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Molecular Dynamics Simulation of

Grain-Boundary Diffusion of Vacancies in/%é@flron

Thomas Kwok,~ P.S.'Ho, S1dney Y1p, ‘R. w Balluffi,™
P.D. Bristowe, _ * and A. Brokmapf L

ABSTRACT

7 _vacancies in a bcc iron.Zz = 5 tilt boundary was
simulated by compu sr molecular. dynamics: The data yielded a reason-
able value o+ the activation energy for migration and showed that the
Jump processes ars hi h]y structure-dependent. The use.of a tempera- -
ture dependent trznsition probab111ty matrix to describe the diffusion
of the vacancias in the grain boundary is suggested. Formation of

one type of boundary interstitial was observed which was found to be
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There hés been.considerable speculation(]’z) that the fast
"short-circuit" self-diffusion whiﬁh s commonly obSefved along grain
boundaries (GB's) occur by the exchange df atoms with vacancies which
- are presentfiﬁ the GB in thermal equf]ibrium. However, it is also
conceivab]é that a defecf'exchange.mechanism involving self-inter-

. stitials present in therha] equi]ibrium‘may be ‘the dominant mechanism,
and it has not yet been pbssib]e to demonstrate the predoﬁinance of
either mechénism because of the difficu]t} of observing the details
of the various jﬂmping'processes at the atomic level._

-In this Tetter we present the comp@ter'molecu]ar dynamics re-
sults of a study of Vacancy jumbing brocegses in-a bcc iron £ = 5
(36.9°) tOQ]] (319) symmetrical tilt bouﬁdary. By exploiting the
-abi]ity of this fachnique to simulate at-elevated femperatures the

detailed atomic mociions associated with vacancy jumps,(3’5)

we have
obtéinéd explicit informationAon the depéndence of these fherma]ly
activated processes on the specffic GB structure,.and how theyAvary
with temperature. Several additional thefma]]y activated processes
werc also observed in the GR core  during these vacancy diffusion runs
which inctuded the sbontaneous forﬁation of Frenkel pairs and the. |
ihterchange of atbms by a completely correlated ring mechanism.
Furthermore, the interstitial atom~produced in the Frenkel pair
formation wés found té be completely immobile.
| The present results have revealed mobile vacancies and immobile

intérstifia]s which lead us to conclude that GB seif diffusion occufs
by a vacancy exéhange mechanism. Thfs péint is further discussed and

reinforced in Ref. 6. Moreover, the molecular dynamics results sug-

gest that a complete description of the diffusion process be formulated



in terms of a transition probabi]ity matrix'which speciffes the
vacancy jump frequenc1es between various GB sites. |
The model system chosen for study has been investigated recent]y
by the method of mo]ecu}qr-stat1cs.( ) The system consisted of a
~stack of ten layers of atqmic planes with their normal along the [001] .
tilt axis. Each p]ane-cbntained 40 atomic sites. - The equilibrium
structufe chéracterized by a fréee volume in the boundary core corres-
ponding to 82.4% of an atbmic‘vOTﬁmé (0.34 ag, where a  is the lattice
parameter) per period in each layer is shown in Fig. 1(a). Al afoms
were assumed to intsract vié an empiricai central'force; pairwise
potentia] with 2 force-éutoff midwayibetween second and third
ne1ghbors (8) |
_ The grain boundary was s1mu1ated dynam1ca1]y by applying standard
~molecular dywam.cs technjques to the model using periodic- border con-

'- =

d1t1on in the [001] and [310} directions and fixed borders along the
(9,: '

CD

- [130] d1rect1dn ) Each simylation run wés carried out at constant
vo]ume;"however, the system volume Qas adjusted at each temperature to
ensure that thé system pressure remained essentiélly atmqspherié:'_A
humber of‘iéotherma] "diffusion runs" were then made in the_range
900°K to ~2100%K. The GB'structure was found to be stable up to
&]650°K oﬁ‘the bésis of time-average atomic configurations and the
local density distribution in the GB region. The vécancy free volume
based on a,Hard spherevmode]'wasvfound_to be greater than 60% of an
atomic vo]ume during most of the time between jumps, and consequently,

