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Abstract

To acquire knowledge on the lattice and grain-boundary diffusion processes in alumina, we have
determined the activation energies of elementary O and Al diffusive jumps in the bulk crystal,
¥3(0001) grain boundaries, and £3(1010) grain boundaries of a-Al,O3 using the first-principles
density functional theory method. Specifically, we calculated the activation energies for four
elementary jumps of both O and Al lattice diffusion in alumina. It was predicted that the
activation energy of O lattice diffusion varied from 3.58 eV to 5.03 eV while the activation
energy of Al lattice diffusion ranged from 1.80 eV to 3.17 eV. As compared with experimental
measurements, the theoretical predictions of the activation energy for lattice diffusion were
lower and thus implied that there might be other high-energy diffusive jumps in the experimental
alumina samples. Moreover, our results suggested that the Al lattice diffusion was faster than the
O lattice diffusion in alumina, in agreement with experiment observations. Furthermore, it was
found from our calculations for a-Al,Oj3 that the activation energies of O and Al grain-boundary
diffusion in the high-energy 23(0001) grain boundaries were significantly lower than those of the
lattice diffusion. In contrast, the activation energies of O and Al grain-boundary diffusion in the

low-energy X3(1010) grain boundaries could be even higher than those of the lattice diffusion.

* Corresponding author: guw8@pitt.edu




I. INTRODUCTION

Alumina (commonly in the crystal form of a-Al,O3), as an important refractory oxide with a
large electronic band gap, has relatively high hardness, strength, melting point, wear resistance,
and chemical stability. Hence, alumina has been widely employed in such technological
applications as the substrate of electronic circuits, the substrate of metallic catalysts, and the
container of corrosive chemicals. In particular, the formation of protective a-Al,Os scale is a
crucial requirement for high-temperature Al-containing alloys (for instance, FeCrAl and NiCrAl)
to resist oxidation under their operating conditions. ' In many cases, the functional performance
(such as sintering, creep, and scale growth) of alumina depend strongly on the diffusion
processes in its crystalline materials. ** Consequently, the diffusion processes of oxygen (O)

anions and aluminum (Al) cations in o-Al,O3 have been extensively measured in experiments >

and modeled in simulations. '¢2°

Oxygen diffusion in undoped o-Al,Os single crystals and polycrystals have been measured
by several research groups using either Secondary Ion Mass Spectroscopy (SIMS) or Nuclear
Reaction Analysis (NRA) techniques to determine the '*O depth profiles following high
temperature exchange with '®O-enriched oxygen gas. From Arrhenius plots of diffusion
coefficient data with respect to reciprocal temperature, the activation energy for O diffusion in o
AL Os could be obtained in these measurements. The currently available experimental results
indicated that the activation energy for O lattice diffusion fell into the range between 531 kJ/mol
(ie., 5.50 eV) > and 787 kJ/mol (i.e., 8.15 eV) ' while the activation energy for O grain-
boundary diffusion varied from 294 kJ/mol (i.e., 3.05 eV)  to 896 kJ/mol (i.e., 9.29 eV). ° It is
notable above that the measured activation energy for O grain-boundary diffusion could be even
higher than that for O lattice diffusion. Indeed, Prot ef al/ found the activation energy for O lattice
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diffusion to be 636 kJ/mol (i.e., 6.59 eV) while that for O grain-boundary diffusion to be 896
kJ/mol (i.e., 9.29 eV) in their measurement.'® Moreover, Nakagawa et al reported their measured
activation energy for O grain-boundary diffusion to be 627 kJ/mol (i.e., 6.50 V) "* which was
also higher than their own value (531 kJ/mol) 12 for O lattice diffusion. This finding in a-Al,O5 is
contrary to what is normally found in metals. Furthermore, recent experimental data revealed
that the O diffusion coefficients could vary up to 10’ times along different grain boundaries
(GBs) in a-Al,O; and were closely related to the local arrangement of atoms on the GBs. "> As
compared to O diffusion, the experimental studies on Al diffusion in alumina are relatively
scarce. So far, there are only two measurements of Al diffusion processes by analyzing the
attained profiles of *°Al tracers in undoped o-AlL,O; samples at elevated temperatures. It was
found that the activation energy for Al diffusion was 477 kJ/mol (i.e., 4.94 ¢V) © in polycrystal
alumina and 510 kJ/mol (i.e., 5.29 eV) ® in single crystal alumina. These results suggested that
the Al lattice diffusion (with activation energy of 5.29 eV) would be faster than the O lattice
diffusion (with activation energy of at least 5.50 eV) in a-Al,Os. In addition, Ref. 8 reported that
the Al grain-boundary diffusion could also have higher activation energy [850 kJ/mol (i.e., 8.81

eV)] than the Al lattice diffusion in alumina.

Complementary to experimental measurements, computer simulation techniques have
already been employed to elucidate the mechanism of diffusion processes in alumina at an
atomistic scale. Jacobs et a/ calculated the activation energy for O vacancy migration in o-Al,O3
lattice to be about 1 to 2.5 eV using both the semi-empirical model and pair-wise Buckingham
empirical potentials.'® As compared with experimental data (i.e., 5.50 to 8.15 eV), these
theoretical predictions were obviously too low. Achieving an improved agreement between

theory and experiment, Aschauer et al/ extracted the activation energy for O lattice diffusion to be



510.83 kJ/mol (i.e., 5.29 eV) from their empirical pair potential based metadynamics and the
kinetic Monte Carlo simulations.”” Both studies (Refs. 16 and 19) pointed out that there were
multiple elementary routes contributing to the overall O diffusion processes in alumina.
Regarding the short-circuit diffusion mechanisms in alumina, Harding et al '’ calculated the
activation energies for Al vacancy migration along various GBs using the same empirical pair
potential employed in Ref. 19. They found that not only the metal vacancy diffusion behavior
varied greatly from one GB to another but also the individual hops within the same GB differed
considerably. Relevantly, Milas et al investigated the diffusion of Al and O atoms on the (0001)
surface of o-Al,O3 with density functional theory (DFT) calculations, *° It was predicted that Al
surface diffusion would be facile with activation energy of 0.73 eV but O surface diffusion

would involve intermediate metastable state with an overall energy barrier of 1.67 eV.

