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We investigate atomic mechanisms of grain bound&®) diffusion by combining molecular dynamics
(MD), molecular statics, the harmonic approximation to atomic vibrations, and kinetic Monte (BMIG)
simulations. The most important aspects of this approach are the basin-constrained implementation of MD and
an automated location of transition states using the nudged elastic band method. We sty 3wW601]
symmetric tilt GB’s in Cu, with atomic interactions described by an embedded-atom potential. Our simulations
demonstrate that GB’s support both vacancies and interstitials, and that vacancies can show interesting effects
such as delocalization and instability at certain GB sites. Besides simple vacancy-atom exchanges, vacancies
move by “long jumps” involving a concerted motion of two atoms. Interstitials move through concerted
displacements of two or more atoms. More complex mechanismsh as ring processemvolving larger
groups of atoms have also been found. The obtained point defect formation energies and entropies, as well as
their migration rate constants calculated within harmonic transition state theory, are used as input to KMC
simulations of GB diffusion. The simulations show that GB diffusion can be dominated by either vacancy or
interstitial-related mechanisms depending on the GB structure. The KMC simulations also reveal interesting
effects such as temperature-dependent correlation factors and the trapping effect. Using the same simulation
approach we study mechanisms of point defect generation in GB’s and show that such mechanisms also
involve collective transitions.

[. INTRODUCTION often shorter than the time required for the system to gener-
ate the equilibrium concentration of point defects as defect
Grain boundarie$GB’s) are known to provide easy paths generation is also thermally activated. With KMC simula-
for mass transport in materials since the energies of defedtons, the time scale limitation can be effectively overcome
formation and migration in GB’s tend to be lower than in the and diffusion coefficients can be accurately calculated. How-
bulk lattice. GB diffusion is a technologically important ever, to use the KMC method, one must know the dominant
topic. Kinetics of many microstructural changes, phase transdiffusion mechanisms and construct a catalogue of all rel-
formations, and solid-state reactions in engineering materialevant atomic transitions together with their rates. The prob-
are often controlled by GB diffusiohMoreover, migration lem with this approach is that the diffusion mechanisms are
and accumulation of point defects in GB’s can lead to voidoften not knowna priori. This is especially true for GB
formation, which can cause materials degradation and faildiffusion, for which the atomic mechanisms are not well es-
ure. For a recent review in the area see Ref. 2. tablished at present. In most of the previous studies the
Traditionally, atomistic simulation studies of GB diffu- mechanism was postulated to be a simple vacancy-atom ex-
sion have followed two separate lines: they have employedhange, i.e., a single-atom jump into a vacant site, which can
either molecular dynamic@viD) (Refs. 3—7 or static calcu-  easily be studied by static calculations. Recently, &fial®
lations combined with kinetic Monte Carlo(KMC) and Nomura and Adanevaluated migration energies of
simulation=? The advantage of MD is that the equations interstitial and interstitialcy jumps in GB’s by molecular stat-
of motion of the atoms are solved directly and all atomicics, and concluded that interstitial-related mechanisms can
transitions that can happen in a real system can also happeatso be important in certain cases. However, the relative im-
in the simulation, at least in principle. A shortcoming of MD portance of the vacancy and interstitial-related mechanisms
lies in the time scale limitation: with today’s computational has not been studied in detail, and other possible mecha-
resources, simulations can generally only be carried out on misms of GB diffusion have not been explored.
time scale of nanoseconds or less. This time is too short for The main purpose of this paper is to demonstrate an al-
accurate calculations of diffusion coefficients because adternative approach to investigations of GB diffusion—an ap-
equate statistics of the thermally activated atomic jumpingoroach that combines the strengths of both MD and KMC
can hardly be accumulated, especially at low temperaturesnethods. The procedure includes three steps. First, we use
The nonequilibrium point defect concentration is anothemMD for the identification of GB diffusion mechanisms, in-
problem of MD simulations. Indeed, MD simulation runs are cluding complex transitions that are difficult to guess by in-
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of point defect formation energies, entropies, and rate con-
stants for the identified transitions. At this step, in contrast to
previous studie&®34we calculate the defect formation en- .
tropies and attempt frequencies directly within the harmonic Froe atoms?” = GRAIN BOUNDARY et
approximation rather than rely on empirical correlations. N
Furthermore, instead of the simple “drag” method used for : :
finding the saddle points befo?&**we apply a more re- - Ficedatoms:
liable nudged elastic ban@EB) method® which allows us
to find transition states for collective jumps involving several ~FIG. 1. Schematic geometry and boundary conditions in grain-
atoms. Third, knowing the atomic transitions and relevanboundary simulations.
point defect concentrations and rate constants, we construct
KMC models based on those transitions and calculate the GRvice the cutoff radius of atomic interaction. A GB was ini-
diffusion coefficients by conducting KMC simulations in a tially created by aligning crystallographic planéz10) or
wide temperature range. (310 parallel to the desired GB plane, followed by a 180°
We apply this approach to studies of GB diffusion in two rotation of one grain relative to the other about the direction
2 =5 [001] symmetric tilt GB’s in Cu, one with the GB normal to the GB plane. This rotation produced a symmetric
plane (210 and tilt angle§=53.1°, and the other with the tilt coincident-site-lattice GB with the reciprocal density of
GB plane(310 and tilt angle#=36.9°. Diffusion in these coincident sitesS =5.2® The upper grain was then rigidly
GB's has previously been studied experimentdif? and  translated relative to the lower grain by different vectors par-
theoretically>~®'°Most of the previous work has been done allel to the GB plane, and after each translation the system
on Ag. Our choice of Cu is motivated by its greater techno-was relaxed with respect to local displacements of free atoms
logical importance, particularly as a future material for ad-and rigid translations of the slabs normal to the GB. Such
vanced interconnects in microelectronic devité&or ex-  normal translations served to simulate a zero-pressure condi-
ample, electromigration damage in interconnection lines ision normal to the GB. By this procedure, the relaxed GB
largely determined by atomic transport along GB'’s, whichenergy was examined as a function of rigid translations of
makes GB diffusion in Cu a very attractive topic for both the grains. For both th€10) and(310 GB’s, the GB energy
fundamental and applied research. As another application afas found to have a single minimum. The minimum-energy
our approach, we study mechanisms of spontaneous genefgonfiguration was identified as the ground-state structure of
tion and annihilation of point defects in Cu GB's. the GB and was used in further diffusion simulations. The
This paper is organized as follows: In Sec. Il we outlinerelaxed structures of the GB’s are shown in Fig. 2. Both
our simulation methods, and in particular describe how thesB's are made of topologically identical structural units,
MD simulations were carried out, and how the point defecteach representing a capped trigonal prism in three-
concentrations and migration rates were calculated. We als@imensional spac%”. The GB’s only differ in dimensions of
explain the implementation of the KMC simulations. Then inthe structural units and the way they are put together to form
Sec. Il we present the results of our GB diffusion calcula-a periodic structure. The excess GB energies are 937 TnJ/m
tions and compare them with previous theoretical and experi-
mental studies. We also analyze point defect generation in
the GB’s and discuss the temperature range of applicability

tuition. Second, we carry out molecular statics calculations & 1/
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IIl. SIMULATION METHODS o ¢ 10z @® TO [120]
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A. Interatomic potential and system geometry O PY o 0 O Py o 0
The atomistic calculations reported in this paper were car- ()
ried out with an embedded atom methotEAM)
potential?®=?2 This potential was fit to accurately reproduce @ ® © o ® © ® e ® e ° 310
experimental values of the equilibrium lattice constant, co- © " @9, e ©° ' e© e
hesive energy, elastic constants, vacancy formation energy in @ .,,.Q6° 1._?@ L Pae L pie) [001]
the lattice, and other properties of Cu. oo o 1e0 e-o
For GB simulations we used a block with a slab geometry o 8- o @0 o 20 ¢ ®O [130]
illustrated in Fig. 1. Periodic boundary conditions were ap- Ce®:Ce C e C e
plied in the directions parallel to the GB plane. The free .O ® . .O ® .O ® 4 .O ® .

