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Abstract Diffusion rates and associated deformation
behaviour in olivine have been subjected to many stud-
ies, due to the major abundance of this mineral group in
the Earth’s upper mantle. However, grain boundary (GB)
transport studies yield controversial results. The relation
between transport rate, energy, and geometry of individual
GBs is the key to understand transport in aggregates with
lattice preferred orientation that favours the presence and/
or alignment of specific GBs over random ones in an unde-
formed rock. In this contribution, we perform classical
molecular dynamics simulations of a series of symmetric
and one asymmetric tilt GBs of Mg,SiOy4 forsterite, rang-
ing from 9.58° to 90° in misorientation and varying surface
termination. Our emphasis lies on unravelling structural
characteristics of high- and low-angle grain boundaries
and how the atomic structure influences grain boundary
excess volume and self-diffusion processes. To obtain dif-
fusion rates for different GB geometries, we equilibrate the
respective systems at ambient pressure and temperatures
from 1900 to 2200 K and trace their evolution for run dura-
tions of at least 1000 ps. We then calculate the mean square
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displacement of the different atomic species within the GB
interface to estimate self-diffusion coefficients in the indi-
vidual systems. Grain boundary diffusion coefficients for
Mg, Si and O range from 10™!8 to 10~2! m¥s, falling in line
with extrapolations from lower temperature experimental
data. Our data indicate that higher GB excess volumes ena-
ble faster diffusion within the GB. Finally, we discuss two
types of transport mechanisms that may be distinguished in
low- and high-angle GBs.

Keywords Forsterite - Grain boundary - Self-diffusion -
Mg

Introduction

Grain boundaries (GBs) in oxides and silicates have
received increased attention in the last decades, as they are
known to influence many key physical and chemical prop-
erties of rocks (Dohmen and Milke 2010) such as reaction
kinetics (Keller et al. 2008), fluid transport (Gardés et al.
2012), chemical alteration (Hartmann et al. 2008), electri-
cal conductivity (Pommier et al. 2015), and solid-state dif-
fusion (Marquardt et al. 2011). GBs in the mineral group
olivine, (Mg,Fe),SiO4, have been studied extensively
to elucidate their role in the rheological behaviour of the
upper mantle. The ongoing debate whether dislocation or
diffusion creep dominates the plastic deformation of the
mantle and where transitions between the two may occur
(Karato and Wu 1993; Hansen et al. 2012; Hirth and
Kohlstedt 2013) has led to extensive research of the bulk
self-diffusion kinetics of olivine (e.g. Chakraborty et al.
1994; Dohmen et al. 2002, 2007; Fei et al. 2012, 2013) and
its polymorphs (Farber et al. 1994; Shimojuku et al. 2004;
Kubo et al. 2004; Shimojuku et al. 2009). However, in the
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case of grain boundary diffusion in olivine, experimental
data are limited. Diffusion measurements in forsterite GBs
have been reported by Farver et al. (1994) for magnesium,
Farver and Yund (2000) and Fei et al. (2016) for silicon,
and Condit et al. (1985) for oxygen.