Although much research have been conducted on the diffusion processes in alumina, there
are still a great deal to be understood as related to the mechanism and energetics of Al and O
diffusion both in the bulk crystal and on the GBs. *' In order to gain further insights into various
diffusion processes in o-Al,O3, in this work, we used first-principles DFT calculation method to
determine the minimum energy paths, configuration of transition states, and activation energies
for both O and Al lattice diffusion and grain-boundary diffusion via vacancy migration
mechanism. In particular, we modeled the O and Al grain-boundary diffusion processes in
alumina along both low-energy and high-energy representative GBs. In most of previous

TR . 16,17,19
atomistic simulations,

some kinds of empirical potentials were used when modeling the
diffusion processes in alumina. The reliability and accuracy of the predictions from these

atomistic simulations strongly depended on the quality of the employed empirical potentials. In

contrast, the first principles DFT calculation has been demonstrated to yield reliable and accurate



predictions on various materials properties.”? Consequently, our first-principles study enables us
to reliably elucidate how the local atomic structure of GBs affects the diffusion processes in

alumina.
II. COMPUTATIONAL METHOD AND MODELS

The first-principles DFT calculations in this study were performed using the Vienna 4b-initio
Simulation Package (VASP) code. ** In all these calculations, we used projector augmented
wave (PAW) method *° and a kinetic energy cutoff of 500 eV to expand the electronic wave
functions in the plane-wave basis. The generalized gradient approximation with Perdew—Burke-
Ernzerhof (PBE) functional *® was used for evaluating exchange-correlation energy. Fully-
optimized structures of crystal lattice, GBs, and vacancy defects of a-Al,O; were obtained by
reducing the Hellman-Feynman force acting on each ion in the corresponding models to less than
0.01 eV/A. In this study, the activation energy for diffusion processes in o-Al,03 were computed
as the energy difference between the transition state and the initial state during a diffusive jump
of exchanging the positions of an (O or Al) atom with its neighboring vacancy. The transition
state of diffusive jumps was located using the climbing image nudged elastic band (CI-NEB)
method, ?7 in which all the force components perpendicular to the tangent of the diffusion

pathway were reduced to be less than 0.05 eV/A.

The crystal structure of o-Al,O3 has a space group of R3¢ and contains ten atoms (4 Al
atoms and 6 O atoms) in its primitive unit cell (shown in Figure 1(a)). Conventionally, crystal
alumina is represented with a hexagonal unit cell (shown in Figure 1(b)) consisting of 30 atoms
(12 Al atoms and 18 O atoms). Lattice diffusions in alumina were simulated in a 2x2x1 supercell
of conventional hexagonal cells. The three axes of the supercell were along [2110] (spanning 9.6

A), [1210] (spanning 9.6 A), and [0001] (spanning 13.1 A) directions. There were in total 120
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atoms (48 Al atoms and 72 O atoms) in the simulation cell. We used a 3x3x2 Monkhorst-Pack k-

point mesh *® for k-space integration in our lattice diffusion calculations.

Modeling GBs of alumina, we placed two crystal grains sharing a boundary plane in a
periodic supercell and added a vacuum space along the normal direction of the GB to separate
the other ends of the two grains. Specifically, the ), 3(0001) GB of alumina was modeled with a
periodic super-cell, which contained a 10 A vacuum space along the [0001] direction and had
dimensions of [2110] (spanning 9.6 A) and [1210] (spanning 4.8 A) normal to the [0001]
(spanning 36.3 A) direction. There are again 24 (stoichiometric Al,O3) units in each supercell.
Namely, we have 120 atoms (48 Al atoms and 72 O atoms) in the simulation cell. Hence, the
whole supercell of the ), 3(0001) GBs is ensured to have neutral charge. The interphase of the
>.3(0001) GB lied in the middle of the simulation cell and consisted of either 4 Al atoms or 6 O
atoms, as shown in Fig. 2. The k-point mesh was set as 2x4x1 for the DFT calculations of this
GB. The Y 3(1010) GB of alumina was modeled with an orthorhombic super-cell, which
contained a 10 A vacuum space along the [1010] direction and had cell dimensions of [1210]
(spanning 4.8 A) and [0001] (spanning 13.1 A) normal to the [1010] (spanning 26.7 A)
direction. In our modeled Y. 3(1010) GB, there were in total 120 atoms (48 Al atoms and 72 O
atoms). The interphase of the Y, 3(1010) GB lied in the middle of the simulation cell and
consisted of 4 Al atoms and 6 O atoms, as shown in Fig. 3. The k-point mesh was set as 5x3x1

for the DFT calculations of the . 3(1010) GB in this study.

When optimizing the structure of the GBs, we fixed the positions of the atoms in the
outermost four layers on both ends of the ); 3(0001) GB model and in the outermost three layers
on both ends of the Y 3(1010) GB model to those in the bulk alumina crystals. All the other
atoms in the GBs were allowed to fully relax their positions to reach the lowest energy
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configuration. Moreover, minimizing the strain on the GB between the two grains, we also
extended the models in the direction normal to the GB to find the equilibrium GB structure that
had the lowest energy with respect to such expansion. In Supplemental Material, ** (see, also,
Refs. 30-34 therein) we verified the accuracy of our GB simulations by comparing the relaxed
structures of the O-terminated X3(0001) GB attained with our free-surface model and

conventional periodic boundary model.
III. OPTIMIZED ATOMISTIC STRUCTURES

A. Bulk (!-A1203

In a-Al,Os5 crystal (as shown in Fig. 1), O atom occupies a tetrahedral site enclosed by four
nearest neighboring Al atoms (denoted as four-fold coordinated) whereas Al atom occupies an
octahedral site enclosed by six nearest neighboring O atoms (denoted as six-fold coordinated). It
notes that the Al atoms only occupy 2/3 of the possible octahedral sites formed by the O atoms in
the lattice of alumina. Our DFT calculations gave the optimized lattice parameters for the
hexagonal unit cell of a-Al,O; to be a = 4.81 A and ¢ = 13.31 A, the optimized internal
parameter of Al atoms to be L = 0.352, and the optimized internal parameter of O atoms to be v
= 0.306. Our results in this study are consistent with previous theoretical predictions ** and

experimental measurements. >°
B. ) 3(0001) GB

In this work, we constructed two (O-terminated and Al-terminated) 23(0001) basal twin GBs
for the purpose of modeling high-energy GBs in a-Al;O;. For the O-terminated X3(0001) GB
(Fig. 2(a)), we chose a central O layer as the interphase plane of the GB and arranged the two

grains to be mirror-symmetric with respect to this plane. After relaxation, all the O atoms in the



interphase of the O-terminated X£3(0001) GB are still four-fold coordinated. The separation
between the neighboring Al layers on the two sides of the GB was determined to be 2.53 A,
about 16% larger than the separation of the neighboring Al (0001) layers in bulk alumina.
However, the mirror symmetry of the GB caused that the Al atoms above the interphase were
right on the top of the Al atoms below the interphase along the [0001] direction. As a result, the
Al-Al distance across the GB was 11 % smaller than the corresponding value (2.68 A) in bulk o-
Al,O3 The formation energy of the O-terminated £3(0001) GB grain boundary was calculated in
this work to be 2.38 J/m?, which is consistent with the value of 1.99 J/m® from previous DFT

