UCRL - 77309

Thiy 15 a preprint of 3 pager intended for publicauan in
a jourpal or proceedings. Since changes may be made PREPR'N‘ . 5"'
i ) I
Lo, 7.5/C¢

before pubbeation, this greprint is made avaiiahle with
the uaderaiznding that it will not oe uited or reproduced
without tie permigaion of the auther,

&
LAWRENCE LIVERMORE LABORATORY
- University of California #Livermore California

6 oy wps prosed 4b an euum ot watk

the lanra Staies s the Unsnd Sules Eoersy

THrsestd snd Desel. o8 Admemuination. st 403 o

o employees. - 0 3ny uf lher conmaton,

tabvonmractors, wr shew emplayces. maket m)

sy Xt o mpked, ur we e ) s

Ladiity of respomal) (65 IR gerwre).
e <k oty ot o, oaaces, skt 4t
Gt oc sepraats hat g e wod ot

fatringe prvatet owned 1

COMPUTER STMULATION OF
INTERSTITIAL DIFFUSION IN TUNGSTER
M. W. Guinen :
N. Stuart :
R. J. Borg

Qetober 1, 1975

4»{. 4
This paper was prepared for submission to the Tnternational Conference
On Fundamental Aspects of Radiation Damage in Metals. ’ v
October 6-10, 1975, Gatlinburg, Tennessee ASTtH
2>

T IS UNLIMITED

OISTRIBUTION OF THIS DCCU




COMPUTER SIMULATION oF
INTERSTITIAL DIFFUSION IN TULGS T

M. W. Guinan, R, ¥. Stuart ard R. J. Borg
Lawrence Livermore Leboratory
Livermore, Californie 94550

ABSTRACT

A fully dynamic computer model employing +w15C atoms
interacting through an empirical pair potentizl ic .sed to
follow the diffusion of a s=lf-interstiiial atom i,
tungsten. The dynamics of the Juwp rprocess hzve be =
fully explored over a wide range of terpera:ure. The
results show that dynamic czlculeticns must be run for
times long enough to esteblish diffusicn coefficisnts from
macroscopic motion of the defect since methods based on
discrete jump counting can lead to serious error.

INTRODUCTION

Because of the techniological importance of radiation indﬁéé\d\ﬂ\a;u—
age and because self-interstitial atoms are the immediate consequence\\"\.;
of a damage event, they have received, over the years, considerable
investigation. The tepperature independent static relaxation method
has most often been used in computer simulations. In only one case,
to the best knowledge of the suthors, has the motion of an interstitiaml
been followed to the extent that a diffusion coefficient could be

measured.

Tsai, Bullough and Perrin! (TBP) used a dynamic model to inve. Jigate
interstitial and vacancy diffusion in b.c.c. a~Fe end fourd good agree-
ment with the static model calculations for interstitiel diffusion, In
our parallel investigation of tungsten a major irprovement in statistics

hes been achieved as well as & clearer delineation of the kinematics.
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relaxation mode, the split <110> configuration was found to correszon

equations of moticn in successive time steps.

tional frequency Umax' This time interval is sufficiently le

MODEL

The code emnloys a block of 2 x 9J atons, correspanding <o 10x10x 10

curic cells with periodic boundary conditions. Atoms interact through a
pair potentia12 which accurately reproduces experimentally meuasured
phonon dispersion data and reasonavly matches thermal expansion, elastiic
constant temperature dependence and shock compression data. The shape
of the fundsmental unit was varied in test calculations to inture the

absence of nonphysical boundary effects. Operating the code in a

<u

to equilibrium. Stetically, an enthzlpy of 0.38 eV is required for di -

fusion of the self-interstitial,

A centered first order finite difference scheme is used to solve the

The time step, 4t, is taken

equal to 1/15 <he vzlue of the rz2ciprocal of the maximum latiice vibra-

ecomplete the problem in e reasonable period of time, yet small encugh o

give accurate results, e.g., one obtains the seme Jump rate by reducing

the time step ty & factor of ten.

sy

The system is initialized by giving each atom random velozity comso-

nents snd then allowing sufficient time for the entire system to attain

eguilibrium, The volume is adjusted to mainiein coastant pressuve at
the desired tempereture. Celculation of the diffusion coefficient thern

proceeds by recording all changes in pesition of the split interstitial,

T - CALCULATION OI' THE DIFFUSION COEFFICIEWT

It is difficuiy to eztsblish the discrefeness of a iiffusive

since large center of mass xotions occur which 4o nob nccessarily g1
rise to diffusion. TBP divided their lattice into "Wigner-Seitz" cells
and defined the cell which contained two atoms longer than one free

period of oscillation as the position of the interstitial. This method

is unsstisfactory, yielding spuricusly low values for AHm, the enths




of motion. We used two additional methods of calculating D; one relies

upon the movement of the center of mass of the split interstitial and

the other upon the root mean-squzxe distence of travel of the defest.
Sites at which no atom is within /3 of a lattice constant, a_, are
defined as vacant. A Jump is recorded when both *he wacant center of

mass, thus defined, end the additional atom transfer to an adjacen:i siwz:
there is no residence requirement in any locetion.
The diffusion coefficient cen be calculated from the mean jw:p rate,
r, as given by Eq. (1),
D = ra%/8. )
[¢)
In the ebsence of correlation eflects, this wvalue should egree with that
caleulated from a macroscopic contiruur definitic. , i.e.
2
D= <H“>/6t0 (2)
where <R2> is the meen squared displacement afiz» a lapse of time to.
It is this latter velue which is of interest, sinze it is independent of

the choice of Jump criterion as long es to>r—l. Zecause of the necessarily
ad hoc nature of any attempt to define the diffusion of an extended defect
in terms of & series of discrete displacements, we feel that the macro-
scopin approach is required if we wish to make a valid compurison between

dynamic and static calculetions.

