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Grain boundary structures have long been known to depend on factors such as solutes and temperature.
In this work, in-situ atomic scale imaging was used to observe the faceting of a X21a [11 1]-tilt-axis
boundary at 600°C and 800°C in a Pt-5Au (at. %) nanocrystalline alloy. With an increase in temperature,
we observe an evolution from many, shorter facets to fewer, longer facets. The preferred facets are shown
to be symmetrically equivalent tilt boundaries, via the fundamental zone formalism. Simulation of Pt
bicrystals reveals that these preferred facets do not lie in an energy minimum (of the tilt boundaries that
the grain boundary misorientation could access); however, calculation of the segregation enthalpy of Au
to these grain boundary lattice sites indicates a greater preference of Au, reducing the grain boundary
energy, and explaining the facet stabilization observed.
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1. Introduction

Grain boundaries are technologically important defects that
strongly influence many material properties. For example, the aver-
age grain size effects strength [1-4], ductility [3,4], fracture tough-
ness [4], and electrical resistivity [5]. The influence of grain bound-
aries on properties arises from the two-dimensional interruption
in the crystalline lattice, hindering propagation of dislocations and
electrons [6,7].

From a crystallographic standpoint, a grain boundary is defined
by three macroscopic degrees of freedom for the misorientation
between the grains [8] and two macroscopic degrees of freedom
for the boundary plane [9]. An additional six microscopic degrees
of freedom-to account for factors such as miscellaneous position-
ing of the two lattices with respect to one another, boundary plane
position, and atom proximity at the boundary-exist too [10,11], but
are generally neglected for reasons described elsewhere [10-13].
These microscopic factors are important for finding the minimum
energy structure in atomistic simulations.

Although each grain boundary has a defined plane at which
the two crystallites intersect, the atomic structure of the boundary
may not strictly follow this theoretical plane. If this is the case, the
grain boundary may approximate the theoretical plane with two
or three low energy planes. This is known as faceting and allows
the grain boundary to achieve a lower energy configuration than
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rigid adherence of the atomic structure to the theoretical bound-
ary plane [14-16].

The symmetry inherent with crystals and grain boundaries may
be used to ensure that each grain boundary is defined in a unique
manner. For example, accounting for symmetry allows for the
identification of equivalent facets. A useful formalism was devel-
oped by Patala and coworkers [8,9] for describing unique grain
boundary misorientations and boundary planes. This formalism
develops regions of both the misorientation and boundary plane
spaces that contain only unique misorientations and boundary
planes, respectively. Misorientations and boundary planes that are
outside these fundamental zones may be mapped into these zones
via symmetry operators.

The geometry of the fundamental zone depends on the sym-
metry of the space it is meant to describe. For misorientation fun-
damental zones, the crystal structure of the grains informs their
shape, which is three-dimensional. For boundary plane fundamen-
tal zones, the misorientation and the crystal structure control the
scope of the two-dimensional zone. If two or more points (e.g.
boundary planes) map to the same location in the appropriate fun-
damental zone, those points are said to be symmetrically equiva-
lent. The interested reader is referred to the literature [8,9] for fur-
ther details on the mathematical development of the fundamental
zone formalism, with the development of the boundary plane fun-
damental zone used in this work provided in Appendix A.

The boundary plane fundamental zone allows us to discover
similarities in crystallography and properties that otherwise might
not be readily identifiable. Properties have already been shown


https://doi.org/10.1016/j.actamat.2020.09.085
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.09.085&domain=pdf
mailto:gthompson@eng.ua.edu
https://doi.org/10.1016/j.actamat.2020.09.085

330 J.L. Priedeman and G.B. Thompson/Acta Materialia 201 (2020) 329-340

to vary smoothly when presented within the fundamental zone
framework. Homer et al. reported that simulated nickel grain
boundary energies varied smoothly within the boundary plane
fundamental zones for several different misorientations (including
along different misorientation axes) [11].

Models for describing the energetic landscape of the bound-
ary plane fundamental zone have used faceting to describe grain
boundary structure and obtain estimates of interfacial energy. Ba-
nadaki and Patala devised a model in which X3 grain boundaries
in Al were approximated by appropriate combinations of the three
low-energy boundary planes ((1 11),, (21 1), and (1 0 1)) bound-
ing the X3 boundary plane fundamental zone [17]. Using this ap-
proximation, they were able to predict simulated X3 grain bound-
ary energies across the entire boundary plane fundamental zone
with some accuracy. Although examining the atomic structure was
not a focus of Ref. [17], a follow-on paper [18] showed that the
atomic structures of these boundaries are often well represented
as having components of the three low-energy planes.

This is not to suggest that all grain boundaries, save those of
the lowest energy, will have their boundary planes approximated
by the combination of other boundary planes (i.e. facet). Indeed,
depending upon the temperature, a grain boundary may transition
between a faceted and flat, or de-faceted, structure. Hsieh and Bal-
luffi reported reversible transitions between faceted and de-faceted
structures in Al (X3 and X11) and Au (X3) boundaries when those
structures are heated close to the melting temperature and then
cooled [14]. Lee et al. reported similar reversibilities for a ¥5 grain
boundary in SrTiO3 [15].

The energetic landscape of grain boundaries may be modified
by the introduction of solutes, with reports of faceting/de-faceting
transitions occurring as the solute is introduced and then removed
from the grain boundary, such as Bi solutes in a Cu boundary [19].
The opposite has also been reported. A recent atomistic study by
O’Brien et al. showed that an initially faceted X21b ([211] 44.4°)
(1 0 3) grain boundary in Pt lost the faceted structure with the
introduction of Au [20]. While seemingly contradictory, these be-
haviors are compatible, as segregation to grain boundaries (and
faceting transitions) depend on many factors, including the crys-
tallography of the boundaries as well as the chemical species in-
volved.

Segregation may also be favorable to specific sites. In Fe-Cr, the
Cr grain boundary segregation has been shown to be highly de-
pendent on the grain boundary structure, using both experiments
and simulations [21]. Wagih and Schuh simulated the enthalpy of
segregation of Mg atoms in an Al polycrystal and found that the
segregation enthalpies formed a spectrum [22]. Further analysis of
the segregation enthalpies to different grain boundary atomic sites
revealed that the high and low enthalpy values were dispersed
amongst all grain boundaries, although the relationship between
grain boundary crystallographic structure and the segregation en-
thalpies was not explored.

With regards to faceting, work by researchers at the Max-
Planck-Institut fiir Eisenforschung (MPIE) has shown that segrega-
tion to faceted grain boundaries can be concentrated to specific de-
fects. Liebscher et al. examined C and Fe solute segregation in 3"
faceted Si grain boundaries and found that the solutes that had
segregated to the boundaries preferred one type of facet junction
(over the other facet junction and general facet regions) [23]. Pe-
ter et al. investigated Ag solute segregation to X5 Cu grain bound-
aries. Here the unalloyed boundaries had very small facets, while
the doped boundaries had a much stronger faceting character. Fur-
thermore, the solute preferred specific sites within one facet type
that produced an atomic structure transition in those facets, while
the other facets had weak preference for Ag [24].

In this work, we conduct an in-situ anneal of a Pt-Au alloy
while observing a grain boundary using an aberration-corrected,

high-resolution transmission electron microscope. We observe the
structural evolution of this grain boundary in response to expo-
sure to 600°C and 800°C. The Pt-Au system is selected for 1) no-
ble metal constituents, avoiding any confounding factors associ-
ated with oxidation [25-27] and 2) proven partitioning of Au to
Pt boundaries, via studies of nanocrystalline stability [20,28]. The
use of in-situ annealing allows the structure of the grain boundary
to be captured as it evolves, rather than only capturing the end-
state, as would occur with an ex-situ study. This in-situ capability is
particularly relevant because the grain boundary accesses a series
of configurations of strong faceting. Drawing on the direct atomic
images we collected, the facets are described using the boundary
plane fundamental zone, which reveals the occurrence of symmet-
ric equivalents in the boundary. We also conduct atomistic simula-
tions to clarify the reasons for this faceting, including the influence
of solute on the energetics of faceting.

