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Molecular-dynamics studies of grain-boundary diffusion.
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VRcRIlcy Jumps 111 R blcrystal Illodcl of X=5 (36.9 ) [001] tll't boIIIldary 111 bcc Fc llavc beell sllllll-

lated at temperatures of 1300, 1400, and 1500 K by molecular dynamics with the use of the empiri-

cal Johnson potential. The results confirm the dominance of a vacancy mechanism in grain-

boundary diffusion. An activation energy of 0.51 eV for vacancy migration has been obtained along

with a reasonable value of the jump-attempt frequency. Analysis of the jump directions shows a

preferential bias along the tilt axis. The relation between diffusivity and atomic mean-square dis-

placement is examined. It is suggested that the structure dependence of grain-boundary diffusion

Q1ay bc cxprcsscd through R matrix of tlRns1tion probablllty for vacancy jumps among thc vRr1ous

discrete sites.

I. INTRODUCTION

Grain-boundary (GB) diffusion is a basic process
governing the kinetics of microstructural change during
metallurgical processes and applications. ' Its importance
lies in the fact that diffusion in metals occurs more rapit'

ly along GB's than through the lattice. Recent attempts
to understand this phenomenon have focused on the
mechanism of diffusion. ' While measurements on ac-
tivation volume for diffusion and on the isotope effect
in the case of Ag suggests that the vacancy mechanism
dominates in GB diffusion, it would be of considerable in-
terest to demonstrate this explicitly by directly observing
the details of the vacancy motion and relating the dynam-
ical events to the observed diffusivity. Such an approach
may not be practiceable in laboratory experiments, but it
is quite feasible with computer molecular-dynamics (MD)
simulation.

In the preceding paper (hereafter referred to as I) we
have reported a simulation study of the structural proper-
ties and defe:t mobility in a X=5 (36.9') [001] tilt boun-
dary in bcc Fe using the empirical Johnson potential.
Here we will describe the analysis of vacancy migration
and diffusion kinetics. Our results, based in the several
hundred vacancy jumps observed at each of three tem-
peratures, give very reasonable values for the activation
energy for vacancy migration, the attempt frequency for
vacancy jump, and the anisotropy of jumps parallel and
perpendicular to the tilt axis, thus providing molecular
evidence for the vacancy mechanism of diffusion. '

To relate the vacancy jumps to diffusivity, one needs to
calculate an appropriate correlation factor. We choose the
alternative of extracting the diffusivity from the atomic
mean-square displacement function in the same manner as
we would proceed in analyzing diffusion in liquids. Our
attempt thus far is only partly successful because of two
limiting factors. Thc first is the practical difficulty of ac-

cumulating sufficient data on atomic jumps rather than
vacancy jumps. The second is the inherent ambiguity of
defining the boundary width and therefore those atoms to
be considered in calculating the mean-square displacement
function.

All the simulation runs reported here were carried out
with the initial configuration being the relaxed GB struc-
ture at T=0 K with a vacancy inserted at site 8 in the
middle of the simulation system (atomic layer 5 in Fig. 1

of I). The system was then brought up to the desired tem-
pcratuI'c and allow'cd to cqu111blatc. During tbc simula-
tion the system volume was not allowed to change; how-
ever, at several temperatures the system dimension was
adjusted for thermal-expansion effects so as to maintain
more or less the same pressure at different temperatures
of simulation. Each run corresponds to sampling a
(N, V,E) ensemble, where E is the total energy, kinetic
plus potential.

We performed long simulation runs at three tempera-
tures, 1300, 1400, and 1500 K. Table I shows the number
of vacancy jumps observed in each case. The jump rates
were obtained by dividing the number of jumps by the
simulat1on time, which was 390 pscc based on a rcduccd
time-step size of t=0.3324&(10 ' sec. Notice that these
rates refer to the total number of vacancy jumps in the
system irrespective of the number of vacancies in the sys-
tem. At T =1300 K there was only one vacancy during
most of the simulation period, but at T =1500 K the
probability of having multiple vacancies at any time has
increased significantly. The entry in Table I merely indi-
cates that the number of vacancy jumps at T =1500 K
was the result of counting four distinct vacancy trajec-
tories. Table I also shows several shorter runs. Their
statistics arc such that the results have, at best, only quali-

29 5363 1984 The American Physical Society



THOMAS KWOK , PAUL S. HO YIP, AND SIDNEY

BOUN
MID PL

[ooi]

[slo]

[

FIG. 1. A
' fportion of y observed durl

= 1500
rajector

y a factor of 5.
scale along [OO1 eng 1] has been

c
' ~U-, . .F --''

, ,
-

C - p~, . E.
'

p, , t=0
~

~

, p,
.', (b)

C), -
.. D'' '=o

- C

t=oosseseo - Do', , ',::::.,', o' t=o

.~mG- -F'

psec -,c' -.
,

C'

.'F' - 'E,

- .l66psec

G.

