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It has long been known that the addition of small quantities (“doping”) of so-called reactive
elements (RE) such as Y, Zr, and Hf to high-temperature Al2O3 scale-forming alloys improves oxi-
dation resistance. The presence of reactive elements at grain boundaries lowers the growth rate of
the α-Al2O3 scales, but the cause of the reduced scale growth kinetics is not fully understood. Ex-
planations based on steric effects and explanations based on reducing the grain boundary electronic
conductivity have been proposed. We have used density functional theory to study the structural
and electronic properties of two Σ7 bicrystal grain boundaries containing Y, Hf, and Zr substitu-
tional defects on Al sites. The presence of RE substitutional defects plays a minimal direct role
in reducing the density of electronic states near the valence-band maximum. However, Hf4+ or
Zr4+ substitutions at the grain boundary repel the positively charged oxygen vacancy V2+

O . As V2+
O

contributes a defect state above the valence-band maximum but below the Fermi energy, this indi-
rectly lowers the density of current carrying holes and thus the electronic conductivity of the grain
boundary. Replacing Al3+ ions with Hf4+ or Zr4+ ions also makes the grain boundary positively
charged, further reducing the hole density.

I. INTRODUCTION

The much-appreciated oxidation resistance of Ni- and
Fe-based Al2O3 scale-forming alloys, operating at tem-
peratures above 900◦C in oxidizing ambients, originates
from the growth of protective α-Al2O3 scales on the al-
loy surface. Oxidation resistance can be increased by
improving scale adhesion [1] or by slowing the already
slow diffusion of oxygen and Al ions across the scale [2–
4]. Bearing in mind the practical importance of high-
temperature alloys, it is not surprising that the study of
Al2O3 scale formation is a lively area of materials science
research.

The transport of oxygen and aluminum across the
polycrystalline Al2O3 scale is dominated by grain bound-
ary (GB) diffusion [2, 5]. It has been known for decades
[1] that the addition of modest concentrations of so-called
reactive elements (REs) such as Y, Zr, and Hf, which seg-
regate strongly to grain boundaries (GBs), leads to scales
of α-Al2O3 that grow more slowly and adhere better to
the alloy [3]. For example, recent experiments by Chen,
Gleeson and Heuer [6] reported improved oxidation resis-
tance in γ′-Ni3Al-based Ni-20Al-5Cr alloys upon doping
with Y, Hf, and Si. Meanwhile, Wu et al. [7] and Cheng
et al. [8, 9] showed that Hf and Y dopants decrease oxy-
gen GB diffusivity in polycrystalline α-Al2O3.

It has often been assumed, without much justification,
that the RE effect is steric in origin: the larger RE ions
are supposed to inhibit scale growth by blocking the dif-
fusion pathways of Al and oxygen along the GB [7, 10].
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However, theoretical considerations and experimental ob-
servations, which we shall explore in detail in the follow-
ing paragraphs, suggest that the electronic structure of
polycrystalline α-Al2O3 may play a significant role.

It has been known since the seminal work of Wag-
ner [11] that the growth of a protective scale by diffu-
sive transport of ions requires a concomitant transport
of electrons and/or holes across the growing scale. This
is necessary for two reasons. The first is to mediate the
formation and annihilation of charged Al and oxygen va-
cancies or interstitials at the scale-gas and scale-metal in-
terfaces [4]. All such reactions consume or release holes
or electrons. The second is to reduce the voltage that
builds up across the scale as Al3+ ions move out, react-
ing with oxygen to create new α-Al2O3 at the scale-gas
interface, and O2− ions move in, reacting with Al to cre-
ate new α-Al2O3 at the scale-metal interface. Regardless
of whether oxygen or Al transport dominates, the scale-
metal interface becomes negatively charged with respect
to the scale-gas interface and the voltage across the scale
resists further ionic diffusion. Unless electrons or holes
are able to flow across the scale to neutralize the voltage,
scale growth soon ceases. This idea is supported by the
observation by Sheasby and Jory [12] that application of
an external voltage significantly accelerates or impedes
scale growth, depending on polarity, as well as the mea-
surement of transference numbers by Balmain and Huntz
[13, 14] indicating that the electronic and ionic conduc-
tivities are similar in magnitude.

