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DISLOCATION LOOP GROWTH AND VOID SWELLING IN BOUNDED 
MEDIA BY CHARGED PARTICLE DAMAGE 

M. H. Y o 0  

ABSTRACT 

A system of partial differential rate equations for the 
growth of disloc.ation loops and v o i d s  in one-dimensionally 
bounded media, namely the semi-infinite medium and the foil, 
under charged particle irradiation has been formulated in 
terms of the diffusion controlled kinetics of defect 
annealing and cluster growth. An efficient numerical method 
of integrating the rate equations is presented. Example 
calculations for 4 MeV Ni self-ion bombardment at 550°C 
are made, and both time and space dependences of loop  growth 
and void swelling are discussed. 

1. TNTRODUCTTON 

The investigation of microstructural radiation damage of metals by 

high-energy charged particles such as electrons, protons, and heavy ions 

has received considerable attention in recent years. In the experi- 

mental study of void formation much effort is put into simulating the 

damage produced by fast neutrons in fission or fusion reactor conditions 

with that by heavy ion bombardment in an accelerator. In theoretical 

modeling of correlation of neutron and ion radiation damage mechanisms, 

only some of the important factors inherent to the ion bombardment 

situation have been incorporated into the homogeneous rate theory of void 

Bullough et extended the rate theory of void growth 

to include a homogeneous distribution of vacancy l o o p s  which may character- 

ize the irradiation induced cascade damage. Taking the depth gradient 

of displacement damage by ion bombardment into account, Garner and 

Guthrie' solved the steady state rate equations €or semi-infinite media 

and discussed the characteristics of depth dependent void growth. 

Transient solutions of the rate equations were obtained by Savino' for 
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t h i n  € o i l s  under homogeneous displ. ixement damage as i n  a h igh-vol tage  

e l - ec t ron  mi.croscope. Ghoniem and. Ku lc insk i l  sti.idied t h e  growth behavior  

of  voi-ds and dislocati.oi-1 loops  i n  a n  i n f i n i t e  medium umder pulsed  

homo g e rr e o u s d i s  p 1 a c c: me n t damage 

The purpose of t h e  p r e s e n t  paper  is t o  p r e s e n t  a general .  model of 

l oop  growth and vo id  s w e l l i n g  i n  one-dimens i o n a l l y  bounded media du r ing  

i r r a d i a t i o n .  It i s  assumed t h a t  anneaS.ing and c l u s t e r i n g  k i n e t i c s  of 

p o i n t  d e f e c t s  is  d i f ' fus i ion  c o n t r o l l e d ,  Thin f o i l s  and s e m i - i n f i n i t e  media 

a r e  cons idered .  Botch time and space  dependences of  t h e  p o i n t  d e f e c t  

g e n e r a t i o n  r a t e ,  t h e  c o n c e n t r a t i o n s  of f r e e  p o i n t  d e f e c t s ,  and t h e  s i z e s  

of f i x e d  i.nt:ernal s i n k s  are  inc luded  i n  t h e  model. I n  Sec. 2 ,  n system 

of par-ti.al. d i f f e r e n t i a l  r a t e  e q u a t i o n s  i s  formula ted  and p h y s i c a l  meanings 

of t h e  i n p u t  parameters  g iven .  'The numerical  method 1-ised t o  i n t e g r a t e  

t h e  r a t e  e u q t i o n s  i s  g iven  i n  Sec. 3 .  Example tal-culations f o r  t h e  case 

of n i c k e l  s e l f - i o n  bombardment on a semi-inf i n i t e  medium i s  g iven  i n  

Sec. 4 .  Discuss ion  fo l lows  i n  Sec. 5,  which incl.udes o t h e r  possi.bl-e 

a p p l i c a t i o n s  o f  t h e  p r e s e n t  model. 

2. THE wm EQUATIONS 

2.1. Growth Rate of Defect  C l u s t e r s  

Consider  t h r e e  d i f f e r e n t  t ypes  of d e f e c t  c l - u s t e r s  as i n t e c n a l  s i n k s  

f o r  p o i n t  d e f e c t s  such t h a t  

where R i s  t h e  average  r a d i u s  O F  j t h  s i n k  type  i n  t h e  p l ane  pc2rpendicular 

Lo x-axis ,  x t h e  d i s t a n c e  from a r e f e r e n c e  boundary, t t h e  t i m e ,  and b i s  

t h e  Burgers  v e c t o r  of d i s l o c a t i o n  loops .  We a s s i g n  j = 1 f o r  i n t e r s t i t i a l  

l o o p s ,  j ? 10s vacancy l o o p s ,  and j = 3 f o r  v o i d s .  I f  one p o s t u l a t e s  

'Lhat s e l f - i n t e r s t i t i a l s  and vacai-t[*ies are t h e  on ly  impor tan t  f r e e  d e f e c t s ,  

then  the growth ra tes  of  d i s l o c a t i o n  loops t r e a t e d  as s p h e r i c a l  s i n k s  and 

v o i d s  can  be ob ta ined  from t h e  n e t  f l u x e s  of p o i n t  d e f e c t s  as fo l lows:  

j 
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where subscripts v and i denote vacancies and interstitials, D 9 s  the 

diffusion coefficients, C ' s  the fractional point defect concentrations, 

r'j) the effective capture radius of sink type (j) €or point defects, and 

C. is the local equilibrium Concentration of vacancies at a sink of jth 
J 
type - 
- 

When dislocation l oops  are large enough to be treated as dislocation 

line sinks, denoted by j = 4 ,  the 1.00~ growth rates may be given as 

where Z 

capture radii, r (4) 

and Zi are the numerical factors which depend on the effective 
V 

and the outer cur-off radius of dislocations. v, i' 

2.1.1 Thermal Emission of Vacancies 

In order for a faulted dislocation loop to be in local equilibrium 

with vacancies, the release of elastic line energy of the loop and the 

reduction of stacking fault energy must be related to the local 

concentration of thermal vacancies by 
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where R is the atomic volume, k is the Eoltzmann's constant, T the 

absolute temperature, y the stacking fault energy, 1-1 the shear modulus,  

and V is the Poisson's ratio. The thermal equilibrium value of vacancies 

is 

B 

f f 
where S and E are the entropy and energy of vacancy formation, 

respectively. For an unfaulted dislocation loop t he  stacking fault energy 

vanishes in E q s .  (7) and ( 8 ) ,  and f o r  a straight dislocation the line 

tension force also vanishes to give CI+ = Ce. 

V V 

- 

V 
Similarly, t h e  local concentration of vacancies near a void is 

where I' is t h e  void surface energy and P is the gas pressure in each void 

of radius R 3 .  

interacting rigid gas a t o m s ,  

g 
According to van der Waal's equation of state for non- 

where n is tlne number of gas atoms in a cavity of radius R 3  and. B is 

van der  Waal's coefficient. The number of gas atoms giving rise to an 

eqiii 1 ibrium pressure is 

8 
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Unspecified so far, the radial distance from a slnk at which c 
j 

applies is the inner cut-off radius. 

equilibrium for vacancies one must Include in E q s .  (7) and (8) t h e  inter- 

action energy between a vacancy and the sink at that radius as was done 

for infinitesimal loops in our earlier work. 'l'' 

weak strength, this interaction energy terms is neglected in t h e  present 

model. The contribution of such an interaction term is substantial in 

To ensure a local thermodynamic 

Because of the relatively 

the case of interstitials, but thermal emission of interstitials is 

neglected because of a large value of formation energy. Since = C.(p.)  

and p = p.(x,t> f o r  j = 1, 2, 3 ,  the local concentration of thermal 

vacancies is a function o f  position and time., C 

I 

j J J  

j J  I - 
= C j ( x , t ) .  j 

2.1.2 Effective Capture Radius 

The effective capture radius of an internal sink i s  defined by1'-'" 

where r i s  the capture radius and 6 is the preference Factor (6 > 0 ) .  

T h e  magnitude of the preference factor is indicative of how strongly the 

point defects interact with the particular sink. Since the magnitude of 

the volume dilatation of an interstitial is greater than that of the 

relaxation volume of a vacancy, the first-order size interaction gives 

rise t o  the condition that 6 > 6 for any sink type with a self-strain 

field. This condition is the primary cause of void formation at. 

temperatures where both vacancies and interstitials are mobile. 

C v, i 

i V 

*The following typographic errors in Eq.  ( 6 . 8 )  of r e f .  k l  should b e  
noted: the second and the third signs should be exchanged to read 2 and + s  

respectively, and the last argument should contain 2 instead of 32. 
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2 e 1.. 2 .I 3. Voids. A s  d i scussed  ear l ie r  € o r  randomly d i s t r i b u t e d  ............. ~ 

s p h e r i c a l  s i n k s ,  ' ' ' I 2  t h e  c a p t u r e  r a d i u s  of a t y p i c a l  vo id  may be  

approximated by 

(1.4) 

where the  s u p e r s c r i p t  ( j )  i s  omi t t ed  f o r  b r e v i t y ,  ~1 i s  t h e  i n n e r  cut-off  

r a d i u s ,  t h e  vo id  r a d i u s  Fn t h i s  c a s e ,  and r? i s  t h e  r a d i u s  of the. outer 

boundary which can be assumed t o  be ,  Ti2 = (rl f Rs)/2, the average. of rp 

and the r a d i u s  of t h e  sphe re  of i n f l u e n c e ,  

vo id  number d e n s i t y .  

= (3/4~rrN) ' I 3 ,  where N i s  t h e  
Ks 

B r a i l s f o r d  e t  a l .  have r e c e n t l y  de r ived  a s i m p l i f i e d  expres s ion  

f o r  t h e  s i n k  s t r e n g t h  of v o i d s ,  which dupl i -ca tes  r easonab ly  well t h e  

procedure g iven  by X r a i l s f o r d  and Bullough. Bringing t h e  ' e f f e c t i v e  

l o s s y  medium' r i g h t  up t o  t h e  v o i d ,  i . e . ,  K 

probl-em of d e f i n i n g  R when. more than  one s i n k  type  i s  p r e s e n t .  

