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1. Introduction

Engineering magnesium alloys for structural applications often requires an under-
standing of corrosion behavior,! including how grain boundaries (GBs) or second
phases/intermetallics affect corrosion at the atomic scale. While there are a number
of alloying elements that are added to magnesium to improve properties, aluminum
is one of the elements that is often added in the highest concentrations for alloy-
ing with magnesium because of its significant effect on the hardness, strength, and
castability of magnesium alloys. Aluminum is also known to impact corrosion re-
sistance within magnesium alloys; in general, higher aluminum contents result in
greater corrosion resistance. In magnesium—aluminum alloys, the precipitation of
the Mg;7Al;> phase at GBs can have important implications for mechanical and
corrosion behavior. The motion of aluminum atoms within the magnesium matrix
that leads to nucleation and growth of these phases is important to model the mi-

crostructure and its evolution for magnesium—aluminum alloys.

The microstructure of (polycrystalline) magnesium alloys plays a role in the evo-
lution of these precipitates. GBs are a ubiquitous feature within all polycrystalline
materials, affecting both the microstructure evolution and the properties of poly-
crystals. Not only is the inherent structure of the GB important for properties, but
the presence of other elements at the GB can also significantly affect material prop-
erties. A number of prior studies have examined segregation of different elements
to magnesium GBs and twin boundaries to understand the mechanisms responsible
for the observed microstructures and properties in magnesium alloys. For instance,
rare earth elements are known to have a significant role on the formation of the
underlying grain structure, leading to both experimental and computational studies
aimed at uncovering their role on microstructure. For instance, prior studies have
examined segregation of yttrium to magnesium GBs and found that the presence
of yttrium at the GBs reduced the heterogeneity in GB energy and mobility.? This
reduction in mobility may be one of the main reasons for the randomized texture,
as proposed by Barrett et al.®> and references therein. Of course, these studies are
just one of many that show how rare earth elements have impacted creep resistance,
corrosion resistance, and grain refinement. Understanding other elements such as
aluminum within magnesium alloys is also critical to modeling the evolution of

microstructure in magnesium and its effect on properties.
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Modeling and simulation techniques can help with our fundamental understanding
of how the local atomic environment of GBs influences the segregation of alloy-
ing elements—necessary to model the interaction between GB structure and al-
loying elements. Molecular dynamics (MD) simulations are often used to model
GBs and these atomic interactions due to their ability to simulate large numbers
of atoms within a computationally inexpensive framework. Interatomic potentials
approximate the quantum mechanical interactions (i.e., the electronic contribution)
between atoms, enabling the ability to efficiently interrogate the physics and ki-
netics at the atomic scale. Prior studies by Tschopp et al. have used molecular
statics and MD simulations with copper and aluminum interatomic potentials to
explore how various properties change as a function of GB structure and GB de-
grees of freedom, examining the structure, energy, and faceting,*® dislocation nu-
cleation,”” and cohesive energy (fracture)!®!! of GBs. Additionally, prior molecu-
lar statics simulations have been used to compute the formation energies of point
defects (vacancies and self-interstitial atoms'>!%) and the segregation energies of
various elements (impurities,'* carbon,!®> hydrogen,'® helium!”!") as a function of
GB site location. !> These methods can be expanded to quantifying properties as a
function of local structure in magnesium GBs. Due to the ability to rapidly develop
simulation databases for static quantities such as segregation energies, simulation
results can then be combined with machine learning and data science techniques to
mathematically represent atomic processes such as the energetics of segregation as

a function of the local structure.

Given the importance of aluminum within magnesium alloys and the prevalence
of GBs as a microstructure feature (that greatly affects properties), understanding
how aluminum segregates to magnesium can shed light on the evolution of mi-
crostructure in magnesium. The objective of this study is to quantify the energetics
of segregation of aluminum to a dataset of different symmetric tilt grain boundaries
(STGBs) for magnesium. In this work, aluminum atoms were iteratively placed
at various atomic sites within 20 A of the GB center for a dataset of 30 (0001)
STGBs (14231 sites). Results show how GB structure affects the energetics and
length scales of aluminum segregation as well as the dependence of segregation
energetics on the local atomic environment, which was used to form a surrogate

model for segregation energetics.
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2. Simulation Methodology

The simulation methodology consists of GB dataset generation, segregation simula-

tions, and energetics calculations. These are described in the following subsections.