2. Methodology

The Pt-5Au (at. %) nanocrystalline alloy was synthesized as a
thin film by magnetron co-sputtering in an AJA ATC 1500 sputter-
ing system that has a base pressure below 1.33 x 10~ Pa. Ultra-
high purity Ar gas was flowed into the chamber to a pressure of
0.267 Pa and served as the working gas for the plasma. The Pt and
Au targets are each 99.99% purity and were set at powers of 120 W
and 40 W, respectively, to achieve the targeted alloy composition.
The film was deposited onto a DENSsolutions (Delft, Netherlands)
Wildfire in-situ annealing chip at a rate of approximately 3.0 A/s to
achieve a total film thickness of 15 nm (nominal).

The sample was characterized in a ThemlS aberration-corrected
transmission electron microscope at the National Center for Elec-
tron Microscopy at the Molecular Foundry within Lawrence-
Berkeley National Laboratory. This microscope was operated at an
accelerating voltage of 300 kV in high-resolution mode (no objec-
tive aperture) to provide direct atomic imaging of the nanocrys-
talline structure. The sample was heated at a nominal rate of 3 °C/s
to 600 °C. After twenty-two minutes, the temperature was ramped
at a nominal rate of 3°C/s to 800°C and held.

Using the collected high-resolution images, the orientations of
the grains were determined via fast Fourier transformations (FFT)
of the imaged atomic structures. These transformations allow us to
access reciprocal space and serve as ‘pseudo’-diffraction patterns
that are indexed and analyzed to yield the orientation of the grain.
Note that the FFT was applied to image regions corresponding to
a single grain. Grain boundary profiles were manually identified
from each high-resolution micrograph with each segment of these
profiles characterized using the boundary plane fundamental zone
formalism developed by Patala et al. [8,9].

Atomistic simulations were executed using LAMMPS [29], on
University of Alabama High Performance Computing systems.
These simulations used the PtAu embedded atom method poten-
tial developed by O’Brien et al. [20]. A set of X21a [11 1]-tilt-axis
grain boundaries were constructed as bicrystal simulation cells us-
ing the methodology of Homer [30] (itself adapted from Olmsted
et al. [10]). These simulation cells are periodic in the dimensions
of the boundary plane and non-periodic in the direction of the
boundary plane normal, producing a single grain boundary. The
non-periodic dimensions produce two free surfaces parallel to the
boundary plane at each end of the simulation cell. Like Olmsted
et al.,, atoms within a given distance of the free surface (approx-
imately 8 A in this work) were constrained to move as a block
to prevent surface relaxation. These block atoms are not included
in the energy calculations, and lie at least 85 A away from the
nearest grain boundary atoms. A series of starting configurations
for each bicrystal are generated (that account for the six micro-
scopic degrees of freedom). The atomic structure of each starting
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configuration was minimized using the conjugate-gradient method,
with energy and force tolerances of 10710 (energy change/energy
magnitude) and 10710 eV/A, respectively. The global minimum en-
ergy structure after minimization is taken as the minimum grain
boundary structure for that bicrystal.

The segregation enthalpy spectrum was determined using the
methodology employed by Wagih and Schuh [22], in which the
identity of a single atom in the simulation cell was changed from
Pt to Au with the simulation cell structure then minimized with
respect to energy. The segregation energy of an Au atom to the
ith grain boundary site is taken as the difference in energy of the
simulation cell when the atom is at a bulk site and at the ith
boundary site. A bulk site must be at least 3 nm away from non-
face-centered-cubic atoms (such as those at free surfaces and grain
boundaries). By repeating this procedure for all i grain boundary
sites, we produce a list of segregation enthalpies of Au to the grain
boundary. Because the simulation cell is held at zero pressure and
0 K, the segregation energy reasonably approximates the segrega-
tion enthalpy. Our tolerances on the conjugate gradient minimiza-
tion for each substitution are 10710 (energy change/energy mag-
nitude) and 1010 eV/A for the energy and force, respectively. As
we are attempting to explain experimental observations, we deter-
mine the segregation enthalpy spectrum for each simulated bicrys-
tal in order to evaluate the thermodynamics of segregation on a
per-boundary basis.

3. Results and discussion
3.1. High-resolution micrographs with faceted boundary

High-resolution transmission electron micrographs of the ex-
perimental grain boundary during the in-situ annealing are shown
in Fig. 1. The microscopy images are plotted in rows correspond-
ing to temperature: 600°C and 800°C. These are representative
micrographs from a collection of images taken at these tempera-
tures and times. In Fig. 1, we can see that the grain boundary has
a particular faceted form, making it of interest. Furthermore, its

800 °C 600 °C

preference for faceting coupled with an apparent approximation to
a curved boundary (rather than to an approximate flat boundary
plane) adds additional peculiarities. As annealing time and tem-
perature increase, the grain boundary profile evolves. We observe
significant changes with the temperature increase from 600°C to
800°C, from many shorter facets to fewer, longer facets.

3.2. Preferred facets are symmetric equivalents

As the grain boundary evolved, specific facets appeared to be
preferred. To understand this behavior, we examine the crystallog-
raphy of these facets. Fig. 2 is a visual guide to our explanation
of the crystallography developments of the grain boundary dur-
ing annealing. First, we determine the misorientation between the
two grains. Since we have a high-resolution image in which both
grains are on a (111) zone axis, we apply a Fourier transform to
regions of the image that correspond to a single grain (“FFT1” and
“FFT2” in Fig. 2(a)). The minimum rotation about a (1 1 1) axis
to bring the two crystals into alignment with each other is ~22.5°,
which approximates the X21a ([1 1 1] 21.8°) misorientation. When
this FFT procedure is repeated for the final 800°C image, the ex-
cited 220 reflections from the FFT of the final image fall within
the circles marking those reflections obtained from the first image
(Fig. 2(a)). These similarities in grain orientations at beginning and
end lead us to assume that the grain boundary misorientation is
constant during the experiment.

Given the 15 nm nominal film thickness and our ability to re-
solve atomic columns in the immediate vicinity of the bound-
ary, then the boundary planes are parallel to a [1 1 1] viewing
axis. Therefore, all boundary plane normals in this X21a interface
must have ¥21a [1 1 1]-axis tilt character. The unique [1 1 1]-
axis tilt boundary planes are identified with a color gradient along
the outer “arc” of the X21a boundary plane fundamental zone in
Fig. 2(b). The angle « controls the sweep from —% to O for these
tilt grain boundaries. There is two-fold rotational symmetry about
the [5 4 1] axis, so the upper portion of the outer arc is symmetri-
cally equivalent to the bottom portion. For more details on the X0

(M ~31 min|

Fig. 1. High-resolution transmission electron imaging of the studied grain boundary. The images increase in time from left-to-right and then down.
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Fig. 2. An examination of the crystallography of the studied X21a grain boundary. (a) is a high-resolution transmission electron micrograph collected during in-situ annealing.
The regions of the micrograph on which fast Fourier transforms were performed are marked, and these transforms are shown to the right of the micrograph. The excited
220 reflections are marked with black circles. (b) is the boundary plane fundamental zone for the X21a misorientation. The vertices of this zone are marked (e.g. (1 1 1)).
The inclination angles o and B required to achieve a given (h k) plane within this fundamental zone are shown. The [1 1 1]-axis tilt grain boundaries of this zone are
found on the outer arc (between (5 4 1) and (2 3 1)); a color gradient for these tilt grain boundaries is provided that varies with a. (c) presents the profiles for the studied
grain boundary; the segments of these profiles are colored according to the color scheme presented in (b). The profiles are grouped according to the temperature at which
they were recorded, and time increases from left to right. The black dashed lines are approximate curved boundaries for each profile; the black dotted line on the left-most
curve represents a planar boundary (not plotted on subsequent profiles for clarity). (d) is a histogram of the inclination angles o observed from (c), according to segment

fractional length. The preferred facet range is marked.

