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Molecular-statics and molecular-dynamics study of diffusion along [QQ1] tilt grain boundaries in Ag
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Self-diffusion parameters of Ag along X5(310)[001] and 213(320)[001] tilt grain boundaries are deter-
mined using both molecular-statics (MS) and molecular-dynamics (MD) techniques with a Ag potential
based on the embedded-atom method. The MS calculations provide the diffusion energetics in the low-

temperature regime for possible diffusion paths along the grain boundaries, while the MD simulations
provide information on the effect of temperature on the diffusion parameters. The MD results indicate
that diffusion mechanisms change from low temperatures to high temperatures. In the low-temperature
regime, interstitial-related diffusion mechanisms are dominant. Vacancy-related diffusion mechanisms,
while unimportant at low temperatures, become dominant at high temperatures due to increased vacan-

cy concentration and mobility. These observations are supported by changing slopes in the Arrhenius
plots for both our simulation results and experimental data. The calculated diffusion parameters are in

satisfactory agreement with available experimental results.

I. INTRODUCTION

Mechanisms of grain boundary (GB) diffusion are of
considerable interest' since diffusion in metals typically
occurs more rapidly along GB's than through the lattice.
Fast GB diffusion plays a significant role in a variety of
metallurgical phenomena, such as microstructural stabili-
ty, GB segregation, Coble creep, sintering, cellular pre-
cipitation, and intermixing in multiple-layer structures.
It is generally believed that GB diffusion occurs through
difFusion of point defects along the GB's. In particular,
vacancy-related mechanisms are believed to be dominant
in GB diffusion. ' However, recent experimental and
theoretical modeling results for diffusion along [001]
tilt boundaries indicate that, at low temperatures,
interstitial-related diffusion mechanisms likely play a
dominant role instead of vacancy-related mechanisms.
The experimental results obtained by Ma and Ballu% at
relatively low temperatures, when compared to values in
the literature at high temperatures, also reveal that there
are competing difFusion mechanisms at work at different
temperatures, as evidenced by changing slopes in the Ar-
rhenius plots of their diffusion data. This change in mech-
anism from low to high temperature has not been ex-
plained with direct experimental or theoretical evidence.
Here we provide a simulation-based explanation.

In previous work, theoretical modeling of GB
diffusion using molecular statics (MS) with embedded-
atom method (EAM) potentials yielded consistent re-
sults with experiments in the low-temperature regime.
This is primarily due to two factors. One is that the
atomic energies computed from EAM potentials are
highly sensitive to the atom's local environment. This
makes EAM potentials particularly suitable for dealing
with the inhomogeneity in structures such as grain boun-
daries. Another factor is that the calculations were per-

formed at the molecular-statics limit of 0 K. Therefore,
the calculated difFusion parameters are only valid in a re-
stricted range of low temperatures provided that the
diffusion mechanisms do not change. High-temperature
diffusion studies are needed to completely understand
diffusion mechanisms along GB's as a function of temper-
ature. Molecular dynamics (MD) is an alternative ap-
proach for obtaining such information.

In this paper, MS calculations were performed for two
grain boundaries to investigate vacancy-related diffusion
mechanisms as a function of temperature. MD simula-
tions were carried out to extract diffusion parameters at
higher temperatures up to the melting point, T . Com-
bining the MS and MD results provides a more complete
view of GB diffusion mechanisms and effects across a
wide range of temperatures.

The organization of the paper is as follows. In Sec. II,
the EAM potentials and computational methods are
briefIy described. MS results from previous work and
the additional calculations performed for this paper are
discussed in Sec. III. MD results are presented in Secs.
IV and V. Finally, conclusions are drawn in Sec. VI.