Another approach that has been much less utilised so far
is to look at (grain boundary) diffusion from a molecular
simulation perspective. Such simulations enable us not only
to calculate physical and thermodynamic properties of a
given system (total energy, electrical conductivity, chemical
diffusion) but simultaneously link them to structural proper-
ties on a molecular scale. Ammann et al. (2010) reviewed
static first principles simulations to calculate bulk diffusion
rates in perovskite and periclase. In such static studies, the
frequency of atom jumps to vacant lattice sites is derived
from the lowest energy barrier that has to be crossed and
the frequency of attempts derived from harmonic transition-
state theory. Ghosh and Karki (2013) investigated the ener-
getics and structure of a set of Mg, SiOy4 forsterite tilt grain
boundaries using similar methods and infer that, depending
on misorientation, areas of low density in these GBs may
serve as fast diffusion pathways. An alternative approach
is to perform molecular dynamics (MD) simulations where
atomic displacements are followed in real time by integra-
tion of Newton’s equations of motion. Subsequently, the
systems evolution is tracked over time in order to average
over a property of interest. However, simulations based
on first principles are computationally expensive and typi-
cally limited to the simulation of a few hundred atoms and
picoseconds of simulation time. In the case of GBs, simu-
lation cells need to be sufficiently large to exclude finite
size effects (e.g. interaction of repeated GBs introduced by
the periodic boundary conditions) and to capture the entire
repeat unit length along a GB. To investigate self-diffusion
directly by molecular dynamics simulations, simulation
times have to be sufficiently long to generate statistically
meaningful displacements of atoms that may be considered
as diffusing. One possible solution to these obstacles is to
perform MD simulations based not on first principles but on
classical interaction potentials. Such simulations have the
advantage that they are computationally much less expen-
sive and thus enable the simulation of comparatively large
systems (several 1000 atoms) and long timescales (several
nanoseconds). Nevertheless, classical MD still requires
comparatively high temperatures to reach a sufficient degree
of atomic mobility in order to catch diffusive processes at
all. In this study, we estimate major element grain bound-
ary self-diffusion coefficients in a set of Mg,SiO4 forster-
ite tilt grain boundaries using classical MD simulations. We
utilise an advanced ionic interaction potential that has been
successfully applied in the simulation of many oxides and
silicates, including forsterite (e.g. Jahn and Madden 2007,
Adjaoud et al. 2012; Finkelstein et al. 2014).

@ Springer

Simulation procedure
Grain boundary set-up

We constructed several Mg,SiO4 forsterite (space group
Pbnm, a = 47535 A, b = 10.1943 A, ¢ = 5.9807 A
a=pB=y = 90°) grain boundaries with misorienta-
tion angles varying from 9.58° to 90°. Details about the
procedure, grain boundary energies, and structure of all
(Ok1)/[100] symmetric tilt grain boundaries are reported in
Adjaoud et al. (2012). Briefly, grain boundaries are gener-
ated by cutting a crystal grain at a specific angle and then
one-half of the crystal grain is rotated by 180° with respect
to the other half. The rotation axis is perpendicular to the
cutting plane. Leaving a small gap between the two grains,
one grain is systematically shifted with respect to the other
grain in the interface plane. This procedure allows to cre-
ate several atomic configurations for each misorientation
angle. The total energy of each atomic configuration is cal-
culated. The atomic configurations with the lowest energy
are subsequently relaxed by MD at ambient conditions,
which leads to the closure of the gap and the construction
of a structural model for the specific symmetric tilt grain
boundary. Additionally, as they are among the most abun-
dant GBs in undeformed forsterite aggregates (Marquardt
et al. 2015), a 90° misorientation grain boundary contain-
ing 9744 atoms is constructed in a similar manner for this
study, bringing in contact two forsterite grains with (100)
and (010) free surfaces. The new cell containing the 90°
misorientation grain boundary has the cell dimensions
32.98 x 38.43 x 12.93 A and is also annealed at ambient
conditions. The termination of the (100) and (010) surfaces
is chosen as to represent the lowest energy termination
according to Watson et al. (1997).

Self-diffusion coefficients from MD simulations

Next, we use classical MD simulations to study the struc-
ture and transport mechanisms of the constructed grain
boundaries at high temperatures. First, we equilibrate each
system at ambient pressure and temperatures between
1900 and 2200 K (NPT ensemble, constant number of par-
ticles N, constant pressure P, constant temperature 7) for
at least 2 ps. Given the nanosecond timescale available to
our simulations, such comparatively high temperatures are
necessary to reach a sufficient degree of atomic mobility.
Temperature and pressure are controlled by a Nosé—Hoo-
ver thermostat (Nosé and Klein 1983) coupled to a barostat
(Martyna et al. 1994). We subsequently fix the cell volume
V and track the system evolution at a given temperature for
at least 1000 ps with 1 fs timesteps (NVT ensemble using
a Nosé-Hoover thermostat to control the temperature).
System sizes range from 4032 to 9744 atoms, periodic
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boundary conditions are applied in every simulation. The
movement of individual elements is evaluated by analysing
their mean squared displacements (MSD) over the dura-
tion of the simulation. It is assumed that, in terms of diffu-
sion, a steady state is reached as soon as the MSD increases
linearly with time, which is the case for all simulations in
this study. Self-diffusion coefficients can then be estimated
using Einstein’s relation between self-diffusion coefficient
and MSD (Allen and Tildesley 1989):

