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COMPUTER 3IVULATICW OK 

INTERSTITIAL DIFFUSION HJ TUIiG.c: 1_ 

M. W. Guinan, P. rf. S t u a r t and R. J . Borg 
Lawrence Livermore Laboratory 

L ivennore , C a l i f o r n i a 9^550 

ABSTRACT 

A f u l l y dynamic computer model employing «15C atorr.s 
i n t e r a c t i n g through an empi r i ca l p a i r p o t e n t i a l ic ;sed t o 
follow t h e d i f fus ion of a s e l f - i n t e r s t i t i a l atom I. 
t u n g s t e n . The dynamics of the j u sp process have be :: 
fu l ly explored over a wide ranze of t e r . pe ra :u re . The 
r e s u l t s show t h a t dynamic c a l c u l a t i o n s must be run for 
t imes long enough to e s t a b l i s h d i f fus ion c o e f f i c i e n t s from 
macroscopic motion of the defect s ince methods based on 
d i s c r e t e jump count ing can l e a d t o s e r i o u s e r r o r . 

INTRODUCTION 

Because of the technological importance of radiation induce~d-xiam-
age and because s e l f - i n t e r s t i t i a l atoms are the immediate consequence """-
of a damage event, they have received, over the years, considerable 
investigation. The temperature independent s t a t i c relaxation method 
has most often been used in computer simulations. In only one case, 
to the best knowledge of the authors, has the motion of an i n t e r s t i t i a l 
been followed to the extent that a diffusion coefficient could be 
measured. 

Tsai , Bullough and Perr in 1 (TBP) used a dynamic model to inve,„igate 
i n t e r s t i t i a l and vacancy diffusion in b . c . c . a-Fe and found good agree­
ment with the s t a t i c model calculations for i n t e r s t i t i a l diffusion. In 
our paral lel investigation of tungsten a major improvement in s t a t i s t i c s 
has been achieved as well as a clearer delineation of the kinematics. 
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MODEL 

The code employs a b lock of 2 x o-3

 a to . '»s , co r responding co 1 0 x 1 0 * 10 

c * i c c e l l s wi th p e r i o d i c boundary c o n d i t i o n s . Atoms i n t e r a c t through a 

p a i r p o t e n t i a l 2 which a c c u r a t e l y reproduces expe r imen ta l ly measured 

phonon d i s p e r s i o n da t a and reasonably matches thermal expans ion , e l a s t i c 

cons t an t tempera ture dependence and shock compression daca. The shape 

of t h e fundamental u n i t was v a r i e d i n t e s t c a l c u l a t i o n s t o ins.-are the 

absence of nonphysica l boundary e f f e c t s . Opera t ing t h e code in a 

r e l a x a t i o n mode, the s p l i t <110> conf igura t ion was found t o correspond 

t o e q u i l i b r i u m . S t a t i c a l l y , an en tha lpy of 0 .38 eV i s r equ i r ed for d i f ­

fusion of the s f . l f - i n t e r s t i t i a l . 

A cen te red f i r s t o rder f i n i t e d i f fe rence scheme i s used t o so lve the 

equa t ions of motion in success ive time s t e p s . The tirae s t e p , i t , i s taker. 

equa l t o 1/15 the va lue o f t h e r e c i p r o c a l of the maximum l a t t i c e v i b r a ­

t i o n a l frequency v . This t i n e i n t e r v a l i s s u f f i c i e n t l y l&r^e t o 

complete the problem in a reasonable p e r i o d of t i m e , y e t small enough t o 

g i v e accu ra t e r e s u l t s , e . g . , one o b t a i n s t h e sane jump r a t e by reduc ing 

t h e time s t e p by a f a c t o r of t e n . 

The system i s i n i t i a l i s e d by g i v i n g each atom random v e l o c i t y compo­

nen t s and then a l lowing s u f f i c i e n t t ime for t h e e n t i r e system to a t t a i n 

e q u i l i b r i u m . The volume i s a d j u s t e d t o jaa in ia in cons tan t p r e s s u r e a t 

t h e d e s i r e d t empera tu re . Ca lcu la t ion of the d i f fu s ion c o e f f i c i e n t thet . 

proceeds by r eco rd ing a l l changes i n p o s i t i o n of t h e s p l i t i n t e r s t i t i a l . 

