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Computing the mobility of grain boundaries
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As current experimental and simulation methods cannot
determine the mobility of flat boundaries across the
large misorientation phase space, we have developed a
computational method for imposing an artificial driving
force on boundaries. In a molecular dynamics simulation,
this allows us to go beyond the inherent timescale
restrictions of the technique and induce non-negligible
motion in flat boundaries of arbitrary misorientation. For
different series of symmetric boundaries, we find both
expected and unexpected results. In general, mobility
increases as the grain boundary plane deviates from
(111), but high-coincidence and low-angle boundaries
represent special cases. These results agree with and

enrich experimental observations.
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any modern technical materials are designed and
Mmanufactured by controlling the evolution of the

microstructure using external influences such as heat or
deformation. Independent of the class of material (nanomaterials,
semiconductors, ceramics, metals and alloys, and some types of
polymer), a microstructure, in essence, is a conglomerate of grains
with varying crystallographic orientation. To control the evolution
of the microstructure it is first brought to a state with an increased
amount of stored energy (for example, by plastic deformation
or irradiation). From that state the microstructure is annealed,
carefully steering it to a configuration with the desired technical
properties. Most of the solid-state microstructure transformations,
such as recrystallization, grain growth, phase transformation or
precipitation, involve the motion of grain boundaries. Grain
boundary motion is a product of the driving pressure, which is
a consequence of the energy stored in the microstructure, and
the mobility of the grain boundary. Here we demonstrate how a
molecular dynamics computation with a grain boundary potential
energy formulation can be used to directly measure grain boundary
mobility, which until now has proven to be time-consuming and
difficult to compute or measure.

The mobility of a solid-state grain or phase boundary is
determined by the atomistic mechanisms by which the boundary
moves. Although uncertainty remains about the exact nature
of these mechanisms, it is generally accepted that mobility
strongly depends on the crystallographic misorientation between
neighbouring grains.

Misorientation depends on five independent variables, three
to represent the orientation difference between the crystal lattices
and two for the grain boundary plane, which represents a
substantial parameter space. It should be noted that the three
translational degrees of freedom at the boundary are automatically
minimized by the simulation method, just as they are in reality.
In addition, it has proved challenging, if not impossible, to come
up with a natural driving pressure to move and measure the grain
boundary motion whilst keeping the grain boundary flat and its
misorientation constant. Approaches that study flat boundaries
(driven by volumetric driving forces such as stress or magnetism)'~
rely on special crystallographic anisotropies and thus have been
fundamentally limited in the misorientations that can be studied.
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Figure 1 Example of a computational experiment for the mobility of a
symmetric 55° [111] mixed-type grain boundary in f.c.c. aluminium. The atoms
are coloured from red (£, = 0) over green to blue (&; = £7™). The simulated
configuration is periodic for x, y and z directions. Note the vacancy (with a cloud of
displaced green atoms surrounding it) in the upper right corner.

Methods that study curved boundaries*” cannot single out a
specific misorientation. State-of-the-art mesoscale computational
methods®*'* aimed at the prediction of the grain-scale evolution
of polycrystalline microstructures are rapidly maturing to a state
where they can be applied to materials of technical interest.
Grain boundary mobility is an essential input parameter for these
approaches, as without this parameter predictions are restricted
to general scientific interest, but not applicable to the design of
specific, technical microstructures. Using molecular dynamics to
model the grain growth process itself '>'® is limited in system size
to a few nanoscale grains.

In this article we use an artificial, crystal-orientation-dependent
driving pressure, introduced into an embedded atom molecular
dynamics simulation, to compute the grain boundary mobility
in a pure material: face-centred-cubic (f.c.c.) aluminium. This
method permits calculation of grain boundary mobility for flat
boundaries over the full range of crystallographic misorientation
space. Preliminary results provide insights into grain boundary
motion, some of which are surprising.

A crystal lattice with a specific orientation I implies that, ideally,
each atom i with position vector r; has its nearest-neighbour atoms
j at specific positions r]. Any local deviation from that orientation
results in nearest-neighbour positions r;. We define the order
parameter &; for each atom i as

E=) In—xl,
i

where the sum is over the N nearest-neighbour atoms j of i,
and rj is the nearest ideal lattice site of crystal I to r;. N is 12
for the f.c.c. materials of this article. Note that &; is zero if the
local orientation is exactly I, and is positive for any deviation from
that orientation.

Now consider an atom i in a perfect lattice with orientation J.
The orientation difference between I and ] can be expressed as an
‘ideal’ value (in the absence of defects and thermal vibrations)

I
&= E |1'][—1']-|
j

where r}[ are the lattice sites in crystal J that neighbour atom i.