21a boundary plane fundamental zone construction, the interested
reader is referred to Appendix A and Refs. [9,11].

The temporal evolution of this ¥21a grain boundary is plot-
ted with respect to increasing time in Fig. 2(c). The segments of
each temporal profile are colored according to their position in the
boundary plane fundamental zone (e.g. dark blue denotes bound-
ary planes near the (5 4 1) boundary plane normal). The temporal
profiles are horizontally offset from one another for clarity; this
offset is not meant to convey grain boundary migration. Each tem-
poral profile is anchored by its lower end, as it is difficult to consis-
tently position the profiles vertically due to the evolving conditons
of the surrounding microstructure. For each profile, we plot an arc
as a black dashed line to approximate the ideally curved bound-
ary, based on the shape of the experimentally observed boundary.
This arc is fixed at the grain boundary endpoints (triple junctions)
and uses the radius to search for a best fit to the profile. We also
plot the ideal planar boundary (dotted line) between the triple
junctions for the first profile to highlight the difference between
a curved boundary and a planar boundary.

In Fig. 2(d), we plot a histogram of the [1 1 1]-axis tilt boundary
character (via the inclination angle «), with respect to length frac-
tion over all profiles. From this histogram, we observe that there
is a clear preference for a particular facet (¢ ~, — %—Z). The princi-
pal finding from Fig. 2 is that the grain boundary prefers to facet,
and that the preferred facets are symmetric equivalents, both by

visual inspection of Fig. 2(c) and the preference for a particular tilt
boundary character per Fig. 2(d).

3.3. Grain boundary profile approximates a curved boundary

The grain boundary profiles do not appear to approximate a
flat plane, as there is significant deviation of the boundary pro-
files from a line connecting the triple junctions (ends of the pro-
files). Rather, visual comparison of the curved trajectories marked
in Fig. 2(c) to the profiles themselves suggests that the faceted
structure arises to minimize the grain boundary energy while ap-
proximating a curved grain boundary. Faceting to approximate a
curved interface (‘curved’ faceting) has been reported by Hsieh and
Balluffi in a Au X3 boundary[14], as in this work here. Curved
faceting represents a distinct faceting behavior from the typically
observed ‘planar’ faceting. The major difference between these two
faceting modes (curved vs. planar) lies in the ability to use sym-
metrically equivalent facets. Whereas a flat boundary must alter-
nate between different facet planes (i.e. (1 1 1) and (2 1 1), see
Refs. [14,15,17,20,24,31]), a curved boundary can use symmetrically
equivalent facets (i.e. (1 1 1), (1 1 1), see Ref. [14]).

3.4. Facets are 60° from each other

While symmetrically equivalent facets may occur in a curved
boundary, not all possible equivalents may be used. In Fig. 2(c) we
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Fig. 3. Schematic depicting the concept of extra facets. On the left, a portion of the stereographic projection of the ¥21a boundary plane space is presented. The approximate
location of the preferred facet is shown as a large red circle outlined in black. The other plotted circles (both red and blue) are symmetric equivalents; the color distinguishes
the two symmetric equivalents belonging to the dashed or solid portions of the outer arc. Despite the occurrence of a symmetric equivalent boundary plane normal at
alternating intervals of ~16° and ~44°, the grain boundary selects facets at intervals of 60°. This means that there are symmetrically equivalent facets that do not appear
in the structure. These are shown in the profiles on the right, where the color represents the “symmetry” of the facet and the dashed lines represent the boundary plane

normals that do not appear.

observe that the facets are approximately 60° from each other. This
is not the smallest possible angle between symmetrically equiva-
lent [1 1 1]-axis asymmetric tilt facets for X21a. Fig. 3(a) contains
a portion of the boundary plane sphere (Fig. A.7). The approximate
location of the preferred facet is plotted as a large circle outlined
in black; symmetric equivalents are plotted as smaller circles out-
lined in gray. Equivalent boundary planes that are on the “symmet-
ric” arc of the fundamental zone are colored blue to differentiate
them from the unique portion of the outer arc (red). This symmet-
ric portion of the outer arc arises because of two-fold rotational
symmetry about axes such as the [4 1 5], [5 4 1], and [1 5 4]. From
Fig. 3(a), it can be observed that there are two different steps be-
tween symmetrically equivalent facets, of approximately 16° and
44°, Despite this pattern of symmetrically equivalent boundary
planes, the preferred facets differ in angle by approximately 60°,
in other words, skipping every other possible facet.

We highlight the additional possible facet orientations in
Fig. 3(b), wherein a schematic of the observed faceting behavior is
marked with solid lines. The alternate facets are plotted as dashed
lines. Though the reasons for this behavior are unknown, it may
be possible that the intersection of the preferred equivalent facets
at 16° and 44° is at a higher energy and/or are more mobile. The
idea that the 60° intersections are very low in energy is bolstered
by the persistence of 60° sharp intersections to a temperature of
800°C.

3.5. Evolution of X21a faceted grain boundary structures

At 600°C, the boundary has more, shorter facets than at 800°C
(Figs. 1 and 2). The shape of the boundary does not significantly
change when held at 600 °C, although there is some increase in the
distance between the triple junctions, which indicates that there is
some migration in the neighboring grain boundaries. However, af-

ter the ramp to 800°C, we observe that the grain boundary profile
changes significantly, with the first 800°C profile in an apparent
non-equilibrium state. The return to (near-)equilibrium in subse-
quent profiles sees the grain boundary having fewer, longer facets
than at 600°C. The preferred facet does not appear to change as a
result of temperature, in other words, the majority of profile seg-
ments in Fig. 2(c) remain blue rather than shifting to dark blue,
green, or yellow.

With the increase in temperature to 800°C, the top portion of
the grain boundary also develops a long “tail”, with the triple junc-
tion migrating to the left compared to previous profiles (Fig. 2(c)).
However, as time progresses, this so-called tail shortens, mov-
ing back to the right. This triple junction motion appears to be
in response to migration of neighboring grain boundaries, espe-
cially with respect to the elimination of nearby grains. Fig. B.8 (in
Appendix B) contains larger area-of-view micrographs capturing
these microstructural changes. As the tail evolves, the preferred
facet emerges. However, the facet junction in the tail does not
achieve a sharp configuration, instead it remains curved. Despite
this curvature, the tail facet intersection does not manifest any sig-
nificant migration to alleviate this arc (i.e. the increase in its radius
of curvature).

3.6. Preferred facets are energetically favored with increasing Au
segregation

We now seek to explain the preferred faceting behavior. To do
so, we used molecular statics simulations to extract the minimum
energies of X21a tilt grain boundary bicrystals as well as estimate
the segregation enthalpy spectrum for each grain boundary. We
present the thermodynamic results in Fig. 4. Fig. 4(a) plots inter-
facial energies (ygg) vs. inclination angle « for the pure Pt bound-
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Fig. 4. X 21a tilt grain boundary energies. (a) is a plot of the interfacial energies of pure Pt boundaries at 0 K as determined by molecular statics, plotted against their
boundary plane inclination angle «. (b) is a plot of the distribution of segregation enthalpies for Au to Pt grain boundaries, also calculated by molecular statics. (c) plots the
estimated grain boundary interfacial energy (at 0 K) in X21a [1 1 1]-axis tilt grain boundaries at various fractions of Au solute (steps of 0.05 Au) at the grain boundaries
(in increments of 0.05). The dashed line represents the approximate location of the preferred facets observed from the in-situ work (see Fig. 2). (d-f) are gamma plots for
the expected grain boundary faceting for Pt-xAu, where x = 0, 10, and 25 at. %, respectively. These plots are generated from the data plotted in (a) and (c), and are used to
find the equilibrium shape of the crystal surface (interface) for $21a [1 1 1]-axis tilt grain boundaries. The concentric rings indicate y g in mJ/m?; all three plots are scaled

identically and omit a ring each for clarity.

aries at 0 K. This plot indicates that the (5 4 1) boundary is the
minimum energy for the ¥21a tilt grain boundary at 0 K.