(dynamig atoms were sandwiched between two slabs of

fixed (statig atoms on either side of the GB plane. The di- kG, 2. Relaxed atomic structure &f=5 [001] symmetric tilt
mensions of the free region were approximately equal in algp's in Cu.(a) 9=53.1° (210) GB; (b) 6=36.9° (310) GB. Black
three directions. The fixed atoms occupied ideal lattice posiand white circles mark atomic positions in alternatiog2) planes
tions, but the slabs themselves were allowed to move rigidlyerpendicular to the tilt axig01]. Selected atomic sites are labeled
in the direction perpendicular to the GB plane during struc-with numbers. Symbol marks an interstitial site. Dashed lines
ture relaxation. The thickness of each static slab was at leadtlineate structural units.



3660 MADS R. SCRENSEN, YURI MISHIN, AND ARTHUR F. VOTER PRB 62

chain of configurations, which is then optimized to the
minimum-energy path. The minimum-energy path is defined
as a continuous path inNBdimensional configuration space
(N being the number of free atomnwith the property that at
any point along the path the atomic forces are zero in the
Y (3N—1)-dimensional hyperplane perpendicular to the path.
S e Once the saddle point has been located, the final-state and
- saddle-point configurations are stored and the MD trajectory
/T\/\ is reflected back into the original basin. This is accomplished
M by continuing the MD simulation from a configuration just

- dividing surface before the transition occurred, but with the velocities of all

- MD trajectory atoms reversed. The MD simulation employs a Langevin
thermostat that ensures canonical sampling and injects noise
simulation technique. Whenever the system tries to escape to aH]to the trajectory such that the system qus not simply re-
other state, it is reflected back into the original potential-energ)}race It$ path bac.kwar.ds when the velocities are rgve:rsed.
basin. The idea of using high-temperature MD to identify initial
and final states for transitions and determining transition
states using the NEB method has previously been applied to
%t)udies of the formation of mechanical contact between a
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FIG. 3. Schematic illustration of the basin-constrained MD

for the (2100 GB and 888 mJ/r for the (3100 GB. Two
variants of each GB were generated: a smaller system wit
around 360 free atoms, and a larger system with around 1049\~ ¢ MD combined with on-the-fly transition state

fre_e atoms. The smaller system was used in MD S"_nUIat'()nSSearches provides a convenient and automated realization of
while the larger system was used for accurate static calculgps jjea. Other workers have searched for transition states in
tions of point defect properties. solids using mode following methods based on either diago-
nalization of the dynamical matAX or iterative procedures
B. Searching for diffusion mechanisms that use only first derivatives:?8

An important step in constructing a model of GB diffu- W_e assum_ed tha_t GB q_iffusion i_s mediat_ed b_y point de-
sion is finding the atomic transitions by which point defectsfeCtS' var(]:anc;]es or |ntgrst|(t:;als. To find tlhe d&ﬁus'oﬂ mech_gl-
migrate in the GB. Each transition is characterized by arfisms, the chosen point efect was placed at all possible

initial state, final state, and an intermediate transition stateoé’sf't'on.s‘ n thf GB coLe, an_d_ the most dfreq?egtbtratr;sn!ons
The initial and final states are local minima of the potential( efect jumps from each position were identified by basin-

energy in the configuration space of the system, while thé:onstramed MD simulations conducted at temperatlire

transition state is a first-order saddle point. Importantly,~ 1000 K for 1___30 ns. To save computational time, such
while searching for mechanisms it is not sufficient to assum&cans for transitions were carried out on a small system
only single-atom jumps. More complex mechanisms wherd ~360 free atomswith static slabs fixed in their optimum
several atoms move in a concerted manner may also be inQ_osnmns corresponding to the initial point defect c;qnﬁgura—
portant. tion at T=0. In order to rank the observed transitions ac-
Our search for diffusion mechanisms is based on an autd°rding to their importance, the migration energies and at-
mated procedure that was inspired by the recently proposd§MPt frequencies were preliminary evaluated as described
temperature-accelerated dynamics metHodhe idea is to  Pelow (Sec. 11Q. Once the dominant transitions had been
scan for possible transitions from a given initial state byldentlfled, the relevant point defect propertle_s and rate con-
carrying out a so-called basin-constrained MD simulatiopStants were recalculated more acc_urate_ly_ using a larger sys-
combined with searches for saddle points. The principle of &M (~1000 free atomsand including rigid-body transla-
basin-constrained MD simulation is illustrated in Fig. 3. Thelions of the static slabs during the atomic relaxations. All
MD trajectory is confined to a potential energy basin. WhenPoint defeqt chargctenstms repqrted in this paper and used in
ever the system attempts to escape to another basin, the rthe KMC simulations were obtained from the larger systems.
evant saddle point is detected, and the system is reflected
back into the original basin. C. Point defect calculations
~ The implementation of the basin-constrained MD simula-  The concentratior,, of a point defect at a site in the
tion is as follows. At regular time intervals, an MD simula- GB core, i.e., the probability for site to be occupied by a
tion is interrupted and the instantaneous atomic configuratiogefect, is given by
is stored. This configuration is statically relaxed towards the
minimum of the current potential energy basin. If the relax- Ef-TS
ation leads to the initial state, the system is assumed to be Ca:ex4 - ?)
still in the original basin, and the MD simulation continues B
undisturbed from the previously stored configuration. If thewhereE{" is the defect formation energy at site Sf' is the
relaxation leads to a new minimum, the system is assumed tormation entropy, andg is the Boltzmann constant. This
have undergone a transition to a new state. In that case, wagjuation assumes that individual defects do not interact with
search for the saddle point between the initial and final stategach other.
using the nudged elastic batiEB) method'® Configura- The vacancy formation energy in a GB is defined as the
tions from the MD trajectory are used to construct the initialenergy cost of removing an atom from a certain GB site

etal tip and surfac® Our basin-constrained implementa-

@
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and placing it at a perfect lattice site far away from the GB. 3N

Similarly, the interstitial formation energy is defined as the H v

energy cost of removing an atom from a perfect lattice site - =1 (5)
far away from the GB and placing it at a given interstitial site 07 sN-1

« in the GB core. According to these definitions, the defect . vi

formation energy can be found as
In the numerator, the sum runs over all normal vibrational
modesy; of the initial state, while in the denominator it runs
over all stable modes; of the saddle-point configuration
(the unstable mode corresponding to the reaction coordinate
where the positive sign refers to a vacancy and the negativie excluded. For each saddle-point configuratidideter-

sign to an interstitial. In Eq(2), EGg is the energy of aN mined as described in Sec. I)Bit was verified that the
+1)-atom simulation block with the defect at site Eggis ~ atomic forces were zero and the dynamical matrix had a
the energy of the initiaN-atom block with a defect-free GB, single negative eigenvalue, i.e., the configuration indeed rep-
and E, is the energy of arN-atom perfect-lattice block. resented a first-order saddle point.

The energie€ gz andEgg must be determined after a relax-

ation of the block, including rigid-body translations normal D. KMC simulations

to the GB plane.

Ef=Egs— Ecg* Epuk/N, (2

A simil lation holds for defect f i ropies. | While the KMC method has been extensively applied for
simifar refation holds for detect formation entropies. in studying bulk diffusion in solids, especially in partly ordered

:.h's vlvorli, defect edntroples \I/verlet|dde_nt|3]ed \|N|th_th(|e|rr] V'bra'.structures(see Ref. 30 for a reviewapplications to GB dif-
lonal entropies and were calculated In the classical Narmonlig,q;,, paye peen initiated only recently and are still rela-

approximation. We thus neglected the effects of lattice anfively scarcé=12The KMC method allows one to calculate

harmonicity that could be significant at high temperaturesthe diffusion coefficient of any given species once the atomic

and quantum effects which could play a role at low tempera’[ransitions, the defect concentrations, and the rate constants

tures. Possible errors arising from these approximations ar, r defect jumps are known. Because in a residence-time

propably smaller than errors arising from the Interatomic po“lmplementation of the method every jump attempt is suc-
tential. In the harmonic approximation, the vibrational en-