According t o  t h e i r  expres s ion  f o r  t h e  s i n k  s t r e n g t h  for: vo ids  as t h e  only  

s i n k ,  t h e  c a p t u r e  r a d i u s  of v o i d s  i s  

= rl, they15 e l i m i n a t e  the 
S 

s 

A =: ( 4 7 ~ r ~ N ) ' / ~  . (1.5c) 

'The capture r a d i u s  eva lua ted  from E q s .  (15) i s  smaller than t h a t  from 

Eq. ( 1 4 ) .  As expected from t h e  many s i n k  e f f e c t ,  the d i f f e r e n c e  between 

t h e  t ~ o  i n c r e a s e s  as  t h e  vo id  s i z e  and t h e  void  number densi. ty i n c r e a s e .  

For t h e  example c a l c u l a t i o n s  i n  t h e  p r e s e n t  work, E q s .  (15) are  used t o  

e v a l u a t e  t h e  c a p t u r e  r a d i i  of s p h e r i c a l  s i n k s  _I 



7 

2.1.2.2 DiSlOCatiQnS. The term ' e f f e c t i v e  c a p t u r e  r a d i u s '  w a s  coined 

f i rs t  by 

c a p t u r e  r a d i u s  i n  Eq. (13), r ( 4 ) ,  i s  e q u i v a l e n t  t o  t h e  d i s l o c a t i o n  c o r e  

r a d i u s ,  r 

d e f e c t - d i s l o c a t i o n  i n t e r a c t i o n  on d e f e c t  flux. For a random d i s t r i b u t i o n  

of s t r a i g h t  p a r a l l e l  d i s l o c a t i o n s ,  .,he numerical  f a c t o r s  g iven  i n  E q s .  (5) 

and (6) may be r e l a t e d  t o  t h e  e f f e c z i v e  c a p t u r e  radius by16 

I r a .  his work on p a r t i c l e  p r e c i p i t a t i o n  on d i s l o c a t i o n s .  The 

C 
and t h e  p r e f e r e n c e  f a c t o r ,  ti'') deno tes  tile e f f e c t  of p o i n t  

d '  v , i 9  

Zi = 2 ~ ~ / l n ( R ~ / r ~  ( 4 ) )  ¶ (l l ib) 

where R 

c o r r e c t i o n  as f o r  E q s .  (15) t o  E q .  ( 2 4 )  was a l s o  made t o  E q s .  (16) by 

B r a i l s f o r d  e t  al.I5 b u t  t h i s  i s  n o t  i nc luded  i n  t h e  p r e s e n t  work. 

= (TL)-~/~, L i s  the. d i s l o c a t i o n  l i n e  d e n s i t y .  A s imi l a r  
C 

2.1.2.3 D i s l o c a t i o n  Loops. When d i s l o c a t i o n  loops  are randomly d i s t r i b -  

uted and are s m a l l  compared t o  t h e i r  sphe re  of influence, t h e  t o r u s  of a 

d i s l o c a t i o n  l o o p  c o r e  can be r e p l a c e d  by a charged sphe re  t h a t  c r e a t e s  

an e q u i v a l e n t  e l e c t r o s t a t i c  c a p a c i t y .  l 7  

t h e  e q u i v a l e n t  s p h e r i c a l  s i n k  is  

The i n n e r  cut-off  r a d i u s  o f  

(1.7) 

The c a p t u r e  r a d i u s  of s m a l l  loops  i s  o b t a i n e d  by p u t t i n g  r$" €rum E a ,  (3-7) 

i n t o  e i t h e r  Eq. (14)  o r  E q s .  (456 ,  The e f f e c t i v e  c a p t u r e  r a d i u s ,  

r (j) f o r  small d i s l o c a t i o n  loops  

( j  = 1 , 2 )  w a s  c a l c u l a t e d  based on t h e  i n f i n i t e s i m a l  l o o p  

approximat ion .  ' ' The e f f e c t  of de fec t - loop  i n t e r a c t i o n  on d e f e c t  

f l u x  i s  independent of t h e  c h a r a c t e r  of a d i s l o c a t i o n  loop  as f a r  as the  

o r  t h e  p r e f e r e n c e  f a c t o r ,  6 ") 
V ,  is v,  i' 

6(') = & ( * )  and f i r s t - o r d e r  s i z e  i n t e r a c t i o n  is  concerned. Theref o r e ,  
V v 

( 2 )  f o r  both vacancy t y p e  and i n t e r s t i t i a l  t y p e  of Frank l oops .  
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Whm d i s l o c a t i o n  loops  are l a r g e  compared t o  t h e  sphe re  of i n f l u e n c e ,  

t h e  d i s l o c a t i o n  loops  may b e  b e s t  approximated as s t r a i g h t  d i s l o c a t i o n s  of 

t h e  l e n g t h s  equal t o  their c i rcumferences  by u s i n g  t h e  r e l a t i o n s h i p  t h a t  

i l ie corresponding d i s l o r a t i o n  lincb d e n s i t y  i s  

where N i s  t h e  number density of d i s l o c a t i o n  Poops.  In t h i s  approxima- 

t i o i i ,  t h e  growth rales uf  d i s l o c a t i o n  l o o p s  are g iven  by Eqs,  (5) and ( 6 ) .  
j 

2 . 2  Po in t  Defect  Concent ra t ions  

The p o i n t  d c f e c t  c o n c e n t r a t i o n s ,  C = C ( x , t > ,  must s a t i s f y  t h e  
V ,  i v ,  i 

f ollowiing d e f e c t  conse rva t ion  ra te  equa t ions  : 

3Cv 

Kvcv ' _- - - q* 5) 4- G - RCvCi 
a t  ax vax V 

- 
where G a r e  t h e  p o i n t  d e f e c t  g e n e r a t i o n  rates, R t h e  mutual recombi- 

n a t i o n  c o n s t a n t ,  and K arc  t h e  r e a c t i o n  r a t e  c o n s t a n t s  f o r  p o i n t  
v , i  I 

v ,  i 

d e f e c t s  w i th  t h e  cont-inuum s inks  of a l l  t y p e s .  

2.2, I Boundary E f f e c t s  . . . . .. . . . .- 

The f i r s t  t e r m  on t h e  r ight-hand s i d e  of  each of E q s .  ( 19 )  accounts  

f o r  t h e  d i f f u s i o n a l  l o s s  of p o i n t  d e f e c t s  t o  t h e  r e f e r e n c e  boundary. An 

expres s ion  f o r  t h e  d r i f t  t e r m  due to a defect-boundary i n t e r a c t i o n  has  

been der ived  by t a k i n g  f u l l .  accoun'i of t h e  n .on- l inear i ty  of t h e  i n t e r a c t i o n  

e n e ~ g y , "  bu t  because of t h e  s h o r t  range  n a t u r e  of t h e  i n t e r a c t i o n  between 

a p o i n t  d e f e c t  and a s u r f a c e  o r  a n  i -n t e r f ace ,  t h e  r e s u l t i n g  c o n t r i b u t i o n  
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to the diffusional l o s s  by the drift term is usually small at elevated 

temperatures. The drift terms is, therefore, not included in the 

present model. However, such a short-range effect can be introduced into 

Eqs .  (19) if the change in the activation energy of defect migration, 
m E near the boundary is known, e.g., 
v, i’ 

D = D (x)= D:,i expI-43 m /kBT! , 
v,i v,i v,i 

where Do are the pre-exponent ial diffusion coef ficients. 
v, i 

2.2.2 Recombination Rate 

The rate constant for point defect annihilation by uncorrelated 

recombinat ion, 

will encounter 

- 
R, depends on the probability that the faster interstitials 

vacancies in their diffusive movements, and is given by1’ 

- 
R = 41rrvi(Di + Dv>/Q , 

where r is the effective capture radius of a vacancy for interstitials 

or the radius of recombination volume. Based on the first-order cubic 

elastic anisotropy and the first-order size interaction, Yo0 and Butler’ 

and Schroeder and Dettman2’ have made theoretical analyses of how K 

depends on the interaction strength, the inner cut-off radius, and 

temperature. The recombination rate constant used in the present work 

i s  based on Eq. (21) and the calculated recornbination volume by our 

earlier work. 

vi 

VF 

1 1  

2.2.3 Sink Strengths - 

The reaction rate constants for internal sinks are simp3.y related 

to the so-called ‘sink strength’ ’ ’ by 
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K = D .k2  
v ,  i v , ~  v , i  ’ 

and t o  a f i r s t  approximation t h e  t o t a l  s i n k  s t r e n g t h  may be  expressed  

as t h e  sum of a l l  t h e  s i n k  s t r e n g t h s  by 

If t h e  loops  are  s m a l l ,  t h e  summation i n c l u d e s  j = 1 , 2  and L = L 4 ;  

whereas i f  the l o o p s  are l a r g e ,  t h e  s u m a t i o n  does  r iot  i n c l u d e  j = 1 , 2  

b u t  i = T,1 + L 2  4- Ll+ as d i scussed  previous ly .  The approximation of t h e  

s i n k  s t r e n g t h  g iven  by Eqs. (23)  i gnores  t h e  i n f l u e n c e  of one s i n k  type  

on ano the r  tiype. 

An exac t  d e s c r i p t i o n  of t h e  s i n k  s t r e n g t h  i s  perhaps t h e  most: 

impor tan t  h p u t  and remains a s  t h e  most demanding t a s k  i.n so f a r  a s  

t h e o r e t i c a l  modeling of r ad i - a t ion  damage is  concerned. This  i s  a 

d i - f f i c u l t  t a s k  even f o r  t h e  s t e a d y  s t a t e  c o n d i t i o n  because o f  many si.nk 

e f f e c t s .  As f o r  t h e  combined s i n k  s t r e n g t h  of v o i d s  and d i s loca t i -ons ,  

B r a i l s f o r d  e t  a l .  have r e c e n t l y  de r ived  a t r a n s c e n d e n t a l  equa t ion  f o r  k 

(omi t t i ng  t h e  s u b s c r i p t s  v o r  i), 

  here T I  and N a r e  t h e  r a d i u s  and t h e  number d e n s i t y  of  v o i d s ,  r e s p e c t i v e l y .  

An expres s ion  of Z(k) and t h e  approximations of i t  €OK spec ia l  cases are 

g iven  i n  t h e i r  p a p e r . I 5  

c l u s t e r s  grow and d i s l o c a t i o n  m i c r o s t r u c t u r e  evo lves  d u r i n g  i r r a d i a t i o n .  