2.1 Grain Boundary Dataset

Table 1 lists all 30 (0001) STGBs studied in this research. The GBs were previously
developed to examine texture formation during dynamic recryallization in magne-
sium alloys.® The GB misorientation angle 6 between the two lattices also requires
a reference direction for the 0° (single crystal) GB, which is the [1210] direction in
this case. Note that because of symmetry of the lattice, this means that the 60° GB is
also a single crystal “GB”. The GB plane helps to completely define the degrees of
freedom associated with the GBs; these are also given in hkil format, as is common

for hexagonal close-packed (hcp) lattices. The GB energy is also given.

2.2 Computational Cell and Boundary Conditions

The methodology for generating the computational cell, boundary conditions, and
atomic configuration is similar to prior literature for other metal systems with GBs
(e.g., in copper/aluminum*%2%2! and Fe!>!®). For further information, the reader is

referred to Tschopp and McDowell* or Tschopp et al.?!

A computational cell with
three-dimensional (3-D) periodic boundary conditions consisting of two grains was
used to obtain the equilibrium 0-K GB structure, GB excess energy, and segrega-
tion energies. The simulation cell is shown in Fig. 1. While there are 3-D periodic
boundary conditions, notice that there are two free surfaces (top and bottom) with a
single GB in the middle of the simulation cell. There are no fixed regions of atoms
within the computational cell, so the atoms are able to translate as needed during the
energy minimization process. Additionally, the free surfaces allow for volume ex-
pansion at the GB and to relieve the internal pressure within the cell. The size of the
computational cells must be large enough to eliminate any interaction between the
GB and the free surfaces; the simulation cell dimensions are given in Table 1. The
minimum period in the X and Y directions (i.e., the GB period and tilt directions
contained in the GB plane) was chosen to reduce the size of the boundary region
and the number of atoms in the simulations. This does not affect the GB excess
energy calculations or the GB structure, but the periodic distance does affect the
segregation calculations (and is increased, as explained later). The simulation cell

boundaries in the X and Y directions are fixed to maintain the correct equilibrium
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Table 1 The misorientation angles and GB normals for the 30 (0001) GBs investigated in this
study. The calculated magnesium GB energies are also given.