S . cessful, statistics can be accumulated and the diffusion coef-
tropy is given by the expression ficient can be determined much more accurately than by MD
simulations. In contrast to analytical calculations based on
simplified models, KMC simulations includal jump corre-
+3NKkg, 3 lation effects without any approximations. In the following
we describe the implementation of the KMC method for GB
diffusion in a monoatomic crystal. The approach presented

wherev, are the frequencies of normal atomic vibrations andhere is slightly more general than previous schemes, in that it
h is the Planck constant. The defect formation entropies argonsiders an arbitrary diffusion mechanism and includes col-
relative entropies, i.e., they are defined through differencelgctive jumps of atoms.
between entropies given by E@) When such differences The GB under Study is assumed to have a periOdiC struc-
are Ca'cu'ated, the apparent temperature dependence in EHre Consisting of identicat-atom structural units. Let each
(3) disappears, as does alspas it should be in a classical structural unit haveny positions that support point defects
theory. A calculation of normal vibrations involves a com- participating in the chosen mechanism. These can be either
putation of the 3Ix 3N dynamical matrix followed by its interstitial positions for an interstitial-related mechanism, or
diagonalization. Since this is a computationally expensivesome of the regular atomic positions for the vacancy mecha-
procedure, we had to limit our calculations to systems withhism. We note that even for the vacancy mechanigntoes
approximately 1000 atoms. To compute the vibrational ennot necessarily have to coincide with In some caseésee
tropy per atom in the perfect lattice, we used a 864-aton€xample in Sec. IlIB nyq can be smaller tham because
supercell with periodic boundary conditions in all three di- Some atomic sites may not be able to support vacancies. The
rections. To take into account the translational invariance oflefect sites will be numbered by index=1,2, ... ng. The
the energy of a periodic block, the three translational mode®robability ¢, that a sitea is occupied by a defect is given
were excluded from the entropy calculations. by Eq. (). If a defect is traveling through the GB, the prob-
The rates of defect jumps were calculated using the harability of finding it on a typea site equals
monic approximation to transition state theafyST).2° In

3N
kgT
S=k In| —
Bizl ( hVi

this approximation, the transition ratéis given by D= Ca ®)
[e% Ng "
> c
E, =
I'=vpexp — =/, (4 ) .
kgT Once at sitea, the defect can make one @&f, different

jumps, each having a rate constdjutmp frequency I',;,

where E,, is the migration energybarriep defined as the j=1,2,...Kk,, as given by Eq(4). Let Iiaj be the displace-
difference in energy between the transition state and initiaient vector of the defect resulting from jumyg. We as-
state, andv, is an attempt frequency given by sume that the defect jump induces displacements of one or
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more atoms. Let the elementary atomic displacement inN being the number of atoms in the blook, the projection
duced by a defect jumpj be Faji ,i=1,2,...],. Obvi-  of the total displacement vector of thgh atom resulting
ously, from thekth walk, andC, is the average number of defects
that would be in the simulation block under equilibrium con-
. Laj ditions. (Indeed, under the simulation conditions there is al-
Reaj= iz (7)  ways exactly one defect in the block, which generally does
=1 not correspond to the equilibrium point defect concentration

where a minus sign refers to a vacancy mechanism while &t the given temperatupeThe equilibrium number of defects
plus sign corresponds to an interstitial-related mechanismin the block can be found from the defect occupation prob-

The quantitiegc,}, {I'4;}, and{Faji}, together with period abilities at different sites:
vectors of a structural unit, form a complete input data set for
KMC calculations of the diffusion coefficient. This input
data set is often referred to as a “KMC model” of diffusion.
Once a KMC model has been set, the simulations are
implemented as follows. For each defect sitehe residence Combining Eqs(11) and(12) and considering thatl~nNs

-~

aji

Ng

Ca=Ns>, C,. (12)
a=1

time

1
o= ®)

2 Ty
j=1
and the set of local jump probabilitig® ,;}, where
Paj = Tar aj s (9)

are precalculated. A large simulation block consistindNgf

for large N values®® we finally have
S

D= (13

Besides diffusion coefficients, jump correlation factors
can be determined from KMC simulations. A correlation fac-
tor is defined as the ratio of the actual diffusion coefficient to
a so-called uncorrelated diffusion coefficient calculated un-

structural units is then created in the computer. A singleder the assumption that all jumps are statistically indepen-
point defect is created at an arbitrary site, the clock is set t§lent of one another. Thus, for the correlation factors of the
zero, and the defect is released to walk through the systerfiéfectfq and atomd, we have

At each step, the jump direction is decided by a random

number according to the local jump probabilitig?,;}. The

Dy D

jump is implemented by updating coordinates of the defect fa= D*’ sz' (14
along with the atoms that are displaced by the jump. The d

clock is advanced by, and the simulation continues. Peri-

whereD} andD* are the uncorrelated diffusion coefficients.

odic boundary conditions are maintained in both directionsy/ile defect jumps in a perfect lattice are totally indepen-
in the GB plane, so that if a defect jumps out of the block, itdent of each other, so thag=1, defect jumps in GB's can

reappears on its opposite border. The simulation run is dlbe correlated®! The strength of such *

structural” correla-

vided intom individual walks, each consisting of the same y,,¢ depends on the particular GB structure and diffusion

number of defect jumps, so that the final configuration of th
previous walk serves as the initial configuration of the ne

walk.

Once the simulation is complete, the diffusion coefficients

of the defect and the atoms in a given directioare calcu-
lated from the random-walkEinstein’9 definition of a dif-

fusion coefficient. Thus the defect diffusion coefficient is

determined as

(10

wheret is the total simulation timeXy is the projection of
the total defect displacement vector resulting from kitie
walk. The atomic diffusion coefficierd is obtained by av-
eraging over displacements of all atoms in the block:

M =z

m
2
k=1

D=

2

X
k
1 V!

XCy, (11)

N <

Nt

V'\E;direction. For example, if there is a pair of sites with a low-

energy barrier for defect jumps between them, a defect may
get trapped and jump many times back and forth between
such sites without any advancement in the diffusion direc-
tion. If the jumps between the two sites have a nonzero pro-
jection in the diffusion direction, the multiple jump reverses
will obviously result infy<1. For atomic diffusion, even
lattice diffusion by the vacancy mechanism is correlated with
f<1.32 Indeed, if an atom exchanges with a “fresh” va-
cancy approaching the atom from a random direction, all
possible atomic jumps have an equal probability of, 7
being the number of first neighbors. However, after this first
jump the vacancy remains in a neighbor position of the atom
and modifies the symmetry of the next-jump probabilities of
the atoms. Namely, there is a finite probability that the next
atomic jump will be induced by the same vacancy after it
makes some number of jumps near the atom. Because the
vacancy is initially behind the atom, the atomic jumps whose
projections on the previous jump direction are negative will
obviously occur with larger-than-random probabilities
(>1/z) while jumps whose projections are positive will oc-
cur with smaller-than-random probabilities<(/z). In GB
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diffusion, such “defect-induced” correlations can be stron- TABLE I. Calculated characteristics of point defect formation

ger, and in addition may depend on temperatfifé. and migration in Cu lattice. Experimental data are given in paren-
Uncorrelated diffusion coefficients can be calculated intheses.

two ways. First, the sums appearing in Eq€) and(13) can

be replaced by sums of squared projections of all elementar E Em Vo
defect(respectively, atomicjumps that happened during the Pefect (ev) Si/ks (ev) (TH2)
simulation time. Such sums can be easily accumulated in th@acancy 1.258 1.23(2.35%) 0.690(0.71") 53
course of the KMC simulation. Secony andD* can be (1.27%1.28")
calculateda priori as Interstitial ~ 3.229 11.01 0.080.129 1.0
L 1 X ) Reference 37.
Di=3 Zl = Pal’ajA G (15 bReference 3.
‘Reference 39.
and
ok potential and found that interstitial migration occurred
L. 1 Ed 2" ~ 5 through a body-centered configuration as a saddle point. Our
D “2n & = ColajNaji» (18 simulations did not confirm that mechanism.

The vacancy and interstitial properties were calculated on
respectively. In these equation$,; and\,;; arex projec-  a periodic lattice block with~864 atoms. The volume of the
tions of the elementary jump vectoRs,; andr,;;, respec-  block was allowed to vary during the energy minimization in
tively. Because all jumps are assumed to be independent ofder to simulate zero pressure conditions. The results,
one another, the squared projections enter Efg.and(16)  which are summarized in Table I, compare reasonably well
with weights proportional the corresponding jump rateswith experimental data known to d§:*° Even though the
Col'sj - interstitial migration energy is relatively low, the formation

In this work, the uncorrelated diffusion coefficients were energy is very high and lattice diffusion is obviously domi-
calculated both ways, and the agreement between the calcoated by vacancies. The lattice diffusion coefficient by the
lations served as one of the tests that all jumps included i¥acancy mechanism can be calculatetf as
the KMC model were properly sampled by the simulation.