Evolu t ion  of f a u l t e d  l o o p  micros t ruc t -ure  r e s u l t s  clue mainly t o  t h e  f a c t  

The s i n k  s t r e n g t h  is time dependent 2s d e f e c t  
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that certain internal sinks have net fluxes of one point defect: type 

over the other, i.e., r'j) f r") and partly to the mutual. interaction 

between sinks. After unfaulting, dislocation loops are transformed into 

a tangled microstructure. A s  dislocations climb under irradiation and 

interact with themselves to develop a cell structure, the cell boundaries 

can be treated as discrete interface boundaries. If solution treatment 

and/or cold working is applied p r i o r  to irradiation to create fine grain 

or cell sizes in the specimen, then a typical grain ~r cell may be 

treated as a bounded medium. 

V i 

We are of the. opinion that the rate theory model presented here 

and a quantitative analysis of microstructures by transmission electron 

microscopy (TEM) together can give the best estimates of sink strengths 

and 'sink efficiencies'. 2 1  

the sink efficiency of faulted Frank loops in nickel during BVEM 

irradiation w a s  reported in the recent conference.22 

calculation that follows, the sink strengths are described by Eqs .  (23) 

together with E q s .  (13)--(18). 

Our preliminary result on the determination of 

In the example 

2 . 2 . 4  Defect Generation Kate 

Atomic displacement rate by fast electrons may be obtained from 

the experimentally measured electron flux, a threshold displacement 

energy, and the well documented data of displacement cross-sections. 

In the case of ion bombardment, the various energy loss mechanisms have 

been developed , 
depth distribution of atomic displacement rate. 2 4 7  

23 

and numerical methods now exist f o r  calculating the 

The paint defect generation rate is lower than the atomic displace- 

ment rate, E = G(x ,  t), by a substantial fraction because of correlated 

recombination and also defect clustering and annealing within the cascade 

regions in the case of heavy-ion bombardment. We are not certain as to 

what this fraction is for a given irradiation condition; but pending an 

exact treatment of this factor, f, we will assume that the depth variatien 
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- 
of  t h e  p o i n t  d e f e c t  g e n e r a t i o n  r a t e  has  t h e  same form as t h a t  of G .  The 

emission r a t e  of thermal  vacancies  from d i s l  oca t io i i s  and t h a t  from a l l  

t h e  s p h e r i c a l  s i n k  types  a re ,  r e s p e c t i v e l y ,  

and 

where j = 1 , 2 , 3  f o r  small l o o p s  and j = 3 ,  L = L1 3. L2 -k IA4 f o r  l a r g e  

l o o p s .  The t o t a l  p o i n t  d e f e c t  g e n e r a t i o n  rates arc  then g iven  by 

N 
= f‘c -I- GT2 -t- G 

GV V v ’  

I 

Gi = f G  . ( 2 7 b )  

As i n t e r n a l  s i n k s  evolve dilr i.ng i r r a d i a t i o n  t h e  thermal  emiss ion  

c o n t r i b u t i o n  t o  t h e  vacancy g e n e r a t i o n  ra te ,  Eq.  ( 2 7 a ) ,  i s  a l s o  dependent 

on s p a t i a l  p o s i t i o n .  I n  o r d e r  t o  incl.ude t h e  e f f e c t  of n u c l e a t i o n  of 

small vacancy c l u s t e r s  from disp lacement  cascades  one should in t roduce  

i n t o  E q s .  ( 2 7 )  two numer ica l  f a c t o r s  such t h a t  more f r e e  i n t e r s t i t i a l s  

are  genera ted  from disp lacement  cascades  than  tree vacanc ie s ,  f i  > f 
V’ 

and t h e  correspondi-ng s i z e  and number d e n s i t y  of vacancy c l u s t e r s  are 

cori t inuously i:ntroduced i .nto t h e  s i n k  t e r m s  E q s .  (23 ) .  S t r a a l s u n d 2  

and EulPnugh e t  a l .  found that t h e  e f f e c t  of such vacancy c l u s t e r s  on 

t h e  c o r r e l a t i o n  a n a l y s e s  of vo id  swe l l ing  d a t a  by neu t ron  and charged 

p a r t i c l e s  i r r a d i a t i o n  was a s i g n i f i c a n t  f a c t o r .  Th i s  eEfect i s  ilot 

i nc luded ,  however, i n  t h e  p r e s e n t  exanip1.c c a l c u l a t i o n s .  

Any t i m e  dependence of the  p o i n t  d e f e c t  g e n e r a t i o n  ra te  due to 

pulsed  o p e r a t i o n  of r e a c t o r s ,  as i n  some o f  t h e  advanced concepts  of 

f u s i o n  reactors,27 can be e x p l i c i t l y  put  i n  E q s .  (19) .  S imula t ions  of  



recovery upon stopping irradiation and post-irradiation annealing of 

the microstructural radiation damage may also be modeled. 

3. SOLUTION OF THE RATE EQUATIONS 

3 . 1  Initial and Boundary Conditions 

To solve the system of rate equations, E q s .  (2), ( 3 ) ,  ( 4 ) ,  and (19) 

or Eqs .  (2), (5) ,  (61, and (19), the initial and boundary conditions 

must be specified for PI, p2, p3,  Cv, and Ci. 

point defects are 

The initial conditions for 

C.(x,Q) = Q 
1 

The initial conditions for the defect clusters are set to be a uniform 

distribution of small clusters having radii of a number multiple of 

Burgers vectors 

and these are subjected to a point defect conservation by 

Since the present model does not include the nucleation processes of t h e  

defect clusters, additional initial conditions on N. and L are provided, 
J 

For the case of a semi-infinite medium with a free surface as the 

boundary, the boundary conditions are 
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(3 lb )  l i m  C.(x,t)  = 0 . C . ( O , t >  = 0 , 1. 
x- 1 

For a f o i l  of t h i c k n e s s  d t h e  hoi.indary condiLions a t  t h e  mi ( l - fo i1  arc 

t l  
dx 2 ::-(--,t) = 0 , 

----(--, aci a t )  = 0 
ax 2 

( 3 2 4  

(32b) 

whi le  t h e  same boundary c o n d i t i o n s  as b e f o r e ,  E q s .  ( 3 1 ) ,  apply  a t  t h e  

s u r f a c e  x = 0. 

3 . 2  Numerical S o l u t i o n s  

The system of r a t e  equa t ions  s u b j e c t  t o  t h e  initial and boundary 

c o n d i t i o n s  i s  so lved  numer i ca l ly  by a procedure known as t h e  method o f  

l i n e s  and by t h e  s t i f f  i n t e g r a t o r  package c a l l e d  GEAR-R. F i r s t  o f  a l l ,  

a number, M + 1, of  one-dimensional g r i d  i s  chosen. The p a r t i a l  

d e r i v a t i v e s  i n  x i n  E q s .  (19)  are r ep laced  by t h e  f i n i t e  d i f f e r e n c e  

q u o t i e n t s  f o r  d e f e c t  c o n c e n t r a t i o n s  on g r i d  p o i n t s ,  

M + 1, where x1 = 0 i s  taken  as the free s u r f a c e  and a s  the c e n t e r  of 

a f o i l  o r  a l a r g e  d i s t a n c e  from t h e  s u r f a c e  i n  the c a s e  of a s e m i - i n f i n i t e  

med im ( see  Appendix .4). The system of p a r t i a l  d i f f e r e n r i a l  rate equa t ions ,  

Eqs. ( 2 ) ,  (3), ( h ) ,  and (19)  o r  Rqs .  (2), ( 5 ) ,  ( 6 1 ,  and ( 1 9 ) ,  arc  c a s t  

i n t o  a v e c t o r  form as w a s  done by Myers e t  d. 

R = 1 , 2 ,  ....., 
XR 

2 9  



1.5 

by a s s i g n i n g  Y I  as C ( x l , t ) ,  YZ as Ci(xlYt), Y3 as PI(xL,t), Y4 as 

etc. (See Appendix A) .  This  system of 5 ( M  4- 1)  f i r s t . - o r d e r  o r d i n a r y  

d i f f e r e n t i a l  e q u a t i o n s  i s  so lved  numer i ca l ly  s u b j e c t  t o  t h e  i n i t i a l  

c o n d i t i o n s ,  

V 

P P ( X ~ Y ~ ) P  YS as P 3 ( X l s t ) ~  y6 as C V ( X 2 , t ) ~  y7 as Ci(x29t)3 y8 as P l ( X Z , t ) ,  

ob ta ined  from E q s .  (28) and ( 2 9 ) .  The boundary c o n d i t i o n s  of E q s .  (31) 

and (32 )  are i n c o r p o r a t e d  i n t o  Eq. ( 3 3 )  ( s e e  Appendix A). 

The p r e s e n t  problem i n  t h e  form of E q .  ( 3 3 )  has t h e  p r o p e r t y  of 

s t i f f n e s s  due t o  t h e  f a c t  t h a t  some s o l u t i o n s  decay a t  v e r y  d i f f e r e n t  

ra te  compared t o  o t h e r s .  

t h e  p r e s e n t  model is  banded about  i t s  main d i a g o n a l  w i t h  5 non-zero 

d i a g o n a l s  above and 5 below. The s t i f f  i n t e g r a t o r  GEAR-B developed by 

Hindmarsh2a is  des igned  t o  hand le  such problems. 

developed so  f a r  (Appendix A) have been w r i t t e n  i n t o  a FORTRAN program, 

from which t h e  GEAR-B package i s  c a l l e d .  The computer program and t y p i c a l  

o u t p u t s  are l i s t e d  i n  Appendices B and C ,  r e s p e c t i v e l y .  