GB normals Xper Yper GB energy
0 (hkil), / (hkil), @A) (&) No-ofatoms o m?)
6.01° (11,6,5,0)1 / (5,6,11,0) 52.8 5.2 8195 154.7
7.34° (9,5,4,0)1 /(4,5,9,0)2 43.2 5.2 6722 173.3
9.43° (7,4,3,0)1 /(3,4,7,0)2 33.7 52 5229 198.5
10.99° (12,7,5,0)1 /(5,7,12,0) 57.8 5.2 8942 216.2
13.17° (5,3,2,0)1/(2,3,5,0)2 24.1 5.2 3764 236.6
13.42° (6,4,3,0)1/(3,4,6,0)2 30.5 5.2 4726 209.7
16.43° (8,5,3,0)1/(3,5,8,0)2 38.7 52 6008 264.7
17.90° (11,7,4,0)1 / (4,7,11,0) 53.4 5.2 8307 275.8
18.73° (14,9,5,0)1 / (5,9,14,0) 68.0 5.2 10486 282.9
20.15°  (26,17,9,0)1 /(9,17,26,0)2 1266 5.2 19624 291.1
21.79° (3,2,1,0)1 /(1,2,3,0)2 14.6 5.2 2279 294.7
25.04° (13,9,4,0)1 /(4,9,13,0), 63.8 5.2 9941 319.3
26.01° (10,7,3,0)1 /(3,7,10,0) 49.2 5.2 7634 321.5
27.80° (14,10,4,0); / (4,10,14,0)2  69.1 5.2 10760 318.6
27.80° (7,5,2,0)1 /(2,5,7,0)2 34.6 5.2 5370 280.8
29.41° (11,8,3,0)1 /(3,8,11,0) 54.5 5.2 8431 341.2
30.16° (15,11,4,0)/(4,11,15,0)y  74.5 5.2 11543 336.9
32.20° (4,3,1,0)1/(1,3,4,0) 20.0 5.2 3101 288.0
34.54°  (13,10,3,0)1 /(3,10,13,0);  65.3 52 10112 283.9
35.57° (9,7,2,0)1 /(2,7,9,0)2 453 5.2 7024 283.3
38.21° (5,4,1,0)1 /(1,4,5,0)2 25.4 5.2 3943 253.9
40.35° (11,9,2,0)1 /(2,9,11,0) 56.2 5.2 8758 255.8
42.10° (6,5,1,0)1 /(1,5,6,0)2 30.8 5.2 4795 253.7
43.57°  (13,11,2,0)1 /(2,11,13,0)  67.1 52 10446 229.9
44.82° (7,6,1,0)1 /(1,6,7,0)2 36.3 5.2 5614 224.7
46.83° (8,7,1,0)1 /(1,7,8,0)2 13.9 5.2 2161 207.6
49.58° (10,9,1,0)1 /(1,9,10,0) 52.8 5.2 8189 186.0
51.39°  (12,11,1,0); /(1,11,12,0)  63.8 5.2 9889 169.4
52.07°  (13,12,1,0) /(1,12,13,0)2  69.4 52 10742 161.6

magnesium lattice constant in the bulk crystal lattice regions.

In this study, Fig. 2 shows the change in GB energy as a function of GB misorienta-
tion angle. The two vertical lines serve as a cutoff between low-angle GBs and high-
angle GBs. Because of symmetry of the hcp lattice, misorientation angles between
45° and 60° are also low-angle boundaries. The computed GB misorientation—
energy curve is similar to work in the past, displaying only a few minor cusps in the

energy relationship.
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Fig. 1 (left) The 3-D periodic bicrystal computational cell is shown for the {3210}/{1230}
GB. For the purposes of showing the simulation cell, the GB was expanded by 20 and 50
period images in the GB period (X) and tilt (Y) directions, respectively. (right) Close-up of the
atomic GB structure as viewed down the (0001) tilt direction, where the black lines indicate
the simulation cell bounds for the GB period direction (i.e., normal to the tilt direction along
the GB plane). In both images, the centrosymmetry parameter is used to color the atoms over

the range of 9-11.
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Fig. 2 Schematic showing the effect of misorientation angle for the 30 (0001) GBs investigated
in this study. The vertical lines delineate the transition from low-angle GBs (/ < 15° and

6 > 45°) to high-angle GBs (15° < 6 < 45°).
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2.3 Embedded Atom Method Potential

An embedded atom method (EAM) potential for magnesium?? was used for this
study. This potential was fit using a force matching method with a large quantum
mechanical database to give the correct physical properties for the magnesium—
aluminum system, including the anisotropy of surface segregation characteristics,
dilute heats, and heats of formation of intermetallics, to name a few. The computed
anisotropy of surface segregation at low index surfaces agrees with experiments.??
In addition to segregation characteristics, the calculated stacking fault energies for
the magnesium—aluminum potential are consistent with experimental data and ab
initio calculations. The stacking fault energy landscape is important for GB struc-
tures, which are characterized by various full and partial dislocations. Figure 3 plots
the cohesive energy versus interatomic spacing for a number of crystal structures in
magnesium. The structures are generated based on the ideal atomic positions and
b/a and c/a lattice parameter ratios for a given crystal prototype. The size of the sys-
tem is then uniformly scaled, and the energy calculated without relaxing the system.
To obtain these plots, 200 values of r are evaluated between 2.0 A and 6.0 A.