" \ „ _ CALCULATION OT THE DIFFUSION COEFFICIENT 

I t i s d i f f i c u l t t o e s - a b l i s h t h e d i s c r e t e n e s s of a i i f f u s i v ^ jur.p, 

s i n c e l a r g e c e n t e r of mass motions occur which do not n e c e s s a r i l y give 

r i s e t o d i f f u s i o n . TEP d iv ided t h e i r l a t t i c e i n t o "Wigner-Sei tz" c e l l s 

and def ined t h e c e l l which conta ined two atoms l o n g e r than one free 

pe r iod of o s c i l l a t i o n as the p o s i t i o n of the i n t e r s t i t i a l . This method 

i s u n s a t i s f a c t o r y , y i e l d i n g s p u r i c u s l y low va lues fo r AH , the enthalpy 



of motion. We used two additional methods of calculating D; one relies 
upon the movement of the center of mass of the split interstitial ar.3 
the other upon the root mean-square distance of travel of the defe?t. 
Sites at which no atom is within 1/3 of a lattice constant, a , are 

o 
defined as vacant. A Jump is recorded when both the vacant center of 
mass, thus defined, and the additional atom transfer to an adjacent si-.e: 
there is no residence requirement in any location. 

The diffusion coefficient can be calculated from the mean jur.p rate, 
T, as given by Eq. (l), 

D = ra2/8. (1) 
o 

In the absence of correlation effects, this value should agree with that 
calculated from a macroscopic continuum definitic. , i.e. 

D = <R2>/6t (2) 
o 

2 where <R > is the mean squared displacement after a lapse of tine t . 
I t i s this l a t t e r value which is of in te res t , since i t is independent of 
the choice of Jump cri ter ion as long as t >r~ . Because of the necessarily 
ad hoc nature of any attempt to define the diffusion of an extended defect 
in terms of a series of discrete displacements, we feel that ^he macro­
scopic approach is required i f ve wish to make a valid comparison between 
dynamic and s t a t i c calculations. 

Calculations were made at five temperatures from .08 to .3 eV 
(,25<T/T <.95). At each temperature the i n t e r s t i t i a l was allowed to 

m 
diffuse until 1000 or more jumps {defined by the c r i te r ia given above) 
were accumulated. Sach run was arbi t rar i ly divided into 200 segments of 2 equal duration and <R > computed. The values of the diffusion coefficient 
D, from Eq. \2) are shewn in Fig. 1 as a function of T /T. 

m 
The l ine corresponds to 

D ~ D exu (-.}:: A D , (3) 
o -3 ~ with Z = 1.5^ x 1C- cnT/sec and £H = ,33 eV. Arrhenius behavior it. o si 

observed '.-ver the whole range of temperatures investigated. 
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Fig. 1. I n t e r s t i t i a l diffusion coefficient as a function of (17? } . 

COMPARISON OF COU::TI:;S METHODS 

TBF obtained Arrhenius behavior, but only over the higher temper­
ature portion of their work. In the i r lowest tenperature run they 
obtained more than twice as many jumps as expected from an extrapojation 
of the high temperature points . We observe a similar behavior when 
the i r method of jump counting is employed. 

Since ,?e have no reason to expect any correlation in se l f - in tor -
s t i t i a l diffusion, jump rates calculated by both our method and ;.hit o? 
Tsai et a l . are compared to that expected from Eq. ( l ) . In Fig. 2 the 
solid line corresponds to the Jurr.p rate calculated :;y r.ubnt.i t.ut.;nf '.:.'-
measured diffusion coefficient in Eq. ( l ) . Thv cror.::«:; corr' : y,u -1 '•. 
the method of Tsai et a l . , the open circles to our method of counting. 

At lower temperatures ihe method of TBP gives anor.-iloucly high 
values for -.he j'ar.L rat:—. While our method givc-j vaiu-js much ci^---r :~ 

p 
those expected from <R">, a-reement is s t i l l poor at lower temperatures. 
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Fig . 2 . Comparison of jump r a t e s as a funct ion of (T/T See t e x t . 

By i n c r e a s i n g the res idence requirement the TBP method can produce a 

reasonably good f i t t o the Arrhenius e q u a t i o n , bu t y i e l d s much l o v e r 
va lues of AH and D , than those ob ta ined from <R >. m o 

HIGH TEMPERATURE CORRELATION 

An i n t e r e s t i n g t e r p e r a t u r e dependent c o r r e l a t i o n , s p e c i f i c a l l y a 

tendency for the i n t e r s t i t i a l t o cont inue along a <111> a x i s , i s r evea led 

by the dynamic c a l c u l a t i o n s . This c o r r e l a t i o n i s not t h e r e s u l t of a 

dynamic crowdion or a p e r s i s t e n c e of no t ion as d iscussed by Alder ft -;~ . ' 

A d e t a i l e d a n a l y s i s of jumps in a l l auch ooquonc":j i:: fonr.Ir. t ' t i t »i M, n 
random one-dir .onsional walk. 