(e +10) = r(10)?)
2-dim-t

ey

Di = lim

where D; is the self-diffusion coefficient of element i (Mg,
Si, O). r(¢) is the position vector of an individual atom of
type i at time ¢ and dim the dimensionality of the system.
The numerator at the right-hand side of Eq. 1 is the mean
squared displacement, which is averaged over all atoms
N; of a specific element i starting with an initial time #
(symbolised by angular brackets). Conventionally, Eq. 1 is
defined for systems where all atoms of a specific element
contribute to a homogeneous self-diffusion coefficient (e.g.
a fluid). However, in the case of grain boundaries, self-dif-
fusion within the bulk crystal can be several orders of mag-
nitude slower as compared to the GB (e.g. Farver and Yund
2000; Dohmen and Milke 2010; Marquardt et al. 2011).
As a consequence, a MSD that averages over all the atoms
of a specific element in these systems also averages over
the comparatively immobile atoms within the bulk crystal.
This leads to a considerable underestimation of the grain
boundary diffusion, and it is thus compulsory to treat the
GB and the bulk crystal as two sub-systems (e.g. Fisler and
Mackwell 1994). Therefore, we analyse the distribution of
the MSDs of each individual atom and only consider those
that have been displaced more than 7 A2 at a time inter-
val of at least 1000 ps and hence contribute significantly
to GB diffusion. Choosing a slightly lower or higher cut-
off (e.g. 6 A% or 8 A% does not change the MSD results
significantly. However, a too low cut-off will average over
atoms that have not moved beyond their nearest neighbour
distance, while a higher cut-off will ignore atoms that have
been diffusing only short distances in the MD timescale.
We chose 7 A% as a compromise and kept the cut-off for
all calculations. To gain further insight into the influence of
grain boundary geometry and stability on the self-diffusion
coefficient, we also calculate the excess volume (VGb) of
each individual GB as follows:

VGb Vbc _yse

- @)

where V¢ and V*¢ are the total volumes of the grain bound-
ary cell and a reference single crystal, respectively. AS® is
the area of the grain boundary and the factor 2 accounts for

the fact that the actual simulation cell contains two grain
boundaries due to the periodic boundary conditions.

Classical interaction potential

All simulations are performed using a set of classical inter-
action potentials parametrised for the Ca—-Mg-Al-Si-O
system by reference to first principles electronic struc-
ture calculations (Jahn and Madden 2007). In addition to
charge—charge (i.e. Coulomb) interactions and dispersion,
this model includes true many-body effects by accounting
for polarisation effects (electronic multipoles up to quad-
rupoles) as well as aspherical shape deformation of ani-
ons, depending on their local environment (Madden et al.
2006). Multipoles and shape deformations are computed
self-consistently at each simulation step. Such aspherical
ion model (AIM) potentials have been successfully applied
in the simulation of several geomaterials including forster-
ite (Jahn and Madden 2007; Jahn and Martoniak 2008; Jahn
2010), oxide and silicate melts and interfaces (Adjaoud
et al. 2008, 2011; Jahn and Madden 2008; Gurmani et al.
2011) as well as forsterite grain boundaries (Adjaoud et al.
2012). All simulations in this contribution are performed
using the CP2K code package (Hutter et al. 2014) with an
implementation of the AIM potential type made recently by
the authors. All potential parameters are listed in Jahn and
Madden (2007).

Results

Grain boundary self-diffusion coefficients D; derived from
Eq. 1 and averaged over the mobile ions only are given
in Table 1. For silicon and occasionally oxygen, self-dif-
fusion rates are very low (in the order of 10712 m? /s and
below) and only few atoms move beyond the MSD cut-off
of 7 A? within the simulation time frame. In some cases,
it is impossible to extract meaningful self-diffusion coef-
ficients and the respective entries in the data set are thus
left blank. To make our results comparable to experimen-
tal diffusion data, we also present the grain boundary dif-
fusion coefficients from the simulations as the product of
D; and the effective grain boundary width §, which is set
to 10~ m (Ricoult and Kohlstedt 1983). The resulting
8DiGb is normalised to the total number of ions i (includ-
ing immobile ions) in the grain boundary interface volume,
which is defined by § times the grain boundary area. The
respective SDiGb are presented in Table 1. Experimental
data for the temperature range of our simulations are not
available. However, Figs. 1, 2, and 3 compare our results
to linear extrapolations of various experimental studies in
lower temperature regimes. The figures also contain self-
diffusion coefficients of Mg,SiO4 melt derived by Adjaoud
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et al. (2008) using the same MD model. Grain boundary
excess volumes VP calculated according to Eq. 2 are given
in Table 1.