Cohesive Energy vs. Interatomic Spacing for Mg
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Fig. 3 Plot of the cohesive energy versus interatomic spacing for different crystal structures of
magnesium using the Liu et al. EAM potential. From NIST interatomic potential website.?
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2.4 Grain Boundary Segregation

The formation energies of point defects and the segregation energies of various el-
ements (impurities, carbon, hydrogen, helium) have been computed as a function
of GB site location in prior work.!?™" In these sorts of simulations, there are two
types of atom/defect replacements that can occur: on-lattice and off-lattice. The on-
lattice replacement is similar to that pursued herein, while the off-lattice replace-
ment needs to utilize various stochastic placement strategies to circumvent potential

local minima.'>1?

In a similar manner, this study found that the segregation energy is affected for
simulation cell periodic lengths below 10 A. That is, the periodic image of the de-
fect can actually significantly affect the defect’s formation energy. Hence, multiple
replications in the GB tilt direction and the GB period direction were used so that
the periodic length in the GB plane directions were at least 10 A. However, in sub-

sequent figures, only the initial periodic structures are shown.

This work focuses on substitutional aluminum segregation to magnesium GBs and
the effect of GB structure on aluminum segregation. In terms of methodology, for
substitutional aluminum, the aluminum atom is simply added in the exact location
of the removed magnesium atom. However, of particular interest in this study is
both how the segregation energies change as a function of spatial location of sites
and their proximity to the GB. The segregation energy for substitutional aluminum

(Al) at site o in a magnesium (Mg) GB is given by

B = (Ea + EMY) - (BGP + EY). M
Here, Etﬁi’o‘ is the total energy of the GB configuration with the substitutional alu-
minum at site a, ECP is the total energy of the GB without any Al, and EM9 and
EA are the cohesive energies of hcp magnesium and face-centered cubic (fcc) alu-
minum, respectively. The present potential yields cohesive energies of -1.5100 eV
and -3.3601 eV for hcp magnesium and fcc aluminum, respectively, which is in
agreement with previous studies®” as well as the National Institute of Standards and
Technology (NIST) Interatomic Potential Repository.?* In some cases, this is also
called a formation energy, which typically uses a similar formulation that is often

the reverse of Eq. 1, i.e.,
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B = (BGE + EM) - (B + EM9). @)

The binding energy of two substitutional aluminum atoms, both with the GB and
with each other, is also of interest. The total binding energy of an aluminum atom
interacting with another aluminum atom can be directly calculated from the for-
mation (segregation) energies of the two atoms independent of one another. The
binding energy is defined as the energy difference between the system where the
aluminum atoms interact and the system where the aluminum atoms are far away
from each other without any interaction. In the present case, though, the forma-
tion energy for a specific substitutional aluminum atom changes as a function of its
location within the GB. Therefore, the binding energy between two substitutional
aluminum atoms, for instance, may be different in the presence of a GB than in a
perfect single crystal lattice. Two types of binding energies will be calculated in the
present study: binding of aluminum atoms to the GB and binding of two aluminum
atoms with each other (in the presence of a GB). As an example of aluminum atoms
binding to the GB, the binding energy for a substitutional aluminum atom at site «

to the GB is given by

Al pALbulk Al,
o D T 3)

where E}ql’b“lk and E}M’a are the formation energies of a single substitutional alu-
minum atom either in the bulk or at site «, respectively. As an example of defects
binding with each other, the binding energy for two first nearest neighbor (1nn)

substitutional aluminum atoms at sites « and [ is given by

Al® AP Al,o AlB Al,o, ALB
B = (B 4 B — B, @)

Here, E;”’O‘ and EJf”’B are the formation energies of a single substitutional alu-
minum atom at either site « or 3, respectively, and E;ﬁ”’a’Al’B is the formation en-
ergy of two Inn substitutional aluminum atoms at sites « and (3. In these equations,
it can be seen that a positive binding energy represents that it is energetically favor-
able for the two defects to interact, while a negative binding energy represents that

the two defects prefer not to interact. To aid with interpreting results, we have used
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both segregation energy and binding energy because for both of these quantities, a

positive value means that it is more energetically favorable.