As a more detailed test, the occurrences of different types of D=D exp< B g
jumps were counted in the course of the simulations, and the 0 kgT
obtained average jump rates were compared with toeit- ) o

ori estimatesc,I',;. In addition, in each run the average With the activation energyQ=E;+E, and the pre-
atomic displacement was computed and checked to be mu@xponential factoD,=foa’v exp&/kg). Here,a=3.615
smaller than the root-mean-squared displacement, as & is the lattice constant ané,~0.7815 is the correlation
should be for a random walk without external forces. Atfactor for self-diffusion in a face-centered-cubic lattice. Us-
several temperatures, diffusion calculations were performetnd the data from Table | we fin®,=0.2x10"° m?/s and

with different simulation times and block sizes in order to Q=1.95 eV. These numbers are in reasonable agreement
check the convergence. The total number of defect jumps itvith experimental data measured by the radiotracer method
a run was typically around #®for high temperatures but in several studie§} for exampleDy~10"° m%s and Q

17

significantly larger(up to 13* for low temperatures. =2.03 eV*?
Ill. RESULTS AND DISCUSSION B. Point defect formation in grain boundaries
A. Diffusion in Cu lattice Point defect formation energies and entropies at selected

e . . sites in the two GB'’s were calculated using the procedures
To put our GB diffusion results into perspective, we

§tarteq .out .by investigat.ing diffusion of vacancie_s and self-  tagLE L. Energy (E;) and entropy &) of defect formation at
interstitials in the Cu lattice using the same techniques as Wgitferent GB sites. See Fig. 2 for site numbering.
applied for GB diffusion. It was found, as expected, that a

vacancy moves by simple vacancy-atom exchanges. For @g Defect Site  E; (eV) Si/kg
self-interstitial, a split{001] dumbbell configuration was

found to be the lowest energy configuration. This dumbbell210 vacancy 1 0.316 2.59
was established to move by translating the center of mass by 2 0.544 5.13
one nearest-neighbor distance and simultaneously rotating by 3 1.338 0.75
90°. This interstitial migration mechanism is identical to the interstitial [ 0.245 —2.14
one reported recently by Zhao and Shimonititzased on (310 vacancy 1 0.644 0.30
calculations with the EAM potential of Daw and Baskés. 2 1.075 2.92
The same mechanism was earlier found by Johnson and 3 1.353 0.71
Brown®™ using pair potentials and by Wales and 4 0.777 1.37
Uppenbrink® using a Sutton-Chen potential for Ag. We note 5 0.997 1.07
that this mechanism is at variance with the one reported re- interstitial | 0.231 —0.06

cently by Tajimaet al*® who employed a less tested EAM
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FIG. 5. Relaxed structure of the=5 (310[001] GB with a
vacancy at site 1. Only projections of tf@02) plane containing the
vacancy and an adjacef@02 plane are shown. The dotted oval
marks the vacant site. Relaxations around the vacant site are rela-
tively small.

localizationin GB’s, which we believe is another important
general phenomenon in high-angle GB’s. In this particular
case, the free volume associated with the vacancy is, in ef-
fect, shared by sites 1 and,1so that the vacancy cannot be
identified as located at either one of these sites. The vacancy
at site 2 is also associated with large relaxatiffig. 4(b)].
In this case, atom 1 of the same structural unit and atasf 1
FIG. 4. Relaxed structure of thE=5 (210[001] GB with a the neighboring structural unit relax.significant.Iy towards the
vacancy. Only projections of tH&02) plane containing the vacancy Yaca”t S',te’ but the vacancy can St'!l be cons@ered as chal—
and an adjacen002) plane are shown. The dotted oval marks the iZ€d at site 2. Note that the relaxation pattern in the neigh-
vacant site.(a Vacancy at site 1. The atom initially at sit¢ 1 POring structurfll unit is very similar to that induced by a
relaxes to the GB planéb) Vacancy at site 2. The atoms initially at vacancy at site Icf. Fig. 4@]. In other words, the atomic
site 1 of the same structural unit and siteof the neighboring relaxations “prepare” the GB structure for a vacancy jump
structural unit strongly relax towards the vacancy. from site 2 to sites 1 or .1From this observation we could
already expect that the barriers for those jumps must be very
described in Sec. Il C and the results are listed in Table II. IHow, which is indeed confirmed by calculatioteee below.
each of the GB'’s, there is one uniquely preferred type ofin the (3100 GB, all vacancies are well localized at atomic
interstitial site(called ) located in the center of the triangle Sités and relaxations are relatively small. As an example, the
formed by atoms 2, 2 and 3(see Fig. 2 This site is in the relaxed GB structure with a vacancy at site 1 is shown in Fig.
largest open region in the GB core. Vacancy formation en-
ergies vary widely from site to site, as do also the formation
entropies. The table illustrates that defect formation energies _ - )
in the GB core can be much lower than in the bulk, espe- C. Dominant diffusion mechanisms
cially for interstitials, which is one of the main reasons for  As a result of the MD simulations described in Sec. I B,
the enhanced GB diffusion. It should be noted, however, thalye chose a set of the most probable transitions involving
some GB sites, like site 3, have a higher vacancy formatiovacancies and self-interstitials in both GB’s. Assuming that
energy than a perfect lattice site. An interesting observatiotthose transitions dominate atomic diffusion in the GB’s, we
is that site 6 in th&310 GB does not support vacancies at have investigated them in detail and used them in KMC
all: when an atom is removed from that site to form a va-simulations. In what follows we will describe those transi-
cancy, the atom located in the nearest site 1 fills the vacanayons and report their migration energies, attempt frequen-
during the relaxation process, so that the vacancy effectivelgies, and other characteristics.
moves(relaxes to site 1. We believe that this finding repre-
sents a general phenomenon, namely, that certain sites in
GB’s (and perhaps in extended defects in genesa¢ not
able to support vacancies. Even more interestingly, the exis- Vacancy transitions included in the KMC simulations are
tence of suchunstable vacancietias a strong impact on illustrated in Fig. 6 and the migration parameters are listed in
atomic mechanisms of diffusion, as will be shown below. Table lll. The table includes the reverse transitions unless the
Atoms surrounding a vacancy in a GB may relax quiteinitial and final states are symmetrically equivalent. Such
significantly, as illustrated in Fig. 4 for th@10 GB. For  reverse transitions are not shown in Fig. 6, but they were of
example, when a vacancy is created at site 1, the atom preourse included in the KMC simulations. The last column in
viously located at the symmetrical sité¢ felaxes towards the Table Il gives so-called “partial” activation energie&;
GB plane and finds its equilibrium position exactly in the +E,, which are useful for ranking the relative importance
middle between the initial sites 1 and Fig. 4@]. The of individual transitions, sincec,I',;>exd—(Ef'+Ep))/
same relaxed structure can be obtained by creating a vacankyT]. Transitions with lower partial activation energies are
at site 1. This example illustrates the effect wacancy de- expected to occur more often.

1. Vacancy migration
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o O o O For the (210 GB [Fig. 6@)], we include two vacancy
O o O ® jumps between sites 1 and 2. Both jumps are simple
O o O o
® . O o ) vacancy-atom exchanges. The first jump; 2, has a com-
2@.— .L.( )2 ) .0 ponent3[001] along the tilt axis and can contribute to dif-
.»»'O 30 .O O. fusion in both directions in the GB plane. The second jump,
1—2, bridges two neighboring structural units. The jump
O- [ N @) | ]
@ v Oz @ ~O vector is normal to the tilt axis, so this jump does not con-

tribute to diffusion along the tilt axis. The barriers of the

reverse jumps, 21 and 2-1, are very low(Table IlI),
which correlates with the relaxation pattern around the va-
cancy at site 2 as discussed abgsee Fig. 4b)]. Although
the vacancy at site 2 is formally stable, it is short-lived and
almost acts as a transition state for transitions between type-1
sites of neighboring structural units.

