRACK DIMENSIONS: .02 cm x .008 cm 

VISCOUS FLOW 

MOLECULAR FLOW 

MEASURED LEAK RATE IS . 

. . WITHIN A N  ORDER OF 
MAGNITUDE OF PREDICTED 
LEAK'RATE . 

CRACK  LENGTH,'^^ , 

FIGURE' 5. He1 ium Leak Rate Calcu1,ation f o r  a Crack. 
o f  Constant Width o f  .0.008 cm. 
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V I I I .  FUTURE WORK 

The leak r a t e  fa t igue 'appara tus  w i l l  - be.modi f ied t o  make higher cyc le  
5 t e s t s  more p r a c t i c a l .  Tests. up t o  5 x 10 cycles are needed t o  oh ta in  a  

v a l i d  leak-  r a t e  f a t i g u e  c r i t e r i a .  
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I I. OBJECTIVE 

The o b j e c t i v e  o f  the work i s  t o  e s t a b l i s h  the  e f fec ts .  o f  f l u x ,  s t ress  

a l l o y i n g  elements on the  creep-deformation behavior o f . v a r i o u s  classes o f  

candidate MFR mate r ia l s  du r ing  1  i ght - ion  i r r a d i a t i o n . .  

111. RELEVANT DAFS PROGRAM.PLAN TASKISUBTASK 

SUBTASK I I . C . l l . l  L i g h t , P a r t i c l e  I r r a d i a t i o n s  

I V .  SUMMARY 

Tors ional  creep-rate.  measurements were made on w i  r e  specimens o f  .pure 

n i c k e l  and n i c k e l  - 4 a t .  % s i l i c o n  alloy.. A t  350°c, irradiation i s  found 

t o  produce a  greater  enhancement o f  the creep-rate i n  pure n i c k e l  than i n  , 

the  a l l -oy when s t ress  1evels.are chosen t o  make the  therinal creep-rates 

equal before i r r a d i a t i o n .  Comparison o f  p r e i r r a d i a t i o n  and p o s t i  r r a d i a t i o n  

data shows considerable i r r a d i a t i o n  hardening i n  t he  a l l o y .  Since no 

hardening i s  observed i n  the  pure metal f o r  the  doses inves t iga ted ,  the 

hardening may be associated w i  t h  r a d i a t i o n - i  nduced segregat ion (RIS)  and 

concomitant p r e c i  p i  t a t i  on/decorat ion o f  Frank 1  oops. 

ACCOMPLISHMENTS AND STATUS 

A. Rad ia t ion  Induced Segregation and I r r a d i a t i o n  Creep -- V. K. Seth i  

and R. Scholz 

During measurements o f  i r r a d i a t i o n .  creep on s o l u t i o n  annealed and aged 



Type 31 6  s t a i n l e s s  s tee l  (MHE ~ t .  # 15893), i t ,  was found t h a t  d isp lacement-  . , 
* I  

producing r a d i a t i o n  c o n s i s t e n t l y  caused t h e  sample t o  creep a g a i n s t , t h e  

appl i e d  s t ress"  ) . This anarnolous behavior i s  a t t r i b u t e d  t o  e i t h e r  modulus 

changes caused by i r r a d i . a t i o n  enhanced p r e c i p i t a t i o n  i n  t h e  metastable 

s o l u t i o n  annealed Type 316 s t a i n l e s s  s tee l ,  o r  dimensional changes caused 
. . 

by p r e c i p i t a t i o n  and/or swe l l ing .  I n  add i t i on ,  t h i s  a l l o y  i s  known t o  

e x h i b i t  considerable r a d i a t i o n  induced segregat ion (RIS) o f  both major 
(2)  and.minor a l l o y i n g  elements du r ing  heavy-ion i r r a d i a t i o n  . 

This r e p o r t  deals w i t h  experiments designed t o  determine t h e  e f fec . t  
o f  R I S  on creep deformation i n  a  model system (Ni  - 4 a t .  % S i ) ,  w i t h  

a  composit ion such t h a t  no second phase e x i s t s  i n  t he  absence o f  i r r a d i a t i o n .  I 
The a l l o y  was chosen because i t  s imulates the  s o l u t i o n  hardening present  

i n  s t a i n l e s s  s tee l  and because R I S  and p r e c i p i t a t i o n  does occur i n  t he  

a1 l oy .  