3. Simulation Results

Aluminum is examined in substitutional sites within 20 A of the GB plane. The
segregation energies for substitutional aluminum as a function of distance from the
GB center are shown in Fig. 4 for the {26, 17,9,0}/{9,17,26,0} GB in the (0001)
STGB system. First, the GB center is found (using a criterion based on the excess
cohesive energies of the atoms in the GB region) and the Z coordinates normal to
the GB are scaled relative to that GB central plane. Hence, there are positive and
negative values for distance to the GB center. Second, the line represents the bulk
segregation energy to compare between different sites in the GB and the bulk be-
havior. There are a number of sites that are both favorable and unfavorable (binding
energy) with respect to the bulk value, and these values appear symmetrically dis-
tributed about the GB plane (i.e., distance from GB of 0 in Fig. 4). In fact, there
is almost an equal distribution of sites with energetically favorable and unfavor-
able segregation energies compared to bulk. In fact, Fig. 5 is a histogram of the
segregation energies for all sites within this study (of 14231 sites). Over all GBs
in this study, there is an equal number of sites that are above and below the bulk
segregation energy values. This is perhaps not surprising given that GBs consist of
dislocations, which have both tensile and compressive stress regions surrounding

them that may attract/repel point defects, substitutional atoms, and impurities.

The spatial arrangement of segregation energies for substitutional aluminum is shown
in Fig. 6 for the same {26, 17,9, 0}/{9, 17, 26,0} GB in the (0001) STGB system. In
this image, each site represents the segregation energy of substitutional aluminum
from a different simulation. The minimum periodic length is shown along the hori-
zontal axis and the length from top to bottom is 40 A, with the GB plane centered in
the vertical direction. The scale bar for segregation energy is shown to the right of
the image; the colors are chosen such that white is centered at the bulk value with
red and blue representing above and below the bulk value, respectively. There are
several findings to notice in this image. First, the atoms far away from the bound-
ary are white, representing that the segregation energy of aluminum is ~0.06 eV,
the bulk segregation energy for the magnesium—aluminum potential. The devia-

tion from bulk values is denoted by the color of the sites, with blue representing

Approved for public release; distribution is unlimited.
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Fig. 4 Plot showing the change in the segregation energy as a function of the distance from the
GB center in the {26,17,9,0}/{9,17,26,0} GB. The horizontal line represents the bulk seg-
regation energy for aluminum in single crystal magnesium; positive energies are energetically
favorable for aluminum in that site, negative energies are unfavorable for aluminum in that
site.

a higher segregation energy and red representing a lower segregation energy. In
general, most GBs have both sites with lower and higher segregation energies for
substitutional aluminum (as shown in Fig. 5 also), which deviate from bulk val-
ues the most along the GB plane. Last, the maximum and minimum segregation

energies are distributed throughout the GB plane.
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Fig. 5 Histogram of the segregation energies for substitutional aluminum for all GB sites from
the 30 (0001) GBs within this study. The number of sites axis is limited to 1000 to show the
peak in segregation energies above 0.20 eV. A large number of sites have segregation energies
similar to bulk single crystal value (0.06 eV) since the cutoff for sites is up to 20 A from the
GB.
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The segregation energies for substitutional aluminum as a function of distance from
the GB center for increasing GB misorientation angle within the (0001) STGB sys-
tem is shown in Fig. 7. As in Fig. 4, the Z coordinates normal to the GB are scaled
relative to that GB central plane, and there are both positive and negative values for
distance to the GB center. Again, the sites have segregation energies that are sym-
metrically distributed about the GB plane. Qualitatively, there is not a significant
difference in the segregation energies as a function of misorientation angle in terms
of the change in the magnitude of the segregation energies as a function of distance
from the boundary. It should be noted that Figs. 7a and 7f are both low-angle GBs.
There is a noticeable difference between low- and high-angle GBs, though. The
low-angle boundaries are more dissociated into the bulk lattice than the high-angle
GBs, which take on a more compact dislocation structure as the dislocation spacing

is decreased.