Thus, we now consider the influence of Au on interfacial energy
and the thermodynamics of faceting. Fig. 4(b) contains the segrega-
tion enthalpy distributions of the atomistic grain boundaries. These
distributions are plotted as cumulative summations of the number
of atom sites (normalized by the grain boundary area) against the
segregation enthalpy of a Au atom to a grain boundary atomic site.
Although the units should strictly be in eV/site on the abscissa,
we opt to present the data in units of kJ/mol to facilitate compari-
son with other published work describing enthalpies of segregation
[22,32-34]. The grain boundaries are colored according to the same
color gradient used to color the grain boundaries in Fig. 2; this
color gradient is repeated in the upper left corner. From Fig. 4(b),
we can see that grain boundaries have similar segregation enthalpy
distributions in terms of shape if not magnitude. In other words,
for the ¥21a [1 1 1]-tilt-axis grain boundaries, high and low segre-
gation enthalpy sites are to be found on all grain boundaries, with
no grain boundary exerting a monopoly on any particular segre-
gation enthalpy range. Wagih and Schuh reported (qualitatively) a
scattering of segregation enthalpies amongst all grain boundaries,
so these results are in agreement with the literature. While every
grain boundary has a similar mix of positive and negative segre-
gation sites, some grain boundaries have more sites per unit area
than others. These interfaces can therefore lower their energy fur-
ther than boundaries with fewer sites.

Based on the segregation curves of Fig. 4(b), we can determine
an alloyed grain boundary energy (y¢gg) for each simulated grain
boundary (see Appendix C). These interfacial energies are plotted
in Fig. 4(c), with the alloyed grain boundary energy (y¢g) plot-
ted against the boundary plane inclination angle «. In Fig. 4(c), we
plot the interfacial energies for several fractions of Au occupying
the atomic positions of the grain boundary; these curves are plot-
ted according to the color scheme shown at the top of the figure.
The approximate location of the preferred facet is marked with a
dashed line. From these curves, we can see that the grain bound-
ary energy can be significantly lowered through segregation of Au
to the interface, with preference for the near-preferred tilt bound-
aries (facets). Though the dashed line in Fig. 4(c) does not reside
in the absolute minimum energy location, it resides near it and we
will return to explaining this modest shift in Section 3.8.

Experimentally, this boundary is pinned by two triple junctions.
To determine how the faceting would evolve in a general condition,
we have generated a series of gamma plots (following the Wulff
construction) for undoped and doped boundaries. These are shown
in Fig. 4(d-f). In each plot, concentric iso-energy (ygg) rings are
marked, with the faceted boundary structure plotted from the en-
ergy data of Fig. 4(a,c). The plotted circles represent the interfacial
energies of the grain boundaries at the specified inclinations. The
predicted, favorable facet forming inclinations are plotted as red
filled circles, while blue open circles would be predicted to facet
using the inclinations of the red circles.
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In the un-doped Pt boundaries, the equilibrium shape (around
the entire circle) is approximately a hexagon with slightly blunted
edges. Given this shape, we estimate that an un-doped faceted
configuration would have major segments (o = 0) and minor seg-
ments (o = -%).

By adding Au to the boundary, the faceting behavior drives the
system towards a single inclination evident by the symmetrically-
equivalent, twelve-sided shape. The symmetric equivalents of this
preferred facet makes the shape now approximate a circle. These
gamma plots reveal that the experimentally observed faceting is
accessible in pinned and unpinned conditions. This estimated equi-
librium shape for doped boundaries relates to the discussion of
missing facets (Fig. 3), in that there are predicted facet planes that
do not appear.

The relative maximum difference between the grain boundary
energies remains the same, i.e. approximately 100 m]/mZ2. However,
the lowest energy (alloyed) tilt boundaries are those that are near
the preferred facet orientation. Although the model does not ac-
count for temperature, a simulation study in the Fe-Cr system has
reported good prediction of grain boundary segregation based on
the 0 K properties [35]; a combined experimental-simulation Fe-
Cr investigation found good agreement between predicted and ob-
served Cr segregation to Fe grain boundaries [21]. Our model here
also assumes very dilute Au concentrations; however, we do not
expect these trends to reverse with increasing Au content, as Au is
immiscible in Pt at higher fractions (Au-Au bonds are more ener-

getically favorable than Au-Pt bonds). Finally, the 0 K nature of the
simulations omits entropic penalties of segregation to the bound-
ary. Lu et al. report Au contents of roughly 25% at grain bound-
aries in a Pt-10Au (at. %) alloy after 1 hr. at 700°C, so signifi-
cant segregation can still occur in Pt-Au alloys at elevated tempera-
tures despite entropic costs. We do not quantify the distribution of
Au in this experiment, due to lack of access to a probe-corrected
scanning transmission electron microscope. But based on the re-
sults of Lu et al. [28], we estimate an Au content of 10-15% at the
boundary. For these Au amounts, the preferred facet lies in the low
energy region of the X21a[1 1 1]-axis tilt grain boundaries. This
suggests that segregated Au likely plays a role in stabilizing the
faceted grain boundary structures observed experimentally.

3.7. Isotropic curved boundary vs. faceted boundaries

We now take the grain boundary energies calculated in
Fig. 4 and use them to estimate lowest energy grain boundary
structure between isotropic-curved, pure-Pt-faceted (Fig. 4(d)), and
experimentally-observed (Fig. 2(c)) profiles. To estimate the en-
ergies of the curved boundary profiles, we assume that they are
isotropic, i.e. properties do not vary with angle «). The energy and
segregation enthalpy spectrum are taken as the respective averages
of the simulated ¥21a [1 1 1]-axis tilt boundaries.

In order to estimate the energies of the pure-Pt-faceted-profiles
(Fig. 4(d)), it is necessary to approximate the size of the pure-Pt-

51{0.21,0.34}
"__JI \
g
= “\0.24
S :
i '
i AN
O 0.12 ? 13 i
Casp A B
> ! ! :
2 : : :
0 025 0 025 0 025 0 025 0 025 0 0.25 0 025 0 0.25
XgB, av  X@B, Au  XgB, Au  X@B, Au  X@B, au  X@B, Au X@B, au  X@B, Au
--------- Isotropic Curved . Py r@=Pt-Facet —— Experiment

Fig. 5. Comparison of profile energies in curved and faceted configurations. The experimentally observed grain boundary profiles from Fig. 2(c) are replotted. The profiles
are colored to indicate increasing time, rather than the boundary plane normal of each segment. Below these curves, the estimated energies as a function of Au content are
depicted. The colored, dashed lines correspond to the isotropic-curved profiles, the colored, dotted lines to the pure-Pt-faceted profiles (Fig. 4(d)), and the colored, solid lines
to the experimental/faceted profiles (Fig. 2(c)). The estimated Au content at which the experimental-faceted interfaces become thermodynamically favored over the curved
profiles are marked with a black dashed line and written on each plot. The estimated Au ranges in which experimental-faceted structures are energetically favored over both
isotropic-curved and pure-Pt-faceted structures are marked with shaded gray region and written at the top of each figure (if predicted to be stable).
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(17 22 5)

[18 5 18], [6511],
[17 2 15], [9110], [11 213], [13 3 16],
23 31 8], (17 22 5], (16 17 1],, [110], (2625 1],
[111] [13 32 19]R[111] [10231315[111] [11 19 8], [111] [58 3], [111] [19 29 10],

Fig. 6. Plots of the GBs looking down the [1 1 1] axis. Each structure is plotted twice. The left plot for each grain boundary colors the atom positions according to cen-
trosymmetry; the right plot colors the atom positions according to the segregation enthalpy of a Au atom to that position. The grain boundary plane normals appear above
each pair of structures, and are colored according to the inclination angle « value of that boundary (the color scheme for « is at the top of the figure). The crystal directions
in the laboratory frame are plotted below each grain boundary; the directions are marked ‘L’ and ‘R’ for the left and right grains, respectively.

faceted grain boundary and the relative length of the two faceting
planes according to a method described in Appendix C.