Heuer et al. [15] recently published an in-depth com-
putational study of the Σ7{23̄10} [0001] (Σ7a) and
Σ7{45̄10} [0001] (Σ7m) GBs in α-Al2O3. Density func-
tional theory (DFT) molecular dynamics simulations and
structural relaxations were used to establish the arrange-

mailto:andy.paul@u.nus.edu


2

ments of the atoms in both boundaries, after which elec-
tronic structure calculations were carried out. An impor-
tant observation was that the density of localized grain-
boundary electronic states near the valence band max-
imum (VBM) was reduced on adding an Y0

Al substitu-
tional to the Σ7m boundary. Since the Fermi energy of
α-Al2O3 lies quite low in the band gap [4], the electronic
contribution to the electrical conductivity is hole domi-
nated and the reduction in the density of accessible hole
states is expected to lower the electronic conductivity.

Measurements of α-Al2O3 bi-crystal GBs using va-
lence electron energy-loss spectroscopy (EELS) by Wei
et al. [16] revealed that localized electronic states bound
to GBs appear at energies both above the VBM and be-
low the conduction band minimum (CBM). The localized
GB states below the CBM are unlikely to affect the elec-
tronic conductivity because they lie far from the Fermi
energy, but the localized states near the VBM can be oc-
cupied by holes, increasing the electronic conductivity. It
was these states that Heuer et al. found to be attenuated
in an Y-doped Σ7m boundary.

This paper has several aims. One is to establish
whether this electronic conductivity explanation for the
improved oxidation resistance of Y-doped α-Al2O3 GBs
generalizes to boundaries doped with different REs. An-
other is to investigate other ways in which the addition of
REs may affect oxidation resistance. A third is to inves-
tigate how the electronic structure changes as the density
of REs on the boundary increases. The RE coverages of
20% (Zr) or even up to 60% (Y) of a monolayer observed
by Schumann et al. [17] and Fielitz et al. [18] are far from
the dilute limit studied in previous DFT simulations [4].

As experimental studies employing a wider variety of
RE elements and doping levels become available, it is
important to identify and distinguish the various physical
phenomena that together constitute the reactive element
effect.

II. METHODOLOGY

Our DFT calculations used the projector augmented
wave (PAW) approach as implemented in the Vienna Ab-
initio Simulation Package (VASP) [19–22]. The plane-
wave energy cut off was set to 550 eV, which is large
enough to yield well-converged results for all systems
studied. The energy convergence threshold for self-
consistent electronic optimization loops was 1 meV. Dur-
ing structural relaxations, the atomic coordinates were
updated iteratively until the forces on all atoms fell below
0.05 eV/Å. Calculations of the total energy of a primi-
tive trigonal unit cell of α-Al2O3 (a = b = c = 5.18 Å;
α = β = γ = 55.3°) were well converged for a Monkhorst-
Pack mesh of 5 × 5 × 5 or more k points, corresponding

to a k-point spacing of 0.05 Å
−1

. Several local and semi-
local exchange-correlation functionals were evaluated for
use in structural relaxations, of which the local density
approximation (LDA) gave the best agreement with ex-

FIG. 1. Densities of States (DOS) of (a) Σ7a and (b) Σ7m
boundaries calculated using density functional theory with
local (LDA) and hybrid (B3LYP) exchange-correlation func-
tionals. The LDA conduction bands are shifted down relative
to the B3LYP conduction bands, as indicated by the arrows.
The solid vertical line indicates the energy of the highest oc-
cupied one-electron state.

periment, producing an error of −0.6(+0.2)% in the lat-
tice parameter a(γ). In comparison, the error produced
by the generalized gradient approximation (GGA) meth-
ods, including PBE, fall around +1.0(+0.1)% in the lat-
tice parameter a(γ). Local and semi-local functionals
substantially underestimate the experimental band gap
of 8.8eV [23, 24], but Becke’s three-parameter hybrid ex-
change functional combined with LeeYangParr correla-
tion (B3LYP) [25, 26] gave excellent agreement. The
error of +0.1eV was significantly smaller than the errors
obtained using the other semi-local and hybrid function-
als tested (GGA [27], PBE [28, 29], PBE0 [30, 31], HSE03
[32–34], and HSE06 [35]).