= I.18v

-: n-O~

1 e

I s

I \

=0.06I pspC

'Q

p ec

- . p.;

C c' ' 22
=2.36vp

s I

tative si'gnificance. S
'
H

'
n concernin thg e behavior at h'

bec
alysis for d'd t

i ficult
iscrete vac

t because the
1 e ocalized and

e vacancies
at the s

the def~~tincrease in
arne time t

g
w in complete deai tee atomic tra

-icture of ho
s

'
g. jnFig. lw hwe show a typ

ional periods) port'ion of the r
-psec

'x en (001) atomi p
e h are drawn. T

y-jump path. Ie vacanc -'
e sequen

e

pre erentiall
t is seen tha

ws

y jumped amon
at a vacanc

mong the bound sitesary

TABLE I. Summar y of various dynamic sim
'

u

(time steps)T (K)

900
1100
1300
1400
1500
1600
1700
1800
1900
2100

T (psec) NN (jumps)

1

1

4
3
3
3
1

13
10

100

5 000
10000

117500
117500
117500
57 500

2 500
27 500

2 500
1 050

20
40

390
390
390
190

10
90
10
5

2
2

193
264
353

.~Q-&
tomic conf

urin
1 ur o ( 1)

l'

in icated b
es and thos

quence shows
h

jacent

site D gum
i e the ri h

se-

same layer. (v ice vibrationala period. )

e

rather t
'

e 1 t'

29

t an into the lat
'

b
h

lt
gt e [111 d'

earest-neighb

ail g Illps occurred mor n
o another

erent types of '

s are drawn with th
epresentin

, solid, and

e diameter
lib

a ion, the va cancy was b-

n Fig. 2(a) a
rom one la

' '
ottce site to

een 44& IO

e jump event

p

ed aboutw ich last

1 s maintained theireir positions so the

sequence show ' '
e

s
I to an adjacent em tr movin in

wsanatom ' '
e

mpty site B in th

rajectory went
t=89g10 "

tho h he interst itial site in the



MOLECULAR-DYNAMICS STUDIES OF GRAIN-BOUNDARY. . . . II. 5365

layer above. This jump was completed in about two and a
half vibrational periods. A rough estimate shows that the
atoms typically traveled with thermal velocities.

At T =1300 K the GB structure remained stable and
the vacancy readily identifiable over the entire period of
simulation. This can be seen in Figs. 3 and 4. The projec-
tion of the atomic trajectories on each [001] plane is
shown separately in Fig. 3. The initial atomic posi-
tions are denoted by circles with a diameter equal to —,', of
the nearest-neighbor distance. With the trajectory project-
ed onto the layer to which the atom belonged initially, one
does not see motions in the [001] direction in this repre-
sentation. In Fig. 3 one sees that all the trajectories are
essentially localized to the vicinity of initial atomic sites.
Certain trajectories show movement to a position ap-
parently at the center of a square structure (see, for exam-
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FIG. 4. Atomic trajectories showing motions projected on
(130) planes accumulated over 0.39 nsec at T=1300 K, (a) GB
atoms at sites A, B, C, D; (b) bulk region atoms. Simulation
cell is indicated by the box.

pie, the upper right region in the top layer); these corre-
spond to nearest-neighbor jumps from one layer to an ad-
jacent layer [cf. Fig. 2(b)]. It follows from this result that
at T =1300 K there is essentially no translational disor-
der in the GB structure, and while the atomic jump is a
discrete process from one site to another, the specific path
followed can include an intermediate stop at an interstitial
site. The dark region inside every circle indicates the am-
plitude of vibrational motion during the simulation. It is
clear that vibrational amplitudes are, on the average,
larger in the GB region than in the bulk lattice.