For each grain boundary profile (curved, pure-Pt-faceted, or
experimentally-faceted), we calculate the unalloyed energy, along
with the segregation spectrum (number of atoms vs. segregation
enthalpy), for each segment in the profile. We then calculate the
energy of the profiles with increasing fraction of Au occupying the
atomic positions at the boundary (see Appendix C). We assume
that the Au occupies the grain boundary atomic positions in or-
der of increasing segregation enthalpy, or decreasing favorability
(considering all segments of the boundary).

In Fig. 5, we plot our results of these calculations. The profiles
from Fig. 2(c) are re-plotted (including the dashed lines for the ide-
ally curved boundary). The color of each profile changes with in-
creasing time. Below each profile, we plot the energy of the curved
(dashed line), pure-Pt-faceted (dotted line), and experimentally-
faceted (solid line) configurations of the profile with increasing Au
content. The colors of these energy data correspond to the profile
used for the calculations. The estimated transitions between the
curved and experimentally-faceted configurations are marked with
black dashed lines, and the estimated Au content at those transi-
tion points are written on each plot. The Au ranges in which the
experimental-faceted structures are predicted to be the minimum
energy structures are shaded gray. The Au contents at those tran-
sitions, if any, are marked at the top of each plot.

From Fig. 5 we can see that the estimated transitions between
an isotropic-curved and experimental-faceted configuration occur
at relatively low Au fractions in the boundary. Indeed, the esti-
mated transitions generally occur at an Au content that falls within
the estimated 10-15% enrichment of Au in the boundary. The re-
sults of the simple model suggest that the addition of Au can trig-
ger a transition from a curved to a faceted boundary.

In comparison to the pure-Pt-faceted estimations, there is a
range of approximately 20-30 at. % Au in which the experimen-
tal profiles are thermodynamically predicted to be favorable. This
range is higher than the estimated enrichment of Au in the grain
boundary and thermodynamic stability is not predicted for sev-
eral profiles after the ramp up to 800°C. This ramp appears to
briefly force the grain boundary out of equilibrium, until it reaches
a (meta)stable state once again. While we cannot exclude a kinetic
contribution to why the facets evolved the way they did, there is a
sufficient thermodynamic argument for the structure observed.

While making these thermodynamic comparisons to alternate
grain boundary profiles, we have not considered the Pt-xAu mini-
mum energy profiles as presented in the gamma plots of Fig. 4(e-
f). These profiles are excluded because 1) the minimum energy
boundary inclinations already appear (approximately) in the exper-
imental profiles, 2) the experimental observations indicate that not
all planes from the gamma plot would contribute to the structure,
and 3) by including all predicted gamma plot planes, we would
better approximate the isotropic curved profile, thus having lower
grain boundary area and lower profile energy.

It is also possible that the grain boundary profiles evolve due
to impurity (Au) drag and/or pinning mechanisms that prevent the
grain boundary from migrating in the Au-rich regions. While these
processes may contribute, we believe that they do not play a dom-
inant role in the formation of the preferred facet structure. The
use of the computational modeling reveals that the observed facet
structures are thermodynamically favorable configurations because
of the Au present; albeit, the experimentally observed inclination
angle was slightly different—near-(26 25 1)—than the atomisti-
cally determined minimum—(1 1 0)—but the atomic and crystal-
lographic structures of these boundaries are very similar (Figs. 4(c)
and 6). Again, we cannot exclude a kinetic contribution, there is
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appears to be a sufficient thermodynamic basis for the structure
observed.

3.8. Atomic structures of simulated grain boundaries

In Fig. 6, we plot the minimum energy atomic structures of the
atomistically simulated grain boundaries in Pt at 0 K. Each grain
boundary is plotted looking down the [1 1 1] axis, and each struc-
ture is plotted twice: the left plot of each pair has the atom po-
sitions colored according to their centrosymmetry parameter (as
calculated by LAMMPS per Ref. [36]). The warmer the color (e.g.
yellow, red), the less centrosymmetric the surrounding environ-
ment of the atom. The right plot of each pair colors the atom posi-
tions according to the segregation enthalpy of an Au atom to that
atomic position. White atom positions have a segregation enthalpy
of zero or a positive value, which is not favorable. Dark atom po-
sitions have a negative segregation enthalpy (with the darker the
color, the more favorable the segregation to that position). At the
top of Fig. 6, the color scheme representing the inclination angle,
o, is displayed. This & color scheme is used to shade the boundary
plane fundamental zone normal labels above each pair of atomic
structures. The crystal directions of each grain in the laboratory
frame are identified below each grain boundary.

From Fig. 6, we can see that the grain boundaries have a peri-
odic structure of high and low centrosymmetry. The distribution of
segregation enthalpies to atom positions indicates that the segre-
gated Au prefers to cluster at the boundary, with alternating Au-
rich and Au-depleted regions. This has also been observed in other
systems, such as Fe-Cr [35].

We also observe that there is some serration (zig-zagging) in
the grain boundaries. Comparing Fig. 4(c) with Fig. 6, we observe
that the solute appears to favor boundaries that have some serra-
tions (but not too many or too few). The occurrence of these ser-
rations may explain the discrepancy between the 0 K molecular
statics and the experimental observations. From the experiment,
preferred facets have near-(26 25 1) boundary planes; the simu-
lations indicate that the (1 1 0) boundary plane is the energetic
minimum when enriched with 10% Au or more. The energy dif-
ference between the (26 25 1) and the (1 1 0) boundaries, how-
ever, is modest. Furthermore, the atomic structures of the these
two boundaries are visually very similar, with the same structural
features occurring in different amounts. This may suggest that ki-
netics may be contributing to why the grain boundary prefers the
near-(26 25 1) plane. In other words, the solute segregated to a
near-equilibrium (metastable) facet, which was then unable, kinet-
ically, to achieve the minimum structure.

4. Conclusions

In this work, we have observed a ¥X21a grain boundary com-
posed of [1 1 1] symmetric tilt segments in Pt-5Au during in-situ
annealing. Crystallographic analysis, leaning heavily on the funda-
mental zone formalism of Patala et al. [8,9], of these segments
revealed that they are approximate symmetric equivalents. Com-
parison of the grain boundary profiles to ideally planar profiles
and curved profiles between the triple junctions indicates that the
grain boundary appears to favor a curved configuration, implying
that the facets serve to minimize the energy of the grain boundary
as it approximates this curvature.