I n  a d d i t i o n s ,  t h e  Jacob ian  matr ix  (aPi/aY.) i n  
J 

The governing e q u a t i o n s  

4 .  EXAMPLE CALCULATIONS 

An example problem i s  t aken  of 4 MeV s a N i 2 +  i o n  bombardment on a 

h igh -pur i ty  n i c k e l  s e m i - i n f i a i t e  medium a t  T = 823 K (550°C). 

d e p o s i t i o n  of i n i t i a l  damage energy  w a s  c a l c u l a t e d  by u s i n g  t h e  computer 

program E-DEP-124 w i t h  t h e  n i c k e l  d e n s i t y  of po = 9.13 x 

t h e  e l e c t r o n i c  s topp ing  power parameter  of k = 0.162. Th i s  w a s  conver ted  

t o  t h e  a tomic  d isp lacement  rate by t h e  modi f ied  Kinchin and Pease 

fo rmula30  and a n  estimate of i o n  f l u x  a t  t h e  peak p o s i t i o n ,  

@ = 1 pA/cm2.31 

is p l o t t e d  w i t h  r e s p e c t  t o  t h e  i o n  p e n e t r a t i o n  dep th .  The ra te  of p o i n t  

d e f e c t s  escaping she cascade  r e g i o n s  is  assumed t o  be fc w i t h  f = 0.2.  

The 

and 

e 

I 

I n  Fig.  1 t h e  c a l c u l a t e d  a tomic  d isp lacement  r a t e ,  G ,  

The problem i s  s e t  up by M = 26 increments  of va ry ing  s i z e s  between 

x1 = 0 and x27 = 4 .8  um.  Vacancy loops  s u r v i v e  f o r  a r e l a t i v e l y  s h o r t  
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F i g .  1. Atomic Displacement Rate Approximated f rom t h e  Energy 
Depos i t ion  of Ini.tiaJ. Damage Energy Calcul-ated by E-DEP-1. 

time, and t h e s e  are neglected i.11 t h e  p r e s e n t  calculation. Therefore, a 

t o t a l  of  4(M 4- 1) = 108 ra te  e q u a t i o n s  are i n t e g r a t e d .  'l"ne diffusion 

c o e f f i c i e n t s  are assumed t o  be independent  of p o s i t i o n .  The material. 

and d e f e c t  parameters  used €or t h e  c a l c u l a t i o n s  are  g iven  i n  Tab le  1. 

4 . 1  Kecornbinatioi? Doniiinnt Case 

This  l i m i t i n g  case i s  a t % a i n e d  by se t t . ing  t h e  reacti.on rate c o n s t a n t s  

to zero, K = K. = 0 .  CalcuLated vacancy d i f f u s i o n  p r o f i l e s ,  DV(CV + c;9, 
V 1 

are p l o t t e d  i n  F i g .  2 .  

g r a d u a l l y  i n t o  a s t a t i o n a r y  p r o f i l e .  I n  t h e  case of i n t e r s t i t i a l s ,  

however, t h e r e  appea r s  a transir?.iit surge  of d i fE t i s ion  profi le . . ; ,  DiCi, 

roughly ove r  t = % l o w 3  sec range as shown i n  F i g .  3 .  The d i f f e r e n c e  

between the  two, DiCi - Dv(CV f Cv), may be cons idered  as the ' d e f e c t  

diEfi1si .m p o t e n t i a l '  for nuc1eat:i.m of i n t e r s t i t i a l  c lu s t e i r s .  T h i s  i s  

p l o t t e d  i n  F ig .  4 .  f o r  t he  peak p o s i t i o n ,  x = 6.9  vm, wi th  r n s p e c t  t o  

i r r a d i a t i o n  tine. Far from the s u r f a c e  wi th  110 i n t e r n a l  s i n k s ,  one 

o b t a i n s  fo r  a s t e a d y  s t a t e  the  fo l lowing :  

They s tar t  from the  i n i t i a l  v a l u e ,  13 Ce and rise 
v v' 

e 
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Table 1. Materials Constants and Defect Parameters for Ni 

Case 
Fig. 

p = 9 .5  x 1 0 1 0  Pa 

a = 3 . 5 2  A 

v = 0.28 

h = a/Jj- 

r / b = 2  rvi/a = 1.2 d 

y = 0.4 J/m2 r = 1 j / m 2  

f 
E f = 1.6 eV 

E = 1.2 eV 

Em = 0.15 eV 

Sv/kg = 1.5 
V 

DO = 0.19 cmz/sec 

Do = 0.008 crn2/sec 

m 
V V 

1 

2. Va 
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X ,  PENETRATION DEPTH (pm) 

cancy Diffusion Profiles for t h e  Recombination Dominant 
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X,  PENETRATION DEPTH ( s m )  

Fig. 3. Interstitial Diffusion P r o f i l e s  for the Recombinaion 
Dominant Case 
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t . lRRADIATION TIME ( S e C )  

F i g .  4 .  Defect  1) i f fus ion  Potenzrials a t  t h e  Peak P o s i t i o n  f o r  t h e  
Recombination Dominant Case. 

wi th  which G at si = 0 .7  prn y i e l d s  a value of 2.06 x 

c a l c u l a t e d  s t e a d y  s ta te  v a l u e  a i  t h e  peak p o s i t i o n  ( F i g .  4 . )  i s  

2.04 x 

va lue .  It can be i n f e r r e d  from Fig .  4 .  t h a t  i f  t h e r e  w e r e  no i n t e r n a l  

s i n k s  a t  t h e  start  of i r r a d i a t i o n ,  i n t e r s t i t i a l  c l u s t e r s  such as i n t e r -  

s t i t i a l  d i s l o r a t i o n  loops  may n u c l e a t e  w i t h i n  t < 1 sec. 

cm2/sec.  The 

cm2Jsec, whi.c’n i s  0.9% smaller t h a n  t h e  i n f i n i t e  medium 

4 . 2  Sink Dominant Case 

As f o r  t h e  o t h e r  extreme s i t u a t i o n  w e  cons ide r  a s i n k  dominant case 
I 

where t h e r e  is  no recombina t ion ,  R 2 0, and t h e  i n t e r n a l  s i n k s  c o n s i s t  

of d i s l o c a t i o n s  of L = 10’l  cmJ2 w i t h  6v =1 0 and 6, = 0.1.  

(19a) and (1%) are  then  decoupled from one ano the r .  The mean free p a t h s  

of p o i n t  d e f e c t s  b e f o r e  a n n i h i l a t i n g  a t  d i s l o c a t i o n s  are k -’ = 245 A 

and ki-l - 242  A .  

Figs.  5 and 6.  The t r a n s i e n t  surge of  i n t e r s t i t i a l  d i f f u s i o n  p r o f i l e  

i n  t h i s  c a s e  (Fig.  5 )  i s  much less pronounced than i n  t h e  recombinat ion 

dominant ( F i g .  3 ) .  The t r ans i e i i ce  of d e f e c t  d i f f u s h n  p o t e n t i a l s  

a t  t h e  peak p o s i t i o n  i s  shown i n  F ig .  7 .  The s t e a d y  s t a t e  v a l u e s  f o r  

an  i n f i n i t e  medium i n  t h i s  c a s e  are  g iven  by 

EquatZons 

V 

Ca lcu la t ed  d e f e c t  d i f f u s i o n  p r o f i e l s  are shown i n  



C )'" = G i / Z i L  (3%) i i  

where thermal vacancies are neglected. 

values (Fig.7) are 1 . 4 3  X cm2/sec and 1.38 X cm2/sec f o r  

vacancies and interstitials, respectively, which are 0.9% and 1.7% smaller 

than the corresponding values calculated by E q s .  ( 3 6 ) .  Insofar as the 

role the net point defect flux plays in the processes of defect 

clustering, the results of Fig. 7 may be interpreted as follows: under 

the constant sink strengths of k? = 1.70 X 

k2 = 1.66 X 10l1 cmq2 interstitial dislocation loops may nucleate before 

t = see, whereas vacancy type clusters may nucleate after 

t = sec. 

The calculated steady state 

and 
1 

V 

"2 i .6 

E 

al 

w i  

Er 

u 
Q, 
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v 

,- 0.4 
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b> 
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Fig. 5. Vacancy Diffusion P r o f i l e s  f o r  the Sink Dominant Case with 
L = 10" cm-', 6 = 0, 6i = 0.1. 

V 
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L 
0 _./ I 
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f , IRRADIATION TIME (sec)  

F i g .  7 .  Defect I l i E f ~ i s i o n  P o L e n t i a l s  a t  the Peak Position f o r  t h e  
S i n k  Dornlnant Case. 
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4 , 3  General Case 

The fo l lowing  s i n k  d e n s i t i e s  are chosen f o r  t h e  ca l cu l - a t ion :  

N1 = 4 X 1014 

he ld  c o n s t a n t  w i th  r e s p e c t  t o  both  t i m e  and p o s i t i o n ,  Given an  i n i t i a l  

s i z e  of vo ids ,  e .g . ,  p3 = 5 ,  t h e  i n i t i a l .  r a d i u s  of i n t e r s t f t i a l  l o o p s  

w a s  set by 

Ea3 = 2 x 10" E == 1 X lolo em-*. These a r e  

I 

1 / 2  

I n i t i a l l y  (.t = 0) , t h e  c a v i t i e s  of r a d i u s ,  R 3  = p3b, are assumed t o  be 

s m a l l  e q u i l i b r i u m  gas  bubbles  con ta in ing  n gas atoms, Eq. ( 1 2 ) .  Then, 
g 

wi th  t h e  c o n s t a n t  n P dec reases  as R 3  i n c r e a s e s  as expressed  by E q .  (91.) 
g' g 

t h u s  c h a r a c t e r i z i n g  t h e  growing vo ids .  The growth ra te  of i n t e r s t i t i a l  

loops  g jven  by E q s .  ( 5 ) ,  ( 7 ) ,  and (16)  is  used wi th  S ( 4 )  = 0 and 

6!4) = Q.6. 

exceed t h e i r  sphe re  of i n f l u e n c e ,  R = 4 2 1  b .  The i n t e r a c t i o n  between a 

p o i n t  d e f e c t  and a vo id  may be inco rpora t ed  i n t o  t h e  p r e s e n t  model by 

s e t t i n g  a p p r o p r i a t e  non-zero v a l u e s  f o r  p re fe rence  f a c t o r s ,  

6 ( 3 )  f 6 $ 3 ) . 3 2 5 3 3  

the p r e f e r e n c e  f a c t o r s  as compared t o  t h o s e  f o r  d i s l o c a t i o n s  and 

d i s l o c a t i o n  loops ,  we assume t h a t  v o i d s  are weak n e u t r a l  s i n k s ,  i .e . ,  

V 

It is  assumed t h a t  t h e  loops  u n f a u l t  w i th  t h e i r  r a d i u s  
1 

S 

However, because of t h e  r e l a t i v e l y  weak s t r e n g t h  of 
V 

The t i m e  dependences of t h e  d e f e c t  d i f f u s i o n  p o t e n t i a l s  and t h e  loop 

and void  r a d i i  a t  t h e  peak p o s i t i o n ,  x = 0.7 urn9 are shown in Fig, 8. 