calculation. **

In Fig. 2(b), we showed the optimized structure of our Al-terminated £3(0001) GB which has
the central Al layer as mirror-symmetric plane. In the interphase of this GB, the Al atoms are still
six-fold coordinated. The separation between the neighboring O layers on the two sides of the
GB along the [0001] direction was determined to be 2.42 A, which is 11% larger than the
separation (2.19 A) between two adjacent O (0001) layers in bulk o-Al,Os. After relaxation, the
O-O distance across the GB was reduced by about 5 % compared to the corresponding value
(2.55 A) in bulk o-Al,03. We calculated the formation energy of this Al-terminated £3(0001) GB
to be 2.12 J/m”. It should be noted that our thus-modeled Al-terminated £3(0001) GB is not the
lowest energy configuration of the £3(0001) GB as illustrated in previous experiments >’ and
computations. ** Rotating the upper half of the crystal by 180° along [0001] axis would convert
our modeled Al-terminated X3(0001) GB to the lowest-energy 23(0001) GB which was
predicted to have quite low formation energy of about 0.73 J/m?. ** In this theoretical work, we

are interested in investigating how the atoms diffuse along high-energy GBs of «-Al,Os.



Consequently, we constructed the two X3(0001) GBs (O-terminated and Al-terminated) with

relatively high formation energy (about 2 J/m?).
C.Y 3(1010) GB

In this work, we constructed two (screw-rotation and glide-mirror) £3(1010) twin GBs for
the purpose of modeling low-energy GBs of a-Al,Os. For these two GBs, we followed the same
construction procedures as suggested in Ref. 38. First, we rotated upper half of the modeled
alumina crystal by 180° around [1010] with respect to the bottom half of the crystal which was

oriented along [1010] direction. Then, we translated the upper half of the crystal by a vector of

%[iZiO] + i [0001] parallel to (1010) to attain the screw-rotation £3(1010) GB and by a vector

of %[iZTO] parallel to (1010) to attain the glide-mirror £3(1010) GB. Figure 3 shows the

optimized structures of these two GBs from our DFT calculations.

It could be seen in Fig. 3(a) that the interphase of the screw-rotation £3(1010) GB was a
single atomic layer composed of both Al and O atoms whereas the interphase of the glide-mirror
>3(1010) GB consisted of two atomic layers. Moreover, it was observed that all the Al atoms in
the interphase of these two GBs were still six-fold coordinated. However, the O atoms on the
GBs could be three-fold coordinated (under-coordinated as compared with those in bulk crystal),
four-fold coordinated (as same as those in bulk crystal), or five-fold coordinated (over-
coordinated as compared with those in bulk crystal). After structural relaxation, the separation of
the adjacent (1010) layers on the screw-rotation GB became 1.42 A, which is only slightly larger
than the corresponding bulk value (1.39 A), and the separation of the adjacent (1010) layers on
the glide-mirror GB became 1.59 A, which is about 14 % larger than the corresponding bulk

value of a-Al,Os.



Our DFT calculation predicted the formation energy of the screw-rotation £3(1010) GB to
be 0.25 J/m® and the formation energy of the glide-mirror £3(1010) GB to be 0.39 J/m’.
Consequently, we used these two £3(1010) GBs representing low-energy GBs of a-Al,O3 in this

study.
D. Local atomic structures

It has been well-recognized that the energetics of atomic diffusion processes is closely
related to local atomic structures. To elaborate how the grain-boundary diffusion differs from the
lattice diffusion, we first examined how the local atomic structures of the modeled GBs differ
from those in bulk alumina crystal. In bulk o-Al,O3 (shown in Fig. 4(a)), the O atom lies at the
center of a tetrahedron whose four vertices are Al atoms and the Al atom lies at the center of an
octahedron whose six vertices are occupied by O atoms. It notes that the distance between the
central O (or Al) atoms to their neighboring Al (or O) atoms are not always equal in alumina
crystal. Our DFT calculations showed that the half of the Al-O bonds have bond length of 1.87 A
and the other half have slightly longer bond length of 1.99 A in a-Al,O3. Moreover, the adjacent
Al-O bonds form an angle of about 110° around the O atom and form an angle of about 90°

around the Al atom.

In the interphase of O-terminated £3(0001) GB (Fig. 2(a)), every O atom is still surrounded
by four Al atoms. However, as shown in Fig. 4(b), these four Al atoms constitute a planar
tetragon instead of a tetrahedron and the O atom is located above the center of the Al plane by
about 0.35 A. In this configuration, the four Al-O bonds have the lengths ranging from 1.85 A to
1.98 A which are similar to those in bulk alumina. However, the angles between two adjacent

Al-O bonds are averaged to be about 88°, which is significantly smaller than the corresponding
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bulk value. Moreover, Fig. 4 showed that in the interphase of Al-terminated £3(0001) GB (Fig.
2(b)), the Al atom sits in the center of a triangular prism whose six vertices are occupied by O
atoms. Our further analysis revealed that, although both are six-fold coordinated, there were two
distinct types of Al atoms in the Al-terminated £3(0001) GB. With the surrounding six O atoms,
atom “Al_A” would form three Al-O bonds with length of 1.91 A and another three Al-O bonds
with length of 1.93 A. In contrast, atom “Al B> would have three Al-O bonds with length of
1.99 A and the other three Al-O bonds with length of 2.08 A. It is noticeable that the atoms have
the same coordination numbers but different local atomic configurations in the X£3(0001) GBs
and in the bulk alumina. Thus, our DFT results suggested that the local atomic configurations
with unfavorable AI-O bond angles are responsible for the high formation energies of the

modeled X£3(0001) GBs.

In the interphase of the two £3(1010) GBs, the O atoms could have coordination number of
three (denoted as “O(3)”), four (denoted as “O(4)”), or five (denoted as “O(5)”) and all the Al
atoms have coordination number of six. In Fig. 4(c), we plotted the local atomic structures of
these O atoms and Al atoms in the interphase of the GBs. Fig. 4(c) showed that atom O(3) lied
at the center of a triangle, atom O(4) lied close to the center of a tetrahedron, atom O(5) lied at
the center of a pentahedron, and Al atom lied at the center of an octahedron. Our DFT results
also revealed that the three Al-O bonds between O(3) and its neighboring Al atoms were slightly
shorter than the Al-O bonds in bulk crystal, the four AI-O bonds between O(4) and its
neighboring Al atoms had the exactly same length as those in bulk crystal, and only two of the
five Al-O bonds between O(5) and its neighboring Al atoms were about 9% longer than the Al-O
bonds in bulk crystal. Although the O atoms in the GB have different numbers of neighboring Al

atoms, the adjacent Al-O bonds form an angle (about 118° around atom O(3), about 106° around
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atom O(4), and about 97° around atom O(5)) not very different from the Al-O angle of 110°
around the O atoms in o-Al,Os crystal. As mentioned in literature, 3% the Al atoms in the
¥3(1010) GBs have two distinct local atomic structures (denoted as “Al_A” and “Al_B”) which
differ mainly in the lengths of the six Al-O bonds. It appears that maintaining the bulk-like Al-O

bond angles in the £3(1010) GBs leads to the low formation energy of these two GBs.
IV. VACANCY FORMATION ENERGY