We also calculate 0 K interfacial and segregation energies for
the ¥21a [1 1 1]-axis tilts. In pure Pt at O K, the energies of the
boundaries are fairly high ( ~ 950 mJ/m?) and not differentiated
enough to justify the extra grain boundary area associated with
faceting. However, the addition of Au atoms changes the thermo-
dynamic landscape, with decreases in the grain boundary energy

ycg on the order of several hundred mJ/m? or more. These de-
creases are not homogeneous, with some grain boundaries demon-
strating greater thermodynamic sensitivity to the addition of Au
than others. The grain boundaries with the greater thermodynamic
sensitivity lie near the preferred facet orientation. The agreement
between the preferred facet orientation and the molecular statics
calculations lead us to conclude that the Au acts to stabilize the
preferred orientation.

Comparison of the estimated energies of an isotropic-curved
boundary, a pure-Pt-faceted boundary, and the experimental pro-
files indicates that in an unalloyed condition, the pure-Pt-faceted
boundary is favored; with increasing Au content in the boundary,
however, there is a range wherein the experimental profiles may
become energetically favorable. This indicates that alloying plays
an important role in the observed retention of the faceted struc-
ture, at least for this alloy for this specific boundary structure.
Though other boundary types exist, and could exhibit different re-
sponses, this work here has provided a direct experimental obser-
vation with modeling to elucidate how solute partitioning can in-
fluence the stabilization of facets providing a framework (via the
use of the fundamental zone formalism) for other, future studies
where similar observations are noted.

The atomic structures of the simulated grain boundaries re-
veal that the ¥21a [1 1 1]-axis tilt grain boundaries have vary-
ing degrees of serration. Comparison of these structures with the
alloyed interfacial energies reveals that there appears to be an op-
timal amount of serration for minimizing the energetic cost of the
boundary as solute is segregated to the boundary.

These results reveal a route to the stabilization of grain bound-
aries against curvature-induced boundary migration, with partic-
ular implications for retaining nanocrystalline structures at high
temperatures.
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Appendix A. X21a boundary plane fundamental zone

To develop the X21a boundary plane fundamental zone, we re-
peat a discussion originally presented in Ref. [11]. Fig. A.7 is a vi-
sual aid for our explanation of the boundary plane fundamental
zone construction. Consider a cube of “infinite” face-centered cu-
bic (FCC) crystal, oriented with the [5 4 1] lying on the x-axis, the
[3 2 1] on the y-axis, and the [1 1 1] on the z-axis. Now picture
a sphere cut within this crystal, so that we may rotate the exte-
rior portion while the sphere and its contents remain fixed. If we
rotate the cube-minus-sphere 21.8° about the [1 1 1] or z-axis, we
have achieved a X=21a ([1 1 1] 21.8°) coincident site lattice mis-
orientation between the cube-minus-sphere and the sphere. The
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E@ (111)

Fig. A.7. Brief review of the discussion for the construction of the boundary plane fundamental zone presented in Ref. [11]. (a) represents the ¥ 21a ([1 1 1] 21.8°)
coincidence site lattice misorientation. The view is down the [1 1 1], and all the possible boundary plane normals lie on the surface of the gray sphere. (b) is a perspective
view of the ¥ 21a boundary plane normal space. The boundary plane fundamental zone, containing all unique X 21a boundary plane normals, is shaded blue. (c) is a

stereographic projection of the boundary plane fundamental zone.

surface of the sphere represents all of the possible grain bound-
ary planes between the two crystal orientations. This achievement
of the boundary planes via a sphere-within-a-cube is shown in
Fig. A.7(a). The [5 4 1] and the [3 2 1] directions in each crystal
are marked, along with the rotation between them.

The inherent symmetry of the FCC structure and the the X21a
misorientation allows us to reduce the total boundary plane spher-
ical surface to a smaller area, known as a boundary plane funda-
mental zone. This fundamental zone (which is for boundary planes,
not misorientations) contains all the unique boundary planes for a
given misorientation [9]. Fig. A.7(b) contains a perspective view of
the sphere which represents the boundary plane space. The plane
normals on this sphere are relative to the crystal orientation of the
sphere (if comparing to Fig. A.7(a), crystal directions and crystal
planes are equivalent for cubic materials). The boundary plane fun-
damental zone for ¥21a in FCC is shaded blue. All (h k) planes
outside this fundamental zone have a symmetric equivalent within
this region.

To simplify the representation of fundamental zones, they are
often plotted as stereographic projections. The stereographic pro-
jection of the particular fundamental zone for this work is plot-
ted in Fig. A.7(c). The vertices/important planes of the fundamen-
tal zone are marked with Miller notation, following Fig. A.7(b).
We also identify two angles, @ and B, that allow us to incline
the boundary plane away from (1 1 1). Note that the upper half
of the outer arc is a dashed line; this arises because the bound-
ary planes on this section of the arc are symmetric equivalents to
those boundary planes on the lower half of the arc. The entirety
of the interior of the fundamental zone contains unique bound-
ary planes, only the upper portion of the arc is non-unique [37].
This outer arc contains the ¥21a [1 1 1]-axis tilt boundaries, with
the (54 1) and (2 3 1) fulfilling the role of [1 1 1] symmetric tilt
boundaries. For more details, the reader is referred to the literature
[8,9] for a complete explanation of the mathematics underlying the
reduction to unique misorientations and boundary planes.

Appendix B. Microstructure changes from 600 °C to 800°C

Fig. B.8 contains transmission electron micrographs of the
faceted grain boundary, showing the changes in local microstruc-
ture as the temperature is increased from 600°C (Fig. B.8(a)) to
800°C (Fig. B.8(b-c)). The upper triple junction of the faceted
grain boundary appears to migrate in response to the migration
of neighboring grain boundaries and the elimination of adjacent
grains.

Appendix C. Interfacial energy calculations

To calculate the interfacial energies of the alloyed grain bound-
ary segments (Sections 3.6 and 3.7), we employ the following
methodology. The interfacial energy ycp of an arbitrary, doped
¥21a [1 1 1]-axis tilt grain boundary is determined by:

fl
Yes(@, 1) = Ve (@) + ) |:AH(0L ﬁ)j| (C1)
a=1
where ves (o, 1) is the interfacial
energy of a boundary
with inclination angle
« and fi atoms per
area
Ves. pe(Q) is the interfacial
energy of the undoped
boundary
AH(a, @) is the segregation

enthalpy per unit area
for an Au atom at the
d position

Eq. (C1) is used to determine the interfacial energies of
Fig. 4(c). The values for y¢p p:(cr) are determined by a cubic fit
to the y¢p p data as a function of «. The list of segregation en-
thalpies per unit area AH(«, @) are determined by linearly inter-
polating between the boundaries of nearest «. To determine the
total energy of each temporal profile with respect to segregation,
we first calculate the list of segregation enthalpies for each seg-
ment. To do so, we scale the atom sites available by multiplying
by the segment area:

AHj(a) = AHj(ej, @-Aj) (C2)

where AHj(a) is the list of segregation
enthalpies for the jth segment
a are the atom sites per unit
area
Aj is the segment area

Since we assume that the Au atoms segregate to sites of lowest
energy first (followed by higher energy sites thereafter), we must
consider all possible atom sites in the boundary profile. Therefore,
we make a list of the segregation enthalpies for the entire profile:
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Fig. B.8. Transmission electron micrographs of the microstructure near the faceted ¥21a grain boundary, at 600°C (a) and 800°C (b-c). The arrows point to grains in (a)

that disappear in (b) and (c).

AHpo5ie (@) = sort (concatenate[Am (a), AHy(a), ..., AH; (a)])

(C3)

where AHprosite (@) is in ascending order

With this list of segregation enthalpies to the entire profile, we
can then calculate the energy of the profile using Eq. (C.4).