Calculations were made at five temperatures from .08 to .3 eV

(.25<T/Tm<-95). At each temperature the interstitial was ellowed to
diffuse until 1000 or more Jumps {defined by the criterie given sbove)
were accumulated. Sach run was zarbitrarily divided into 200 segments of
equal duration and <Rg> computed. The values of the diffusion coeflicient

D, from Eg. {2) are shcwn in Fig. 1 as a function of Tm/T.

The line corresponds to
D = D exp{-a%_/kT), (3)

- bl . £33 - .y 5 + . : s
with EO = 1.50 x 15 3 cm” ,sec and A.—._’1 = ,33 eV. Arrhenius tehavicr i

observed ~ver the whole range of temperatures investigated.
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: Fig. 1. Interstitial diffusion coefficient as a function of (T/Tm)_14

COMPARISON OF COUNTING METHODS

TBP obtained Arrhenius behavior, but only over the nigher temper-

ature portion of their work, In their lowest temperature run they

obtained more than twice as many jumps as expected from an extrapoiation
of the high tempereture points. We observe a similar behavior when

their method of jump counting is employed.

Since se have no reason to expect any correlation in self-inter-
stitial diffusion, Jump rates celculated by both our methed and ikhat of
Tsai et al. are compared to that expected from Eq. {1). In Fig. 2 the
solid line aorresponds to the Jump rate calculated Ly substitualine e
measured diffusion coefficient in Eq. {1). The erasues corrcnend to.

the method of Tsai et al., the open circles to our method of cournting.

i At lowser temperetures cthe method of TBP gives anomaloucly high

values Tor the junr ra

While our me-hizi gives values much clelvl e

"

2
those expected from <R >, agreement is still poor st lower tempsratures.
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Fig. 2. Cempariscn of Jump rates as a function of (T/Tm)-l. See text.

By increasing the residence requirement the TBP method can produce a

reasonably good fit to the Arrhenius equation, but yields much lower

values of AHm end Do’ than those obtained from <R2>.
HIGH TEMPERATURE CORRELATION

An interesting terperature dependeat ccrre=lation, specifically a

tendency for the interstitial to continue along a <111> axis, is revealed

by the dynamic calculaticns. This correlation is not the result of a
dynamic crowdion or a persistence of motion as ditscussed by aAlder et =
A detailed anzlysis of jumps irn all zuch sequences i rousistent wi'h o

rendon cne-dirensional walk.

Some degree of correlation is expected for a split <110> ipterstitjmn:

) due to the presence of an energy barrier oprosing rotetisn.  We would
expect that the probability, Pc, of two successive jumps being along the
same exis would lie somewhere tetween the value of 1/2, corresvondina
to forbidden rotation, and 1/L, corresponding to randem diffusion. = o

~
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be inferred from the diffusion data from the average number of Juris,

Knd>, between changes in <111> axez, since

g = 1/(1 - P (L)

As is evident from Table 1., only a- the lowest terperature l:es

sppreach a2 value as low as 1/2, while at high temperaturces v

as .84 are observed.

Table 1. Jump sequences. The effect can be undersioc: =r «
T{eV) <nd> Pc result of the diffusion ge
0.082 2.18 0.5k high temperatures involved., 1In
0.102 2.5 0.59 b.c.c. lattice it is possitia Jor i
0.153 5,59 0.82 <110> split-interstitial to
0.196 §.11 0.8h back and forth =2long 2 given
0.297 4.79 0.79 withcut returning to <the e

configuration. A ch=o

quires that the dumbbell crn

configuration near equilibrium. At high terperatures the entropy Sorn
dominates the energy term so that the dumbbell passes through the eyul-
librium position only infrequently, and diffusion tends *to corntinus along
the same axis. At low terperatures, the energy terr is dominnnt, -:d the
dumbbell spends most of its time near the equilibrium position, shan:ins

axis more often between diffusion jumps.

CONCLUSIONS
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Tae activation enthzlpy of .33 eV determined dynamiza
lower than the velus .38 eV determined by the stavic reigxaetion method.
This difference eppesars to be outside the uncertainty of either calcul-

ation. At present the source »f this difference is not clear.
Dynamic calculations must he extended to times long ensush to wefino
macroscopic diffusion coefficients, since no completely salisfeccoiy

method has been found to descerite the interstitial motion =s o series of
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motion is measured is bmsed upon tne undistorted perfect lattiice.

Tne observed high temperature correlation should rrove to te a
general feature of split <110> interstitial diffusion in the b.c.o.
lattice, arising es it does from an enrtropy effect, Macroscopicelly,
the effect is of little conseguence. Locally, on 8 100 angstrom scule,
the ope~dimensional neture of the 3iffusion could substantially

modify expected recombination and recovery Xinetics.,
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