For the(310) GB, we include several vacancy transitions
shown in Fig. 6b). All but one of them are simple vacancy-

atom exchanges. The exception is the transition6t—+4
that involves a concerted motion of two atoms. In this tran-

sition, atom 6 moves towards the vacant site 1 while atom 4
simultaneously moves towards site 6, until finally atom 6

(0) fills the vacancy while atom 4akes its place and leaves a
vacancy behind. Importantly, this “long” vacancy jump
FIG. 6. Vacancy transitions i =5 [001] GB’s. Only transi-  could not be implemented as a sequence of two elementary

tions included in the KMC model are showf® 6=53.1° (210 jumps, 1-6 and 64, as the vacancy at site 6 is unstable.
GB. (b) §=36.9° (310 GB. A tilde sign over a number marks an |n this sense, it is the vacancy instability that causes “long”
equivalent site in a neighboring structural unit. Transitions are °n|yvacancy jumps involving concerted motion of two atoms. It
shown in one direction, but the reverse transitions are of course als:%ould be pointed out that this transition is an important part
included in the KMC model. Note that the pictures are schematic irbf the KMC model since it is the easiest transition that
that the arrows connect nonrelaxed vacancy sites. For inStanCB’ridges neighboring structural units and thereby provides
transition 1 2 in (&) indicates a jump of a vacancy from site 1 long-range vacancy diffusion perpendicular to the tilt axis
[structure shown in Fig. (4)] to site 2[structure shown in Fig. Previously, Maet al. studied vacancy transitions in thé

Idﬁb)]. Migration energies and attempt frequencies are listed in Tablesame(310) GBin Aglg They identified the easiest transitions

TABLE Ill. Migration energiesk,,, attempt frequencies,, and partial activation energids+ E,, of
transitions included in the KMC models. For transitions in which the initial and final states are nonequivalent,
the reverse transitions are also included. Defect jumps can be palfltelgerpendicular() to the tilt axis,
or may have both component+_L ). Transitions are shown in Figs. 6 and 7.

GB Defect Transition Direction  E,, (eV) vg (TH2) Ei+E,, (eV)
(210 vacancy -2 |+L 0.255 6.56 0.571
reverse |+L 0.027 0.52 0.571
1—2 1 0.231 7.38 0.546
reverse 1 0.002 0.59 0.546
interstitial [—1—I* [ 0.481 12.82 0.726
1 =357 |+L 0.629 27.36 0.874
(310 vacancy =1’ 0.042 4.65 0.686
1-2 [[+L 0.477 41.82 1.121
reverse [ +L 0.046 3.02 1.121
1-4 1 0.609 6.84 1.253
reverse L 0.477 2.34 1.253
1267 1 0.488 10.9 1.133
reverse € 0.356 3.73 1.133
15 [[+L1 0.416 0.99 1.060
reverse [+L 0.063 0.46 1.060
24 [[+L 0.053 1.32 1.128
reverse |+L 0.351 6.27 1.128
interstitial [—1—I* [ 0.290 2.09 0.521

|—23.7 1 0.576 1.38 0.735
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FIG. 7. Interstitialcy transitions i =5 [001] GB'’s. Only tran-
sitions included in the KMC model are show@) 6=53.1° (210
GB. (b) 6=36.9° (310 GB. A tilde sign over a number marks an
equivalent site in a neighboring structural unit. Migration energies
and attempt frequencies are listed in Table lIl.

by trying various single-atom jumps using molecular statics
and the “drag” method. Some of the jumps found by Ma
et al. coincide with ours, but there are some differences.
While Ma et al. evaluated vacancy jumps involving site 3 as  FIG. 8. More complex interstitialcy transitions that are not in-
important for diffusion, we find that such jumps are of neg-cluded in the KMC model(a) Long interstitialcy jump in the
ligible importance because of the high vacancy formation210[001] GB. (b) Long interstitialcy jump in th&310[001] GB.
energy at site 3. On the other hand, sites 5 and 6 that we fin@) Ring process in th¢310[001] GB. A tilde sign over a number
to play an important role in vacancy diffusion were not con-marks an equivalent site in a neighboring structural unit.

sidered by Maet al. The “long” vacancy jump 1-6—14

that provides the main contribution to vacancy diffusion per-sites, andii) the interstitialcy mechanism, in which an inter-

pendicular to the tilt axis was not identified by M al.  stitial atom kicks a lattice atom out of its regular position to

They also found vacancy jumgd€901] between symmetri- another interstitial site and takes its place. This latter mecha-

cally equivalent sites in adjace(@0l) planes to be relatively nism obviously involves a concerted motion of two atoms.

easy. According to our calculations, such direct jumps hav& he interstitialcy mechanism is known for bulk diffusion in

high barriers or decompose into pairs of easier jumps beeertain ionic compound®.

tween neighboring002) planes. For example, for a vacancy  In both3 =5 [001] tilt GB’s, diffusion of interstitials was

at site 1 it is easier to make two jumps~5 and 5-1*, found to occur predominantly by the interstitialcy mecha-

than a direct jump +1* with a barrier of 0.680 eMan nism. The easiest interstitialcy jumps are shown in Fig. 7 and

asterisk marks equivalent sites in adjac€ddl planes. listed in Table Ill. In both GB’s, diffusion parallel to the tilt

Such direct jumps were found to be unfavorable in (&) axis can be provided by the interstitialcy junhp-1—1*

GB too. Some of the discussed differences can be attributeldetween symmetrically equivalent interstitial siteand |*

to the fact that we studied a different metal with a different(jump vector[001]). In such transitions the interstitial atom

potential. But it is also important to recognize that effectslocated initially at sitd kicks atom 1 out to sité* and takes

like “long” vacancy jumps could hardly be identified with its place. For diffusion perpendicular to the tilt axis, the easi-

simulation methods used previously. est transitions aré—3—1 in the (210 GB [Fig. 7(a)] and

| »2—3=T in the (310 GB [Fig. 7(b)]. While the first

transition matches the classical definition of the interstitialcy
Diffusion mechanisms involving interstitials are tradition- mechanism® the second one is more complex, in that it

ally divided in two categorie®’ (i) the direct interstitial involves a concerted motion of three atoms.

mechanism, in which an interstitial atom jumps directly from  Direct interstitial jumps were also studied, but were found

site to site while the other atoms remain at their respectiveot to be favorable for these GB’s: they had a high barrier or

2. Interstitial migration
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TABLE V. Energy barriers of complex interstitial-related and conceivable that this process can play a role at high tempera-
ring mechanisms. Transitions are shown in Figs. 8 and 9. tures. Although the interstitial returns to its initial position,
the four atoms exchange their sites. Thus even though re-

GB Transition Direction Ey, (V) Figure  heated ring processes of this type do not provide a net mass
(210 ORI S 1 |+L 0.689 ga) transport along the GB, they intermix atoms and thus can

1233 3 2.1 fing 0.987 9 contribute to tracer diffusion or d|foS|0_n of impurity atoms.
(310 p B AT N 0.618 gb) A more complex ring process, found in a defect-f(@&0

- i GB, is shown in Fig. 9. In this case, six atoms in three se-
|=2—-3-2"—1 fng 0641 &) quential (002 planes exchange sites in a ringlike manner.
Again, although the energy barrier of this process, 0.987 eV,
is relatively high, this process can still play a role at high

dissociated into easier transitions shown in Fig. 7. Compargmperatures. Because this transition does not require any
ing these findings with previous work, the interstitialcy Jump o yisting point defects, this energy barrier coincides with

| —1—I1* was considered for diffusion parallel to the tilt the activation energy of diffusion

o ; 8
axis in the(310) GB in Ag. For lattice diffusion in solids, ring mechanisms were first
proposed by Zen&t and have been discussed in the litera-

D. Complex mechanisms ture for many year®4*However, because such mechanisms

Besides the dominant transitions shown in Figs. 6 and -y_lave never been_ detected experimentally or reliab_ly estab-
and used in our KMC simulations, the MD simulations re-lished by simulations, they have always been considered as
vealed a number of other transitions whose migration enerP0ssible geometrically but very difficult energetically. Our
gies are higher but still low enough that they might be im-Simulations provide evidence that ring mechanisms can op-
portant in some cases. Typically, such transitions are morérate in GB's, and we believe that they can be found in other
complex and involve a concerted motion of 3—4 atomseéxtended defects too.