Figure 4 shows the trajectory projection on (130) plane
with the boundary region and the bulk shown separately.
The motions in the [001], which is perpendicular to the
tilt axis direction, are now indicated while those along
[130] are hidden. One sees a dramatic contrast in the ex-
tent of atomic motions. Many jumps from one layer to an
adjacent layer occurred in the GB region while only one
such jump took place in the bulk.

III. STRUCTURE DEPENDENCE

FIG. 3. Projected (001) plane view of trajectories in three ad-
jacent layers accumulated over 0.39 nsec at T = 1300 K. Vacan-
cy started in the middle layer.

The discrete structure of the GB has a considerable in-
fluence on the vacancy-migration results observed in the
present simulation. In a normal lattice, vacancies created
in different lattice sites are all equivalent, so there is only
one type of monovacancy jump. In the GB, vacancies in
different boundary sites have different defect structures
and formation energies (cf. paper I), so there are several
distinct vacancy sites and thus different types of vacancy
jumps.

An obvious indication of structure dependence is the
variation in the number of vacancy jumps into different
boundary sites. Results for the three temperatures are
given in Table II, where we do not distinguish between
equivalent primed and unprimed sites. Thus, at T =1300
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TABLE II. Distribution of obscrvcd vacancy jumps 1nto thc
vaf1OUS SltCS.

K the 126 jumps into 8 sites include all jumps into 8 and
8' among which will be jumps between 8 and 8'. VAth
1ncrcaslng tcIQpcratUlc, jUIIlps which wcI'c pI'cv1ously con-
fined to sites A, 8, C, and D began to reach sites farther
away from the boundary midplane, as one might expect
for processes requiring thermal activation. In GB dif-
fusion kinetics this signifies a transition from the so-
called "Harrison type-C" regime to the "Harrison type-8"
regime. By comparing Table II with the vacancy binding
energy for the various sites, one can observe a correlation
indicating more frequent jumps into the sites with larger
binding energy. Sites E, Ii, and G, being further from the
core of the tilt boundary, received relatively few jumps,
undoubtedly as a result of their smaller binding energies.

Anot4cI' 1ndlcatlon of structu1c dcpc1ldcncc 1s thc d11cc-
tion of jumps relative to the tilt axis. An anisotropic
behavior is expected simply on the grounds that different
local free volumes are available in the parallel and perpen-
dicular directions. In the case of [001] tilt boundaries in
Ag, diffusion was observed to be faster in the parallel
d11cctloQ. Thc simulation data 1ndccd show IIlolc jumps
between adjacent [001] layers than jumps within a layer.
A more detailed analysis reveals a difference in the migra-
tion direction after many jumps. If the system were per-
fectly symmetric in the sense of equal potential barriers
for forward and backward jumps, then the only possibility

JL

0 20 40
JUMP NUMBER IN REVERSE DIRECTION

FIG. 6. Same as Fig. 5 except the jumps are along [310] in
DSC (displacement shift complete) (Ref. I5) unit (0.32ao), a
direction perpendicular to the tilt axis.

for correlation between successive jumps would be a
dynamical effect which is known to favor a second jump
in the direction of the first jump. On the other hand,
since there is no preference in the direction of the first
move, by hypothesis, after many jumps one should find no
net drift of the vacancy. We defer until the next section
the question of short-time correlation effects, and consider
now the evidence for overall isotropy along the parallel
and pcrpcndlcular dlrcctlons.

Figures 5 and 6 show the distribution of length of jump
in a particular direction with reveI'sal in jump direction
without regard to the number of jumps and the time in-
volved. One can see that over the total period of simula-
tion there is effectively no net drift along the tilt axis,
whereas a drift from right to left (cf. Fig. 1) is apparently
taking place along the perpendicular direction [310]. Al-
though the simulation period is long compared to time
scales for dynamical correlation effects, we cannot be cer-
tain that the drift will not eventually reverse itself if the
simulation were to continue. (In MD studies of GB slid-
ing and migration, it was observed that once sliding was
activated, it could continue quite a while before reversal
set 1Il. Hc1c, too, 1t was Ilot poss1blc to demonstrate that
sliding was equally possible in either direction. ) On the
otheI hand, the GB core does have an orientation, as indi-
cated by the kite structure shown in Fig. 1, and we know
that 8-C jumps are more frequent than B Ajumps. -
Therefore, it is tempting to interpret our results as show-
ing the effects of an inherent structural asymmetry.