I n t e r s t i t i a l  l oops  grow con t inuous ly ,  and a f t e r  t = 100 sec t h e  growth 

rate i n c r e a s e s  t o  show an exponent of approximately n = 0.9 f o r  (Rl/b)at 

Whereas, v o i d s  s h r i n k  s l i g h t l y  u n t i l  t = 

and D.C, c r o s s  over .  Beyond t h i s  time t h e  void growth r a t e  s t e a d i l y  

i n c r e a s e s  t o  r each  n = 0.5 f o r  ( R j / h ) a t  

of a specimen of volume V i s  

n 

e 
s e c  a t  which D (C +- Cv> v v  

1 1  
n 

a t  t ). 102 sec. Void swe l l ing  

AV 
V - A V  

5 = (38a) 
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The time dependent  v o i d  swelling a t  x = 0 . 9  urn is shorn in F i g .  9 .  T h e  

t i m e  exponent  of n ::~ 1 . h  f o r  Sar i s  o b t a i n e d  toward the end of  

i r r a d i a t i o n  t i m e  t o  t he  dose  of 1 dpa. The rate of approach t o  t .his 

dose dependence of void s w e l l i n g  depends directly on the  chosen i n i t i a l  

value of v o i d  s i z e  as i l . l u s t r a t e d  i n  F i g .  9 .  

11 

I 1 1 1 

:*I I 
V U I L )  I 

I 

I 4680 se 

F i g ,  8.  Defect D i f f u s i o n  Potentials and C n t e r s t i t i a l  Loop and Void 
R a d i i  at the Peak Pos iL ion .  
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Fig. 9. Void Swelling Rates for Three Initial Conditions. 

The spatial dependences of the defect concentrations and the loop 

and v o i d  radii at t = 1680 sec are  shown in Fig. LO. The shape of the 

depth profile of vacancy concentration is the same as t h a f :  of interstitial 

concentration as shown in Fig. l.O(a>. Two peaks of loop radius appear 

in F i g .  1 0 ( b ) ,  R1 = 502b at x = 0.04 um and R 1  = 484b at x = 0.74 lim. 

As unfaulted loops, large loops at these depths grow into t h e  dislocation 

microstructure. 

f r e e  surface, a portion of each loop must intersect the surface. If an 

interstitial loop were to stop growing upon intersecting the smface, 

then a smaller peak near the surface would result as approximated b y  

Since the front peak  position is o n l y  400 A E r o m  t h e  
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F i g .  1.0" Depth P r o f i l e s  of Vacancy and I n t e r s t i t i a l  Concen t r a t ions  
and I n t e r s t i t i a l  Loop and Void R a d i i  a t  t = l 680  sec. 

t h e  dashed curve  i n  F ig .  lO(b) .  The depth  p r o f i l e  of vo id  r a d l u s  i s  

a l s o  shown i n  F ig .  1O(b) .  Table  2 shows t h e  c a l c u l a t e d  v a l u e s  of G, t h e  

s i n k  s t r e n g t h ,  t h e  l o o p  and vo id  radi. i .> and t h e  s w e l l i n g  f o r  t h r e e  

r e f e r e n c e  dep th  p o s i t i o n s .  Even though t h e  i r r a d i a t i o n  dose  a t  t h e  f r o n t  

p o s i t i o n  (x = 0.14 pm) is  6% h ighe r  than  t h a t  a t  t h e  back (x = 0 . 9 2  pm), 

t h e  vo id  s w e l l i n g  a t  t h e  f r o n t  i s  23% lower t h a n  a t  t h e  back.  The r eason  

f o r  t h i s  i s  the proximi ty  e f f e c t  of ~ihe f r e e  s u r f a c e .  

5. SlJMMARY AND DISCUSSION 

A system of p a r t i a l  d i f f e r e n t i a l  race e q u a t i o n s  f o r  vacanc ie s ,  

s e l f - i n t e r s t i t i a l s ,  d i s l o c a t i o n  l o o p s  arid v o i d s  i n  one-dimensional ly  

bounded media,  v i z .  a t h i n  f o i l  and a s e m i - i n f i n i t e  medium, under charged 

p a r t i c l e  i r r a d i a t i o n  h a s  been formula ted  i n  t e r m s  01 d i f f u s i o n  e o n t r o l l e d  

k i n e t i c s  of d e f e c t  annea l ing  and c l u s t e r i n g .  The ra te  equa t ions  are 
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Table 2. Numerical Results at Three Reference Positions 

Front  Peak Back 

x ( w )  0.14 0.70 0 .92  

G ( 1 0 - 4  dpa/sec) 2.10 6.a0 1 . 9 5  

dose (dpa) 0.35 1 .01  0.33 

k$ ( l o l o  cm-’) 3.69 4.81 2.77 

ki ( lo1*  crn‘-*) 4 - 0 5  5.28 2.98 

R1 /b 3 2 8 .  463. 177. 

R3 /b 5 2 .  74 .  56. 

s (XI 0.10 0.29 0.13 

integrated numerically to give the growth rate of interstitial loops and 

the void swelling rate. An example calculation for 4 MeV Ni self-ion 

bombardment on a semi-infinite medium at 550°C gives the foll.owing 

summary: (a> While the loops grow continuously, the v o i d s  initially 

shrink (t < see> before starting to grow. This is because of the. 

transient net flux of  faster interstitials, 

range of less than Q.1 dpa, the void swelling rate depends directly on 

the initial size of voids chosen for the calculation. (c) Two peaks, 

one near the free surface and another near the peak damage position, 

appear on the depth variation of loop size. The peak near the surface 

arises because of the proximity of the free surface as a neutral sink and 

the high perference factor of dislocations €or interstitials, 

>> D . ( b )  At the low dosc Di v 

= 0 . 6 ,  6A4) = 8.  (d) Because of the free surface, the void swelling 
1 

near the surface is lower than at a reference position far away from 

the surface even when the defect generation rate arid the total dose near 

the surface are greater than those at the reference position, ( e )  I f  

there were no internal sinks initially9 e . g . ,  a single crystal semi- 

infinite medium with a low dislocation density, interstitial clusters 

such as interstitial loops may nucleate within t l sec, ( f )  If a 

specimen initially contains a high density of stable dislocations 

(L = 1 x cna-’) as in cold-worked metal, then the nucleation of  
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interstitial loops  may take place withtn t < l o m 3  sec, whereas vacancy 
clusters may nucleate beyond t > sec. 

Many applications of the present model. are possible, e.g., rnicro- 

structural damage recovery, post-irradiation annealing, pulsed irradiation, 

stress effects, gas bubble growth, e t c .  The computer execution time to 

obtain the results of Figs. 8, 9, and 10 was only about 2 minutes, 
Therefore, a future extension of the present model to include more 

mobile defects and internal sinks is promising. The most important 

unsolved problem, however, is the characterizatton of the collective sink 

s t r e n g t h  of an evolving microstructure of internal sinks of various types. 

In OUK opinion, this can be b e s t  solved by quantitative analyses of TEM 

microstructures by use of the rate theory model presented here. 
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The second-order derivative of the defect concentration, C, with 

respect to the depth position, x ,  is expressed by the finite difference 

q u o t i e n t  , 29 

where 

The above equations (Al-A6) replace diffusional flux terms in E q s .  (13) e 

The system of 5 ( M  4- I> governing rate equations, Eq. ( 3 3 ) ,  f o r  a 

semi-infinite medium has the following general form: 
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(A8-b )  

( A 9 - a )  v -  
+G M ~ Ry5M_4y5M-3 - G ysM-4 ' 

i "'5M---3 = a Y  i - 
d t  M 5M-8 BMy5M-3 

(A9-b )  

with t h e  s u p e r s c r i p t s  v and i f o r  vacanc ie s  and i n t e r s t i t i a l s  and t h e  

s u b s c r i p t s  R = 2,  3 ,  . . . , M. The boundary c o n d i t i o n s ,  E q s .  ( 31 ) ,  t h a t  

'5MS.l = 'z and '5M+2 
t h e s e  boundary conditi.ons t o  be r ea l i s t i c  

= 0 have been used f o r  t h e  l a s t  two E q s .  ( A 9 ) ;  f o r  

must s u f f i c i e n t l y  exceed 

t h e  range  o f  p o i n t  d e f e c t  gene ra t ion .  For t h e  s i n k s ,  pj j "  E q s .  (21, ( 3 1 ,  

and (4)  b e c o m e  

( A 1 2 )  
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and Eqs. (5) and (6) become 

(A3.4)  

where R = 2, 3, . . . , M + 1. 
For a f o i l  problem, a l l  the equations from (A7) to ( A 1 4 )  equally 

apply except that E q s .  (A91 must be replaced to satisfy the zero-flow 

boundary condition at the m i d - f o i l ,  = d / 2 ,  by the following: 
XMS-1 

(A15-a) 

(A15-b) 
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The main program is  l i s t e d  i n  t h i s  Appendix €3. The inpu t  d a t a  c a r d s  

for t h e  d e p o s i t i o n  of damage energy ,  GP, w e r e  genera ted  by s imply 

punching o u t  c a r d s  f o r  SD form E-DEP-1. Subrout ine  BRIVEB of t h e  GEAR-R 

package is  c a l l e d  from t h i s  main program. A proper  s e t t i n g  of a p p r o p r i a t e  

dimensions i n  t h e  s u b r o u t i n e  DRIVEB is  t h e  on ly  necessa ry  ad jus tment  t o  

t h e  GEAR-B package. 

Also l i s t e d  i n  t h i s  Appendix B are t h e  t w o  s u b r o u t i n e s  r e q u i r e d  by 

t h e  GEAR-B package. F i r s t ,  i n  DIFFUN t h e  governing d i f f e r e n t i a l  rate 

equa t ions  are e s t a b l i s h e d  In  a v e c t o r  form. Second, a dummy s u b r o u t i n e  

PDB i s  r e q u i r e d  even when t h e  Jacobian  m a t r i x  is  eva lua ted  numerically 

w i t h  t h e  f l a g  MF = 22. 