High p u r i t y  n i c k e l  and n i c k e l  - 4 a t .  % s i l i c o n  a l l o y  were processed 

i n t o  10 cm long, 0.075 cm diameter wi res.  The n i c k e l  w i res  were annealed 
< .  

a t  7 0 0 ' ~  f o r  10 minutes, and the '  n i c k e l  - 4 a t .  % s i l i c o n  w i res  were ." 

annealed a t  81 5 ' ~  f o r  2  h  i n  an i n e r t  environment. The heat  treatments . . .  .-,.. 

were se lec ted  t o  g i ve  comparable g r a i n  s izes  i n  t h e  two mater ia ls .  The gc 

creep specimens were f a b r i c a t e d  from these wires by e l e c t r o p o l  i s h i n g  a  

reduced sec t i on  (%0.013 cm diameter and 0.65 cm long) .  A t y ~ i c a l  specimen I 
f a b r i c a t e d  i n  t h i s  fash ion  conta ins a t  l e a s t  10 gra ins  across the  diame'ter'. 

Creep measurements were made i n  the Tors ional  Creep Apparatus (3 )  at 

350'~. A 21 M ~ V  deuteron beam was used f o r  i r r a d i a t i o n  experiments a t  a  

dose r a t e  o f  %2 x  dpa s - l .  P r e i r r a d i a t i o n  and p o s t i r r a d i a t i o n  

measurements were made t o  assess whether i r r a d i  a t  i o n  produced s i g n i f i c a n t  

changes i n  t he  s t r u c t u r e  o f  t t ie  ma te r i a l .  

The p r & i r r a d i a t i o n  and p o s t i r r a d i a t i o n  d a t a  f o r  t h e  t w o  ma te r i a l s  

a re  shown i n  F igs.  1-5. The main fea tures  o f  t he  data are:. 



1. ' Comparison of the  data i l l u s t r a t e d  in  f i g .  1 reveals, t ha t  

i n  pure nickel ,  f o r  the  small doses involved in  these t e s t s  (%0.075 dpa), 

the re  a r e  no large scale, '  irradiation-induced microstructural changes. 

2. Figures 2 and.3 show the  prei r radia t ion and post i r radia t ion 

deformation behavior of nickel. - ' 4  a t .  %si l icon a l loy.  The a l loy exhtbi ts  

considerable i r rad ia t ion  hardening. Since no such hardening i s  observed 

in  pure nickel ,  i t  i s  1 i kely t h a t .  the  e f f e c t  i s  associated w i t h  RIS of 

s i  1 icon t o  in ternal  immobile s inks ,  the  hardening mechanism being 

precipi  tate/decorated loop intersect ion.  

3.  The s t r e s s  and temperature dependence of the  creep-rate of 

nickel - 4 a t .  % s i l i con  f o r  pre i r radia t ion and post i r radia t ion conditions 

a r e  shown i n  f i g s .  4 and 5 respectively.  The s t r e s s  exponent f o r  creep 

of the  al loy i s  essen t ia l ly  unchanged, and, s imilar ly ,  the  act ivat ion 

energy i-s unaffected by i r rad ia t ion  a t  l e a s t  a t  lower temperatures. This 

observation suggests t h a t  the  thermally act ivated process i s  the  same f o r  

prei  r radia t ion and posti r radia t ion conditions below about 400'~. Thus, 

t h e  i r rad ia t ion  induced hardening i s  athermal i n  nature. 