II. THE EMBEDDED-ATOM METHOD
AND COMPUTATIONAL TECHNIQUES

A. The embedded-atom method

The EAM was developed by Daw and Baskes as a
semiempirical method for calculating the total energy of
an arbitrary arrangement of atoms in a metal. In the
EAM formalism the energy of an atom consists of two
components: a sum of electrostatic pairwise interactions
with each of its near neighbors, and an energy to embed
the atom in the local-electron density created by its near
neighbors. These components provide a "many-body"
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effect sensitive to the atom's local environment, making
possible the accurate treatment of low-symmetry systems
such as free surfaces, interfaces, and grain boundaries.
The free parameters in the EAM energy functions are
determined empirically by fitting to several measured
bulk properties, such as equilibrium lattice constants,
sublimation energies, bulk moduli, elastic constants, va-
cancy formation energies, and heats of formation for di-
lute alloy solutions. The EAM functions developed by
Adams, Foiles, and Wolfer (AFW) (Ref. 7) were used in
the present study. These functions are nearly identical to
the standard ones developed by Foiles, Baskes, and
Daw, but they are fit to more accurate estimates of the
vacancy formation energy.

B. Computational method

The grain boundaries for this study, symmetric
X5(310)[001] and X13(320)[001] tilt boundaries, were
created by joining unrelaxed and rotted bicrystals togeth-
er. The tilt axis of the boundaries is along the z direction.
Periodic boundary conditions were used in the GB plane
directions (y and z), but not in the direction normal to the
GB plane (x). This creates an infinite GB plane
sandwiched between two free surfaces. The spacing be-
tween the GB plane and the free surfaces is large enough
that the interaction between the GB and free surfaces is
negligible. The total number of atoms in the simulation
cell was about 2000. The GB was then relaxed at 0 K us-
ing molecular-statics (MS) techniques. The relaxed struc-
ture was used to perform both the MS and molecular-
dynamics (MD) simulations. For the MD simulations
performed at a given temperature, the simulation cell was
first expanded uniformly in all three directions, using a
linear thermal expansion coefticient for Ag calculated us-
ing the EAM.

During MD simulations, the atoms near the free sur-
faces were constrained to move within their (310) or (320)
planes (no motion perpendicular to the planes). This
damps the motion of atoms near the free surfaces, but
keeps the grain boundary centered in the simulation cell,
enabling good statistics for diffusion parameters to be
generated. ' By checking snapshots during the MD
simulations we verified that in the temperature ranges
simulated only those atoms near the grain boundary
plane moved dramatically.

The MD simulations were performed at a constant
volume, constant number of atoms, and constant energy,
consistent with the microcanonical ensemble. Initial ve-
locities of the atoms were assigned according to the
Boltzmann distribution for a chosen MD simulation tem-
perature. As the simulation progressed the forces acting
on the atoms were calculated using the EAM potential
for Ag, and the temperature of the ensemble was kept
equilibrated near the chosen temperature by Langevin
dynamical techniques. The simulations were run for
100—250 ps (20—50 000 time steps), and the trajectories of
the atoms as a function of time were recorded. Atomic
self-diffusion in the grain boundary within a width of
5= 10.0 A (roughly two lattice plane spacings) was mea-
sured. This was done by computing the mean-squared

D =Do exp( —QIkT), (2)

where Do is a preexponential factor. Thus the slope of
the data in an Arrhenius plot of D vs 1/T yields the ac-
tivation energy Q and the intersection of the data with
the vertical axis yields Do.

III. MOLECULAR-STATICS CALCULATIONS

Some diffusion parameters for symmetric
X5(310)[001] and X13(320)[001]boundaries (along with
other boundaries) were calculated using previous work
using the molecular-statics technique and an EAM poten-
tial for Ag. In order to present a clear and complete pic-
ture, additional MS calculations were carried out for
vacancy-related diffusion processes. The results are given
in Tables I and II for X5(310)[001]and X13(320)[001]
tilt boundaries, respectively. Corresponding boundary
unit cells are indicated in Figs. 1 and 2 in accordance

TABLE I. Formation Ef, migration E, and activation
(Q =Ef+E ) energies calculated by molecular-statics tech-
niques for several point defects and diffusive jump paths in a
X5(310)[001]symmetric tilt grain boundary. A primed site is
two (001) planes away from an unprimed site in the z direction.

Site No. Ef(ev)

0.65

0.49

0.79
0.78
0.33

Jump path

2—+4
2~2'
2—+2
2—+3

4—+4'

l ~2~l

E. (eV)

0.33
0.57

0.90
0.64
0.24
0.71

0.46

0.23

Q (eV)

0.98
1.22

1.39
1.13
0.73
1.20

1.24

0.56

displacement of the individual atoms in each of three
directions x, y, and z.