J n
G(n) = Z I:J/GB(aj) 'Aji| + Z [AHprofile(a)] (C-4)
j=1 a=1
where G(n) is in the energy of the profile

with n segregated Au atoms

The fraction of atoms in the boundaries is calculated by
Eq. (C.5)

n n
foB, au= = ST 1 (C5)
max Zj:1 [nmax,j:l
where fes. au is the fraction of GB atomic

sites occupied by Au

Timax is the total number of GB
atomic sites per unit area for
a single grain boundary

is the total number of GB
atomic sites for a boundary
profile composed of J
segments

. ]

To estimate the structure of the pure-Pt-faceted profiles (see
Fig. 4(d)), we employ the following methodolgy. First, we deter-
mine the ratio (Rperimerer) Of the perimeter of the pure-Pt-faceted
profiles to the perimeter of a circle of best fit to the gamma plot,
using Eq. (C.6) (see Fig. C.9).

py, pure—Pt
Rperimeter = (C-G)
Dcircle

where Rperimeter

py, pure—Pt

DPcircle

is the ratio of the faceted
perimeter to the circular
perimeter

is the faceted perimeter from
the pure-Pt-faceted gamma
plot of Fig. 4(d)

is the perimeter of the circle
that is best fitted to represent
the pure-Pt-faceted gamma
plot

We also estimate the ratio of the major facet length to the total
perimeter in the faceted state, using Eq. (C.7).

(C.7)

R _ 6lvajor
acets —
f 6(IMA]OR + lminor)
where Riacets is the fraction of the major

Imajor

lminm

facet length over the total
perimeter length

is the length of a major facet
is the length of a minor facet

The perimeter (or arc length) of the isotropic curved boundary

is estimated using Eq. (C.8).

Pcurve =T -

(C.8)

where Peurve
;

o

is the perimeter of the
isotropic curved boundary
is the radius of the isotropic
curved boundary

is the arc angle of the
isotropic curved boundary

Combining Egs. (C.6), (C.7), and (C.8) together to estimate the
free energy of the pure-Pt-faceted profile yields Eq. (C.9).

Gpure—Pt—facets = Rfacets Dcurve (yMA]OR (XAu )Rperimeter

+yminor(XAu)(1 - Rperimeter)) (C~9)
where G pure—Pe—facets is the free energy of the
pure-Pt-facets
Ymajor (Xau) is the interfacial energy of the
major facets (as a function of
Au content)
Viminor (Xau) is the interfacial energy of the

minor facets (as a function of
Au content)
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Fig. C.9. Schematic detailing the geometric variables that contribute to the estimation of the pure-Pt-faceted profile. The profile is re-drawn from Fig. 4(d).

References

[1] E.O. Hall, The deformation and ageing of mild steel III: discussion of results,
Proc. Phys. Soc. Sect. B 64 (9) (1951) 747, doi:10.1088/0370-1301/64/9/303.

[2] N. Petch, The cleavage strength of polycrystals, ]. Iron Steel Inst. 26 (1953)
25-29.

[3] W.D. Cau, M.W. Lee, R.L. Kennedy, Effect of grain size on strength and duc-
tility of a Ni-Cu alloy, Scr. Metall. Mater. 28 (1993) 955-960, doi:10.1016/
0956-716X(93)90062-W.

[4] Z. Fan, The grain size dependence of ductile fracture toughness of polycrys-
talline metals and alloys, Mater. Sci. Eng. A 191 (1-2) (1995) 73-83, doi:10.
1016/0921-5093(94)09621-3.

[5] X.H. Chen, L. Lu, K. Lu, Electrical resistivity of ultrafine-grained copper with
nanoscale growth twins, J. Appl. Phys. 102 (2008) 083708, doi:10.1063/1.
2799087.

[6] M.A. Meyers, A. Mishra, D.J. Benson, Mechanical properties of nanocrystalline
materials, Prog. Mater. Sci. 51 (2006) 427-556, doi:10.1016/j.pmatsci.2005.08.
003.

[7] W.D. Callister, D.G. Rethwisch, Materials Science and Engineering: An Introduc-
tion, eighth ed., John Wiley & Sons, Inc., 2010.

[8] S. Patala, J.K. Mason, C.A. Schuh, Improved representations of misorientation
information for grain boundary science and engineering, Prog. Mater. Sci. 57
(8) (2012) 1383-1425, doi:10.1016/j.pmatsci.2012.04.002.

[9] S. Patala, C.A. Schuh, Symmetries in the representation of grain boundary-
plane distributions, Philos. Mag. 93 (5) (2013) 524-573, doi:10.1080/14786435.
2012.722700.

[10] D.L. Olmsted, S.M. Foiles, E.A. Holm, Survey of computed grain boundary prop-
erties in face-centered cubic metals: I. Grain boundary energy, Acta Mater. 57
(13) (2009) 3694-3703, doi:10.1016/j.actamat.2009.04.007.

[11] ER. Homer, S. Patala, J.L. Priedeman, Grain boundary plane orientation funda-
mental zones and structure-property relationships., Sci. Rep. 5 (2015) 15476,
doi:10.1038/srep15476.

[12] M.A. Tschopp, D.L. McDowell, Structures and energies of X3 asymmetric tilt
grain boundaries in copper and aluminium, Philos. Mag. 87 (22) (2007) 3147-
3173, doi:10.1080/14786430701255895.

[13] PR.M. van Beers, V.G. Kouznetsova, M.G.D. Geers, M.A. Tschopp, D.L. McDowell,
A multiscale model of grain boundary structure and energy: From atomistics to
a continuum description, Acta Mater. 82 (2015) 513-529, doi:10.1016/j.actamat.
2014.08.045.

[14] TE. Hsieh, RW. Balluffi, Observations of roughening/de-faceting phase transi-
tions in grain boundaries, Acta Metall. 37 (8) (1989) 2133-2139, doi:10.1016/
0001-6160(89)90138-7.

[15] S.B. Lee, W. Sigle, W. Kurtz, M. Riihle, Temperature dependence of faceting
in X5 (310)[001] grain boundary of SrTiO3, Acta Mater. 51 (2003) 975-981,
doi:10.1016/S1359-6454(02)00500-1.

[16] B. Straumal, Y. Kucherinenko, B. Baretzky, 3-Dimensional Wulff diagrams for
Y3 grain boundaries in Cu, Rev. Adv. Mater. Sci. (2004) 23-31.

[17] A.D. Banadaki, S. Patala, A simple faceting model for the interfacial and cleav-
age energies of X3 grain boundaries in the complete boundary plane orien-
tation space, Comput. Mater. Sci. 112 (2016) 147-160, doi:10.1016/j.commatsci.
2015.09.062.

[18] A.D. Banadaki, S. Patala, A three-dimensional polyhedral unit model for grain
boundary structure in fcc metals, npj Comput. Mater. 3 (2017) 13, doi:10.1038/
s41524-017-0016-0.

[19] T.G. Ference, R.W. Balluffi, Observation of a reversible grain boundary faceting
transition induced by changes of composition, Scr. Metall. 22 (1988) 1929-
1934, doi:10.1016/S0036-9748(88)80240-0.

[20] CJ. O'Brien, CM. Barr, PM. Price, K. Hattar, S.M. Foiles, Grain boundary

phase transformations in PtAu and relevance to thermal stabilization of bulk
nanocrystalline metals, J. Mater. Sci. 53 (4) (2018) 2911-2927, doi:10.1007/
510853-017-1706-1.

[21] X. Zhou, X.-X. Yu, T. Kaub, R.L. Martens, G.B. Thompson, Grain boundary spe-
cific segregation in nanocrystalline Fe(Cr), Sci. Rep. 6 (2016) 34642, doi:10.
1038/srep34642.

[22] M. Wagih, CA. Schuh, Spectrum of grain boundary segregation energies in a
polycrystal, Acta Mater. 181 (2019) 228-237, doi:10.1016/j.actamat.2019.09.034.