We next characterized the electronic properties of un-
doped Σ7a and Σ7m bicrystal GBs in α-Al2O3. Although
manufactured GBs in a bicrystal are simplified models of
random high angle GBs, they can be used to approximate
the real GB environment [36]. Furthermore, the substan-
tial difference of structure between the Σ7a (more disor-
dered) and Σ7m (less disordered) bicrystal GBs helps us
to distinguish phenomena that depend on the details of
the atomic arrangement from phenomena of more general
interest.

The starting structures of these pristine GBs were
taken from Heuer et al. [15], who generated them us-
ing a carefully designed simulated-annealing procedure
based on empirical interatomic potentials, followed by a
final relaxation of atomic positions using forces calculated
with DFT. To allow the simulation cell to be repeated
periodically, it has to incorporate two parallel GBs. The
Σ7a GB cell (a = 12.66 Å, b = 53.44 Å, c = 13.07 Å,
α = 83.4°, β = 90.0°, γ = 96.5°) contains 336 alu-
minum atoms and 504 oxygen atoms, whereas the Σ7m
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GB cell (a = 8.51 Å, b = 55.44 Å, c = 13.07 Å, α = 78.8°,
β = 59.2°, γ = 79.4°) contains 224 aluminum atoms and
336 oxygen atoms. The densities of electronic states ob-
tained using the LDA and B3LYP functionals are shown
in Fig. 1. The LDA calculation for the Σ7a(Σ7m) GB
used a Monkhorst-Pack mesh of 5 × 2 × 5(7 × 1 × 5)
points, corresponding to a k-point spacing smaller than

0.02 Å
−1

. The B3LYP calculations used the Γ point only;
this corresponds to choosing a maximum k-point spacing

of 0.14 Å
−1

.
In the Σ7a and Σ7m GBs, the LDA band gap is 2.5

to 2.7 eV smaller than the B3LYP band gap. In the
centre of the bulk region, the B3LYP gap is very close
to that of a perfect crystal, suggesting that our simu-
lation cells are large enough to describe the bulk re-
gions away from the GBs accurately. Apart from the
difference in band gap, the LDA and B3LYP densities of
states (DOS) are in excellent agreement, especially near
the band edges. The DOS profile calculated with LDA
also almost matches that calculated with PBE, which was
used by Heuer et al. [15]. Furthermore, the LDA DOS
does not change appreciably when the k-point spacing

is increased from <0.02 Å
−1

to 0.14 Å
−1

, indicating that
the relatively coarse k-point mesh used in the B3LYP
calculations was adequate.

We deduce that the earlier computational study of
Heuer et al. [15], which focused on the fine structure
near the VBM, was not compromised by the use of an
exchange-correlation functional known to underestimate
the band gap. In our subsequent calculations of the DOS
of α-Al2O3 GBs, the LDA exchange-correlation is em-
ployed.

A. Candidate Grain-Boundary Models

We assume that Y, Hf, and Zr dopant ions create
substitutional defects by occupying Al sites in the GB
regions of the models described in the previous Sec-
tion. The closest 37(36) Al sites to the GB plane in
the Σ7a(Σ7m) unit cell are chosen as candidate sites for
dopant substitution. This defines the region near the
boundary where the crystalline structure deviates notice-
ably from the bulk crystal lattice.

After inserting the dopants, we relaxed the atomic po-
sitions of each dopant-containing GB to the closest local
minimum. A Monkhorst-Pack mesh of 2×1×2 (3×1×2)
k points was used for the Σ7a (Σ7m) simulation cell; this

corresponds to a maximum k-point spacing of <0.05 Å
−1

.
During the relaxation, the atomic coordinates, cell vol-
ume, and cell shape were optimized. Once the relaxed
boundary structure had been found, we carried out a sin-
gle total energy calculation with a self-consistency con-
vergence criterion of 1 meV.

The computational treatment of point defects requires
the oxidation state of each defect to be chosen in ad-
vance, as this affects the total number of electrons in

the simulation cell. The relative stabilities of defects in
different oxidation states can be compared, but here we
anticipate that substitutional Y will have an oxidation
state +3, like Al, by preparing the simulation cell with
all neutral-atom charge densities. On the other hand, we
anticipate oxidation states of +4 for Hf and Zr by prepar-
ing the simulation cell with a deficit of one electron.