Discussion
Self-diffusion coefficients

Overall, data derived directly from our MD simulations are
well in the range of extrapolations from lower tempera-
ture experimental data. In the case of Mg, the SDI?,IZ, from
the simulation plot somewhat below the extrapolated line
from the experiments, which may have various reasons. In
addition to possible systematic errors of the simulations
due to the chosen interaction potential, the spread of the
experimental data leads to a relatively large uncertainty for
extrapolations to much higher temperatures. Close to the
melting point of forsterite, the activation energy for grain
boundary diffusion may become smaller and eventually
approach the self-diffusion coefficient of the melt, which
is in the order of 10~'8 m¥s for Mg (Adjaoud et al. 2008,
2011). Finally, the 5D1€12 may be underestimated as ions
having moved less than the cut-off distance are considered
immobile, whereas in real samples slowly moving ions also
contribute to SD?,};.

In the case of Si, the few data that can be extracted from
our simulations plot between the linear regression of the
data sets of Farver and Yund (2000) and Fei et al. (2016).
Oxygen self-diffusion coefficients predicted by our simula-
tions are well in line with data by Condit et al. (1985) and
seem to be systematically smaller than data from Fisler and
Mackwell (1994). The low (SDSb predicted by our simula-
tions may also be due to the used AIM potential, which is
known to generally predict too strong oxygen bonds and
may lead to a reduced oxygen mobility (Adjaoud et al.
2008). The experimental results of Watson (1986) appear
to be several orders of magnitude to high, as they surpass
self-diffusion coefficients predicted even for a Mg,SiO4
liquid already at low temperatures. The large spread of
experimental oxygen diffusion data ranging from 10716
to 1072* m%/s for temperatures between 1200 and 1500 K
make a robust assessment of the simulation data difficult.
The discrepancies in experimental data sets may be due to
the various methodologies employed in the experiments,
comprising isotopic tracer analysis (Condit et al. 1985;
Farver and Yund 2000; Fei et al. 2016) and indicator min-
eral reactions (Watson 1986; Fisler and Mackwell 1994).

Consequently, the MD results are not necessarily com-
parable to a specific set of experiments, as the diffusion
mechanisms involved may be different in the high- and
low-temperature regimes. At the highest MD temperatures,

Table 1 MD simulation

results for all investigated grain GB angle (*) TX) Dyg 8D Sllzg Ds; 8D, gib Do ‘Sng veb (/o\3//°\2)
boundaries
9.58 2200 8.34 12.7 - - - - 0.66
11.17 2200 10.3 17.4 - - 2.61 2.67 0.72
16.69 2200 9.93 25.0 5.77 0.59 2.14 2.14 0.80
32.7 2200 9.98 26.8 - - - - 0.94
2100 4.82 10.8 - - 1.02 1.01 1.00
1900 2.23 0.93 - - 1.08 0.18 0.92
60.8* 2200 342 5.15 - - - - 0.34
60.8 2200 4.14 6.23 - - 1.30 0.89 0.55
2100 2.90 2.62 - - 1.04 0.53 0.51
1900 1.34 0.44 - - 0.44 0.14 0.52
90.0 2200 329 136.0 7.75 9.93 7.11 16.4 1.30
2100 25.5 84.1 3.31 234 4.97 7.94 1.20
2000 13.6 29.9 1.64 0.54 - - 1.19
1900 8.30 12.8 - - 3.23 2.22 1.18

For Mg, Si, and O, two data sets are given: (1) the self-diffusion coefficients D;, derived from MSD after
1000 ps run duration, averaging over all atoms moving beyond the 7 A2 cut-off (given in 10~ m?/s).
(2) The same self-diffusion coefficient normalised to the grain boundary volume, denoted as rSD[Gb (given
in 1072 m3/s with § = 1 nm). Additionally, the excess volume for every configuration is given (see text).
Gaps in the data set occur when diffusion was too slow to be statistically captured on the timescale of the