[23] CH. Liebscher, A. Stoffers, M. Alam, L. Lymperakis, O. Cojocaru-Mirédin,
B. Gault, ]. Neugebauer, G. Dehm, C. Scheu, D. Raabe, Strain-induced asymmet-
ric line segregation at faceted Si grain boundaries, Phys. Rev. Lett. 121 (2018)
015702, doi:10.1103/PhysRevLett.121.015702.

[24] NJ. Peter, T. Frolov, MJ. Duarte, R. Hadian, C. Ophus, C. Kirchlechner, C.H. Lieb-
scher, G. Dehm, Segregation-induced nanofaceting transition at an asymmet-
ric tilt grain boundary in copper, Phys. Rev. Lett. 121 (25) (2018) 255502,
doi:10.1103/PhysRevLett.121.255502.

[25] H. Natter, R. Hempelmann, Tailor-made nanomaterials designed by electro-
chemical methods, Electrochim. Acta 49 (2003) 51-61, doi:10.1016/j.electacta.
2003.04.004.

[26] CJ. Marvel, D. Yin, P.R. Cantwell, M.P. Harmer, The influence of oxygen contam-
ination on the thermal stability and hardness of nanocrystalline Ni-W alloys,
Mater. Sci. Eng. A 664 (2016) 49-57, doi:10.1016/j.msea.2016.03.129.

[27] PS. Roodposhti, M. Saber, C. Koch, R. Scattergood, S. Shahbazmohamadi, Effect
of oxygen content on thermal stability of grain size for nanocrystalline Fe10Cr
and Fel4Cr4Hf alloy powders, ]. Alloys Compd. 720 (2017) 510-520, doi:10.
1016/j.jallcom.2017.05.261.

[28] P. Lu, F. Abdeljawad, M. Rodriguez, M. Chandross, D.P. Adams, B.L. Boyce,
B.G. Clark, N. Argibay, On the thermal stability and grain boundary segrega-
tion in nanocrystalline PtAu alloys, Materialia 6 (2019) 100298, doi:10.1016/j.
mtla.2019.100298.

[29] S.J. Plimpton, Fast parallel algorithms for short-range molecular dynamics, J.
Comput. Phys. 117 (1) (1995) 1-19, doi:10.1006/jcph.1995.1039.

[30] E.R. Homer, Investigating the mechanisms of grain boundary migration during
recrystallization using molecular dynamics, IOP Conf. Ser.: Mater. Sci.Eng. 89
(2015) 012006, doi:10.1088/1757-899X/89/1/012006.

[31] J.L. Priedeman, D.L. Olmsted, E.R. Homer, The role of crystallography and the
mechanisms associated with migration of incoherent twin grain boundaries,
Acta Mater. 131 (2017) 553-563, doi:10.1016/j.actamat.2017.04.016.

[32] H.A. Murdoch, C.A. Schuh, Stability of binary nanocrystalline alloys against
grain growth and phase separation, Acta Mater. 61 (6) (2013) 2121-2132,
doi:10.1016/j.actamat.2012.12.033.

[33] H.A. Murdoch, C.A. Schuh, Estimation of grain boundary segregation enthalpy
and its role in stable nanocrystalline alloy design, J. Mater. Res. 28 (16) (2013)
2154-2163, doi:10.1557/jmr.2013.211.

[34] KA. Darling, M.A. Tschopp, B.K. Van Leeuwen, M.A. Atwater, ZK. Liu, Mitigating
grain growth in binary nanocrystalline alloys through solute selection based on
thermodynamic stability maps, Comput. Mater. Sci. 84 (2014) 255-266, doi:10.
1016/j.commatsci.2013.10.018.

[35] S.M. Eich, G. Schmitz, Embedded-atom study of grain boundary segregation
and grain boundary free energy in nanosized iron-chromium tricrystals, Acta
Mater. 147 (2018) 350-364, doi:10.1016/j.actamat.2018.01.006.

[36] C.L. Kelchner, SJ. Plimpton, J.C. Hamilton, Dislocation nucleation and defect
structure during surface indentation, Phys. Rev. B 58 (17) (1998) 11085, doi:10.
1103/PhysRevB.58.11085.

[37] S. Patala, Understanding grain boundaries: The role of crystallography, struc-
tural descriptors and machine learning, Comput. Mater. Sci. 162 (2019) 281-
294, doi:10.1016/j.commatsci.2019.02.047.


https://doi.org/10.1088/0370-1301/64/9/303
http://refhub.elsevier.com/S1359-6454(20)30788-6/sbref0002
http://refhub.elsevier.com/S1359-6454(20)30788-6/sbref0002
https://doi.org/10.1016/0956-716X(93)90062-W
https://doi.org/10.1016/0921-5093(94)09621-3
https://doi.org/10.1063/1.2799087
https://doi.org/10.1016/j.pmatsci.2005.08.003
http://refhub.elsevier.com/S1359-6454(20)30788-6/sbref0007
http://refhub.elsevier.com/S1359-6454(20)30788-6/sbref0007
http://refhub.elsevier.com/S1359-6454(20)30788-6/sbref0007
https://doi.org/10.1016/j.pmatsci.2012.04.002
https://doi.org/10.1080/14786435.2012.722700
https://doi.org/10.1016/j.actamat.2009.04.007
https://doi.org/10.1038/srep15476
https://doi.org/10.1080/14786430701255895
https://doi.org/10.1016/j.actamat.2014.08.045
https://doi.org/10.1016/0001-6160(89)90138-7
https://doi.org/10.1016/S1359-6454(02)00500-1
http://refhub.elsevier.com/S1359-6454(20)30788-6/sbref0016
http://refhub.elsevier.com/S1359-6454(20)30788-6/sbref0016
http://refhub.elsevier.com/S1359-6454(20)30788-6/sbref0016
http://refhub.elsevier.com/S1359-6454(20)30788-6/sbref0016
https://doi.org/10.1016/j.commatsci.2015.09.062
https://doi.org/10.1038/s41524-017-0016-0
https://doi.org/10.1016/S0036-9748(88)80240-0
https://doi.org/10.1007/s10853-017-1706-1
https://doi.org/10.1038/srep34642
https://doi.org/10.1016/j.actamat.2019.09.034
https://doi.org/10.1103/PhysRevLett.121.015702
https://doi.org/10.1103/PhysRevLett.121.255502
https://doi.org/10.1016/j.electacta.2003.04.004
https://doi.org/10.1016/j.msea.2016.03.129
https://doi.org/10.1016/j.jallcom.2017.05.261
https://doi.org/10.1016/j.mtla.2019.100298
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1088/1757-899X/89/1/012006
https://doi.org/10.1016/j.actamat.2017.04.016
https://doi.org/10.1016/j.actamat.2012.12.033
https://doi.org/10.1557/jmr.2013.211
https://doi.org/10.1016/j.commatsci.2013.10.018
https://doi.org/10.1016/j.actamat.2018.01.006
https://doi.org/10.1103/PhysRevB.58.11085
https://doi.org/10.1016/j.commatsci.2019.02.047

	The influence of alloying in stabilizing a faceted grain boundary structure
	1 Introduction
	2 Methodology
	3 Results and discussion
	3.1 High-resolution micrographs with faceted boundary
	3.2 Preferred facets are symmetric equivalents
	3.3 Grain boundary profile approximates a curved boundary
	3.4 Facets are 60&#x2218; from each other
	3.5 Evolution of &#x03A3;21a faceted grain boundary structures
	3.6 Preferred facets are energetically favored with increasing Au segregation
	3.7 Isotropic curved boundary vs. faceted boundaries
	3.8 Atomic structures of simulated grain boundaries

	4 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A &#x03A3;21a boundary plane fundamental zone
	Appendix B Microstructure changes from 600&#x2009;&#x2218;C to 800&#x2009;&#x2218;C
	Appendix C Interfacial energy calculations
	References