In a bicrystal system with grain A having orientation I and
grain B having orientation J, we now add an orientation-dependent
potential energy to the atoms that creates a driving pressure acting
on the grain boundary. Such an artificial potential u.(r;) can be
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defined at each atom i as

0 §i<é&
u(r;) = ;(1 —cos2w;) with w; = g ;:?1 §<&<& (D
\4 En <&

with & = f&; and &, = (1 —f)&;;. The cosw; function is chosen
such that its derivative is zero at & and &, and shows a smooth
transition between those two values. The value of the fraction f
is chosen to reduce the effect of the artificial potential on the
normal thermal vibrations of the atoms around their lattice sites,
and ensures that the added energy is free energy. The optimal value
of f depends on the material, potential and temperature. The effect
of ug(r;) is that atoms of grain B far from the AB interface now have
a potential energy larger than the potential energy of grain A atoms
by a value of V per atom. This potential energy difference goes to
zero as an atom’s coordinates cross the bicrystal interface from B
to A. This is the equivalent of grain B containing a stored energy;
consequently, atoms near the interface will be driven into a grain A
orientation and the grain boundary will migrate into grain B. The
extra force on each atom is given by

F(r;) = _Ou  mV
YT T T 28—

+Z[—%sin2w{| for & < &,& <&,
i bk

where §;;=r,4+I;—r;and ;= r]( —r;. For §; and §; outside the given
limits F(r;) is a zero length vector. In these simulations, we use as
our baseline potential an embedded atom method (EAM) potential
for aluminium published in ref. 17. We add equation (1) to that
potential with f =0.25 and V set as discussed below. This model
has been implemented as an option in the LAMMPS molecular
dynamics package'®”. Despite the ‘artificial’ nature of the extra
driving force, this method is a conventional molecular dynamics
implementation, which follows the relevant statistical mechanics
rules. All atomic motion mechanisms, including thermal vibrations
as well as random and directed motion along and across
boundaries, are included, and detailed balance is maintained. In
fact, our flat boundaries move analogously to any flat boundary
experiencing a volumetric driving force; the only difference is that
our driving force does not arise from a physical cause such as stress
or a magnetic field but rather is applied synthetically.

Figure 1 shows an example of a computational experiment
on a fully periodic system of about 26,000 atoms (a range
between 14,000 and 150,000 was used for the runs discussed
here). Note that, owing to the simpler geometry of the current
simulations, this system size is considerably smaller than required
for curvature-driven molecular dynamics simulations®. The grain
at the ends is set to orientation I, the grain in the middle to
orientation J and the artificial potential energy term is added to all
atoms. As a consequence both grain boundaries move towards the
centre of the sample during a molecular dynamics run of 100 ps
in timesteps of 0.001 ps, as illustrated by the plot of Fig. 2. (If
I and ] were reversed, both grain boundaries would move away
from the centre.) Figure 2 shows that boundary velocity is constant
throughout the simulation, as expected in a constant driving
pressure system, and is about the same for both boundaries. We can
calculate the boundary mobility by dividing this constant velocity
by the driving pressure assuming the nominal lattice constant
of 4.032 A.

To study mobility as a function of misorientation angle, we
examined several boundary series at a temperature of 800 K.
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55° [111] symmetric, mixed-type boundary; V= 0.025 eV
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Figure 2 Example of the grain boundary motion at 800 K and V=10.025 eV for
the sample shown in Fig. 1.

Series A includes symmetric [111] pure twist boundaries; that is,
the boundary plane is exactly (111) and the misorientation angle
represents a rotation about [111]. Here, V =0.025 eV per atom
(equivalent to 244 MPa, which is about 25 times the maximum
driving pressure in highly deformed metals). Figure 3 shows
near-zero mobility for the exact X3 twin boundary (60° about
[111]) and somewhat low mobility for the exact X7 coincident site
lattice (CSL) boundary (38.21° about [111]), both in agreement
with experiment®. Although the mobility minimum near the
3 boundary is quite flat (even 55° misorientation boundaries
have near-zero mobility), the X7 boundary is a mobility cusp,
with near-37 boundaries higher in mobility than the exact
CSL misorientation. This agrees with experimental observations
that show near-X7 boundaries move quickly whereas near-X3
boundaries are immobile?'.

Series B and C are data from 100-ps molecular dynamics
runs of symmetric, mixed-type boundaries; that is, the [111]
misorientation axis is neither parallel nor perpendicular to the
grain boundary plane, and the grain boundary plane deviates from
(111). These results surprisingly show that some grain boundaries
with a X¥3-type misorientation axis—angle pair have very high
mobility relative to other boundaries. In other simulations, we
have observed X3 mixed-type boundaries that are of intermediate
mobility. Taken together, these results indicate that although some
¥3 boundaries, including the symmetric twin, are essentially
immobile, other ¥£3 boundaries may be exceptionally mobile. In
fact, the mobility of nominal X3 boundaries varies by orders of
magnitude as the boundary plane changes. Although nearly all
research published on this subject, experimental or computational,
neglects the dependence of the mobility on the boundary plane
normal, our results indicate that this assumption is incorrect.
In fact, two boundaries with precisely the same misorientation
angle—axis pair but different boundary planes have the smallest
and the largest mobilities observed in our simulations. Not only
is this result interesting in itself, it could also affect grain boundary
engineering processes that strive to maximize X3 boundary content
in metallic microstructures®.