I n s t r u c t i o n s  on t h e  usage of t h e  GEAR-B package are g iven  i n  t h e  

Lawrence Livermore Laboratory Report  by Hindmarsch. 2 8  

code i s  a v a i l a b l e  from t h e  Argonne Code Center .  

The computer 
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G R O W T H  K I N E T I C S  OF DEFECT c%rjsmBs E N  A SEPII-IMFINITE MEDIUM 
D U R I N G  H E A V Y  I O N  I R R A D I A T T O N  

R E F E R E N C E . .  A .  C, H I N D E R M A R S H ,  G E A R B ,  e S O L U T I O N  O? ORDINARY D I F P E R E M T S A L  
E Q U A T I O N 5  H A V I N G  B A N D E D  J A C O B P A N ,  LAHRENCE L I V E R H O R E  L A B O R A T O R Y  
REPORT OCID-33959, R E # -  1, H A R C H  1975 

TMIS NAII P R Q G R A M  CALLS S[iEE83T9:EIE D R i V E B  
I N P U T  I S  T A K B N  O N  L O G I C A L  U N I T  L I N ,  WHICH TS SET E Q U A L  PO 5 
OUTPUT IS WRITFEN ON L O G I C A L  UNIT LOUT'", WHICH IS S E T  E Q U A L  TO 6 

PHPLICIT R E A E * 8  (Ih-M,O-Z] 
COMMON / G E A R 9 /  B U S E D ,  N Q O S E D ,  N S T E P ,  NPE, NJE 
C O B  HOW /GEAR A / B, 0,  BV , DV , DI, RCO, RYO, C V E ,  H 
COPlHON /GEAR B /  D N I  , D N S  D 1 3 .  DLY I SBW, SE. SP GN, BP 
COB MOB / G E A R C /  PI ,AKT ,BMS , RSL, Z V ,  '21 
C O n t i Q N  / G E A R D /  SSlj27) ,SS2{27],ALP(27) ,BET1273 , G A H { 2 7 )  .G(27) 
COBHOW /GEAAE/  C l  ( 2 7 )  , C 3  ( 2 7 )  

U I R E W S I O N  G P ( 1 3 9 )  , X j 2 8 )  ,UX(27Q8DCB(27) , T T ( 2 0 )  
D A T A  LIWP5/, LOBT/6/ 
D A T A  K / O .  DO, 0. O B D O ,  0.02D0, 0.04D0,O. 08D0,Q. 1 4 D 0 , O .  2 2 D 0 , O .  32D0, 
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A O , ( s 2 D O  ,O. 52DO ,O, 6D0,d. 66U0,O. 7 D O  , O.74DO,OI 8 D 0 , O .  8 6 D O , O ,  9 2 D O ,  
B 0 , 9 5 D O ,  1 . 0 4 D O  , l . l D o , P .  1 6 D 0 , l .  2 4 D 0 , l .  & D O ,  1 . 7 D 0 ,  2 . 2 D 0 8 3 .  1 D 0 , 4 . 8 D O ,  
CA f D O /  

D A T A  TT/9. D-4 , 1. D - 3  , 1. D - 2 , 1 -  D - l , 1 .  DO,  1 . D +  1,l.  D + 2 , 1 .  D + 3 , 1  I 68D+3/ 
P I = 3 . 1 4 1 5 9 2 6 5 3 5 8 W 9 3 2 D O  
RC-0.8 620 476 9B-4 
S R z l .  3 6 1 D - 1 6  
B F ~ 1 , 3 1 3 - 2 3  
E X 3 = 1 ,  D0/3- D O  

INPUT P A R A M E T E R S :  
Tfi = TXHPERATUBE (Kj 
A 0  = L A T T I C E  P W R A H E T E F I  ( e @ ]  
RO = R A D I U S  OF R E C O i l B I N A T I O F  VOLUME ( A O )  
RCO = D I S L O C A T I O U  CORE RADIUS (BV) 
RFO = VOID COT-8PP R A D I U S  ( B Y )  
SM S H E A R  E.lODCrLUS ( D r N E S / C f l 2 )  
PR 2 POISSOWS R A T I O  
SE = STACKING FAULT E N E R G Y  (ERGS/C#2) 
S P  = S U R F A C E  ENERGY ( E R G S / C ; 4 2 9  
D O V  = P R E - E X P 0 N E N T I P . L  D I F F U S I O N  C O N S T A N T  OF V A C A N C I E S  (CMI2/SEC) 
D O 1  = P R E - E X P O N E N T I A L  DIPPYJSTUM C O N S T A N T  OF PNTERSTITIALS (CH2/SEC)  
ERU = HIGWATBON ENERGY OF V A C A N C I E S  SEV) 
E r i I  = X I G R A T H O N  ENERGY O F  I N T E R S T I T I A L S  ( E V )  
SFV = VACANCY FOBHATION E N T R O 1 Y  (BC] 
EPV = V A C A N C Y  F O B H A T I O N  EPVPHALFY ( E V )  
DNO = N W B B E R  D E N S I T Y  OF IIJFERSTITIAL TYPE LOOPS ( l / C H 3 )  
D N 2  = NUaBER D E N S I T Y  OF VACANCY TYPE LOOPS ( l / C H 3 )  
D N 3  N U F I B E R  D E N S I T Y  O F  V Q X D S  ( l / C a ? ]  
DEY = D Y S G O C A T I O N  bIH% D E I S I T Y  ( l p C n 2 )  
D G ~ I  = P R E F E R E N C E  F A C ~ O R  OF S T R ~ I G M T  D T S L O C A T T O N S  FOR INTERSTITIALS 
G - D E F E C T  GENERATION RATP ( D P A / S E C )  



R E A D ( L I N ,  1) T N p A B , R 0 , R @ D , R V 0 , D L 4 1  

R E A D l L T N ,  1) S M , P R . S E , S F  
R E A D t f L I N ,  1) D O V , D O I , E U V , E H T ,  SPY, EPV 
R E A D  L I N ,  1) 
R E A D f L I N ,  1) GP 

1 F O R R A T  (BD10.0) 

D N 1  , D N 2  , D N 3 ,  DL4 

C 
C FOR P A C E - C E N T E R E D  CUBIC: R E T A L S  
C 

O= ( A O * * 3 )  /4. D O  
B V = A O / D S Q B T ( 3 .  DO) 
B V S = B  V*BV 

R C = B V * R C O  
R C P = R C * ( l . D O + D L 4 I )  
u=27 
N =M *4 

S B N = S f 9  * B V /  (4  e DO*PI* 4 I .  D O - P R ]  ) 

C 
C DEFECT G E N E R A T I O N  R A T E  A S  A F R A C T I O N ,  FC, OF' A T O B I C  D I S P L A C E M E N T  R d T E  
C E S T I H A T E D  F R O B  T H E  I N I T I A L  D A H A G E  E N E R G Y ,  GP, CALCULATED BY E-DEP-1 
c 
C T R A N S P O R N A T I O N  OP D E P T H  P O S I T I O N  C D O R D I N A T E  AND 
C I N T E R P O L A T I O N  OF D E F E C T  G E N E R A T I O N  R A T E  
e 

I H = 6 3 1 1  
X I = I M  
G P S = Q .  DO 
C F = 2 .  SIB-3 
FC=O. 2 D O  

G P { I )  = G P ( I )  *CF*FC 

G P A  =GPS/X I 
D O  60 I=l,M 
I F ( X ( I ] . G T .  1 . 3 D O )  2 0  TO 62 
X I = X ( I ) * l O O . D O  
I x= xx 
X D z X I - I X  
IF (XD.  GT. 0. 5 D Q )  I X = I X + l  
I M = I X +  1 
G ( I ) = G P ( I H )  
G O  TO 60 

DO 200 I=1,IM 

200 G ? S = G P S + G P  (I) 

6 2  G (I) =O.DO 
60 DX(1) = X ( I + l )  - X ( I )  

C 
C D E T E R M I N A T I O N  O F  P A R A M E T E R S  F O R  F I N I T E  D I F P E R E N C E  QOOTIEHTS 
C WHEN D V  A N D  D I  A R E  I N D E P E N D E N T  OF X 
c 

C P= 1 I 0- Ir 
DO 90 K=l,H 

90 D X ( K )  = I ) X ( R )  *CF 
DO 63 K=2,f l  
ALP (K) =2. D O / ( D X ( K - I )  * (DX ( K )  + D X ( R -  19) 
G A M f K )  = 2 . D O / ( D X [ K ) * ( D X ( K )  + D X ( K - l )  1 )  

5 3 BET (K) =ALP (9 )  +GAM ( K )  
c 
C TEMPERATURE D E P E N D E N T  D E F E C T  P A R A # E T E R S  
C 
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c 
C 
c 

c 
c 
c 

S I N K  P A X A R E T E R S  

R S L = B ( 3 . D D / ( Y . D O * P r * D N 1 ) )  * * E X 3 1  /BI 
R ( I = l .  DO/DSQRT (PI*DLU) 
Z V = 2 .  D O * P I / I ) C O G  ( W 4 / R C )  
2 E= 2. DCD*PI/DLOG ( R  4/8C P) 

PARAHETERS POW GEAR-B 

TO=O. DO 
TI.= 1.6 8D+ 3 
H O r  1, D- 10 
E P S 4  a D-9 
I P= 22 
WRITE [LOOT, 10) A O ,  RCO, R V O , T H ,  RO, SB, PR, SE, SF, DOV, EflV, D V , D O I ,  EYP, D I ,  

10 F O R H A T  ( 1 H l / 9 0 H  G R O W T H  K I N E T I C S  OB D E F E C T  CLUSTERS IN A S E B I - I N F P N I  
ASPV, EFY,CVE, D N I ,  D N 2 ,  DN3, DLQ, DL41, T Q , T L , E P S , H O ,  PIP 