The collective mean-squared displacement (MSD) data
as a function of time were used to calculate the diffusion
coefficient D at a given temperature, which is given by
classical diffusion theory as

g[(x;—x;, ) +(y; —y;, ) +(z; —z;, ) ]

6Nt

where x, , y;, and z; are the coordinates of individual
atoms at a given time, x;„y,„and z,, are the initial coor-
dinates of the atoms, N is the total number of atoms
within the grain boundary, and t is the total MD simula-
tion time. The sum is over all the atoms within the grain
boundary width. Thus the slope of a MSD curve vs time
is proportional to the diffusion coefBcient.

The activation energy Q for grain boundary diffusion
was obtained by running the MD simulations at different
temperatures T and fitting the results to the Arrhenius re-
lationship
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Site No. Ef(ev)

0.84

Jump path E (eV) Q (eV)

TABLE II. Formation E&, migration E, and activation
(Q =E&+E ) energies calculated using molecular statics for
several point defects and jump paths in a X13(320)[001]sym-
metric tilt grain boundary. A primed site is two (001) planes
away from an unprimed site in the x direction.
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FIG. 1. Structure of the X5(310)[001]grain boundary after
molecular-statics relaxation. A repeating boundary unit cell is
indicated. Open and filled symbols represent adjacent stacking
planes. Numbers identify unique atom positions in the unit cell;
the letter i marks the position of an interstitial at the grain
boundary.

with the structural unit model. ' The open and filled
symbol represent atoms in adjacent (001) planes in the
[001] direction, and numbers identify difFerent unique
atoms in the unit cell. '

Both defect formation and migration energies were cal-
culated with MS techniques. A vacancy was created by
removing an atom at the grain boundary. An interstitial
site between the planes (the letter i) was identified by add-
ing an atom in a relatively open region in the grain
boundary and relaxing the entire structure. The
difference in the total energy of the system before and
after relaxation yields the defect formation energies. To
calculate the migration energy of a defect, the defect was
moved along a minimum-energy path toward a neighbor-
ing site in a series of small steps. At each step the posi-
tion of the defect was held fixed and the entire system re-
laxed around it. This enabled the energy along the entire

-10 -5 0 10

FIG. 2. Structure of the X13(320)[001]grain boundary ob-
tained from molecular-statics relaxation. A boundary unit cell
is outlined. Open and filled symbols represent two stacking
planes. Numbers identify atom positions in the unit cell; the
letter i marks the position of an interstitial at the grain bound-
ary.

diffusion path to be calculated, and a saddle point along
the path identified. The migration energy is then the
difference in the system energy between the states, with
defects at its initial equilibrium site and at the saddle
point. In order to find the optimal difFusion path, various
jump paths were attempted, and corresponding migration
energies calculated. A primed jump site is two (001)
planes away from an unprimed site in the z direction.
The activation energies listed in the tables are the sum of
defect formation and migration energies. All the data in
Tables I and II are for vacancy jurnp paths except the last
entries, which are for interstitials.

From the defect formation energy data, it is seen that
the interstitial formation energies are the lowest. Howev-
er, at site 2 of the X5(310)[001]boundary, and sites 2
and 4 of the X13(320)[001]boundary, vacancy formation
energies are also comparably low. The low formation en-
ergies indicate that concentrations of these defects are
relatively high at a given temperature.

As seen in Table I, for vacancy-related diffusion in the
X5(310)[001]boundary, the lowest-energy path is 1~4
(0.98 eV). However, it does not contribute to difFusion,
since the corresponding correlation coe%cient is zero.
The next-lowest-energy path is 2~2' along the tilt axis
(1.13 eV), followed by transverse jumps 2~2 (0.73 eV).
Similar trends in the vacancy-related diffusion mecha-
nisms also exist in the X13(320)[001]boundary. Vacancy
jumps with low activation energies are all preferred along
the tilt axis of grain boundaries. The activation energies
of vacancy-related diffusion paths are almost a factor of 2
higher than that of interstitial-related diffusion paths.
Many of the vacancy-related jumps have similar activa-
tion energies, indicating that several types of vacancy