Some degree of c o r r e l a t i o n i s expected for a s p l i t <L10> i n t e r s t i t i u ! 
due t o the presence of an energy b a r r i e r opposing r o t a t i o n . We would 
expect t h a t the p r o b a b i l i t y , P , of two success ive jumps be ing along the 
same ax is would l i e somewhere between t h e value of 1/2, correspond! r.s 
t o forbidden r o t a t i o n , and 1/1*, corresponding to r andc - d i f f u s i o n . ? ; ; » 
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Table 1 . Jump sequence 

T(eV) "V P c 

0.062 a.ie 0 .5^ 
0.102 2 > 5 0.59 

0.153 5.59 0.82 

0.196 6 .11 0.81* 

0.297 h.79 0.79 

be inferred from the diffusion data from the average number of Ju:-.: v., 
sn.>, between changes in <111> axef, since 

-nd> = 1/(1 - P c ) . (U) 

As i s ev iden t from Table 1 . , only a t the lowest t empera ture ores 1'̂  ever, 

approach a va lue as low as 1 /2 , while a t high t empera tu res valuer? ••.., hi ;*h 

as .Sk a re observed. 

The e f f e c t can be understock --.:• a 

r e s u l t of the d i f fus ion geometry nni the 

high t empera tu res involved . Ir. ::.-"• 

b . c . c . l a t t i c e i t i s poss i l l - " for *.:." 

<110> s p l i t - i n t e r s t i t i a l t o diffu.-': 

back and fo r th along a given <111~' ax is 

wi thout r e t u r n i n g t o the e c v a l i b ; : *::n 

c o n f i g u r a t i o n . A chr^sTe cf zxir> --"-

q u i r e s t h a t the dumbbell cn.-s ~r.;'~,ir':i '• 
con f igu ra t i on near e q u i l i b r i u m . At high tempera tures the entropy tor::, 

dominates the energy term so t h a t the dumbbell passes through t h e e q u i ­

l i b r i u m p o s i t i o n only i n f r e q u e n t l y , and d i f fus ion t e n d s t o cont inue a lon^ 

t h e same a x i s . At low t e m p e r a t u r e s , t h e energy "term i s dominant, :-/:d the 

dumbbell spends most of i t s t ime near t h e e q u i l i b r i u m p o s i t ^ o ; . , chui.r: n? 

ax i s more of ten between d i f fus ion Jumps. 

CONCLUSIONS 

The a c t i v a t i o n en tha lpy of .33 eV determined dynamical ly i s ^15^ 

lower than the va lue .38 eV determined by t h e s t a t i c r e l a x a t i o n method. 

This d i f f e rence appears t o be ou t s ide t h e u n c e r t a i n t y o f e i t h e r c a l c u l ­

a t i o n . At p re sen t the source of t h i s d i f f e rence i s not c l e a r . 

Dynamic c a l c u l a t i o n s must be extended t o t imes long enough t o uefir.e 
macroscopic d i f fu s ion c o e f f i c i e n t s , s i n c e RD completely s a t i s f a c t o r y 
method has been found t o desc r ibe the i n t e r s t i t i a l motion as n s e r i e r of 

d e f e c t , and the f?2t t'r.a" the re ference coord ina te syrt-.-m £.-;•';:nst v.i'.c:. 



motion i s measured i s based upon t h e u n d i s t o r t e d p e r f e c t l a t t i c e . 

Fne observed high t e n p c r a t u r e c o r r e l a t i o n should prove t o be a 

genera l f ea tu re of s p l i t <110> i n t e r s t i t i a l d i f fus ion i n the b . c . e . 

l a t t i c e , a r i s i n g as i t does froo an ent ropy e f f e c t . Mscroseop ica l ly , 

t h e e f f e c t i s of l i t t l e consequence. L o c a l l y , on a 100 angstrom s e a l * , 

t h e one-dimensional n a t u r e of the d i f fus ion could s u b s t a n t i a l l y 

modifj expected r ecooh ina t ion and recovery K i n e t i c s . 
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