The near-X7 40° [111] boundary has been reported to possess
an anomalously high mobility”’, and this observation is often
used in theories for abnormal grain growth. Our results for both
pure twist and mixed boundaries do not show a particularly high
mobility for such boundaries. In fact, the exact X7 twist boundary
has a rather low mobility, and although the mobility of the mixed-
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Figure 3 Mobility of aluminium grain boundaries at 800 K with different
misorientation angles around a [111]-type axis and various grain boundary
planes. For some misorientations the normal to the grain boundary plane is
indicated. The boundaries are all symmetric, meaning that the boundary plane type
is the same with respect to both crystals, for example, [61 1] and [161] for the 30°
misorientation angle. The angle between the misorientation axis and the boundary
normal is 54.74° for all mixed boundaries shown. The values shown are an average
derived from the velocities of the left and right grain boundaries, both moving
towards the sample centre.

type X7 boundary is higher, it is similar to that of other high-
angle boundaries. The experimental results concern the boundary
mobility of a new grain growing into a deformed microstructure,
and as the authors note, the mobility peak at 40° [111] occurs
only when the grain boundary plane normal is perpendicular to
the active deformational cross slip system®. As such, we must
conclude that the higher growth rate observed for near-X7 40°
[111] boundaries is specific to the deformation structure, and not
specific to the misorientation of the boundary. Furthermore, in
comparing with experiments, the effect of solutes, even in very
small amounts, cannot be discounted.

Series B and C also illustrate that the mobility is independent
of the magnitude of the driving pressure, at least within the
ranges tested. We also observed that the mobility did not vary
with the thermodynamic ensemble studied; NPT simulations
(in which the number of molecules, pressure and temperature
are constant, shown here) gave nearly identical results to NVE
simulations (in which the number of molecules, the system volume
and the total energy are constant). The mobility of mixed-type
boundaries is notably higher than the mobility for the pure twist
type boundaries, which is not unexpected, as these boundaries
are more disordered®?. These results agree with observations
and assumptions that, in general, mobility increases as the grain
boundary plane is angularly further from a [111]-type plane.

The simulations also confirm that for low-angle grain
boundaries, the mobility rapidly drops. The transition between
low-angle and high-angle boundary behaviour is typically assumed
to occur around 13°, which agrees with our data for mixed-type
boundaries. However, for pure twist boundaries this transition
seems to occur much more gradually, and low mobility persists
beyond 20°. Finally, we note that these results are within an order
of magnitude of those observed in experiments, where the grain
boundary mobility in high-purity aluminium at 800 K is typically
about 0.04 m MPa~! s7! (ref. 26); our mobilities are somewhat
larger than experimental values, consistent with other molecular
dynamics studies™”.
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Quantitative measurement of grain boundary mobilities is
critical to modelling the annealing process in materials ranging
from nanomaterials to crystalline polymers. However, current
experimental and simulation methods cannot determine mobility
for flat boundaries across the large misorientation phase space.
We have developed an orientation-dependent atomistic potential
that produces an artificial driving force on atoms near boundaries.
When used in molecular dynamics simulations, this allows us to
induce motion in flat boundaries of arbitrary misorientation using
considerably smaller systems and shorter simulation timescales
than previously attainable. For a given boundary, we find that
boundary velocity is constant over a range of simulation
parameters: this permits us to calculate the boundary mobility. For
different series of symmetric boundaries, we find both expected
results (high-coincidence (111) twist boundaries such as the ¥3
twin are of very low mobility) and unexpected results (some mixed
boundaries of the X3 misorientation are of very high mobility).
In general, mobility increases as the grain boundary plane
deviates from (111). Furthermore, we observe that although some
boundaries represent a cusp in mobility space (for example, £7
pure twist boundaries), others occupy gradual wells in the mobility
profile (for example, low-angle boundaries, X3 twin boundaries).
Although these results are in general agreement with experimental
observations, they add detail that has not been observed before.

Grain boundary parameter space is vast and these results merely
scratch the surface. Further simulations will examine (111) tilt
boundaries, the temperature dependence of boundary mobility
and mobility in different material systems. However, even these
preliminary results provide insight into, and further questions
about, grain boundary mobility in f.c.c. metals.

Received 24 May 2005; accepted 11 November 2005; published 8 January 2006.
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