III. RESULTS AND DISCUSSION

A. Ground-State Atomistic GB Structures

To identify the ground-state atomistic structure for all
six possible combinations of dopant (Y, Zr, Hf) and GB
(Σ7a, Σ7m), we relax and calculate the final total energy
of all 37 (for Σ7a) or 36 (for Σ7m boundary) supercells
that were created by replacing a single Al atom by Y, Zr
or Hf. Taking the relaxed trial cell with the lowest total
energy for every combination of dopant and GB yields the
six ground-state configurations. We find that the ground-
state locations of the Zr4+ and Hf4+ dopants are the
same, while Y3+ occupies distinctly different sites. The
most energetically stable substitutional sites are depicted
in Fig. 2. Table I summarizes the oxygen coordination
numbers and dopant-oxygen bond lengths as indicators
of the local environment of the dopant atom at its most
energetically stable substitutional site.

The behavior of Y3+ is attributable chiefly to its ionic
radius, which exceeds that of the other RE ions by 0.19–
0.20Å. The charge of the Y3+ ion is the same as that
of the Al3+ ion it replaces, so creating an Y0

Al substitu-
tional defect introduces no additional local charge, ren-
dering Coulomb effects unimportant. The trend in O-
coordination is also noted; for our purposes, an O2− ion
and a RE ion are considered to be coordinated if the
RE-O bond is shorter than the shortest Al-O bond. The
Al3+ atom replaced by the substitutional dopant coor-
dinates with six O2− ions, but the larger ionic radius of
Y3+ allows it to coordinate with eight O2− ions in the
Σ7m GB and seven in the Σ7a GB (see Fig. 2d). In
addition, in the Σ7a boundary, the Y3+ ion is displaced
from the corresponding Al site to help achieve this higher
coordination number (see Fig. 2c). Note that eightfold-
coordinated Y3+ ions are also characteristic of yttrium
aluminum garnet (YAG; Y3Al5O12).

The Hf+Al and Zr+Al substitutional defects are positively
charged, making Coulomb and electronic structure ef-
fects much more important. From Fig. 3, we see that
the changes in charge density associated with Hf and Zr
substitutional defects are very localized on those defects,
rather than distributed within the GB region or through-
out the cell. This suggests that the unit cell adopted is
sufficiently large that charged defects at adjacent periodic
images are prevented from interacting with one another
electrostatically.

Hf4+ and Zr4+ ions are smaller than Y3+ ions and pro-
duce less steric distortion of the GB structure (Figs. 2a
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FIG. 2. Ground-state atomistic structures of pristine Σ7a (a, c) and Σ7m (b, d) α-Al2O3 GBs. Hf and Zr-doped GBs are
shown in (a, b), and Y-doped GBs in (c, d). To aid comparison, the Al sites in the pristine boundaries substituted by RE ions
in the doped boundaries are indicated by polyhedra. In d), the two extra oxygen ions coordinated to the Y0

Al dopant are shown
in yellow.

TABLE I. Coordination numbers and lengths of bonds involving dopant ions in the GB environment, based on the lowest
energy candidate model in each case. The native ionic species Al3+ is included as a reference.

Ionic species Y3+ Hf4+ Zr4+ Al3+

Ionic radius (Å) [37] 0.90 0.72 0.71 0.54

O–Coordination
(min–max dopant–O

bond length (Å))

Σ7a
7

(2.07–2.68)
6

(2.01–2.57)
6

(2.05–2.63)
6

(1.76–2.53)

Σ7m
8

(2.13–2.99)
7

(1.95–2.66)
7

(1.96–2.61)
6

(1.81–2.17)

and 2b), but their ionic radii are nevertheless approxi-
mately 0.2 Å greater than that of Al3+. In the Σ7m GB,
this small difference is sufficient to cause an extra oxygen
atom to be coordinated to the relevant substitutional site
(Fig. 2b).

B. Electronic Structure Effects of RE Doping in
the Dilute Limit

The near-band-edge electronic densities of states of the
pristine and doped Σ7a and Σ7m simulation cells are
shown in Fig. 4. Localized GB states appear in the band
gap within ∼0.5 eV of the VBM and ∼2–3 eV of the
CBM.