MD simulation

* Asymmetrical
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Fig.1 Mg grain boundary diffusion coefficients from MD simula-
tions (this study) compared to experimental data (Farver et al. 1994)
and to the Mg self-diffusion coefficient in Mg,SiO4 melt from MD
simulations of Adjaoud et al. (2008). The dashed line is a linear
extrapolation of data by Farver et al. (1994)
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Fig. 2 Si grain boundary diffusion coefficients from MD simulations
(this study) compared to experimental data (Farver and Yund 2000;
Fei et al. 2016) and to the Si self-diffusion coefficient in Mg,SiO4
melt from MD simulations of Adjaoud et al. (2008). The dashed lines
are linear extrapolations of data by Farver and Yund (2000) and Fei
et al. (2016)

atoms may diffuse rather liquid-like in the grain bound-
ary zone, while at experimental temperatures, energy bar-
riers are much higher and mechanisms such as vacancy
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Fig. 3 Oxygen grain boundary diffusion coefficients from MD sim-
ulations (this study) compared to experimental data (Condit et al.
1985; Watson 1986; Fisler and Mackwell 1994) and to the oxygen
self-diffusion coefficient in Mg,SiO4 melt from MD simulations of
Adjaoud et al. (2008)

migration play a stronger role. Moreover, our simulations
represent ideal systems as opposed to experimental systems
where impurities will influence diffusion. This means that
we by no means wish to support or refute a specific set of
experiments, but rather emphasise that the data predicted
by the MD approach are reasonable and justify the discus-
sion below.

Grain boundary transport mechanisms and volume
dependence

To visualise the molecular-scale transport mechanism in
different GB types, Figs. 4 and 5 show exemplary snap-
shots of the MD trajectories for a low-angle (9.58°) and a
high-angle grain boundary (60.8°). The upper panels (A)
in both figures show the overall displacement of individual
atoms at the last snapshot of the respective simulation. It
is readily visible in both examples that the repeated grain
boundaries, which result from the periodic boundary con-
ditions, are well separated and do not interact. Low-angle
GBs in general can be described as an array of aligned
partial dislocations and stacking faults (e.g. Ikuhara et al.
2003, in alumina). In Fig. 4, it is readily visible that dif-
fusion takes place in a confined space around these par-
tial dislocations in the bicrystal lattice (see Adjaoud et al.
(2012) for a detailed analysis of the structures presented).
These areas of highest mobility are likely correlated to
the spatial extend of the dislocation cores, have radii of
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Fig. 4 a Snapshot of the
trajectory of a low-angle grain
boundary (9.58° misorientation)
with individual atoms coloured
according to their overall
displacement with respect to
the first step of the run. The
black dashed lines indicate the
misorientation angle. b, ¢ show
exemplary trajectories of Mg
atoms propagating through the
diffusion channel (see text). The
green dashed line indicates the
extend of one of these channels.
Different trajectory colours are
individual atoms. The cell in the
centre image is rotated about

2° around the z-axis. All figures
are created using the OVITO
software (Stukowski 2010)

Fig. 5 a Snapshot of the
trajectory of a high-angle grain
boundary (60.8° misorientation)
with individual atoms coloured
according to their overall
displacement with respect to
the first step of the run. The
black dashed lines indicate

the misorientation angle. b, ¢
show exemplary trajectories of
Mg atoms propagating through
the diffusive layer (outlined

in green) of the GB interface
(see text). Different trajectory
colours are individual atoms.
The cell in the centre image is
rotated about 20° around the
z-axis. All figures are created
using the OVITO software
(Stukowski 2010)

approximately 1.2-2 nm, and propagate cylindrical through
the grain boundary interface, parallel to the a-axis of the
two forsterite crystals (the x-axis in Fig. 4, the dashed green