there was no difficulty in locating the vacancy. In' the fo]]ow1ng on]y

results at temperatures up to 1550°K will be reported.
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During a typical "diffusion run” lasting ~2700 lattice vibra-
tion periods, some 190 to 360 vacancy'jumps were observed debendfng
on the ;ehperature. To define a vacancy jump each atomic site was
assigned a spherical volume Q equal fo.the atomic volume at the |
simu]aied temperature. An atoﬁ undergoing only thermal vibrations
tﬁerefore‘would not move out of Q. A volume @ was also assignéd to
an empfy site (i.e., a vacancy), .and a successful vacancy ijp
occurred when.an atom was found'to mer into fhe‘ﬂ assigned to a'-'
" vacancy site and remain there'for ét ieast two-vibration-periods;
The-méjcr characteristics of the vacancy jumps may -be Summarized
by considering the sites labeled in Fig. 1(a) and- the data given'in
Table 1. Each run begén with a vacancy at site B in -the:middle of the
system. At the Jower temperatures the ;ﬁguing'jumps were confined
mostly to the Tour sites labeled A, B, C; and D. (We note‘that the
sites A', B', C', and D' are equivalent sites because 6f the poundéry
symmetry.). However, as the temperature was increased jumps to sites
~ further from the boundary‘midpléne became more significant, indicating -
tﬁat they required more thermal aétivation. This.reflectS‘the\tran- |
.sition in the grain boundary diffhgiqn kinetics from.the so-cai]ed
"Harrison Type C" regime.to the "Harrison Type B" regime.(]])- A
" typical vacancy jump path is showh on the right hand side of Fig. 1(a).
It is clear from Table 1 that the vacancy migration'in'the'GB'shows a
strong structure dependence, particularly.at the lower températures
where GB and lattice diffusion rates'aré signﬁficant]y different.

Another noteworthy feature of our data is that the vacancy tra-

jectories toqk place predominant1y along the tilt axis rather than



(
perpendicular to it. This behavior can be understood qualitatively
by considering the direction of maximum free nolume. - There was also
'significant correlation between successive jumps in contrastvto
simple random walk events. The distribution of jump directions rela-
~ tfve te the preceding jump showed a forward bias similar ‘to that for
vacancy Jumps in a s1ng1e lattice. (3)
The effective act1vat1on energy for ‘GB -vacancy Jump1ng, ?g, was
'determined by p.ott1ng the total:- vacancy jump frequency (summed over
all types of jumps), ¥ fn the form‘of an Arrhenius plot in Fig. 1(b).
‘A reasonably straight line obeying the relation ¥ = ?oexp(eﬁg/kT) was
obtained with %M = Q. 51 eV and- ? 4 85 x° ]0]3 ]. The pre-exponen-

tial factor ? is seen to-be of about the expected magn]tude, since,

if we write it in +hefomn? =sz0, where z = effective coord1nat1on

~

number--and-'\‘}0 = effective "attempt frequency“, we obta1n v =6.06 x

lolzsec'] with 7= 8. Th]S frequency .is of the same magnitude as the

Debye frequency, 7.1 x 10]25ec 1, corresponding to the Debye tempera-
ture of 464°K for bcc iron. = |

~ The simulation data revealed .an 1nterest1ng interstitial forma=-
tion at the I locations where there was considerable free volume
(cf. Fig. 1(a)). Atoms in B sites were occasfona]]y observed to jump-
into I sites, the process occurring more frequently as the temperature
was increased. This process §1lustrated in the center of Fig. 1(a) may
be regarded as the spontaneous formation of a vacancy—fnterstitial pair,
j.e., a Frenkel pair. The vacancy formed in this way qften diffused

away ]eaving_the interstitial behind-at I. Furthermore, the inter-

stitial at I remained completely immobile and could only be eliminated



by mutual annihilation with a neighboring vacancy. These‘feéﬁlts
indicate that an interstitial fn tﬁe GB will bé strongly frappéd,at
the I sifes and'théfefore wi]f'be incapable of promoting éelf;diffusidny

The dynamical .simulations also revealed the interchange of atoms
at B aﬁd B' i]lustrated‘in the geqUence on the left sfde of Fig; 1(a).
In this’process an atom in site B jumped'into site:I in the adjacent
boundary'plqne; followed by an atom in-site B' ijbing into'the.newly
created vacancj in the site B. The séquencé was. then completed by
the intersfitié] in thevéfteil jumping‘into the vacancy sitting in
site B'. This pracess aTso.occurred.moke:frequeﬁt]y‘as the tehperature
iﬁcreased; it does not contribute to sé]f4diffusion<becadse'thé two
atoms involvad remzin trapped-in the same pair cdnfiguration; fhus
producing no net matter_transport re]at{;éﬁfd'tﬁe other atoms.