The consequences of introducing an Y0
Al, Hf+Al or Zr+Al

substitutional defect may be seen by inspecting the dif-
ferences between the densities of states of the GB cell
with and without a RE ion. The greatest effect of in-
troducing aliovalent dopants on the DOS is seen below
the CBM. In contrast to Y0

Al substitutionals, which have
little effect on the near-CBM DOS, the introduction of

Hf+Al and Zr+Al defects creates localized states high in the
gap, in effect lowering the energy of the CBM. The en-
ergies of the localized states depend on the RE species
and GB structure, with the deepest gap state lying from
∼0.5eV to ∼3.0eV below the CBM.

The density of electronic states near the VBM is much
less affected by RE doping. Unlike Heuer et al. [15], we
find that the near-VBM density of electronic states is
little altered by the presence of an Y0

Al substitutional de-
fect. The effect of the other RE species, Hf and Zr, are
also minimal. This contrasts with the earlier calculations
of Heuer et al. [15], despite the fact that the GB models
in the present study are constructed from their geomet-
rically optimized pristine GB cells. This difference arises
from the difference in the GB models chosen for electronic
structure analysis. Rather than using the lowest-energy
GB structures, as in the present study, Heuer et al. [15]
chose a particular metastable configuration of the doped
Σ7m GB cell. The reason given was that the lowest en-
ergy configuration had a ”crystal-like regularity” uncon-
ducive to Y segregation to the GB, and that a Y0

Al defect
in such a highly ordered GB would not produce dramatic
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FIG. 3. Calculated changes in the charge density near sub-
stitutional defects Hf+Al and Zr+Al. The blue (yellow) isosurface
indicates partial positive (negative) charge introduced by the

RE species. The charge density isosurface level is ±0.3Å
−3

.

changes in atomic or electronic structure. However, after
studying the more disordered Σ7a GB alongside the less
disordered Σ7m GB, we found that the effect of Y0

Al on
near-VBM electronic states are minimal in both cases,
suggesting that the degree of order of the GB atomic
structure may not be as important as previously thought.
Another implication is that the proposed mechanisms by
Heuer et al. [15] are limited to the chosen metastable
configuration, and cannot be applied to α-Al2O3 GBs in
general. The present study tried substituting the single
RE atom for all of the Al atoms near the grain bound-
ary plane, following every substitution by a relaxation in
DFT. For each RE species, the Al site substitution re-
sulting in the most stable (lowest energy) cell was then
selected for further electronic structure analysis.

C. Electronic Structure Effects of Quasi-Monolayer
segregation of Y0

Al at the GB

Fielitz et al. [18] observed that Y ions occupy up to
60% of an atomic monolayer at α-Al2O3 GBs. It is there-
fore worthwhile to study the effects of denser Y doping
on the electronic structure. We consider a Σ7a GB sim-
ulation cell in which all of the Al sites sufficiently close
to the GB plane have been replaced by Y ions. In this
model, the Y coverage is 7/8 (87.5%) of a homogeneous
atomic monolayer. The Σ7m GB has no shared Al sites
situated close to the GB plane, and so is not considered
in this subsection.

The coverage in our simulations is somewhat higher
than Fielitz’s measured values [18], but the broad conse-
quences of heavy Y doping are clear enough. The DOS
in Fig. 5 shows that the small effects seen with a single
Y0

Al substitutional defect are strongly amplified by the
increase in doping, and that the reduction of the DOS at
the VBM demonstrated by Heuer et al. [15] is once again
manifest. In contrast to the previous subsection, where

the DOS near the CBM was found to be little altered by
the introduction of a single Y0

Al defect, the creation of
a quasi-monolayer of Y0

Al substitutionals also introduces
states below the CBM. Projection of the wave functions
onto the Y sites shows that these states have substantial
Y character.