@ Springer
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line outlines such a diffusion channel). When analysing
exemplary trajectories of Mg atoms through these diffusion
channels, one can observe a typical diffusion pattern where
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boundary excess volume for different 7. Dashed lines are linear fits to
the data. Asterisks-asymmetrical grain boundary

longer jumps are intermitted by phases of stagnation (e.g.
Fig. 4 lower two panels). However, diffusion paths are not
straight along the length of the channel but may also span
its width entirely. High-angle grain boundaries on the other
hand show no such diffusion channels (Fig. 5). Here, the
area of highest mobility spans the entire grain boundary
interface, about 1-2 nm in width. Atoms move more or less
randomly in any direction parallel to the interfacial plane,
whereas in the low-angle grain boundary, a long-term trans-
port between two channels within the same GB interface
plane (parallel to the y-axis in Fig. 4) should be considered
rather slow, thus greatly limiting diffusion in this direction.

These two modes of transport, however, do not neces-
sarily result in enhanced or reduced overall self-diffusion
within a GB. Instead, it seems that the rate-determining
factor is the overall excess volume of a grain boundary at
any given temperature. Figure 6 shows the calculated grain
boundary diffusion coefficients as a function of excess
volume for different temperatures. Both slowest and fast-
est diffusions are observed in high-angle grain boundaries
(60.80° and 90° misorientation). On the other hand, the
relation to the grain boundary energy is much less pro-
nounced, as e.g. the 32.70° GB exhibits the overall lowest
GB energy (at ambient conditions) of the set investigated
by Adjaoud et al. (2012). A theoretical relationship between
excess volume and self-diffusion coefficients has previ-
ously been proposed by Chuvil’deev (1996). More general-
ised, excess volume as a measure of "'non-equilibrium state’
of GBs in metals has been suggested to correlate with key
physical properties such as sliding, migration, and segrega-
tion (Chuvil’deev et al. 2002; Petegem et al. 2003). Tucker

and McDowell (2011) infer from atomistic simulations
that different initial GB configurations retain their excess
volume differently under stress. This raises the question of
how the self-diffusion coefficients presented here will vary
with the respective GB excess volume under pressure (e.g.
under mantle conditions). It is likely that different forsterite
GB configurations will react differently to higher pressures
and thus change in their relative contribution to average
diffusion in the polycrystalline bulk rock. In real forsterite
aggregates, the predominant grain boundary angles range
from 60° to 90° while low-angle grain boundaries play a
minor role (Marquardt et al. 2015). This suggests that when
comparing the MD results to bulk diffusion rates in such
aggregates, a weighted average of the diffusion coefficients
of the high-angle grain boundaries seems a sensible choice.
This also suggest that during mantle deformation, the bulk
diffusion rates (and mechanism) will change depending on
a preferred orientation that may be developed, i.e. when
certain misorientation angles begin to dominate as opposed
to a random distribution.

In the literature of grain boundary diffusion, the effec-
tive grain boundary width is defined as the region of
increased atomic mobility (White 1973). Given that the
grain boundaries of our MD study are so different, it is not
easy to derive this quantity unambiguously for the different
misorientations. Based on our visual inspection (Figs. 4, 5),
the effective grain boundary width is consistent with pre-
vious estimates of one to two nanometres. Recently, Sun
et al. (2016) systematically investigated the structure of
the presented 60.8° misorientation grain boundary in terms
of atomic distortions. Among others, they derived a three-
dimensional continuum model for atomic displacement,
distortion, and disclination density fields. Depending on the
element and property, the structural grain boundary width
appears to be broader or narrower, ultimately leading to an
effective structural GB width similar to the effective GB
width of diffusion.

Conclusion

From the preceding discussion, we may draw the follow-
ing conclusions: (1) the grain boundary diffusivity in oli-
vine depends explicitly on the type of GB, specifically
on its excess volume, (2) (self-) diffusion in low-angle
grain boundaries shows a strong anisotropy which may be
explained by their structure of stacked (partial) disloca-
tions. On the contrary, the GB diffusion in high-angle GB is
essentially isotropic in the GB plane, and (3) classical MD
simulations are a viable tool to study diffusive processes
at within grain boundaries at high temperatures, given that
sufficiently long trajectories can be achieved.

@ Springer
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Further work should be focused on the effect of pressure
on the excess volume and the related self-diffusion in for-
sterite grain boundaries in order to obtain a better under-
standing of GB diffusion in olivine under conditions of the
upper mantle.
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