FIG. 5. Histogram of relative vacancy location, in units of
(001) planes, showing persistence of jump direction with every
reverse jump. Jumps within the same layer are not considered.
Gnly the change between starting layer and final layer, so long
as all the jumps are in the same direction, is shown without re-
gard to time interval between jumps. Data obtained at T= 1300
K.

In the discussion of correlation effects, one makes Use
of a reference model of vacancy motion as a random-walk
pI'occss 1n which succcsslvc jumps RI'c Uncorrclatcd 1Il

tiGlc RIld dlrcct1on. It 1s thc11 cxpcctcd that this model 18

valid only when thc avcIa, ge t1IYlc between jUIIlps 1S much
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V. DIFFUSION KINETICS AND ATOMIC
MEAN-SQUARE DISPI.ACEMENTS

60

TIME DELAY t OF SUCCESSI VE JUMPS

( LATTICE VIBRATION PERIODS)

n

90

longer than the relaxation time associated with the jump
event. While there exists no simple operational definition
of this relaxation time, it is relatively straightforward to
study correlation effects given the trajectory data generat-
ed by MI3.

The distribution of vacancy jumps at various times
after a jump has occurred is shown in Fig. 7. Here, n„(t)
is the probability of a second jump occurring between r
and i+At given that a juInp has occurred at t =0. The
curve in Fig. 7 denotes the exponents. al distribution which
1s Rpplopriatc to a random pI'occss,

n, (t)=—e- ',
t

where the mean time between jumps t=T/E is deter-
mined in terms of the total simulation time T and the to-
tal number of vacancy jumps observed N. One sees that
after a time of three vibrational periods the MD data
show a significant enhancement over the random-walk
distribution; this was found to be mainly due to the strong
correlation between forward and reverse jumps involving
close-packed RtoID1c sltcs 8 and 8 . Otherwise, thc dRta
show essentially no correlation effects in time.

The distribution of second-jump directions relative to
the first jump is shown in Table III along with the results
expected for a random angular distribution. For a bcc lat-
tice the occurrence of uncorrelated successive jumps
would be in the ratio 1:3:3:1for the indicated angular re-
gions centered about cos8= —I, —0.33, 0.33, 1, where 8
1S the angle between the two success1ve vacancy-jump
directions. Thus, the fraction of reverse jumps expected is
about —,', in sharp contrast with the MD data.

FIG. 7. Distribution of vacancy jumps as a function of time
between successive jumps, T= 1300 K.

The observation of many vacancy-jump events makes it
possible to determine the activation energy for vacancy
migration. If one assumes that vacancy exchange is the
dominant mechanism for self-diffusion, then the present
data can be used to estimate the self-diffusion coefficient.
In this section we will consider these two calculations
along with a discussion of the mean-square displacements
of atoms and vacancies.

A vacancy-jump frequency can be obtained by counting
all types of jumps observed in the lifetime of a vacancy.
When there exist several vacancy trajectories, an effective
jump frequency I can be defined by averaging the total
numbers of jumps over the number of vacancy trajec-
tories. An Arrhenius plot of I is shown in Fig. 8 with er-
ror bars indicating the standard deviation estimated as-
suming a Poisson distribution. Fitting the data to

I =I oexp( E Ii Iki—l T)

yields an effective activation energy (in CV) for GB vacan-
cy mlgratlon,

and a preexponential factor I 0——4.8X 10" sec '. If we
write fol' I 0,

I O=z vocxp(KS y ),
where z is the effective coordination number, vo the effec-
tive "attempt frequency, " and b,S z the effective entropy
increase due to vacancy migration, then by taking
z =8, bS 1 =0, we obtain a value of 6. 1 ~ 10' sec ' for
the effective attempt frequency. This may be compared
with the vibrational frequency of 7. 1 X 10' sec ' corre-
sponding to a Debye temperature of 470 K for bcc iron.

The availability of vacancy-migration trajectories also
suggests that it may be useful to view the sequence of
jumps as a diff llsioil pl'occss characterized by a ccrta111
behavior of the mean-square displacement function
(b, r(n)). Treating this problem as a random walk be-

TABI.E III. Angular distribution of vacancy-jump direction
relative to the previous jump at T= 1300 K.