The spatial arrangement of segregation energies for substitutional aluminum is shown
in Fig. 8 for the same GBs with increasing misorientation angles within the (0001)
STGB system. The segregation energies clearly show the individual dislocations
comprising the low-angle GBs in Fig. 8, where the GB in the upper left of Fig. 8
is inclined with respect to the GB plane and the GB in the lower right of Fig. 8 is
orthogonal to the GB plane. As in Fig. 7, the low-angle boundaries are more dissoci-
ated into the bulk lattice than the “more compact” high-angle GBs. The dislocation

spacing associated with the low-angle boundaries is also clearly shown.
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Fig. 7 Plots showing the change in the segregation energy as a function of the distance from
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{7430}/{3470} GB, (b) {3210}/{1230} GB, (¢) {11,8,3,0}/{3,8,11,0} GB, (d) {9720}/{2790}
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Approved for public release; distribution is unlimited.

14



1-0.05

Eyeq (V)

0~0~0
2%5%
O O.
)
OO
o

OePcPCg

® O

L0
S
00
o)

Co°e-0
o

O

O

P 0500,

o
e
CoP0~0

Og P

o

3 0P

o e)

o -9
i Re)
PP
Soee;

Approved for public release; distribution is unlimited.

15

[OXNe} o O
oooooooooomomomoooooooooo
C0C506060¢0¢0e20Cc 070
OOOOOOOOOOOOOOOOOOOOOOO
ooooooooooooooooooooooooom
8°6909050596°00c°° 9”3
090C505050,05062cC0°0°0

oooooooooooooooooooooooow
090050505060 6062000 0

C0C505000 60 o0 90600 0°0 0
OOOOOOOOOO 0.0 OOOOOOOOOOO
oooooooooom e mooooooooooo
moooooooooowowoooooooooowo
0C60506050504000cP0C0°

©0960506050506260cC0°0"9
0€006050506@e@e20C0° 0"

OOOOOOOOO.O.O.OOOOOOOOOO
%ooooooooooooooooooooooomw
%ooooooooooooooooooooow 3
0%0%0 06 3 6 6 O 0L

within the (0001) STGB system: (top, left to right) {7430}/{3470} GB, {3210}/{1230} GB, {11,8,3,0}/{3,8,11,0} GB, and (bottom, left to right)

{9720}/{2790} GB, {11,9,2,0}/{2,9,11,0} GB, {10,9,1,0}/{1,9, 10,0} GB

Fig. 8 Image of the segregation energy F,., as a function of spatial location within the GB region for GBs with increasing GB misorientation angle



3.1 Correlation with Local Environment Properties

The local environment surrounding each atomic site at the GB influences the ener-
getics associated with segregation of aluminum atoms. In this subsection, various
per-atom local metrics that are readily available in the atomistic code LAMMPS
are computed to compare with the segregation energies of aluminum at all sites
in this study. Not only will any correlations between segregation energies and lo-
cal environmental descriptors be of interest, but it is also informative to compute
correlations between the different local environmental descriptors with themselves.
The environmental descriptors used in this study can be categorized into geomet-
ric descriptors (Voronoi volume Vor,,, Voronoi faces Vorgces, position pos, , .,
coordination number Coord, first- and second-nearest neighbor centrosymmetry
parameter Centrozyy, sy, common neighbor analysis CNA) and potential-based
descriptors (potential energy pe, force f, , ., and stress-based metrics 0,y » 2y 2242

including the hydrostatic stress o).

The correlation matrices for the various local environmental descriptors (after hier-
archically clustering the metrics) are shown in Fig. 9 for (a) the linear correlation
coefficient R and (b) the absolute value of R. In Fig. 9a, the high positive linear
correlations are between the directional stress components o, ., the hydrostatic
stress component, the Voronoi volume, and the segregation energy. The correlation
between the stress components in X, y, and z directions and the hydrostatic stress
is as expected, given that the hydrostatic stress is a function of these components,
ie., oy = 1/3 (0, + 0, + 0). Another high correlation that could be expected is
the centrosymmetry parameter calculated from the first nearest neighbors and the
second nearest neighbors. Some of the highest negative correlations are between
the potential energy of each magnesium atom and the coordination number, stress
components (including hydrostatic stress), and the segregation energy. There is a
lack of appreciable correlation for the force components, off-diagonal components
of the stress tensor, and position, which may be due to minimal variation in these
metrics or that there should not be a correlation (i.e., position is not translation or
rotation invariant and a correlation is not expected). Figure 9b shows the correlation
matrix for the absolute value of R after hierarchical clustering. Since the segrega-
tion energy is the computed property (that will later be predicted), this matrix shows
that oy, Vor,e, pe, and f,,,, have some degree of linear correlation with segrega-