The formation energies of various neutral and charged defects in alumina had been
extensively studied using the DFT computation method. **** In this work, we studied the
formation energies, relaxed structures, and mobility of the vacancies with neutral charge state in
the bulk region and representative grain boundaries of alumina. For atomic vacancy, the
formation energy is normally evaluated as the energy difference between the model system
containing a vacancy and the otherwise perfect system, and further plus the chemical potential of
the atomic species. It has been recognized that the different choices of the O and Al chemical
potentials largely accounted for the discrepancy in the reported values of the same vacancy
defect formation energy. In this work, we chose simply one half of the potential energy of a gas
O, molecule as the chemical potential of element O when calculating O vacancy formation
energies and the atomic energy of metal Al as the chemical potential of element Al when
calculating Al vacancy formation energies. We listed in Table 1 and 2 the calculated formation
energies of O and Al vacancies in the bulk lattice and various GBs of a-Al,O3;. More relevant to
this work, we also gave in Tables 1 and 2 the energy difference for a vacancy to lie in the GBs
relative to lie in the bulk crystal. Negative sign of such energy difference implies that the

vacancy energetically prefer segregating to the GB than staying inside a grain.
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Our DFT calculation predicted the formation energies of O and Al vacancy to be 6.80 eV and
12.13 eV in bulk alumina, respectively. As compared with our calculated value for O vacancy in
bulk crystal, the O vacancy formation energies in the high-energy O-terminated 23(0001) GB
were found to be at least 1.37 eV lower whereas the O vacancy formation energies in the low-
energy X3(1010) GBs were found to be merely about 0.27 eV lower in average. Similarly, we
noticed that the Al vacancy formation energies in the high-energy Al-terminated 23(0001) GB
were at least 2.81 eV lower than the value in bulk alumina whereas the Al vacancy formation
energies in the low-energy X3(1010) GBs could just be 0.95 eV lower than the bulk Al vacancy
formation energy. Consequently, our results in Tables 1 and 2 indicated that the O and Al
vacancies in 0i-Al,Os tended to segregate to the GBs from the bulk crystal and the segregation
tendency were related to the formation energy of the GBs (The higher the GB formation energy,
the lower the vacancy formation energy).

43 that the vacancy at the GB of

It has been revealed in previous atomistic simulations
metals could often induce relatively large atomic displacements in its surrounding region
(namely, vacancy delocalization) and thus possibly reduce the activation energy for diffusion at
the GBs. In this work, we examined all the relaxed structures of the vacancies at our modeled
GBs of a-Al,O3 and found in all the cases that the atomic displacements around a vacancy were
constricted to the immediate vicinity of the vacancy. Moreover, all the resultant displacements of
atoms were less 5% of the equilibrium length of Al-O bonds. Therefore, we did not observe the

vacancy delocalization phenomenon at the X3(0001) and X£3(1010) GBs of a-Al,O; in this

study.

V. ATOMIC DIFFUSION
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A. Lattice diffusion in bulk a-ALQO;3

Referencing to the equilibrium structure of o-Al,Os crystal (shown in Fig. 1), we identified
multiple elementary diffusive jumps for O and Al atoms to diffuse in bulk alumina through
vacancy-atom exchange mechanism. As shown in Fig. 5(a), there are two types of O elementary
diffusive jumps (jump O;-O, and jump O3-O4) in the (0001) plane and two types of elementary
diffusive jumps (jump O;-O3 and jump O;-O4) connecting the two (0001) planes (i.e., along the
[0001] direction). All the other long-range diffusive paths for O atom in alumina can be attained
by combining these four elementary jumps. Here, our analysis of the existence of the multiple O
vacancy diffusive jumps agrees well with the simulation results from metadynamics
calculations.'” For each of these O elementary diffusive jumps, we used the CI-NEB method to
determine the minimum energy path and the transition state for an O atom to migrate from one
position to the other one. We reported in Table 3 our calculated activation energies for the O
lattice diffusion through these four possible diffusive jumps. We predicted that jump O;-O,
(which has the smallest diffusion distance) required activation energy of 3.58 eV, very close to
the value of 3.7 eV calculated in Ref. 18 for the same jump. However, it is worth mentioning that
these low activation energy O;-O; jumps are spatially limited within a small region in the (0001)
plane of «a-Al,O; and cannot constitute long-range diffusion paths only by themselves.
Moreover, our results in Table 3 indicated that the activation energy for O3;-O4 lattice diffusive
jump (which is extendable to the whole (0001) plane) to be 5.03 eV, which is the comparable to
the experimental data in Ref. 12 for O lattice diffusion in o-Al,Os. It is also noticeable that our

calculated activation energy is not well correlated with the distance of the diffusive jump.

Furthermore, we plotted in Figs. 5 (b)-(e) the minimum energy path (marked in arrows) and

transition state (denoted with a red ball) of O lattice diffusion along the four elementary diffusive
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jumps, respectively. In all the starting and ending positions of the four jumps, the O atom has
four nearest neighboring Al atoms and thus be four-fold coordinated. However, our DFT
calculations revealed that the migrating O atom would be four-fold coordinated in the transition
state of jump O;-O,, three-fold coordinated in the transition state of jump O;-O;, two-fold
coordinated in the transition state of jump O;-O,, and two-fold coordinated in the transition state
of jump O3-Oy4. It appears in our DFT results that the coordination number of the migrating O
atom in the transition state is correlated with the calculated activation energy of the diffusive
jumps. Namely, the higher the coordination number of O in the transition state, the lower the

activation energy of the diffusive jump.

For Al lattice diffusion in a-Al,O3, we conducted our DFT calculations for the following four
elementary diffusive jumps as shown in Fig. 6(a): jump Al;-Al, is a jump between the two Al
atoms locating in the two neighboring (0001) layers; jump Al;-Al; is a jump along [0001]
direction between the two Al atoms locating in the (0001) layers separated by one O layer; jump
Als-Aly 1s a jump tilted away from [0001] direction and between the two Al atoms locating in the
(0001) layers separated by one O layer; and jump Al,-Als is a jump along [0001] direction
between the two Al atoms locating in the (0001) layers separated by two O layers. Table 3 gave
the calculated activation energies for these Al lattice diffusion jumps and Figs. 6 (b)-(¢)

presented the minimum energy pathway of the four Al elementary diffusive jumps, respectively.