L9 (deg)

0 to 35
35 to 90
90 to 145

145 to 180

1.00 to 0.82
0.82 to 0.00
0.00 to —0.82

—0.82 to —0.00

Actual

0.104
0.307
0.115
0.475

Random

0.125
0.375
0.375
0.125

I I

8.0 8.5
ixxa T fev-')

9.0

FIG. 8. Test of Arrhenius behavior of observed vacancy-
jump frequency.
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tween nearest-neighbor sites on a cubic lattice, one may
write

2 n —1n —g

(b2r(n)) =na 1+ —$ $ cos8;;+~
j=l i =1

where n is the number of steps, a the jump distance, and

9;;+J., is the angle between the vacancy position R;, after
i steps, and the position R;+J, after i +j steps. ( ),h indi-
cates an average over various initial conditions consistent
with a thermodynamic ensemble. If the vacancy jumps
are strictly random, the second term in (5 r(n) ) vanishes
and (b, r(n)) =na

The square displacement of a vacancy in the case of a
single vacancy trajectory is shown in Fig. 9. When many
vacancy trajectories are obtained for different initial con-
ditions, with a large number of jumps in each trajectory, a
linear variation with time is expected of the averaged
(mean-) square displacement. In this case it can be used
to calculate the correlation factor which is a measure of
the deviation from random walk"

(b, r(n))„,„,i

(a'r(n) ),.„,.
For a crude estimate we fitted the vacancy trajectory
shown to a straight line and obtained f„-0.5.

We next consider the atomic mean-square displacement
(MSD) (a'r(t) ),

In a diffusing system (b, r(t) ) behaves linearly with t at.

long times, so the self-diffusion coefficiently is then given
by

(a'r(t))
2S fico

long to be seen by MI3 simulation. Vr'hat is expected is
that (b, r(t)) will increase to a bounded value which is
proportional to the square of the atomic vibrational am-
plitude in the lattice. In a single lattice with a vacancy,
diffusion occurs by the exchange of atoms with vacancy
in a discrete manner. The mean-square displacement
shows the same characteristics as that in a perfect lattice
before the first atomic jump. Immediately after the jump
event, the mean-square displacement would show a step
increase, the step size being dependent on the jump dis-
tance and the number of atoms N involved in the averag-
ing. Since vacancy jump is an infrequent event on the
time scale of MD simulation, one should not expect the
mean-square d1splacem. ent to show a smooth lj.near varia-
tion with time, and this means an accurate determination
of the diffusion coefficient would be difficult.

The MSD of all the atoms in the tilt boundary model at
T =1100 K over a short-time interval during which only
two jumps have taken place is shown in Fig. 10. It shows
the discrete behavior of a step increase with each atomic
jump. Figure 11 shows the MSD of all the atoms in the
same model at T =1300 K now over a long time interval
during which almost 200 jumps have taken place. (The
distribution of bars under the curve indicates when a jump
event occurs and what kind of jump event it is. The long
bar corresponds to vacancy jumps among different sites.
The medium bar corresponds to the forward and reverse

jumps, while the short bars indicate those jumps involving
the same pair of sites. ) One can begin to discern a more
or less linear behavior on a coarse-grained scale. By
averaging over a number of such mean-displacement
curves generated with different initial conditions one can
hope to deduce a resonably accurate value of the self-
diffusion coefficient. There remains the problem of de-
ciding which atoms in the given boundary models should
be considered in calculating (4 r(t)). One solution
~ould be to consider all the atoms to which the vacancy

where s =3 in the case of three dimensions.
In a perfect lattice the mean-square displacement will

also show a linear growth with time so long as there is
diffusion. However, this behavior occurs at times too

l4—

Tll I

'

) [~ij

i,a, iL i Jdii, &"'" '-' —""-~
7~!P'Iyg~eq )' 'llg~f'

I

IGG 200 300 400
TIME (psec)

FIG. 9. Observed squared displaccIDcnt of R vacancp ln thc
GB core at T=1300 K.

I I

16 24 52 40
TIME (psec)

FIG. 10. Mean-square displacement of all the atoms in the
GH IQodcl at T= 1100 K. Two JUIQps (indicated bp arroYvs)
have occurred during the time interval sho~n. Solid line
de~otes the cumulative average value.
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FIG. 11. Mean-square displacement of all the atoms in the
GB model at T=1300 K. Note change of time scale from Fig.
10.