D. Influence of RE Substitutional Defects on
Vacancy Segregation to α-Al2O3 GBs

Hf- and Zr-doped GBs contain substitutional defects,
Hf+Al and Zr+Al, both of which bear a single positive
charge. Charge neutrality therefore requires the presence
of a population of charge-compensating defects at or near
the α-Al2O3 GB. As oxidation studies involving α-Al2O3

are typically conducted at elevated temperatures (up to
1600K) unfavorable to the formation of defect complexes,
these charge-compensating defects normally occur as iso-
lated point defects and are not bound to the dopants.
The dominant charge-compensating defects are expected
to be those with the lowest defect formation energies in
bulk α-Al2O3 (see, for example, Figure 1(a) in [38]). In
the oxidative limit, charge-compensating defects would
include Al3+i , V3−

Al , and V2+
O . Here, we aim to look be-

yond simple RE substitutional defects and consider the
role of charge-compensating defects in modulating the
GB DOS. To achieve this, we consider the abundances of
V3−

Al and V2+
O defects at the α-Al2O3 GB and how these

are changed when a RE substitutional is also present.
(As the positions of interstitial sites are poorly defined
in the GB region, a systematic study of interstitial de-
fect segregation to GB would be very difficult. We do
not attempt it.)

The segregation energy of an oxygen/Al vacancy to a
specific GB site is defined as the difference between the
formation energy of a vacancy at the GB site and the
formation energy of a vacancy in the bulk. The more
negative the segregation energy, the higher the concen-
tration of vacancies at the GB relative to the concentra-
tion in the bulk. The segregation energy of a vacancy to
a specific GB site is easily calculated in DFT by compar-
ing the total energies of two simulation cells, one with
the vacancy in the bulk region and the other with the
vacancy on the GB site of interest:

∆Eseg = Edef,q
T (GB)− Edef,q

T (bulk). (1)

Figure 6 summarizes the segregation energies of V3−
Al and

V2+
O vacancies to the Σ7a and Σ7m GBs. The possible

GB defect sites considered consisted of the ∼40 Al sites
and ∼60 oxygen sites closest to the GB plane.

The mean segregation energy of V3−
Al is close to but

slightly above zero for both GBs; the median segregation
energy is slightly less than zero in the Σ7m boundary and
slightly greater than zero in the Σ7a boundary. Both
boundaries contain Al sites with substantially negative
segregation energies, suggesting that some V3−

Al vacancies
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FIG. 4. The densities of states of the Σ7a and Σ7m GB simulation cells in the presence of single substitutional dopants of
different types. The density of states of the undoped boundary is shaded in gray. Panel (a) shows the states near the VBM
and panel (b) the states near the CBM. The dashed line is proportional to the projected DOS of α-Al2O3 in the “bulk” region
of the GB cell, far from the GB. The VBM in the bulk region is indicated by the thin vertical line. For legibility, the bulk DOS
is normalized to a lower level than the other curves.

FIG. 5. Densities of states of the Σ7a unit cell with a single
Y0

Al substitutional defect and with 87.5% of a monolayer of
Y0

Al. The dashed lines show the DOS in the bulk region of
the simulation cell and the red lines show the Y-projected
DOS, magnified five times for legibility. The structures of the
GBs are pictured in the insets, with the Y sites highlighted in
yellow. For legibility, the DOS of the bulk region is normalized
to a lower level than the other curves.

are likely to segregate, but at concentrations considerably
below a monolayer. In contrast, most if not all of the
oxygen sites on both GBs have negative V2+

O segregation
energies and bind oxygen vacancies strongly. The distri-
butions of vacancy segregation energies of both species
are roughly normal in both GBs, with no structure sug-

FIG. 6. Distributions of segregation energies of V3−
Al and V2+

O

vacancies at Σ7a and Σ7m GBs.

gesting the presence of qualitatively different types of GB
site or region. The vacancy segregation energies range
from approximately −4eV to 6eV for V3−

Al and from ap-

proximately −2eV to 0eV for V2+
O .

In contrast to V3−
Al , where the average segregation en-

ergies were similar for both boundaries, V2+
O vacancies

segregate much more strongly to the Σ7a boundary than
to the Σ7m boundary. It is instructive to remember that,
although we take the two GB structures considered here
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FIG. 7. V2+
O segregation energies at oxygen sites coordinated

to substitutional RE dopant sites and at the corresponding
oxygen sites in the undoped GB. The vertical bars are 95%
confidence intervals.

as representative of GBs in α-Al2O3, experiment shows
that the GB diffusivities of oxygen in α-Al2O3 bicrys-
tals vary widely [39], suggesting that the diffusivity is
strongly dependent on the structure of the GB plane. In
particular, the oxygen diffusivity along the Σ7a bound-
ary, with GB plane (23̄10), is of order a hundred times
higher than along the Σ7m boundary, with GB plane
(45̄10). That this experimental distinction is reflected so
clearly in our calculated segregation energies is consis-
tent with the hypothesis that whatever complex defects
are the agents for oxygen diffusivity, they have some V2+

O
character.