tion energy. This matrix also clearly shows that the force components, off-diagonal
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components of the stress tensor, and position have negligible correlation with other

local environmental descriptors.
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Fig. 9 Correlation map between segregation energy and other common per atom variables:
stress components, force components, Voronoi volume, centrosymmetry parameter, coordi-
nation number, atom coordinates, potential enegy. (a) Correlation map of R, where R = 1 is
perfect positive linear correlation and R = —1 is perfect negative linear correlation. (b) Corre-
lation map of absolute value of R. In both maps, the variables are ordered using a hierarchical
clustering technique using Euclidean distance between rows/columns.
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The plots in Fig. 10 show an example of expanding a few of the correlation co-
efficients in the matrix (Fig. 9) to the entire dataset for three different local en-
vironmental descriptors: (a) Voronoi volume (R? = (.784), (b) hydrostatic stress
(R? = 0.821), and (c) potential energy (R?> = —0.617). In these plots, each data
point represents an atomic site within the dataset in which an aluminum atom was
substituted for the magnesium atom. As described before, the x-axis metrics are
those calculated prior to substituting the aluminum atom, minimizing the configu-
ration, and calculating the segregation energy. The high density of points is around
the Voronoi volume, hydrostatic stress, and potential energy in the bulk environ-
ment (22.94 A3, 0 GPa, and -1.51 eV, respectively). An increase in Voronoi volume
or hydrostatic increases the aluminum segregation energy, and an increase in poten-

tial energy decreases the aluminum segregation energy.
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3.2 Segregation Model Based on Local Environment Properties

Given that there is strong correlation (R > 0.8) between several local environment
metrics and the segregation energy, a predictive model for this relationship can be
fit. For instance, in this dataset, there are segregation energies (Y’s) and a vector of
local environmental metrics (x;’s) for each atom site (14,231). Supervised machine
learning methods, also called surrogate models, are a class of models often used to
describe the function f that mathematically describes this relationship (i.e., Y =
f(z;)). In this subsection, we use simple regression models and a neural network

model to predict the segregation energy from local environmental metrics.

Figure 11 shows how the predicted segregation energies from two regression mod-
els capture the atomistically-calculated segregation energy. In general, the linear
regression model in Fig. 11a predicts the segregation energies quite well (R? =
0.878); the quadratic regression model with linear (Zi ¢;x;), quadratic (3, cz-x%),
and interaction coefficients (>, > ; ¢iwixy) predicts the segregation energies even
better (R? = 0.935), as expected.
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Fig. 11 Plots of model predictions against the atomistically calculated segregation energy for
two different regression models based on the atomic metrics: (a) linear regression model and
(b) quadratic regression model (with linear and interaction terms)

Figure 12 shows how neural network—predicted segregation energies compare to
the atomistically calculated segregation energies. The neural network only uses one

layer with 70% of the dataset used for the training set, 15% used for the validation
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set, and 15% used for the test set. The model predicts the segregation energy quite
well (R? > 0.97), and the residual error of the neural network model is Gaussian

distributed about a mean of zero.
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Fig. 12 (a) Plot of neural network model predictions against the atomistically calculated segre-
gation energy, and (b) error histogram of the neural network model for the training set (70 %
of data), validation set (15%), and test set (15%)