00 400100
I I

200 300
TIME {psec)

FIG. 13. Mean-square displacement of all the atoms in the
GB model at various temperatures, (1) 1300, (2) 1400, (3) 1500,
(4) 1600, and (5) 1800 K.

will jump and weigh the sites proportional to the frequen-
cy of vacancy jumps.

Figure 12 shows the mean-square displacement results
obtained by averaging over atoms in the GB core (sites A,
B, C, and D), atoms in the bulk (sites E, F, G, and L),
and all the atoms in the simulation system. Since the GB
thickness is now a well-defined quantity there is an intrin-
sic ambiguity in defining the GB diffusion coefficient.
Figure 13 shows the behavior of (b, r(t)) when all the
atoms in the simulation system are taken into account.

We can make an estimate of the diffusion coefficient
using the mean-square displacement information. The
diffusion coefficient D' for the simulation system is first
obtained by fitting in the boundary sites (A, B, C, and D)
at long time,

D'= —(b, r(t)) .
6t

Then the self-diffusivity at equiibrium vacancy concentra-
tion can be calculated from

Ea DD =exp(ES, )exp
&v

where Xv ——0.25&(10 is the vacancy concentration for
the simulation model. The self-diffusivity D calculated
corresponds to a grain size of 6.5ao and a boundary width
2. lao. Using M "i =2 and E s =1 eV, the Arrhenius plot
of the grain-boundary diffusion coefficient is shown in
Fig. 14. The melting point of the system is assumed to be
close to the experimental value, T =1800 K. The effect
of including more atoms away from the boundary is to
give an average diffusion coefficient for a thicker boun-
dary region extended over the bulk region, thus decreasing
the magnitude of D Since the. boundary thickness is

Al
E
CJ

lO

O

C)

CP
N

Al
6
CP

Cl

O

Cl

0

00
T I

100 200 500 400
TIME (psec)

-8
I.OO

I

I.IO
I

I.2,0
I

I.30 l.40

FIG. 12. Mean-square displacement of atoms in the GB
(curve C) and bulk (curve A) regions at T=1300 K. Curve B,
same as Fig. 11, is shown for comparison.

FIG. 14. Temperature variation of GB diffusion coefficients
derived from the results of Fig. 13.
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now well defined, it is often more useful to consider the
product of D* and boundary thickness. Martin and Per-
raillon' have summarized the available GB diffusion data
on the Arrhenius plot using a normalized reciprocal tem-
perature scale. The D values given by Fig. 14 fall within
the range of these experimental values.

VI. TRANSITION PROBABILITY
FOR VACANCY JUMPS

We have observed the vacancy jumps to be strongly
dependent on local structure. Since this is a general
feature of vacancy migration, it would seem useful to
characterize a particular GB structure by a corresponding
transition probability matrix. The elements of such a ma-
trix would then give the jump probabiities among the
various discrete sites in the GB core. We define a matrix

~

P ~, of which the elements P,J are the probability that a
vacancy will jump from site i to site j. P~ can be decom-
posed as

P,J ——P;p,j,
where P; is the probability that site i is occupied by a va-
cancy, and p;J. is the conditional probability that, given a
vacancy is localized at site i, it will next jurnp to site j.
For normalization one clearly requires

Ps ——1

and

Then

The matrix
~

P
~

has been constructed using the
vacancy-jump data at temperatures 1300, 1400, and 1500
K. Results for T =1300 K are given in Table IV. The
dominant element is seen to be Pzz which actually refers
to B—+B' jumps. Notice that similar jumps between
equivalent sites at other locations effectively did not occur
because they involve much longer distances. In Table IV
one can observe an asymmetry in that PJ&P&, , presum-
ably this arises from the fact that sites i and j are at dif-
ferent levels of the potential energy surface so that one
jump is "uphill" while the other is "downhill. "

VII. DISCUSSION

In this work we have obtained MD results on vacancy
migration and have related the data to self-diffusion. We
believe our work demonstrates, first of all, the feasibility
of studying the kinetics and structural properties of GB
diffusion by means of computer simulation. The results
illustrate the kind of information that one can extract
from MD simulation data. While they are useful as gen-
eral guides for further investigations, one should be care-
ful in ascribing to them quantitative significance because
of limitations due to inadequacies in the potential func-
tion and possible unphysical effects introduced by border
conditions, finite system size, and insufficient statistical
sampling. It is to be expected that some of the limiting
factors will be dealt with in future work since they pertain
to effects that can be controlled and systematically stud-
ied. Because of this and with the acquisition of more re-
sults on different GB structures, one can look forward to
valuable insight to be gained from dynamical simulation
studies.