A T E  M E D I U N  D U R I N G  H E A V Y  ION I R R A D I A T I O N / / /  
B 5 X . 1 2 H  A O ( C R )  = , E B O m 4 , S X , I O R  R C ( B Y )  = e F 4 . 2 ,  
C 5 X , l l A  R V O ( B V )  = ,FQ.2// 
D 4 X . 1 2 H  T H ( K )  = . B 7 . 1 , 9 X 8 1 0 H  R O ( A 0 )  = ,P4.2// 
E ' 9 X 8 1 7 M  S M ( D Y N E S / C H 2 )  = , E I O . Q , S X , b M  PR = ,F6.4// 
P 7 X 8 1 6 H  S E ( E R G S / C f i 2 )  = ,E?0.r6,5Xa I S H  SF(ERGS/CHZ) = ,E10.4// 
G 7 X 8 1 4 H  D O V [ C f i 2 / S )  = , E P O . U , 5 X g 1 1 H  E H V ( E V )  = , P 4 . 2 , 5 X 8 1 3 H  D V ( C f i 2 / S  
H) = ,E10.4/ /  
1 7 X , 1 4 I I  D O I [ C f i 2 / 5 )  = , E 1 0 . r 6 , 5 X 8 1 1 H  E M I ( E V )  = , F 4 . 2 , 5 X 8 1 3 H  D I ( C H 2 / S  

K 7 x , l l I I  S P Y ( B C )  = , P Y . 2 , 5 X 8 l l H  E P I ( E O )  = , P 4 . 2 , 5 X 8 6 H C V E  = ,E10.4/ /  
L 7 X 8 1 3 1 . 1  D M l ( C M - 3  , E 0 O . Q 8 5 X , 1 3 H  D N 2 ( C H - 3 )  = ,E10.Q8 
B 5 X ,  1 3 H  D M 3  (CEB-3) = , E I O . Y / / I X , 1 3 A  DL4 [Cfl-2) = , E 1 0 . 4 ,  
N 5 X , $ H  D L a I  = ,F4.2// 

B 5X,5W PIF =,I3//) 

J )  = ,E10 .4 / /  

0 7 X , 5 M  TO = , E 8 . 2 , 2 X , 5 H  TL G # E 8 . 2 # S X # s H E P S  = , E 8 * 2 # 5 X # 5 H  HO = , E 8 - 2 ,  

WRTTE(LOWJ'"J''70) (K,X (K) , K = l , H )  

BWITE{LOUT,41) (K.G (K) .K=1,TP) 
7 0  F O R H A T  ( / / 5 5 X , S H  X ( K )  , / / 5 ( 1 4 . E I 6 . 5 , 6 X ) )  

71 F O R H A T ( / / 5 5 X , 5 H  G(K) . / / S ( Z 4 , E 1 6 - 5 , 6 X ) )  

7 2  FORHAT ( / / 5 5 X 8 6 H  D X ( K )  , / / 5 ( 1 4 , E 1 6 . 5 , 6 X )  ) 

I N  I T  I A; I ,  C O N D I T  TO NS: 
R 1 0  = R A D I U S  OP INTERSTITIAL TYPE LOOPS ( B V )  
R20 = RADIUS OF VACANCY TYPE LOOPS (BY) 
830 = RADIUS OF V O I D S  (33'31) 
CVO = V A C A N C Y  CONCENTRATION (ATOH F R A C T I O N )  
i l l 0  = INTERSTITIAL C O N C E N T R A T I O N  ( A T Q H  F R A C T I O N )  
GW = N U M B E R  OF G A S  ATONS IN AN E Q U I L I B R I U K  BUBBLE OF R A D I U S  R30 

URITE(LOUT,72) ( K e D X  ( K )  . K = l , H )  

R 30=5 .  DO 
R l O = D S Q R F  (la. D O / 3 ,  DO*DN3/DWl*R30**3) 
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C 
C 
C 
C 
c 
C 
c 
C 
C 
C 
C 

GN=8.  DO*P~*SP*830*R30*BVS/(3. DO* ( A K T + 2 . D O * S F * B F / ( R 3 0 * B V ]  } ) 
C P O = Q .  DO 
CVQ=O. DO 
DO 100 K = l , H  
K V a U 4 K - 3  
K I = R V +  7 
K 1 = K I +  1 
K3=Kl+ f 
Y 0 6 K V )  =CVO+CV E 

Y O  ( K I ]  =RIO 
YO(K3) =R30 
CY (K) = Y O  ( K V )  
CI ( K )  = Y O  ( K I )  
DCD { K ]  =DV*CV (K) - D I * C I  (K) 
R 1  (R) = Y O  (Kl) 

100 B 3  (K) =YO (K3) 
U R I T E ( L O U T , 4 0 )  TO 

40 F'ORHAT(lH1//4H T =,E15,8) 
WRITE(LOUT,41)  ( K , L " ' P [ K )  , , K = l , M )  

l p l  FORMAT ( / / 55X ,6H C V i K )  , / / 5  ( IU,E16.5 ,61( )  ) 
YRITE(LOUT.42)  ( K , C I ( K )  , K = l , , B )  

4 2  FORMAT'(//55X,6H C I ( K )  (14, E16 .5 ,6X)  ) 
WRITE ( LOUT,, 4 6 

46 FORMAT (//55 X,, 7 H  DCD ( K )  I //5 (I 4 I E l  6.5,6 1 
WRITE(LOUT,43)  (K,R1 ( K )  , , K = l , H )  

43  FORMAT (//55K, 6 H  R 1  (K) .//5 (14, E 1 6 -  5,,6X) ) 
21 R I T E  (LOUT I 4 5 )  (K , R 3 ( K )  , K =  1. M )  

45 FORMAT (//5SX, 6H R 3 ( K )  ,.//5 (14 ,2116.5 ,6X)  ) 
C 1  [ I )  =CVE 
E 3  (1 )  =CVE 
I N D E X =  9 
HL=4 
flIJ=4 
ID=O 

5 0  I D = I D + 1  
T O U T r T T  (ID) 
CALL D R I V E 5  (N,,TO,HO, PO,TOUT, EPS,, UP, INDEX,,HL,I!IU) 

Y O I r e X )  =CIO 

(K ,, D C D  (K)  ,, K =  1 ,, H) 

OUTPUTS: 
T = IRRADIATION TIME (SEC) 
C V  = VACANCY CONCENTRATION (ATOB FRACTION) 
C I  = I N T E R S T I T I A L  CONCEMTRATION (ATOM FRACTION) 
DCD = DV* (CV+CVE) -DI*CI {CR2/SEC) 
Rf = XNTERSTXTIAL LOOP R A D I U S  [BV) 
R 3  = VOXD R A D I U S  (SV) 
C 1  = LOCAL CONCENTRATION OF THERRAL VACANCIES AT I N T E R S I T I A L  170PS 
C 3  = LOCAL CONCENTRATION OF THERMAL VACANCIES k T  VOIDS 

DO 101 K = 1,fl 
K V=4*K-3 
KI=KV+ I 
K l = K I +  1 
K3=K1+ 1 
C V ( K )  =YO(KV) 
C I  (K) = Y O  ( K I )  
DCD ( K )  =DP*CV ( K )  -DB*CI ( K ]  
R 1  ( K )  =YO [ K l )  
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101 R 3 ( K ) = Y O ( K 3 )  
WRITE ( L O U T ,  40 1 TOUT 
WRITE ( L 0 5 T e  4 1) (K ,CV (Kc) , K = l ,  fl) 
W R I T E  ( L O U T ,  42)  ( K , C I  ( K )  K = l  M)  
W R I T E  (LOUT,S6) ( K , D C D  (K)  K = l ,  M) 
U R I T E ( E O U T e 3 9 ]  (K.C1 ( K )  , K = l , H )  

W R I T E  ( L O U T . 3 8 )  ( K , C 3  ( K )  , K = l .  a] 

W R I T E  ( L O U T . 4 0 )  TOUT 
W R I T i ? ( L O U T , Y 3 )  ( K , R 1  (K) . K = ? , B ]  
U R I T E ( L O 5 T , 4 5 )  ( K , R 3 ( K )  # K = I , E ]  

39  P O R f l A T  ( / / 5 5 X 8 6 H  C 1  ( K )  ,//5 (14, E16.5,611) 1 

38 F O R N A P  4//55X# 6H C 3 ( K )  .//5 ( I 4 , E 1 6 . 5 , 6 X )  9 

c 
C AVERAGING OF L 3 O P  AND V O I D  R A D I I  A N D  SINK S T R E M G T U  C O N S T A N T S  
C WITH R E S P E C T  T O  P E T E T R A T I O N  DEPTH 
c 

R l A = O .  DO 
R 3 A = 0 .  DO 
DXA=O.  DO 
S 1 A = 0 .  DO 
S2A=0. DO 
DO 1 0 2  K=2,20 
DXA=DXA+DX (K-1) 
S l A = S l A + S S I  ( K )  * D X ( K - I )  
S 2 A = S 2 A + S S 2 ( K )  *DX ( K - 1 )  
R l A = R l A + R I  ( K )  * D X ( K - 1 )  

102  R 3 A = R 3 A + R 3 ( K )  * D X ( K - I )  
R I A = R  1 A/DXA 
R 3 A = R  3 A P D X A  
S 1 A = S  1 A/DXA 
S 2 A = S 2 A / D W A  

C 
C E V A L U A T I O N  OP I R R A D I A T I O N  D O S E ( D P A )  AND V O I D  S W E L L I N G  (%I  
c 

D O S E = G  PA*TOUT 
D O S E P = G  (6 )  * T O O T  
D O S E P = G  (13) * T O U T  
D O S E B - G  ( 1 7 )  *TOUT 
$2-4 -  D 0 / 3 .  D O * P I * D N 3  
SW=SZ* ( R 3 A * B V )  **3 
SWF=SZ* (R3 ( 6 )  *BV)  **3 
SUP=S%*(R3 (13)  *BV) * * 3  
S W B = S Z * ( R 3 ( 1 7 )  *BV) * * 3  
S V =  SW/ (1 .  DO- S W )  *I  00. DO 
S VF=SH F/ ( 1. DO-SUP) * 1 OO. DO 
S VP=SWP/( 1 .  D O - S B P )  * 100. DO 
S V B = S W B / ( I .  DO-SWB) * 3 00. DO 
SW=SU*lOO.DO 
SWF=SWF*100. DO 
SUP-SW P*100 .) DO 
S W B = S U B * 1 0 0 .  a0 

c 
C O U T P U T S :  COHPIJTED RESULTS F O R  A V E R A G E  AND 3 R E F E R E N C E  POSITIONS 
c 

W R I T E  ( L O U T ,  S 9 )  