Figure 6 shows the  strain-t ime curves f o r  nickel and nickel - 4 a t .  % 

s i l i c o n  during 21 MeV deuteron i r rad ia t ion .  As i l l u s t r a t e d  by the  accompany- 

. i n g  thermal creep curves the  s t r e s s  l eve l s  f o r  the  two materials  were 

chosen so as to  approximately match the  prei r radia t ion thermal creep 

behavior; Some o f . t h e  important features  of the  data are:  

1. I r radia t ion enhancement of the  creep-rate of pure nickel 

was by a f ac to r  a13, while the enhancement f o r  nickel - 4 a t .  % s i l i con  

was a5 f o r  the  i r rad ia ted  a l l oy ,  and %20 a f t e r  a l loy was i r rad ia ted  t o  

%0.075 dpa a t  a dose r a t e  of 2 x dpa . s - l .  Thus, i r rad ia t ion  

hardening reduces the thermal creep r a t e  of the  a l loy by a fac tor  of a4. 

2. Nickel appears t o  show a 1 inear f lux dependence, a1 though 

t h i s  has to .be explored fur ther .  



V I  . REFERENCES 

1 .. V. K.. Sethi and .F. V. Nolfi, J r . ,  DAFS Quarter ly  Progress Report 

f o r  period Ending Decesher 31, 1970, p. 202. 

2. V. K. . Sethi . - . .  and . F. V. Nolfi, J r . ,  DAFS Quarter ly  . . .  Progress Report 
. . 

; fo r  ~ k r i o d  Ending December 31, 1978, p.  103. . 
P 

3. V: K. Sethi ,  A ,  P. L. Turner and F. V. Nolfi,  J r . ,  DAFS Quarter ly  

. .progress  Report f o r  Period Ending September 30, 1978, p. 192: 
. , 

. . 
V I I .  FUTURE WORK . . 

, . .  , . ;> .  
. . , . 

' . ' .?., " . . 
i , -  "/ , 

. , . " ., 

Microstructural examination"bf i r rad ia ted  nickel - 4 a t .  % ;silica?: 
will  be performed t o  determine the  p rec ip i ta te  and:-disl .. ocation . sdructur%. . ,. 

The temperature, s t r e s s  and f l  ux dependencies of i r rad ia t ion  creep' in b o t h  

nickel and nickel - 4 a t .  % s i l i con  a l loy  will  be determined. 



NICKEL , 

T = 350°C 
THERMAL CREEP 
- PREIRRADIATION 
--- POSTIRRADIATION 

~ i ~ u r e .  1. Comparison of the strain-time behavior of pure nickel in pre- & 

postirradiation conditions. 



Figure 2. S t ra in - t ime  behavior  o f  n i c k e l  - 4 a t .  % s i l i c o n  a l l o y  i n  pre- 

i r r a d i a t i o n  and p o s t i r r a d i a t i o n  cond i t i ons  a t  6700 & 5000 p s i .  - 



Figure 3. Strain-time of nickel - 4 at. % silicon alloy in preirradiation 

and postirradiation conditions at 4000 & 3350 psi. 
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I THERMAL CREEP 

y r B  THERMAL CREEP . , . . ,  1 
i g u r e . 4 .  St ress dependence of t h e  steady s t a t e  creep r a t e s  f o c n i c k e l , .  , 

. and n i c k e l .  4 a t .  % s i l i c o n  a l l o y  a t  3 5 0 ' ~  i n  p r e i r r a d i a t i o n .  

and p o s t i  r r a d i a t i o n  c0nd.j t i ons .  I r r a d i a t i o n  cond i t i ons  - 21 MeV 
. .. 

, . ;deu terons ,  2 x 10-6 dpa s" , 0.075 dpa a t  3 5 0 ~ ~ .  
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~ i & r e  5. The temperature dependence of t h e s t e a d y  s t a t e  creep-rate of 

,nickel  - 4 a t .  % s i l i c o n  a l loy  a t  6700 psi maximum shear s t r e s s  

i n  prei r rad ia t ion  and pos t i r rad ia t ion  conditions. I r rad ia t ion  
- 1 conditions - 21 MeV deuterons, 2  x  loe6 dpa s , 0.075 dpa a t  
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Figure 6. I r r a d i a t i o n  enhanced creep deformation in pure nicke.1 and nickel 

- 4 a t .  % s i l i c o n  a l l o y  during 21 MeV deuteron . i r r a d i a t i o n  a t  
- 1  350 '~  a t  a  dose r a t e  of %2 x dpa s . 
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