It is worthwhile to stress again those aspects of the MD
technique which make the simulation results useful. In
essence, one is generating, through MD, detailed atomic
trajectory data which are the numerical solutions to a
sample of defect solid which obeys all the laws of classical
mechanics and thermodynamics. The structural proper-
ties and kinetics are determined by interatomic forces
evaluated using the instantaneous positions of the atoms;
aside from border conditions there are no constraints on
atomic displacements and hence deformations in the solid.
In this respect, one has in the simulation all the nonlinear-
ities inherent in relaxation and transport processes (at fin-
ite temperature and external stress), and the problem one
faces is therefore not how to simulate such effects, but
how to analyze and interpret the data to isolate a particu-
lar process of interest.

It is also worthwhile to comment on the need to go
beyond the traditional view of diffusion in terms of va-
cancy exchange mechanism. This is quite clearly brought
out in the present study. One difficulty with any mecha-
nism involving point-defect exchange is that at elevated
temperatures where large lattice deformations occur, a
point defect can become delocalized, or no longer well de-
fined because of significant increase of defect concentra-
tion. In our study the analysis of discrete vacancy jump
became difficult at temperatures beyond 1600 K. Anoth-
er difficulty is the evaluation of diffusion coefficient
through jump frequency and correlation factor. The

TABLE IV. Elements of the transition probability matrix P~ for vacancy jump from sites i to j at
T= 1300 K.

A

C

F
6

0.0
0.0
0.015
0.0
0.0
0.0
0.0

0.005
0.485
0.072
0.082
0.0
0.0
0.0

0.010
0.052
0.0
0.031
0.010
0.0
0.0

0.0
0.108
0.010
0.0
0.021
0.026
0.0

0.0
0.0
0.005
0.026
0.0
0.005
0.0

0.0
0.0
0.0
0.026
0.0
0.0
0.005

0.0
0.0
0.0
0.0
0.005
0.0
0.0
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latter is a quantity helpful in the physical interpretation of
diffusion, but it is not easily extracted from the simula-
tion.

One way to circumvent the difficulties of locating point
defects and evaluating appropriate correlation factors is to
describe diffusion entirely in terms of atomic coordinates
which are always well defined and available from the
simulation. One can adopt the definition of the diffusion
coefficient D used in liquid state dynamics,

D= J dtf(t),

ls thc vcloclty autocolYclatloll fullctloil of RII Rtonl. It ls
not difficult to compute P(t) by MD. Applying this ap-
proach to the GB diffusion problem requires a priori
determination of which atoms can participate in the dif-
fusion process. 's This is equivalent to the specification of
GB thickness. The advantage of the approach is that it is
valid for any state of the system and makes use only of
atomic trajectory rather than the trajectory of any defect.

In this work we have suggested the use of a transition
probability matrix

~

p
~

for vacancy jumps to represent,

in operational terms, the structural characteristics of a
GB system. The estimation of

~

I'
~

using MD is of in-
terest for another reason. From the knowledge of

~

I'
~

one can carry out Monte Carlo simulation of vacancy mi-
grRtlon Rnd dctcA111nc ln this way tllc Rtonilc 111cRI1-squal'c

displacement, the basic quantity in any discussion of dif-
fusion. Although we have already examined (b, r(t) ) re-
sults in Sec. V, it would be very valuable to have data for
more vacancy jumps than we can afford to accumulate us-

ing MD. By switching to a Monte Carlo simulation one
can bypass the problem of waiting for a vacancy jump to
occur and follow instead a migration path where every
move of the system involves a vacancy jump. ' To be
sure, one loses short-time (and detailed) information con-
cerning the jump process, but it is not altogether clear at
this point that this information, beyond what is already
bmlt into

I

I' I, is essential for the understanding of GB
dlffuS1011.
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