4526 CHUN-LI LIU AND S. J. PLIMPTON

jumps may occur simultaneously at a given temperature.
For interstitials, we found that interstitials moved via

interstitialcy jumps, i~2 —+i in which the interstitial at
site i pushed an atom at site 2 toward the site i ', and thus
a concerted jump was performed. Formation and migra-
tion energies of an interstitial in both boundaries are both
very low, resulting in much lower activation energies for
the interstitialcy jumps. This is presumably due to the
relatively open structures of these GB's. High concentra-
tions of the interstitials due to low formation energies
and high mobility due to low migration energies are the
reason that interstitial-related di6'usion mechanisms are
dominant in these boundaries at low temperatures. The
activation energies at low temperatures ( T ( ', T )—
for Ag X5(310)[001]and X13(320)[001] tilt boundaries
determined by Ma and Ballu% were about 0.70 eV, very
close to the values calculated here for the interstitial-
related diff'usion mechanisms. On the other hand, al-
though vacancy concentrations are comparable to inter-
stitials, high migration energies prevent them from mov-
ing easily in the GB's at low temperatures.

IV. MD RESULTS AND DISCUSSION
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FIG. 4. The Arrhenius plot (kT in eV) for the X5(310)[001]
grain boundary with activation energies Q determined by linear
fitting to the data. Two regimes with different slopes are recog-
nizable; the transition temperature is around 700 K.

The mean-squared displacement of atoms in the grain
boundary region as a function of the MD simulation time
at several temperatures is displayed in Fig. 3. The slopes
of the curves are proportional to the diffusion coe%cients
through the relationship given in Eq. (1). The diffusion
coeKcients determined by Gts to the mean-squared dis-
placement vs time curves were then plotted against in-
verse temperature (1lkT, kT in eV), as shown in Figs. 4
and 5 for the X5(310)[001] and X13(320)[001] boun-
daries. The slopes of the curves are proportional to the
activation energy Q for grain boundary diffusion within a
temperature range. The intersections of the curves with

the vertical axis give the values of Dp ~ The values for
these parameters determined by Atting to the data in the
two figures are shown in Table III. We also directly com-
pared our MD simulation results with experimental data
from Ref. 4. This was done by multiplying both sides of
Eq. (2) by the grain boundary width 5=10.0 A, and then
plotting the 6D values against the normalized inverse
temperature T /T, as shown in Fig. 6. The experimental
data from Ref. 4 were obtained at the low-temperature
regime, but extended here all the way to high-
temperature regime in order to see the trend in Arrhenius
plot. The data from literature indicted in Fig. 6 were ob-
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FICx. 5. The Arrhenius plot (kT in eV) for the X13{320)[001]
grain boundary with activation energies Q. Again there are two
regimes with different slopes; in this case the transition temper-
ature is around 800 K.

FIG. 3. The mean-squared displacement vs simulation time
in the molecular-dynamics simulations of the X5(310)[001]
grain boundary.
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TABLE III. Diffusion parameters determined from
molecular-dynamics simulations of two tilt grain boundaries.

Boundary

XS(310)[001]
(low T)
X5(310)[001]
(high T)
X13(320)[001]
(low T)
X13(320)[001]
(high T)

Do (cm /s)

2.4X 10

2.1X10-'
1.1X10-'

3.7X 10-'

Q (eV)

0.42

1.08
0.40

1.16

tained at high temperatures, and were directly cited from
Ref. 4. There is an obvious change in the slopes of Ar-
rhenius plots around a temperature of -600 K from the
two sets of experimental data.