© . At temperatures close to the me]tinglpoint, a number of infre-

quent events,-ﬁhich were.not observed‘at'jower temperatures, -were de-
tected. Included were the double jumb, which had been obsefved'in
previous molecular dynamics studies of vacancy migration in éipg]e
lattice systems,(4) and jumps over distances greater than the nearest
neighbor separation either across thé Boundary midplane in the same
atomic plane of the stack (e.g., jumps between C and C' in Fig. 1(a)).
or through the boundary midplane hetween two different atomic planes
of the stack.

From the foregoing datﬁ it is~c1ear that different boundary Sites
for vacancy migration are not equivalent, thus suggesting that a proper
“theoretical treatment of the diffusion of vacancies in the GB as a

‘random walk process requires the use of a set of transition probabilities



P]J between'sites'i and j. Each GB structure would than be character-

jzed by its transition probability matrlx which will not be symmetric

and which. possesses elements which will vary with temperature.
Forvperposes of i]}ustkation, a transition prdbability'matrix.

obtained from:the 1300°K data is shown in Table 2. .Hefe, the matrix

‘has beep.drastica]]y.simp1ified by,ihc]uding;sites B', C' and'D"in

B, C aed D, so that, for.example, jumps between B and B and. between

E and B' are included in the element PBB" Also, the elements are

norma]ized so‘thae' EJ PBB 1. It is interesffng to notevthe in-

- equality- PCB > PB” uh1ch must be due to a d1fference between "down-hill"

and "up-hill" jumps between 51tes wlth~dlfferent energies. It is

"WOrthwhile noting that a]fhough.the»re]ati?e magnitudes of the P..

1)
be. est1mated apcroximately from static calculations of .vacancy binding

may

enefgies, mo]ecu1ar dynamics simulation appearé to be the only prac-
tical means o? determining-the absolute vajueseof the Pij and their
. temperature dependences:for different“sifes. | "

In conclusion, we believe the present results provide the first
detailed, microscopic evidence of the migration .of vacancies inm GB's.
In Ref. 6 these molecular dynamics .data are combined wffh molecular
statics calculations to.demonstrate.further the vacancy exchange

’.mechaeiSm for GB self diffusion. Further simulations can.be'expected
to yield additional information regarding the characteristics of dif-
.ferent GB structures, and the dependenbe on . interatomic potential
functions .of the diffusion dynamics‘and:structurai stability at various

temperatures.
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Table 1 . Distribution of observed vacancy jumps into the
various sites (see Fig. 1(a)) of a £ = 5 tilt
boundary in bcc iron at three temperatures.
(A11 the unlabeled sites in the model are
considered to be L sites. The ratio of the
number of each site in the model is
A:B:C:D:E:F:G:L = 1:2:2:2:2:2:2:7.)

Sites A B. C D E _F 6 L Ml
1300 3 126 20 32 7 6 1 0 195
l400°k 5 153 34 46 6 9 5 6 264

9 4 353

- 1500°K 197 49 62 11 18 3




Table 2

o O w3

10

Elements of transition'probability matrix Pij far

vacancy jump from site i to_site Jinatr=5

dynamics simulation data.

m

-n

D

'filt boundary in bcc iron deduced from molecular

[ep]

A B C 6
.0 .005 .00 .0 .0 .0 .0
0 .485 .05 .108 .0 -.0 .0
015 .072 .0 010-.005 .0 .0
.0 .082 .03 .0 .02 .026 .0
.0 .0 .00 .021 .0 - .0  .005
0 .0 .0 .02 .005 .0 .0
0 .0 .0 .0 .0 .005 .0

. s v
e o g oo e e -




Fig.

1

1

(a) Schematic drawing'df the GB model system.: Only 3 -
of the 10 atomic plans and half of the atoms in each

plane (which contains 4 coincidence site lattice cells)

“are shown. The sequence on the fight'indiCates a

~typical vacancy jump path. The arrow.in the center shows

an atom at B jumping»intd the interstitial.site I. The

.. sequence iﬁ the upper 1eft.show5‘the.observed interchange
_of atoms at B and B' via a ring mechanism. The ratio of

the scale used in the drawing is [730]:[310]:[001] = 1:1:5.

(b) Temperature dependence of observed éffectivevvacancy
jump frequence ¥ (sec']) in a £ = 5 tilt boundary in bcc
iron. Error bars denoté the standard deviation assuming a

Poisscn distribution. ———
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