It was found for jump Al;-Al, that in the transition state the migrating Al atom was located at
the middle point of the edge shared by the two O octahedrons surrounding the initial and final Al
positions and the activation energy was 1.80 eV. In contrast, in the transition state of jump Al;-
Alj, the migrating Al atom was located at the center of the triangular facet shared by the two O

octahedrons surrounding the initial and final Al positions. The activation energy for this jump
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was predicted to be 2.05 eV. Our DFT calculations indicated that both Al;-Al, and Al-Al;
diffusive jumps could be completed with one simple jump of Al atom from the starting position
to the final position. However, jumps Al,-Aly and Al;-Als involved an intermediate stable
position and two simple jumps. Figs. 6(d)-(e) showed the minimum energy path of jump Als-Als
and Al,-Aly, respectively. It could be seen in the figures that there was a locally minimum-
energy position (marked as ‘m’) between the two facing triangular facets of the two O
octahedrons for the migrating Al atom to stay. Consequently, it involved two simple jumps (Als-
m (or Al,-m) and m-Aly), whose transition state was the migrating Al atom lying at the center of
the triangular facet of the O octahedron, to complete these two jumps. Along the minimum
energy path of jump Als-Als (Fig. 6(d)), we found that the activation energy of Al;-m jump was
1.93 eV and the activation energy of m-Als jump was 0.32 eV. Thus, it requires overall
activation energy of 2.25 eV to complete jump Als-Aly in bulk o-Al,Os. Similarly, our DFT
calculations predicted the overall activation energy of 3.17 eV (1.56 eV for Al,-m jump and 1.61
eV for m-Als jump) for the complete jump Al,-Als. Compared with the experimental data of 4.94
eV, ® our theoretical predictions for the activation energy of Al lattice diffusion in 0-ALOs are
more than 1.77 eV lower. This apparent discrepancy between theory and experiments might
suggest the existence of other high-energy jumps (for example, jumps from the locally

minimum-energy positions in Fig. 6(d)-(e) to other Al positions) in the experimental samples.
B. Grain-boundary diffusion in ), 3(0001) GB

On the O-terminated £3(0001) GB, there are only O lattice sites in the interphase. Although
the O vacancy formation energies are same at the various O lattice sites of the GB, two possible
elementary diffusive jump paths (jump O;-O; and jump O;-Os, as shown in Fig. 7(a)) exist in the

(0001) plane. The main difference between the two jumps is diffusion distance: 2.51 A for jump
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0;-0; and 2.45 A for jump O;-Os. Given in Table 4, the activation energy of jump O;-O, was
calculated to be 1.26 eV and the activation energy of jump O;-O; to be 1.29 eV. Compared with
the O lattice diffusion in (0001) plane (jumps O;-O, and O,-O; in Table 3), the O grain-boundary
diffusion along the O-terminated X3(0001) GB was predicted to require much lower activation
energy (at least by 2.29 eV). Close examination on the local structures along the two diffusive
jumps (Fig. 7(c)) revealed that the migrating O atom was four-fold coordinated at the starting
and final states but had only two nearest-neighboring Al atoms at the transition states along the
minimum-energy diffusion pathways. At the transition states, the angle of Al-O-Al was found to

be 95° for jump O;-O, and 107° for jump O;-Os.

As pointed out in Table II, there are two types of Al lattice sites with different vacancy
formation energies in the interphase of Al-terminated X3(0001) GB. Consequently, there are two
elementary diffusive jumps (jump Al;-Al, and jump Al,-Al,, as shown in Fig. 7(b)) for Al atom
migrating in the (0001) interphase plane of the Al-terminated X3(0001) GB. Here, lattice site Al,
which has higher vacancy formation energy than Al,, refers to the same atom Al B in Table 2.
Table 4 reported that our calculated activation energy for diffusive jumps Al;-Al, and Al,-Al,
was 0.64 eV and 1.22 eV, respectively. Thus, the Al grain-boundary diffusion in the Al-
terminated X3(0001) GB requires an average of 0.93 eV for an elementary diffusion step. In
contrast, lattice diffusive jump Al;-Al, in bulk o-Al,Os corresponds to the diffusion process in
the (0001) plane and has activation energy of 1.80 eV. In Fig. 7(d), the minimum-energy
diffusion path of jump Al;-Al, in the Al-terminated X3(0001) GB was depicted. As shown in
this figure, the migrating Al atom was six-fold coordinated at the starting and final states of the
diffusion jump but occupied the center of an O-rectangular facet (i.e., four-fold coordinated) at

the transition state of the diffusion.
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C. Grain-boundary diffusion in ) 3(1010) GB

In the interphase of £3(1010) GBs, there are both O and Al lattice sites on the (1010) plane.
Shown in Tables I and II for £3(1010) GBs, the three-fold, four-fold, and five-fold coordinated
O vacancies have distinct formation energies and the two six-fold coordinated Al vacancies also
have different formation energies. Hence, the diffusion processes in the interphase of £3(1010)
GBs are considerably complicated as compared to those in the £3(0001) GBs. In this work, we
focused our study on the sequential elementary diffusions of O and Al atoms along [0001]
direction within the (1010) interphase plane of the £3(1010) GBs. In Figs. 8 (a) and (b), we
plotted three elementary diffusive jumps for O atom (O;-O,, O,-O;, and O3-O;) and two
elementary diffusive jumps for Al atom (Al;-Aly, and Aly-Al)) in the screw-rotation X3(1010)
GB, respectively. Similar plots for the diffusive jumps in the glide-mirror £3(1010) GB are
depicted in Figs. 9 (a) and (b). Moreover, we gave in Table V the calculated activation energies
for these elementary diffusive jumps along the directions as drawn in the figures as well as along

the reversing directions.

Furthermore, the local atomic structures and the corresponding energy profiles of the various
O elementary diffusion jumps in the screw-rotation X3(1010) GB were shown in Fig. 8(c) and
those in the glide-miror £3(1010) GB were shown in Fig. 9(c). In Figs. 8 (a) and (c) for the
screw-rotation 23(1010) GB, it can be discerned that atom O; is three-fold coordinated, atom O,
is four-fold coordinated, and atom Oj; is five-fold coordinated. Moreover, Fig. 8(c) showed that
the migrating O atom was four-fold coordinated at the transition state of jump O;-O,, three-fold
coordinated at the transition state of jump O,-O3, and two-fold coordinated at the transition state

of jump O3-0O;. In contrast, atom O is three-fold coordinated, atom O, is five-fold coordinated,
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and atom Oj is four-fold coordinated on the glide-mirror £3(1010) GB shown in Figs. 9 (a) and
(c). Local atomic structures in Fig. 9(c) showed that the migrating O atom was three-fold
coordinated at all the transition states of jumps O;-O;, O,-O3, and O3-O;. Among all the studied
O elementary jumps in the screw-rotation £3(1010) GB interphase, jump O;-O, was found to
have the highest activation energy of 4.13 eV. Among all the studied O elementary jumps on the
glide-mirror £3(1010) GB interphase, jump O3-O; was found to have the highest activation
energy of 3.84 eV. In comparison, the O diffusive jumps in bulk o-Al,O3 along [0001] were
calculated to be 4.11 eV for jump O;-O3 and 4.67 eV for jump O;-O4. Hence, our DFT results
indicated that the activation energy of the O diffusive jumps were quite close in the low-energy

¥3(1010) GBs and in bulk crystal of o--Al,Os.