A distinct feature in the Arrhenius plots from MD
simulations is also seen in Fig. 6, which shows that the
simulated data fall into two different temperature regimes
with different slopes: a low-temperature regime covering
500—700 and 500—800 K for X5(310)[001] and
X13(320)[001],respectively, and a high-temperature re-
gime from 800—1300 and 900—1300 K for X5(310)[001]
and X13(320)[001],respectively. The activation energies
obtained in the low-temperature regime are 0.42 and 0.40
eV, while in the high-temperature regime they are 1.08
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FIG. 6. Comparison of molecular-dynamics simulation re-
sults with available experimental data. The solid lines are data
from Ref. 4. The circles and triangles are the X13(320)[001]
and X5(310)[001]simulation data, obtained by multiplying Eq.
(2) by the grain boundary width 6 (delta in the figure), and plot-
ting 6D against the normalized temperature T /T (T is taken
to be 1300 K for normalization in order to compare our simula-
tion results with experimental results from Ref. 4). The dashed
lines are fits to the simulation data. The upper curvature from
experimental data (Ref. 4) at low temperatures (extended to
high temperatures in the figure) to the literature data obtained
at high temperatures can be seen near 2.0 of T /T. A similar
trend was found from the simulation data.

and 1.16 eV for X5(310)[001] and X13(320)[001], re-
spectively. A common feature for both boundaries is that
the activation energies in the high-temperature regime
are about a factor of 2 higher than those in the low-
temperature regime. In agreement with the MS calcula-
tions, we found that activation energies from the MD
simulations in the low-temperature regime are consistent
with interstitial-dominated diffusion mechanisms, while
the MD activation energies in the high-temperature re-
gime are close to the values associated with vacancy-
related diffusion mechanisms. This is evidence that the
dominant diffusion mechanisms have changed from inter-
stitial related to vacancy related. It is also interesting to
note that the transition temperature for X5(310)[001]
was around 700 K, and 800 K for the X13(320)[001]
from the MD simulations, while experiments found a
similar transition temperature at about 600 K, as shown
in Fig. 6, where one can see that there is a transition from
experimental data from Ref. 4 by Ma and Balluffi (lower
solid line) to literature data (upper solid line) for grain
boundary diffusion in Ag.

This transition can be understood if we consider the
fact that the two important factors contributing to GB
diffusion are the point defect concentrations and their
mobility. In the low-temperature regime, only those de-
fects with low formation and migration energies can
dominate GB diffusion processes, such as those of inter-
stitials. In the high-temperature regime, vacancy
diffusion processes with effective high activation energies
can be activated due to increased concentration and mo-
bility. From our MS and MD simulation results, it is
clear that vacancy-related GB diffusion mechanisms,
while unimportant at low temperatures, become dom-
inant at high temperatures. In this case, the fundamental
jumps presented in Tables I and II are still important, al-
though other types of jumps, such as multiple or coordi-
nated jumps and direct interchange via the "ring" mecha-
nism, may also become feasible.

Figure 6 shows that, in the high-temperature regime,
the diffusion coefticients from the MD simulations are in
good agreement with experimental results, while in the
low-temperature regime they are higher than the values
determined by Ma and BalluS by 1 —2 orders of magni-
tude. However, experimental measures of D typically
have an uncertainty of at least 2 —3 orders of magnitude.
The MD activation energies (1.08 —1.16 eV) in the high-
temperature regime are also in good agreement with the
experimenta1 values. The activation energies calculated
from MD simulations in the low-temperature regime are
lower (0.40—0.42 eV) than the experimental values (about
0.70 eV).

V. CONCLUSIONS

Based on the MS and MD simulation results presented
for diffusion along [001] tilt grain boundaries, we draw
the following conclusions.

(1) Interstitial-related diffusion mechanisms play a
dominant role in GB diffusion at low temperatures due to
much lower formation and migration energies. In con-
trast, the activation energies of vacancy-related diffusion
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processes are much higher, indicating that they do not
make significant contributions to low-temperature GB
di6'usion.

(2) Vacancy-related diffusion mechanisms, while unim-
portant at low temperatures, become dominant at high
temperatures due to increased concentration and mobility
of GB vacancies. Many vacancy-related diffusion pro-
cesses with similar activation energies may occur simul-
taneously.

(3) The above conclusions are supported by both our
MS and MD simulation results and experiments by Ma
and BalluHR, " in that two regions of distinct slope in the
transition from low to high temperatures were observed
in Arrhenius plots in both cases.

(4) The diffusion parameters determined from the MS
and MD simulations were in satisfactory agreement with
experiments.
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