H R I T E ( G O U T . 3 2 )  X ( 5 )  , X ( 1 3 )  , X ( 1 7 )  
U9 F O R M A T  ( / / /24X, * A V E R A G E @  

32 FORMAT ( /4X,  ' X  .27X, 3 ( 6 X , E 1 6 . 5 )  

1 S X ,  ' F R O N T '  , 1 8 X ,  ' PEAK' , 1 8 X ,  a BACK'  /) 
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SUBROUTINE DIPPUN [N, T, Y, PDBT) 
c 
c 
c 
C 

C 
C 
C 

C 
C 
C 
C 

A SYSTEH OF N FIRST-ORDER ORDINARY DIFFERENTIAL RATE EQUATIONS 
THIS SUBROUTINE CALLS HO OTHER SUBROUTINES 

I B P L I C I T  REAL*8 (A-MIQ-Z) 

COMHON /GEARR/ DN1 ,DN2,DN3,8L4,  SBN,SE,  SF,GN, BF 
COHMON /GEARC/ PI oAKT,BVS.RSL,ZY. ZT: 
COMPlON /GEAED/ S S l ( 2 7 )  # s s 2 ( 2 7 )  , A L P ( 2 7 )  .BE"r(27)  . G A M  (27) e G ( 2 7 )  
COENON /GEA$E/ @1 ( 2 7 )  #c3 (27) 
DXEENSION Y ( N )  ,YDOT (N) 
DO 109 K = l , M  
KV=4*K-3 
K I = K V +  1 
K l = K I + S  
K 3 = K l + l  
XF(K.NE.1) G O  TO 11 
YDOT (KV) =O. DO 
YDOT(K1) = O , D O  
YDOT(Kl)=O.DO 
Y DOT (K 3)  =O.  DO 
GO TO 100 

C015MON /%EARA/ R , O ,  BV , D V , B I , R C O I R V O ~ C V E ~  f4 

T H E  S I N K  STRENGTH C O E F F I C I E N T S  

11 S S l l = O . D O  
S S 1 3 = Q  .DO 
S S 14=2 J*DL4 
s s 2  1=0. no 
S S 2 3 = 0 . 0 0  
S S2 4 = 2 I* DLld 
IP(Y(R1].LE,RCO) GO TO 19 
SS11=2.DO*PI*DNl*Y(KI~*BV*ZV 
S S 2 1 = 2 . D O * P I * D N l * Y ( K I )  * B V * Z I  

1 9  I F ( Y ( K 3 ) . L E . R V Q )  GO TO 20 
SSI3=4,DO*PI*Y ( K 3 ) * B V * D N 3  
S S 2 3 = S  $1 3 

20 S S 1  ( K )  = S S I l + S S 1 3 + S S 1 4  
S S 2 ( K )  = S S 2 l + S S 2 3 + S S 2 4  

LOCAL CONCENTRATIONS a p  T H E R M A L  VACANCIES A T  LOOPS A N D  VOIDS 
I N T E R S T I T I A L  L O O P S  UNFAWLT WHEN THEIR R A D I I  EXCEED RSL 

I F ( Y ( K l ) . L E . R C O )  G O  TO 31  
I F ( Y ( K I ) . G T . B S L )  G O  TO 3'5" 
C l ( K )  = C ~ E + D E X P ( - O / ( S V * A K T )  * ( S E + S B N * D L O G ( Y ( K l ) )  /Y ( K l ) ) )  
G O  TO 34 

37 C 1  ( K )  =CBE*DEXP ( - O * S B N / ( B V * A K T )  *DLC)G [ Y  ( R l )  ) /Y ( K l )  ) 
G O  TO 34 

31 c 1 ( ~ 9  = O , D Q  
3 4  I F ( Y ( K 3 ) . X m E . R V 0  1 GO TO 35 

PG=GN*AKT/(4. D0/3,DO*PI* [ Y  (K3)  *BV) **3-CN*BF)  

C 3  (R) =CVE*DEXP (O/AK'F* (2 .  DO*SP/(Y (K3) +BV) -PG) ) 
GO TO 36 

IF (PG. LT. 0. DO) PG=O. DO 
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S U B R O U T I N E  F D B  (FI, T ,  Y ,  PD, NO, qL, MU) 
c 
C WHEN M F  = 2 2 *  JACQBTAN MRTRTX IS EVALUATED M U N E A I C A L L Y  
C THIS I S  A DUMMY SUBROUTINE 
C 

I M P L I C I T  R B A L * 8  (A-R,Q-2) 

RETURN 
END 

O E H E H S T O N  P D  (NO, NO) 
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APPENDIX C 
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The print-outs for the last tlme-out are given in the following 

pages. Some of the important dimensions are as follows: 

T 

X 

G 

DX 

cv 
CI 

DCD 

R1 

R 3  

Cl 

C 3  

DOSE 

Sl 

S2 

SW 

sv 

sec 

Ftm 

dpa/sec 

I.lm 

fraction 

fraction 

cm2 / s e c  

b 

b 

fraction 

fraction 

dPa 

cm- 

cm-2 

2 

% 

% 

irradiation time 

depth position 

defect generation rate 

finite increment 

vacancy concentration 

interstitial concentration 
e 

Dv(Cv + CV) - DiCi 
loop radius 

void radius 

thermal vacancy concentration 
at loops 

thermal vacancy concentration 
at voids 

irradiation dose 

sink strength for vacancies 

sink strength f o r  interstitials 

void swelling Av/v x 1.00 

void swelling AV/(V - AV> x 100 



P
P

P
P

P
P

 
rs

m
m

m
o

1-
r 

4
6

0
0

8
0

 
O

O
0

O
O

Q
 

O
O

O
0

Q
O

 
0

8
8

8
0

O
 

o
0
e
o
o
o
 

w
vl

cn
rn

vl
m

 
P

P
Y

Y
Y

Y
 

N
h

)
-
b

ln
 

4
 N

 4
 N
 J

 N
 

P
P

P
P

P
 

a
a

m
m

h
 

O
O

Q
O

O
 

0
0

0
0

0
 

0
0

0
0

0
 

0
0

0
0

0
 

0
0

0
0

0
 

e
w

y
lm

m
 

PP
PP

P 

W
 

=
a
 - 0
 

P
 

w
 

II 0
 

0
 

0
 
0
 

ra
 

P
 

-L
 

m
 

U
 

P
 

N
 

L
 

n
 
1
 

I W
 

II 0
 

0
 
0
 

0
 

U
 - r
l
 

.-a
 

W
 

Q
 
z
 

w
 

n
 

U
 

w
 

ll
 

0
 . N
 

8
 

0
 

0
 

W
 - d
 

m
 

VI
 

E*
 

n
 

63
 

C
I cn
 

\
 
0
 

n
 

w
 ". I
 

n 0
 

e
 

0
 

0
 
6
 

c
)
 

Q
 

W
 

v
) 1
 

M
 

W
 

0
 x P w
 

I1 Q
 

0
 

0
 

a
 

C
J 

0
 

P
 

I 4
 

O
S

 



to aoooos-o 
LO aoooos=o 
90 aoooos-o 
LO aoooos=o 

LO 800005-0 

0'0 sb 
0'0 02 
0'0 SL 
0'0 QL 
0'0 5 

LO aoooos*o 
LO aoooos-o 
10 aoooos-o 
LO aoooos*o 
LO ~00005'0 

LO atez~6-o 
LO afezL6-0 
bo aLBZt6"O 
LO a~ez~6-0 
LO a~eztd-o 

bt 
61 
te 
6 
* 

bZ 
61 

10 GOOOO5'0 EZ 

LO aoooos'o E1 
10 aoooos-0 E 
15 aoooos-o t 

io aoooos-o eL 

(31 CB 

bt L L-ahe9L 9 '0 E 
61 LL-atmL9-0 9 
tiL L1 -ah891 9'0 € 
6 Li -(It891 9'0 9 
ti LL-Uh8919 '0 t 

fx)ax 

0'0 .bZ 
0 '0 6t 
0'0 bL 
0'0 6 
0 '0 c 

0 '0 E2 

0 '0 tl 
0 '0 8 
0 '0 5 

0.0 ~ a1 

tr) I3 

LO (IOQOOS"0 LZ 
10 (IO00 5.0 CC 

to aoooos-o ZL 
LO OOQOOS'O L 

to aooob-o Li 

LO aoooos-o e 

0'0 iz 
0'0 22 
0'0 LC 
0'0 21 
0'0 L 
0'0 2 

LO QOOOOS-0 92 
LO aoooos-o b2 

LO aoooos-0 lb 
eo 6100005-0 9 

LO aoaoos-o 9) 

ia aoooos-9 6 

0-0 92 

0 "0 9t 
0'0 11 
0'0 9 
0 '0 1 

0'0 az 



60-0821PL'5 sz 
6 0 -as6 69 6 '0 oz 
60-Cl16SZ8 0 SL 
66-BZ9?JZ8'0 Ob 
~o-asz 16s-a S 

kt 
tZ 
bl 
Zb 
6 
t 

LZ 
ZZ 
LL 
ZL 
L 
Z 

0-0 n 
8'0 Ot 

6O-UIPEQZ9 '0 Sb 
01-avoas-o QL 
6O-Q8hLZ9'0 S 

Lf 
Ek 
LI. 
Pk 
t. 
2 

LZ 
22 
Li 
ZL 

9 c -ULL9ZZ'O sz 
ZL-~EZBLB-O oz 
Lb-U9b38S'O SL 
11 -aE968s '0 OL 
L L-IlZL OB2 '0 S 

6 
2 

ht 
712 
Lt 
ZL 
b 
z 
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.

 I
.
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.

,
.

.
 

O
Q

O
Q

Q
c

)
0

~
t

5
 

c1 
D
 
0
 

Q
 

2 

n
 

ul 
VI 
N

 
VI 

W
 

a 

a
 

N
 

m
 

PD 
(v

 
m

 
0

 I
 

0
 

m
 

N
 

N
 

2 

VI 
(D

 
m

 
0

 

a
 

7 
N

N
n

lM
N

i-
 

0
0

0
0

w
w

 
. 0 

I
 

a
 

0
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