The Al diffusive jumps along [0001] in the interphase of the screw-rotation and glide-mirror
¥3(1010) GBs are quite similar: one long jump (Al;-Al,) and one short jump (Al,-Al,) as plotted
in Figs. 8(b) and 9(b). As shown in Figs. 8(d) and 9(d), there exists an intermediate stable
position (marked as ‘m’) in the route of diffusive jump Al,-Al; and in all the transition states the
migrating Al atom are located at the center of the triangles formed by three O atoms. Comparing
the local atomic structures of the migrating Al atom in X3(1010) GBs (Figs. 8(d) and 9(d)) and
in bulk crystal (Figs. 5 (¢) and (e)), we found that the long diffusive jump Al;-Al, in the GBs
(marked in Figs. 8(b) and 9(b)) was comparable to diffusive jump Al,-Als in the bulk crystal
whereas the short diffusive jump Al,-Al; in the GBs comparable to diffusive jump Al;-Als in the
bulk crystal. Our DFT calculations predicted that the migrating Al atom would first overcome an
energy barrier of 1.62 eV (or 0.89 eV) and then another energy barrier of 1.60 eV (or 2.26 eV)
along the long diffusive jump Al;-Al, in the screw-rotation (or glide-mirror) £3(1010) GB. In
contrast, the migrating Al atom would first overcome an energy barrier of 1.56 eV and then
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another energy barrier of 1.61 eV during diffusive jump Al,-Als in the bulk a-Al,O;. Moreover,
the activation energy of along the reverse direction of the short diffusive jump Al-Al; was
determined to be 2.11 eV and 2.15 eV in the screw-rotation and glide-mirror X3(1010) GB,
respectively. The corresponding jump Al;-Al; in the bulk crystal only had activation energy of
only 2.05 eV. Consequently, our results showed that Al diffusion in the £3(1010) GBs required

even higher activation energy than that in the bulk crystal of o-Al,Os.
D. Further notes

The diffusion in alumina, especially in experimental samples with doping impurities, is a
very complex process probably involving many mechanisms and aspects (as reviewed elegantly
in Ref. 21). In this work, we only studied the diffusion processes of O and Al atoms via vacancy-
atom exchange mechanism in bulk alumina as well as several modeled grain boundaries.
Therefore, our work should be regarded as a starting point to theoretically investigate the
diffusion in alumina using the first-principles transition state calculations. In below, we discuss
how this type of theoretical calculations could be used to address the issues related to the actual

diffusion processes in alumina.

(1). It was noticed in experimental measurements that some non-Fickian “tails”, which
appeared in the O and Al diffusion profiles of un-annealed alumina specimens, could be removed
through annealing the specimens at high temperature. **® This phenomenon indicates that some
material processes must occur in the alumina samples during annealing so that some fast routes
(or mechanism) for diffusion existed in the un-annealed samples are eliminated. However, little
has been known regarding the nature of the observed non-Fickian behavior and the subsequent
material processes of annealing. It was proposed that the non-Fickian behavior of alumina might

be related to the atomic diffusion via dislocation networks or subgrain boundaries. '**’ This
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explanation is not well consistent with the finding that the magnitude of the non-Fickian “tails”
was insensitive to the dislocation densities in the samples. ** Thus, Heuer proposed in Ref. 21
that the non-Fickian behavior of alumina could be a result of non-equilibrium point defect
population. In this aspect, first-principles calculations can be employed to evaluate the energetics
of diffusion along dislocations and the diffusion of Frenkel pairs (a vacancy plus an interstitial).
In this work, we have reported the energies of some transition states for a migrating atom

between two vacancies in alumina.

(2) Conventional defect diffusion mechanism suggests that the diffusivity of materials be
strongly dependent on the concentration of the defects in the material samples. However, it was
found that the diffusivity of oxygen in alumina was not quite sensitive to the amount of point

d. * 2" * Neither varying the partial pressure of O, gas * hor doping alumina

defects as expecte
with aliovalent solutes ** would induce significant changes to the oxygen diffusivity in o-Al,O3
specimens. To explain these experimental data, many diffusion mechanisms, such as, vacancy-

21, 50

atom exchange mechanism, 3 interstitial mechanism , point defect cluster mechanism 49, AlO

! have been proposed in the

divacancy mechanism®, and hydroxyl/peroxide mechanism.
literature. In this work, we assumed that the lattice diffusion of O in alumina was accomplished
via vacancy-atom exchange mechanism. Evidently, some further first-principles studies are

desired to extensively examine all these other possible diffusion mechanisms and to predict

which mechanism is most favorable in o-Al,O5.

(3) Most often, the experimental samples of alumina contain various impurities. **° Some
impurities such as Si’', Mg®', Ca’*, Y'* prefer segregating themself onto the grain boundaries
from the bulk alumina. As a result, even if the concentrations of the impurities are low in the

whole sample, the GB regions of the sample could have quite high concentration of the
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impurities. °' Moreover, the segregation of impurities could even alter the geometric structures of
the GBs. > Consequently, the path and activation energy for the diffusion on the GBs having
segregated impurities might deviate appreciably from what we calculated here for pure o-Al,Os,
Complementary to experimental measurements, the first-principles transition state calculations
can help to quantify the effect of the grain boundary segregation on the diffusion processes in

alumina.
VI. CONCLUSIONS

In this work, we employed first-principles DFT method to predict the activation energies for
O and Al diffusion via vacancy-atom exchange mechanism in the bulk lattice, high-energy
>3(0001) GBs, and low-energy ~3(1010) GBs of 0-Al,O3. We found that each O atom had four
nearest-neighboring Al atoms whereas each Al atom had six nearest-neighboring O atoms in the
bulk crystal. In the interphase of high-energy £3(0001) GBs, the O atoms were still four-fold
coordinated and the Al atoms were still six-fold coordinated. However, the arrangement of the
neighboring atoms around the O and Al atoms differs much in the X3(0001) GBs and in the bulk
crystal in terms of the angles of adjacent AI-O bonds. The O atoms could be three-fold
coordinated, four-fold coordinated, or five-fold coordinated while all the Al atoms are all six-
fold coordinated in the interphase of low-energy £3(1010) GBs. Moreover, it was found that the
formation energies of O or Al vacancies were lower in the GBs than in the bulk crystal. In
particular, the O vacancy formation energy could be lower by 1.30 eV in the O-terminated
>3(0001) GB and by 0.38 eV in the £3(1010) GBs than the value of bulk crystal. More
pronouncedly, the Al vacancy formation energy could be lower by 3.39 eV in the Al-terminated

¥3(0001) GB and by 0.95 eV in the glide-mirror £3(1010) GB than that in bulk crystal. Hence,
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our DFT calculations revealed that the vacancy formation energy would be reduced in the grain

boundaries as compared to in bulk crystal of a-Al,O3.