The model can now be used to predict segregation energies in magnesium GBs.
Figure 13 shows the predicted segregation energies from the neural network model
as a function of spatial location within the boundary for the same GBs as shown
in Fig. 8. Qualitatively, very similar trends in segregation energy with respect to
spatial position exist for the atomistically calculated and neural network—predicted
segregation energies. For a quantitative comparison of the two, Fig. 14 shows the
prediction error as a function of spatial position. These images are for the same GBs,
but the difference as a function of spatial position is shown both with the colorbar
as well as the size of the atom position. The prediction error decreases as a function
of distance from the center of the GB, and there are localized regions within the GB
that have errors as large as 0.10 eV. However, errors of this magnitude occur only

for a small percentage of atoms.
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Fig. 14 Image of the neural network prediction error of segregation energy AE,., as a function of spatial location within the GB region for GBs with
increasing GB misorientation angle within the (0001) STGB system: (top, left to right) {7430}/{3470} GB, {3210}/{1230} GB, {11,8,3,0}/{3,8,11,0}
GB, and (bottom, left to right) {9720}/{2790} GB, {11,9,2,0}/{2,9,11,0} GB, {10,9,1,0}/{1,9,10,0} GB. To further accentuate the location and
magnitude of error, the size of the atoms is scaled by increasing absolute value of error (scaled from minimal size to three times the size of those in
Figs. 8 and 13 for every 0.10-eV error).



The following framework can be applied to understanding segregation of substitu-
tional atoms to GBs. First and foremost, a predictive model for segregation can
provide atomic segregation energies of large atomic configurations very rapidly
without running additional simulations for each potential site. This model can be
used to speed up potential swap states in kinetic Monte Carlo (atomistic) simula-
tions or to give information about an average segregation energy (or segregation
potential) for higher-scale models. As an example, the model used herein was ap-
plied to one of the larger GBs (19,624 atoms) within the (0001) STGB system—the
{26,17,9,0}/{9,17,26,0} GB. Figure 15 shows the results. Interestingly, with the
predictive model, the segregation energies have very little computational cost (on
the order of fractions of a second) whereas using molecular statics to compute the
segregation energies for each of the 19,624 atomic sites would have easily been at
least 4—6 orders of magnitude higher. This computational cost will only be magni-
fied for 1,000,000 atom simulations of nanocrystalline materials or in cases where
these values need to be iteratively calculated (e.g., Monte Carlo simulations). While
this study tackles the problem of predicting the segregation energy for a single atom
using a neighborhood of only magnesium, it would also be informative to have a
model that can account for substitutional atoms (e.g., aluminum in this study) in the
local environment. Clearly, the ability to compute GB physical properties of interest
using machine learning techniques can have broad implications for the area of GB

science and engineering.
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Fig. 15 Images of the neural network prediction of the segregation energy E;’\éé\’ as a function

of spatial location for the 19,624 atoms in the {26,17,9,0}/{9,17,26,0} GB as viewed along
the (0001) tilt direction. The bottom image is of the whole boundary, while the top image is a
magnified view of part of the boundary.
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4. Conclusion

Engineering magnesium alloys for Army applications requires an understanding
of corrosion behavior, including how GBs or second phases/intermetallics affect
corrosion at the atomic scale. In magnesium—aluminum alloys, precipitation of the
Mg;7Al;5 phase at GBs can have important implications for mechanical and corro-
sion behavior. The objective of this study is to quantify the energetics of segregation
of aluminum to a dataset of different STGBs for magnesium. In this work, alu-
minum atoms were iteratively placed at various atomic sites within 20 A of the GB
center for a dataset of 30 (0001) STGBs. Results show how GB structure affects the
energetics and length scales of aluminum segregation as well as the dependence of
segregation energetics on the local atomic environment, which was used to form a
surrogate (machine learning) model for segregation energetics. The neural network
model predicts segregation energies that are comparable to atomistically-calculated
energies (B2 > 0.97) and is obviously much more efficient than atomistically calcu-
lating the GB segregation energies. This model was then applied to one of the larger
GB structures to show the ability to predict segregation energy over a large number
of atoms while retaining the high-fidelity energetic calculations at the boundary.
The ability to compute GB physical properties of interest using machine learning

techniques can have broad implications for the area of GB science and engineering.
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