Some examples involving interstitials are shown in Fig. 8,
and the migration energies are listed in Table IV. In the
(210 GB, there is a three-atom interstitialcy jump-2 E. Diffusion coefficients and correlation factors

—1-T [Fig. 8a@)] that induces the same displacement of the
interstitial as the dominant two-atom interstitialcy junhp
—3-=T [cf. Fig. 7(a)] but has a higher migration energy of
0.689 eV. In the(310) GB, we found an interstitialcy jump

| -2—6—1—T involving four atoms[Fig. 8b)]. The net
interstitial displacement is the same as in the three-atom tra

Diffusion coefficients of vacancies, interstitials, and at-
oms by the vacancy and interstitialcy mechanisms were cal-
culated by KMC simulations as described in Sec. Il D. The
KMC input data sets were generated using the point defect
Igroperties summarized in Tables Il and lll. Only transitions
n AR ) o shown in Figs. 6 and 7 were included in the KMC models.
sition | —2—3—1 [cf. Fig. 7(b)], but the migration energy The diffusion coefficients and correlation factors were deter-

(0.818 eVf is higher. mined for diffusion both parallel and perpendicular to the tilt

_ Another class of complex mechanisms is represented byyis The calculations were performed at temperatures from
ring processes. As an example, Figc)8shows a ring pro- 300 to 1100 K

cess involving three regular atoms and one interstitial in the

oY ...~ The obtained atomic diffusion coefficients are summa-
(310 GB. The energy barrier is moderate, 0.641 eV, so it ISrized as Arrhenius diagrams in Fig. 10. It is immediately

seen that the diffusion coefficients follow the Arrhenius law
0] i ) © e) i ® © [210] quite accurately in a wide temperature range. The Arrhenius

eC 0® o9 0 ® [001] parameters obtained by fitting EQL7) to the data in Fig. 10
00 @2 0 0O are listed in Table V. The compliance of the diffusion coef-

e 30 ; € Qr ficients with the Arrhenius law indicates that, despite the
Ong=8ncy O-¢ @0 [120] presence of several transitions with different partial activa-

® o o °® ® o o ° tion energies, the overall diffusion is dominated by either

@) @) ® ® o @) ® ® o one transition or several transitions with nearly identical par-

tial activation energies. In most cases, such dominant transi-
tion can be identified by comparing the partial and apparent

OOO0OC0COCCOC00aOCA0  [001] activation energies in Tables Ill and V. For example, diffu-
[210] sion by the interstitialcy mechanism along the tilt axis in
000 both GB’s is obviously dominated by—1—1* transitions.

Diffusion by the vacancy mechanism in tl810) GB is

controlled by transitions 2, 15, 2—4, and 1-6—14
having similar partial activation energies efl.1 eV. A less
FIG. 9. Ring process in the defect-fré810[001] GB. The clear case is diffusion by the interstitialcy mechanism per-
arrows show displacements of atoms. Two projections of the GEendicular to the tilt axis in th€310) GB, in which the
structure are shown(a) Projection normal to the GB plang€b) apparent activation energy=0.804 eV is noticeably higher
Projection parallel to the GB plane. than the partial activation energy 0.735 eV. This discrepancy

[120]
by OOOCOACOACOOOCOOCO
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FIG. 10. Arrhenius plots of atomic GB diffusion coefficients
obtained by KMC simulationga) Diffusion parallel to the tilt axis.
(b) Diffusion perpendicular to the tilt axis. The diffusion coeffi-
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TABLE V. Arrhenius parameters of GB diffusion in Cu ob-
tained by fitting Eq.(17) to KMC results.

GB Mechanism Direction Q (eV) Do (m?/s)

(210 vacancy [ 0567 1.7K10°°
il 0.564 2.9%10°°

interstitialcy [ 0741  0.7%10°7

il 0.867 134107

(310 vacancy [ 1112  4.7%10°7
1 1.101 25107

interstitialcy [ 0524 0.3%X10°7

1 0.804 0.5%10”

cancy mechanism while diffusion in tH810) GB is domi-
nated by the interstitialcy mechanism. The anisotropy of GB
diffusion is small in thg210 GB and significant, especially
at low temperatures, in the810 GB. At all temperatures
studied, diffusion in th€210) GB is faster than in th€310
GB, especially in the direction normal to the tilt axis. Note
that the slower diffusion rates and stronger anisotropy in the
(310 GB in comparison with th€210 GB correlate with its
lower energy. It is known that high-energy GB’s tend to have
larger diffusion coefficients and smaller anisotropy than low-
energy GB's\?

Jump-correlation factors of point defects and atoms were
calculated from Eq9.14) and examined as functions of tem-
perature. As expected, correlation factors of interstitials were
found to be equal to unity regardless of the GB structure or
diffusion direction. For vacancies in tH210) GB, the cor-
relation factor is also close to unity in both directions, again
as expected because vacancies effectively jump between
type-1 sites forming a network topologically equivalent to a
square lattice. For vacancies in 810 GB, the correlation
factor is again close to unity for diffusion parallel to the tilt

1.0 T T ! ! ! ' '
S - Vacancy in (21 0)
~-g-- \acancy in (310)
- Interstitial in (210)
08 F Interstitial in (310) 7
:é ) |
§ 06 m:.‘: o y
3 i -
[
5 047
(&) .
0.2
o® l
0.0 [ - " .. 1 1 1 L L .

300 400 500 600 700 800 900 1000 1100
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has to do with a trapping effect for atomic diffusion perpen-
dicular to the tilt axis, as will be explained below.
Figure 10 also shows that, regardless of the diffusion di-and interstitialcy mechanisms perpendicular to[@] tilt axis in

rection, diffusion in the(210) GB is dominated by the va-

FIG. 11. Atomic correlation factors for diffusion by the vacancy

the> =5 (210 and (310 GB'’s.
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axis, but varies between 0.50 at 300 K and 0.65 at 1100 K TK)

for diffusion perpendicular to the tilt axis. Regarding atomic g 1000900 800 700 600 550 500
correlation factors, for the vacancy mechanism they were 10 T ' b '
found to vary between 0.3 and 0.6 depending on the GB Cu el
structure, diffusion direction and temperature. This behavior

is at variance with earlier KMC calculations for tf#10 GB 10710 L1
in Ag, in which the atomic correlation factor showed a more
significant temperature dependence and anisottfdhis
difference is not surprising because input data sets for KMC
simulations in Ag and Cu were significantly different as dis-
cussed in Sec. Ill C1. For diffusion by the interstitialcy
mechanism, the atomic correlation factor was observed to
strongly depend on the diffusion direction. For atomic diffu-
sion parallel to the tilt axis, the correlation factor was found 1072
to vary with temperature between 0.65 and 0.85 in both
GB’s. In contrast, for atomic diffusion perpendicular to the
tilt axis the correlation factor is small at low temperatures 3
but increases rapidly with temperature, especially in the 10 10 12 14 16 18 20
(310 GB (Fig. 11). 1T (104K)

The small correlation factors for atomic diffusion by the
interstitialcy mechanism at low temperatures can be ex- FIG. 12. Calculated atomic diffusion coefficients parallBijX
plained by atrapping effect Indeed, because interstitialcy and perpendicularty, ) to the[001] tilt axis in theX =5 (310 GB
jumps |—1—I* along the tilt axis are much easier than in Cu in comparison with experimental data. Experimental data:
jumps perpendicular to the tilt axis, an interstitial makes(®) diffusion in a Cu bicrystal parallel to the tilt axidef. 18,
many jumps along the tilt axis before it makes one jump in(8) diffusion in a Cu poncrysta(_Ref. 45. Because experiments
the normal directions. From the point of view of interstitial Measure the produ@s, the GB widths was assumed to be 1 nm.
diffusion, these fast jumps parallel to the tilt axis are decou-
pled from the jumps perpendicular to the tilt axis and do notperformed Cu self-diffusion measurements in the same set of
affect the correlation factor. However, tlgomicjumps in-  GB’s using the radiotrace?*Cu. They found again a mini-
duced by thd —1—1* transitions do have components nor- mum of GB diffusivity at 6~ 36.3° with D 5=5.68x 102
mal to the tilt axis, and these normal components repeatedlyn®/s, whered is the GB width. Experiments can only give
cancel each other as an interstitial makes jumps along the tithe productD § and notD and § separately. Using the tradi-
axis. This produces a trapping effect for atomic diffusiontional assumption of5=1 nm! we estimate D=5.68
normal to the tilt axis. As the temperature increases, the inx 10~ m?/s, which compares quite well with our calcula-
terstitial jump rates become more isotropic and the trappingions (Fig. 12). Furthermore, the calculated diffusion coeffi-
effect decreases. The strong retardation of low-temperaturgients parallel and perpendicular to the tilt axis are compa-
diffusion due to atomic jump correlations can cause an inrable with and lie on either side of the “average” GB self-
crease in the apparent activation energy of diffusion over theliffusion values measured on polycrystalline samfyes.
partial activation energy of the respective interstitial jump.Although it was not our purpose to accurately reproduce ex-
This effect is especially pronounced in @10 GB and perimental data, the observed agreement with such data con-
explains the discrepancy between the partial activation erfirms the reasonable character of our model and simulation
ergy and the apparent activation energy for atomic diffusiortechniques.
perpendicular to the tilt axis. The trapping effect becomes
weaker at high temperatures.