Furthermore, we investigated the O and Al elementary diffusive jumps at an atomistic level
and predicted the activation energies for these lattice and grain-boundary diffusions in alumina.
In bulk a-Al,O3 we identified four elementary jumps for O lattice diffusion in Fig. 5 and four
elementary jumps for Al lattice diffusion in Fig. 6. These elementary diffusive jumps can be used
to construct any long-range diffusion routes in the bulk lattice. It was predicted in Table III that
the activation energy for O lattice diffusion varied from 3.58 eV to 5.03 eV while the activation
energy for Al lattice diffusion ranged from 1.80 eV to 3.17 eV. In comparison, the activation
energy for O lattice diffusion was measured to be 5.50 ¢V '? to 8.15 ¢V 7 while the activation
energy for Al lattice diffusion was 5.29 eV ® in single crystal alumina. Thus, it appears that our
calculations underestimate the activation energy of lattice diffusion in alumina. Comparing the
activation energies of O and Al elementary jumps, we inferred that Al lattice diffusion required
less energy and should be faster than O lattice diffusion. This finding is consistent with the
experimental observation that the Al lattice diffusion was faster than the O lattice diffusion in o-

ALOs. 68

In the interphase of high-energy 23(0001) GBs, the diffusion of O and Al atom are restricted
within the (0001) plane. The activation energies of O diffusion in the O-terminated £3(0001) GB
were predicted to be 1.26 eV and 1.29 eV. In comparison, the activation energies of O lattice
diffusion in the (0001) plane of a-Al,O3 were 3.58 eV and 5.03 eV. In the case of Al diffusion,
the activation energy were calculated to be 0.64 eV and 1.22 eV in the Al-terminated 23(0001)
GB while was found to be 1.80 eV in the bulk crystal. Consequently, our DFT results indicated

that the diffusion activation energy would be lower in the high-energy GBs than the bulk
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alumina. In the interphase of low-energy 3(1010) GBs, the diffusion of O and Al atoms are
restricted along the [0001] direction. We found that the activation energy for O grain-boundary
diffusion could be 4.13 eV and the activation energy for Al grain-boundary diffusion could be
3.22 eV in the screw-rotation £3(1010) GB. In contrast, the calculated activation energy for the
corresponding O and Al lattice diffusions was 4.11 eV and 3.17 eV, respectively. Hence, our
DFT results revealed that the diffusion activation energy could be even higher in the low-energy
GBs than the bulk crystal. This finding from our theoretical calculations supports previous

8,13,15

experimental results that the activation energy of atom diffusion in polycrystal alumina

could be even higher than that in single crystal alumina.

Therefore, we have attained atomistic details and energectics about the lattice and grain-
boundary diffustion processes in alumina using DFT calculation method. These knowledge will
help us to further understand the formation mechanism and predict the growth rate of a-Al,O;
scales, which are able to protect the Al-containing materials at high-temperature and under harsh

operating environments.
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Tables:

Table I. Calculated formation energy (Ef) of an O vacancy in the bulk crystal, O-terminated
¥3(0001) GB, screw-rotation £3(1010) GB, and glide-mirror £3(1010) GB of o-Al,O;. For
comparison, relative O vacancy formation energies (AEf) with respect to that in bulk o-Al,O3

crystal are also included in the table.

Er(eV) AE¢(eV)

Bulk crystal O4) 6.80 0.00
O-terminated £3(0001) GB O(4) 5.43 -1.37
Screw-rotation X3(1010) GB 0Q3) 6.42 -0.38
O4) 6.53 -0.27
O(5) 6.60 -0.20
Glide-mirror £3(1010) GB 0(3) 6.42 -0.38
O(4) 6.64 -0.16
O(5) 6.60 -0.20
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Table II. Calculated formation energy (Ef) of an Al vacancy in the bulk crystal, Al-terminated
¥3(0001) GB, screw-rotation £3(1010) GB, and glide-mirror £3(1010) GB of o-Al,O;. For
comparison, relative Al vacancy formation energies (AEf) with respect to that in bulk o-Al,O3

crystal are also included in the table.

EdeV) AEg«(eV)

Bulk crystal Al 12.13 0.00
Al-terminated £3(0001) GB Al A 8.74 -3.39
AL B 9.32 281
Screw-rotation £3(1010) GB Al A 11.61 -0.52
Al B 12.21 0.08
Glide-mirror £3(1010) GB Al A 11.18 -0.95
Al B 11.75 -0.38
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Table III. Predicted diffusion distances and activation energies of the elementary O and Al
diffusive jumps in bulk o-Al,Os lattice. The four elementary O diffusive jumps (O;-O,, O;-Os3,
01-04, and O3-04) are graphically shown in Fig. 5(a) and the four elementary Al diffusive jumps

(Al;-Al,, Alj-Als, Als-Aly, and Aly-Aly) are graphically shown in Fig. 6(a).

Diffusive Jumps Diffusion Distance (A)  Activation Energy (eV)

O lattice diffusion

0,-0; 2.55 3.58
01-03 2.75 4.11
01-04 2.65 4.67
03-04 2.89 5.03

Al lattice diffusion

Al-Al, 2.82 1.80
Alj-Al; 2.68 2.05
Alz-Aly 3.25 2.25
Alr-Aly 3.88 3.17
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Table IV. Predicted diffusion distances and activation energies of the elementary O and Al
diffusive jumps on the high-energy O-termianted X3(0001) GB and Al-terminated X£3(0001) GB
of a-Al,O3. The elementary O diffusive jumps (O;-O; and O;-O3) on the O-terminated £3(0001)
GB are graphically shown in Fig. 7(a) and the elementary Al diffusive jumps (Al;-Al, and Al,-

Aly) on the Al-terminated X3(0001) GB are graphically shown in Fig. 7(b).

Diffusive Jumps Diffusion Distance (A)  Activation Energy (eV)

O diffusion on O-terminated £3(0001) GB
0:-0; 2.51 1.26

0;-03 2.45 1.29

Al diffusion on Al-terminated £3(0001) GB
Al-Al 2.77 0.64

Al-Aly 2.77 1.22
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Table V. Predicted diffusion distances and activation energies (both forward jump and backward
jump) of elementary O and Al diffusive jumps on the low-energy screw-rotation £3(1010) GB
and glide-mirror £3(1010) GB of 0-Al,O;. The elementary O diffusive jumps (O;-O,, 0,-O3,
and 03-0)) are graphically shown in Fig. 8(a) for those on the screw-rotation £3(1010) GB and
Fig. 9(a) for those on the glide-mirror £3(1010) GB. The elementary Al diffusive jumps (Al;-
Al,, and Al,-Aly) are graphically shown in Fig. 8(b) for those on the screw-rotation X3(1010)

GB and Fig. 9(b) for those on the glide-mirror £3(1010) GB.