The difference in vacancy segregation to different GB
structures could arise from the degree of order of the GB
structures. The more highly ordered Σ7m GBs have a
lower diversity of local coordination configurations at Al
and O sites. This causes the spread in segregation energy,
both for V2+

O and V3−
Al , to be lower in Σ7m GBs. The

V2+
O segregation energies are generally lower than those

of V3−
Al . This could be because more O vacancies than Al

vacancies are needed to maintain Schottky equilibrium.
This tendency is further accentuated in Σ7a GBs, with
a higher number of unfavorable O sites receptive to O
vacancies.

Figure 7 shows how the presence of REs modifies the
V2+

O segregation energies. The figure compares the seg-

regation energies of V2+
O to the sites coordinated to RE

substitutional defects in Figure 2 with the segregation
energies to the corresponding sites in the undoped sim-
ulation cell. The oxygen sites coordinated to RE sub-
stitutional sites exhibit an increased spread in vacancy
segregation energy, with the largest spread in Hf- and Zr-
doped Σ7a. Although Y0

Al subsitutional defects are large,
their presence only rarely reduces the tendency of oxygen
vacancies to segregate to boundary sites, rather causing

FIG. 8. DOS of the Σ7a GB with V3−
Al (blue) and V2+

O (red)
vacancies. The near-VBM and gap states of each defect are
indicated by arrows. The undoped GB DOS (gray, shaded) is
shown for comparison.

a neutral or small attractive effect. On the other hand,
Hf+Al and Zr+Al substitutionals raise the mean vacancy seg-

regation energy, reducing the tendency of V2+
O to segre-

gate to coordinated oxygen sites by approximately 1 eV
in the Σ7m boundary and up to 2 eV in the Σ7a bound-
ary. The change in oxygen vacancy segregation energy is
likely to be caused by the Coulombic repulsion between
the positively charged defects, Hf+Al/Zr+Al (the charges of
which are localized near the defect site), and the posi-
tively charged oxygen vacancies. The experimental mea-
surements of Wu et al. [7], who showed that Hf doping
from 100 to 2000 ppm (Hf:Al concentration) slows the
GB transport kinetics of oxygen in α-Al2O3 by a factor
of approximately 3–8, depending on dopant concentra-
tion, support this conclusion.

E. Electronic Structure of Vacancies at the GB

We now show that the abundance of V2+
O at the GB,

studied in the previous subsection, can influence Al and
oxygen transport via its effect on the density of electronic
states near the VBM. By a simple determination of va-
cancy defect states, we can build a picture that links V2+

O
abundance to changes in the electronic structure.

The effects of a single oxygen or Al vacancy on the elec-
tronic structure of the Σ7a GB are illustrated in Fig. 8
(the Σ7m GB behaves similarly). The vacancy is created
at the GB site that yields the lowest total energy of the
system. (The set of sites considered is the same as for
the RE substitutions discussed in Subsection III D.) The
addition of either V2+

O or V3−
Al vacancies creates localized

electronic states near the bottom of the band gap. For
V3−

Al , the increase in the DOS is slight and appears ∼0.4

eV above the VBM; for V2+
O , there are new states ∼0.7

eV and ∼1.8 eV above the VBM. The presence of two
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localized energy levels reflects the possibility that the
oxygen vacancy may adopt two different charge states,
depending on the location of the Fermi level. Qualita-
tively similar behavior was seen by Choi, Janotti, and
Van de Walle [40] when studying defects in perfect α-
Al2O3 crystals.

Grain boundaries must remain charge neutral on aver-
age, so the presence of charged Hf+Al of Zr+Al substitution-
als modifies the concentrations of other charged defects
on or near the boundary. We saw in Sec. III D, for ex-
ample, that the addition of tetravalent substitutionals
decreases the concentration of positively charged oxygen
vacancies. Since some or all of these oxygen vacancies
are presumably incorporated into the complex defects
that mediate oxygen transport, this in turn lowers the
ability of the GB to transport oxygen atoms across the
scale. Futhermore, as Fig. 8 shows, the exclusion of V2+

O
vacancies reduces the density of gap states ∼0.7 eV and
∼1.8 eV above the VBM, reducing the density of states
available for hole transport, lowering the hole-mediated
electronic conductivity and thus the scale growth rate.
If, instead, the density of V3−

Al had increased on doping

with Zr4+ or Hf4, new gap states would have been created
∼0.4 eV above the VBM and the electronic conductivity
would have increased, increasing the scale growth rate.