10" £

D (m°/s)

G. Point defect generatioiannihilation

The equilibrium concentration of point defects in a GB
depends on temperature and other factors such as applied

Experimental diffusion measurements have recently beemechanical stresses. If a GB is suddenly heated to a higher
carried out for thes =5 tilt GB's studied in this work®=18  temperature, additional point defects will be generated to
In particular, radiotracer measurements have been made @aach thermodynamic equilibrium at the new temperature.
the (210 and(310 GB'’s in Ag bicrystals. Although a quan- Since each act of defect generation is a thermally activated
titative comparison with our results, obtained for Cu, wouldprocess, it will take some relaxation time before enough de-
not be justified, we would like to point out that, in agreementfects have been created to achieve the new equilibrium level.
with our calculations, the experiments also revealed a higheBimilarly, if the temperature suddenly drops, it will take
diffusivity in the (210 GB than the(310 GB. some time before the GB reduces the point defect concentra-

Budkeet al® studied Au radiotracer diffusion in a series tion to the new equilibrium level by defect annihilation. In
of Cu bicrystals with orientations around tK@10)[001] tilt many applications, it is important to know how fast a GB can
GB at several temperatures. They found that the GB diffure-establish a new point defect equilibrium if external condi-
sivity parallel to the tilt axis attained a minimum at an ori- tions suddenly change. For example, processes such as creep,
entation approximately corresponding to the idBat5 ori-  sintering, cavitation, radiation damage and others may criti-
entation withd=36.9°. Moreover, al =919 K Budkeet al.  cally depend on how effectively GB’s can act as sinks or

F. Comparison with experiments
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0.8 R ] GB. The arrows show displacements of atoms. Two projections of
" L. the GB structure are showfs) Projection normal to the GB plane.
06 L l '. i (b) Projection parallel to the GB plane.
- . to the sum of individual defect formation energies. As one
g 0.4 r e . would expect, the vacancy is formed at site 1 which offers
5 _ the lowest vacancy formation energy.
ool 7 i The Frenkel pair formation in GB’s is a collective pro-
' [ cess. At first sight, a Frenkel pair could form by a single-
/ atom jump to a neighboring interstitial site. However, calcu-
0.0 w2 ! L ! L lations show that this pair would be unstable, in that the
00 02 04 06 08 10 atomic relaxations would bring the atom back to its original
© Reaction coordinate position. We found that there is a critical separation of the

defects at which the pair becomes stable and does not anni-

arrows show displacements of atoms. Two projections of the Géﬂlate QUring the relaxation process: Because this Sepgration
structure are shown(@) Projection normal to the GB planéb) 1S fe'?‘F'Ve'Y Iargg(~6 ’_B‘)’ a stable pair forms by a collective
Projection parallel to the GB plan&) Energy along the minimum  fransition involving displacements of several atoms. As an
energy path of the pair formation. example, Fig. 1@) shows the energy along a NEB-
calculated minimum-energy path corresponding to the Fren-
Ié?l pair formation. The fact that there are only two energy

sources of point defects. The assessment and prediction minima along the path, corresponding to the initial state and
this effectiveness requires a knowledge of atomic mecha- 9 path, P 9

nisms of point defect generation and annihilation in GB's.2 stahle pair, confirms that the three atqms move in a con-
Like for GB diffusion. such mechanisms are not well known certed manner. Once a stable Frenkel pair has been created, it

at present. may dissociate and the constituent point defects can diffuse

The simulation approach introduced in this work for GB &long the GB by their own mechanisms. Generation of Fren-
diffusion can also be applied for studying point defectkel pairs was previously observed by MD simulations in a
generation/annihilation processes. This can be achieved By="5 (310[001] GB in bcc Fe?
running basin-constrained MD for a defect-free GB and de- Another defect generation mechanism, which we call an
tecting spontaneous transitions resulting in the appearance fterstitial dumbbell formation, is illustrated in Fig. 14 for
point defects. Since the transitions are reversible, the mech#hie (210) GB. In this case, atoms 1 and Inove simulta-
nisms found for defect generation will work for defect anni- neously in opposite directions, each towards the nearest in-
hilation as well. The results obtained on the tWe-5 GB’s  terstitial site | or I*. Alternatively, this process can be
studied here are briefly discussed below. Our goal here is tgiewed as a 90° rotation of the dumbbell formed by atoms 1

illustrate how our method can work for this purpose ratherand 1 around the 120] axis, aligning it parallel to the tilt
than undertake a comprehensive study of defect generatiogkis. Once formed, the interstitial dumbbell can annihilate
annihilation phenomena. either by a return rotation or by another 90° rotation in the

One type of mechanism found by the simulations is thesame direction. In the latter case, the two rotations will result
generation of Frenkel pairgvacancy-interstitial pails A in swapping atoms 1 and’ 1which provides another diffu-
Frenkel pair generation process in #240 GB is illustrated  sjon mechanism for tracer or impurity atoms in the GB. The
in Fig. 13. The transition has an energy barrier of 0.776 €Vparrier of the interstitial dumbbell formation is 0.757 eV.
It involves a concerted motion of three atoifis 2, and 1) This mechanism can work in th@10 GB as well, the re-
and results in an interstitial and a vacancy separated by spective barrier being even slightly low@.679 e\j. Again,
vector having 4001] component along the tilt axis. Because an interstitial dumbbell can dissociate, after which the con-
the defects are well separated, the energy of the pair is closgituent defects can move independently.

FIG. 13. Formation of a Frenkel pair in tti210[001] GB. The
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The simulations also revealed other, more complex defect The observation that some defect concentrations become
generation mechanisms. For example, @®0) GB can gen- very high as the temperature increases raises the concern that
erate pairs of interstitial dumbbells aligned parallel to the tiltthe GB might lose its atomic order at some temperature be-
axis. Such complex mechanisms involve more atoms movingpw the bulk melting point. Such disorder might invalidate
collectively, and tend to have higher barriers than the mechanot only our results but also the concept of point defects
nisms considered above. We note finally that we only conitself. To study the GB structure at high temperatures, we
sidered defect generation mechanisms in ideal ground-statarried out Metropolis Monte CarlMC) simulations at
GB structures. Extended defects, like GB dislocations otemperatures of 1000 K and above. We found that both GB’s
steps, serve as point defect sources or sinks as well. maintained their ground-state structure and long-range order

at T=1000 K. The(210) GB showed more significant dis-
tortions of the initial structure than did tH810) GB. This is
H. GB diffusion at high temperatures understandable in view of greater atomic relaxations around

Our approach to modeling GB diffusion is based on ap—\’aec‘("‘anc(i))e?3 ig tcr;éuzliioit(i?lit(a(:fr.e '(::iogé:i)z.;—dhi\tirtﬂet:ﬁlpitrr;titruerse 3:; o

proximations that are expected to be accurate at relativel bout 1100 K. and the structure of tt@10) GB up to even

low temperatures, for instance at room temperature. This i§; h H b 1200
the relevant temperature regime for many practical material3'9N€r temperatures. However, at temperatures above

applications. However, since most radiotracer experiment§ the d||séort|ort1)s becglm(\aNso Iargehthat a cl\c/l)gclqsw;e c_ompg.ré-
are carried out at high temperatures, we extended our KMECN could not be made. We note that our MC simulations di
simulations to that regime, as described above. In this sectiofit reveal any first-order structural phase transformations in

we discuss the approximations in our approach and addre e GB's. Namely, when we “qugnched” .the high-
its temperature range of applicability. temperature T>1200 K) states by static relaxation we al-

A fundamental assumption in our model is that GB diffu- W&'s obtained the ground-state GB structure containing a

sion is mediated by noninteracting point defects. This asf€W Point defects. .
sumption is appropriate when the point defect concentration Recently, WOIf and co-worke?sfound_from MD S|muila_-

is relatively low. In the(310) GB, the vacancy occupation tions that at high temperatures, some hlgh-energy GB.S In Pd
probability at any site, estimated from E@), remains be- underwent a transition to a partially d_lsordered, I|.qU|dI|ke_
low 6x 103 up to the bulk melting temperatufg, = 1357 strqcture. Thgy observeq a corre;pqndmg change in the dif-
K. The interstitial concentration is higher, around 0.Tat fusion behavior from solidlike to liquidlike. Our study deals