Diffusive Jumps Diffusion Distance (A)  Activation Energy (eV) Activation Energy (eV)

(Forward Jump) (Backward Jump)

O diffusion on screw-rotation £3(1010) GB

0:-0; 2.84 4.13 4.02
0,-0O3 2.63 2.64 2.57
05-0; 2.70 2.92 3.10

O diffusion on glide-mirror £3(1010) GB

0:-0; 2.76 3.27 3.09
0;-03 2.60 2.71 2.67
0:1-03 2.78 3.62 3.84

Al diffusion on screw-rotation £3(1010) GB
Al-Al 3.86 3.22 2.62
AbL-Al, 2.71 1.51 2.11

Al diffusion on glide-mirror £3(1010) GB
Al-Al 3.86 3.15 2.57
AbL-Al 2.71 1.58 2.15
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Figure Captions:

Figure 1. (a) Primitive unit cell and (b) conventional hexagonal unit cell of the crystal structure

of a-Al,Os. In the figure, gray balls represent Al atoms and red balls represent O

atoms.

Figure 2. Relaxed atomic structures of high-energy (a) O-terminated and (b) Al-terminated

Figure3.

¥3(0001) GBs of a-Al,03. The two structures are shown as the projections on (1210)
plane. In the figure, gray balls represent Al atoms, red balls represent O atoms, and

black dashed lines indicate the interface of the two GBs.

Relaxed atomic structures of low-energy (a) screw-rotation and (b) glide-mirror
¥3(1010) GBs of a-Al,Os. The two structures are shown as the projections on
(1210) plane. In the figure, gray balls represent Al atoms, red balls represent O

atoms, and black dashed lines indicate the interface of the two GBs.

Figure 4. Local atomic structures showing the relative positions of the central O (or Al) lattice

site and its nearest-neighboring Al (or O) lattice sites in the relaxed (a) bulk o-Al,O3,
(b) the interphase of £3(0001) GBs, and (c) the interphase of £3(1010) GBs. In the

figure, blue balls represent Al lattice sites and green balls represent O lattice sites.

Figure 5. (a) Schematics of four elementary O diffusive jumps in bulk o-Al,O3 on the (1210)

projection of the crystal lattice. In the figure, gray balls represent Al atoms, red balls
represent O atoms, and black arrows delineate various vacancy-O atom exchange.
Local atomic structures of the migrating O atom are depicted in (b) for jump O;-O, in

(c) for jump O;-O3, in (d) for jump O;-O4, and in (e) for jump O3-O4. In (b)-(e),
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yellow balls are used to mark the initial and final positions of the migrating O atom,
red balls mark the location of the migrating O atom in the transition states, red arrows
indicate the direction of the diffusive jumps, and blue balls represent surrounding Al

lattice sites.

Figure 6. (a) Schematics of four elementary Al diffusive jumps in bulk o-Al,O3 on the (1210)
projection of the crystal lattice. In the figure, gray balls represent Al atoms, red balls
represent O atoms, and black arrows delineate various vacancy-Al atom exchange
paths. Local atomic structures of the migrating Al atom are depicted in (b) for jump
Alj-Aly, in (c) for jump Al;-Als, in (d) for jump Als-Als, and in (e) for jump Al,-Als.
In (b)-(e), yellow balls are used to mark the initial, intermediate (marked with symbol
‘m’), and final positions of the migrating Al atom, red balls mark the location of the
migrating Al atom in the transition states, and red arrows indicate the direction of the
diffusive jumps, green balls represent surrounding O lattice sites. Also, we plotted in
(d) and (e) our calculated minimum energy path for the Al atom diffusion through

jumps Als-Als and Aly-Aly, respectively.

Figure7. (a) Schematics of two elementary O diffusive jumps in the O-terminated X3(0001) GB
and (b) schematics of elementary Al diffusive jumps in the Al-terminated X3(0001)
GB of 0a-Al;Os. In (a)-(b), gray balls represent Al atoms, red balls represent O atoms,
and black arrows indicate vacancy-atom exchange paths. (c) Local atomic structure of
the migrating O atom in O-terminated X3(0001) GB and (d) local atomic structure of
the migrating Al atom in Al-terminated X3(0001) GB. In (c)-(d), yellow balls are used

to mark the initial and final positions of the migrating atom, red balls show the
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location of the migrating atom in the transition states, and red arrows indicate the
direction of the diffusive jumps, blue balls represent surrounding Al lattice sites in

(c), and green balls represent surrounding O lattice sites in (d).

Figure 8. Schematics of a sequence of elementary diffusive jumps for (a) O atom and (b) Al
atoms in the screw-rotation £3(1010) GB of 0-Al,Os. In (a)-(b), gray balls represent
Al atoms, red balls represent O atoms, and black arrows indicate vacancy-atom
exchange paths. Local atomic structure of (c) migrating O atom and (d) migrating Al
atom in the interphase of the screw-rotation X3(1010) GB following the indicated
diffusion paths. In (c)-(d), yellow balls are used to mark the initial, intermediate
(marked with symbol ‘m”), and final positions of the migrating atom, red balls mark
the location of the migrating atom in the transition states, and red arrows indicate the
direction of diffusive jumps, blue balls represent surrounding Al lattice sites in (c),
and green balls represent surrounding O lattice sites in (d). Moreover, we plotted in
(c) and (d) the calculated minimum energy path for the O atom and Al atom grain-

boundary diffusion along the indicated diffusion routes, respectively.

Figure 9. Schematics of a sequence of elementary diffusive jumps for (a) O atom and (b) Al
atoms in the glide-mirror £3(1010) GB of a-Al,03. In (a)-(b), gray balls represent Al
atoms, red balls represent O atoms, and black arrows indicate vacancy-atom exchange
paths. Local atomic structure of (c¢) migrating O atom and (d) migrating Al atom in
the interphase of the glide-mirror £3(1010) GB following the indicated diffusion
paths. In (¢)-(d), yellow balls are used to mark the initial, intermediate (marked with

symbol ‘m’), and final positions of the migrating atom, red balls mark the location of
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the migrating atom in the transition states, and red arrows indicate the direction of
diffusive jumps, blue balls represent surrounding Al lattice sites in (c), and green balls
represent surrounding O lattice sites in (d). Moreover, we plotted in (c) and (d) the
calculated minimum energy path for the O atom and Al atom grain-boundary

diffusion along the indicated diffusion routes, respectively.
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