IV. CONCLUSIONS

This study of substitutional defects at α-Al2O3 GBs,
their influence on the GB electronic structure, and the va-
cancy and hole segregation effects they cause, has shown
that the mechanism of the RE effect depends to some
extent on the choice of dopant ion. In hindsight, given
that Hf+Al and Zr+Al dopants are charged and consider-

ably smaller than Y0
Al dopants, which are electrically neu-

tral, this is unsurprising. The larger Y0
Al substitutionals

cause coordination number changes that are much less
pronounced in the case of Hf+Al and Zr+Al doping, and the

charges of the Hf+Al and Zr+Al dopants have strong effects

on the V2+
O and hole concentrations at GBs.

We have shown that positively-charged Hf+Al and Zr+Al
substitutionals at α-Al2O3 GBs lower the GB popula-
tions of oxygen vacancies because of Coulomb repulsion.
This in turn reduces the availability of near-VBM de-
fect states, reducing the hole concentration and thus the
electronic conductivity. The positive charges of Hf+Al and

Zr+Al substitutional defects also cause Coulomb-induced
band-bending effects, repelling holes directly and further
reducing the electronic conductivity. Coulomb repulsion
is unimportant when the dopants are charge-neutral Y0

Al

substitutionals, but a 87.5% monolayer coverage of Y0
Al

at the GB plane nevertheless reduces the electronic den-
sity of states at or above the VBM, lowering the hole
concentration via the mechanism proposed by Heuer et
al. [15].

Although we have considered the RE influence on

vacancy populations at GBs, we note that the pre-
exponentials in the Arrhenius plots of measured GB dif-
fusivities [2, 41] are much too large to be consistent with
the idea that GB diffusion is mediated by point-defect
hopping, suggesting instead that it involves coordinated
rearrangements of large groups of atoms. We think it
likely that these rearrangements correspond to the mi-
gration of disconnections, which are GB ledge defects of
ledge height h and Burgers vector b; the Burgers vec-
tor characterizes the long-range strain field and defines
the displacement associated with disconnection motion.
Disconnections are always present at GBs in polycrys-
talline α-Al2O3 GBs [42] and can take on a greater V3−

Al

or V2+
O character. However, more work needs to be done

to establish their role conclusively.
For all three dopant species, we have shown that the

suppression of GB hole conductivity is a likely cause of
the RE effect. When the hole concentration is very low,
the inward flow of positively charged holes from the scale-
gas interface to the scale-metal interface is too small to
neutralize the outward flow of positive charge carried by
Al3+ ions moving from the metal to the scale-gas inter-
face and O2− ions moving from the gas to the scale-metal
interface. A voltage builds up across the scale, slowing
the ionic transport kinetics until the hole current is able
to keep up.

The suppression of the GB V2+
O concentration, and

thus the suppression of the concentration of the posi-
tively charged disconnections or other complex GB de-
fects that mediate oxygen transport across the scale, also
contributes to the RE effect in the case of Hf or Zr doping.
For Y doping, the disruption to diffusion paths caused by
steric effects and changes in coordination number may be
important. Although Hf and Zr doping create an abun-
dance of gap states below the CBM, these are too far
from the Fermi energy to affect GB transport. In any
case, this work shows that RE “site-blocking” activity
is not the only mechanism capable of explaining the de-
crease in oxidation rate.

A point of doubt concerns the role of Al diffusion, me-
diated by the vacancy V3−

Al or a more complicated GB
defect. The double-oxidation experiments of Quadakkers
et al. [5] in 1991 and Young et al. [43] almost twenty
years later suggest that Y doping reduces the outward
diffusion of Al3+ more than the inward diffusion of O2−.
We might conjecture that RE doping suppresses outward
diffusion of Al3+ through another mechanism related to
hole conductivity, in addition to its effects on O2−.
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