In the higher-energy210 GB, the interstitial concentration with the solidlike regime th"%t prevalls_ at low to moderate
is low, whereas the vacancy occupation probabilities at Siteﬁemperatures and investigations of higher temperatures are
1 and 2 are around 0.3 at a temperature of 1000 K. At sucReyond the scope of this paper.
high defect concentrations, the assumption of noninteracting
defects may be questionable. At temperatures below half the
bulk melting point, the point defect occupation probabilities In this paper we investigated atomic diffusion mecha-
at any site in the two GB’s are lower than 0.06; at roomnisms in GB’s using a computer simulation approach that
temperature they are below 1% combines(i) basin-constrained MD with an automated loca-
Another approximation in our model is that the defecttion of transition statedji) molecular statics in conjunction
concentrations and transition rates are calculated within theith harmonic calculations of atomic vibrations, afid)
harmonic approximation to atomic vibrations. Foffebas ~ KMC simulations. Our key assumption is that GB diffusion
shown that the quasiharmonic approximation underestimateskes place by thermally activated motion of independent
the temperature variation of the formation free energy of goint defects via local transitions. Our approach has the fol-
vacancy in Cu(as modeled by an EAM potentjalDevia-  lowing advantages over previous studies in this area:
tions start to become significant at temperatures roughly 1. The atomic mechanisms of GB diffusion are not pos-
around 600 K, when the anharmonicity of the potential entulated but rather inferred from MD simulations. This allows
ergy surface becomes important. Regarding the effect of anis to study mechanisms that could hardly be guesspd-
harmonicity on the transition rate constants, simulafibos  ori.
atomic transitions in metalémodeled by EAM potentia)s 2. Our simulations are not limited to single-atom jumps.
have shown that one should expect the rate constant pr&y using the NEB methdd we can investigate more com-
dicted from harmonic TST to deviate by up to a factor of 2—plex, “collective” transitions involving a concerted motion
4 from the rate constant calculated directly with MD, at highof several atoms.
temperatureg700-1000 K. The deviation is smaller at 3. The point defect formation entropies and attempt fre-
lower temperatures. guencies are calculated directly within the harmonic approxi-
It is should also be stressed that our KMC simulationsmation to lattice vibrations and transition state thetrin
were based on a small subset of atomic transitions. This sulthat way we avoid using empirical correlations between de-
set consisted of the low-barrier processes that dominate difect energies and entropies as it was done in previous
fusion at low temperatures, but as the temperature is raisedtudies>®314|n fact, our results summarized in Tables II
processes with higher barriers could also contribute to diffuand Il indicate that such correlations do not work for point
sion. This could lead to an upwards curvature in the Arrhendefects in GB’s with any reasonable accuracy.
ius plots of diffusion coefficients. We preferred to keep the 4. We apply a generalized KMC scheme that allows for
KMC model simple and the analysis transparent, rather thaboth vacancy and interstitial-related mechanisms and in-
include more transitions in the model. cludes collective transitions.

IV. CONCLUSION
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We have applied this approach to study diffusionXn of long-range mechanisms could be important in other mate-
=5 [001] (210 and (310 symmetric tilt GB’s in Cu. Al- rials or GB structures.
though theX =5 GB'’s studied here represent only the sim- We have carried out KMC simulations of GB diffusion by
plest type of high-angle GB’s showing significantly en- different mechanisms in a wide temperature range. The
hanced diffusion rates over the perfect lattice, many of ousimulations revealed that GB diffusion can be dominated by
conclusions appear to be rather general and may apply teither vacancy or interstitial-related mechanisms depending
other types of GB’s as well. Our conclusions can be summaen the GB structure. In particular, regardless of the diffusion
rized as follows. direction or temperature, diffusion in t{810) GB is domi-

GB'’s are able to support vacancies and interstitials. Internated by the vacancy mechanism while diffusion in (B&0)
stitials in GB’s can have significantly lower formation ener- GB is dominated by the interstitialcy mechanism. The diffu-
gies than in the perfect lattice, and thus can play an imporsion coefficients obtained by KMC simulations were found
tant role in GB diffusion. Vacancy formation energies varyto follow an Arrhenius law in the temperature range of cal-
significantly from site to site, being lower than in the lattice culations (Fig. 10. In many cases the apparent activation
at some GB sites but higher than in the lattice at other GBnergy of GB diffusion can be traced back to a specific tran-
sites. Two important effects associated with vacancy formasition or a set of transitions with nearly identical partial ac-
tion in GB’s have been found in this work. First, a vacancytivation energiegcf. Tables Ill and V.
can delocalize in a GB by giving rise to local relaxations so The KMC simulations also reveal interesting effects asso-
strong that the associated free volume can no longer be asiated with atomic jump correlations in GB’s. For example,
signed to a certain site. An example is offered by site 1 in thecorrelation factors can be significantly temperature-
(210 GB [Fig. 4@]. Second, certain GB sites do not supportdependent with very small values at low temperatufég.
vacancies at all. If created by removing an atom from such d1). The small correlation factors are caused by a trapping
site, the vacancy is unstable and gets filled by a nearby atoeffect arising from multiple back-and-forth jumps between
during the relaxation process. For example, site 6 in theites separated by a low barrier. While the trapping effect
(310 GB does not support a stable vacan&jg. 2b)]. It was earlier observed for GB diffusion by the vacancy
should be admitted, however, that most GB sites do supportiechanisnt’ in the present case it is associated with diffu-
stable localized vacanciésee example in Fig.)5 sion by the interstitialcy mechanism.

Vacancies can move along GB's by simple vacancy-atom The simulation approach introduced in this work for GB
exchanges, as they do in the lattice. Although this appears tdiffusion has a larger area of applications. As an illustration,
be the most common vacancy-related mechanism of GB difwe have used it to study atomic mechanisms of point defect
fusion, vacancies can also move by collective transitiongeneration/annihilation in GB’s. At least for the GB’s we
(“long jumps™) involving two or more atoms. The result of investigated, the easiest mechanisms are the formation/
a long vacancy jump is the same as for a sequence of two @nnihilation of Frenkel pairs and interstitial dumbbells. Both
more single-atom jumps, but the difference is that the atomgechanisms, illustrated in Figs. 13 and 14, again involve a
involved in a long jump move simultaneously in a concertedcollective motion of several atoms.
manner. The easiest long vacancy jump found in this work is The approximations in our approach are most accurate at
the transition +-6—7 in the (310 GB [Fig. 6(b)], where low to moderate temperatures. At high temperatures, our re-
the vacancy moves via an intermediate, unstable vacanc§ults Will be less accurate for the following reasofig:in-
site. This example demonstrates that long vacancy jumptractions between defects may start to play a role as the

may have barriers comparable with those for single-atonfl€fect concentration increas¢t) anharmonicity may affect
jumps, and that long jumps can be of critical importance forthe defect concentrations and transition rate constants, and

(iii ) high-barrier transitions not included in the present KMC
model may contribute to diffusion. The GB’s studied here
maintained their ordered structure until at least 1000 K. At
temperatures above 1200 K, distortions of the GB structure
cancies. in_duced by thermal motion of atoms are so strong that the
picture of single point defects in an ordered GB may not be

Direct interstitial jumps turn out to be relatively unfavor- ! tified. GB diffusi t ht t b
able for the investigated GB’s. Instead, interstitials move b;}us ned. musion at such temperatures may occur by

the interstitialcy mechanism that again involves colIectives'gnmca.ntly different atomlc_mechanlsms, perhaps liquidiike
displacements of at least two atoiifsgs. 7 and 8 Another mechanisms as suggested in Ref. 7.

interesting finding is the observation of ring processes in-
volving up to six atom$Figs. §c) and 9. Although complex
transitions involving groups of atoms tend to have higher This work was supported by the U.S. Department of En-
activation barriers, we believe that some of them can play &rgy under Contracts No. W-7405-ENG-38.R.S. and
role at high temperatures. It is also possible that such type&.F.V.) and DE-FG02-99ER4576Q/ .M.).

GB diffusion. In particular, the 4-6—4 transition is the

bottleneck for vacancy diffusion perpendicular to the tilt axis
in the (310 GB. We expect that other GB structures may
show a larger variety of collective transitions involving va-
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