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The oxygen permeability of an undoped polycrystalline �-Al2O3 wafer that was exposed to oxygen potential gradients was evaluated at
temperatures up to 1973K. Oxygen preferentially permeated through the grain boundaries of �-Al2O3. The main diffusion species, which were
attributed to oxygen permeation, depended on oxygen partial pressures (PO2

), forming oxygen potential gradients. Under oxygen potential
gradients generated by PO2

below about 1 Pa, oxygen permeation occurred by oxygen diffusing from regions of higher PO2
to regions of lower

PO2
. By contrast, under oxygen potential gradients generated by PO2

above about 1 Pa, oxygen permeation proceeded by aluminum diffusing
from regions of lower PO2

to regions of higher PO2
. In other words, O2 molecules were adsorbed onto a surface at higher PO2

and subsequently
dissociated into oxygen ions (forming Al2O3), while oxygen ions on the opposite surface at lower PO2

were desorbed by association into O2

molecules (decomposition of Al2O3). The grain-boundary diffusion coefficients of oxygen and aluminum as a function of PO2
were determined

from the oxygen permeation constants. [doi:10.2320/matertrans.MC200803]
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1. Introduction

Thermal barrier coatings (TBCs) are widely used for hot
section components of gas turbine engines to protect the
underlying metals from the high operating temperatures; they
serve to both increase the engine efficiency and improve the
durability of components. TBC systems typically consist of
a Ni-based superalloy substrate, an alumina forming-alloy
bond coat and an yttria-stabilized zirconia topcoat. When
TBCs are exposed to high temperatures in oxidizing environ-
ments, a thermally grown oxide (TGO) develops on the bond
coat surface underneath the top coat. Fracture of TBCs
progresses in the vicinity of the TGO, which attains a critical
thickness during thermal cycling operations.1) The TGO
generally consists of a dense �-Al2O3 scale, which functions
as a protective layer,2) and a non-protective oxide layer, such
as (Co, Ni)(Al, Cr)2O4 or (Co, Ni)O, which is believed to
promote the spalling of TBCs.3–7) Thus, suppressing mass-
transfer through the �-Al2O3 scale is anticipated to further
improve the durability of TBCs.

When a solid oxide is placed in an oxygen potential
gradient generated by a combination of different oxygen
partial pressures (PO2

), a cation potential gradient is generally
induced in the opposite direction to the oxygen potential
gradient in accordance with the Gibbs-Duhem equation.
Thus, the cation migrates from areas of low PO2

to areas of
high PO2

, in the opposite direction to the migration of oxygen
ions, resulting in the oxide as a whole shifting toward higher
PO2

.8,9) If the cation migration occurs mainly along the grain
boundaries of the oxide, grain boundary ridges will develop
on the higher PO2

side. The �-Al2O3 scale, which is exposed
to steep oxygen potential gradients, is grown on the alumina
forming alloys by the inward diffusion of oxygen and the
outward diffusion of aluminum, resulting in progressive
oxidation of the alloys. When oxidation of the alloys occurs
through the �-Al2O3 scale in air, grain boundary ridges
develop on the scale surface by outward grain boundary
diffusion of aluminum. By contrast, when oxidation of the

alloys occurs through the �-Al2O3 scale in gases such as
purified argon, the ridges are not present.10) Ridge formation
(i.e., mass-transfer through the Al2O3 scale) is thought to be
dependent on the PO2

.
Many studies have investigated oxygen grain boundary

diffusion in polycrystalline �-Al2O3 by using either secon-
dary ion mass spectroscopy (SIMS)11–13) or nuclear reaction
analysis (NRA)14) to determine 18O depth profiles after high
temperature exchange with 18O-enriched oxygen. Messaoudi
et al. had reported that the oxygen grain boundary diffusion
coefficients are determined from the transport through the
growing Al2O3 scale.13) This is done by oxidizing the
alumina forming alloys in an 16O2 atmosphere, further
oxidizing them in 18O2 and then determining the 18O
distribution in the �-Al2O3 scale using SIMS. The oxygen
grain boundary diffusion coefficients determined by this
procedure are larger than those determined from extrapolated
diffusion data for polycrystalline �-Al2O3 annealed in a
homogeneous environment without any oxygen potential
gradients.11,12,14) The corresponding activation energies13)

derived by the double oxidation technique are smaller than
those for obtained by annealing.11,12,14) It is currently unclear
why these phenomena are induced by oxygen potential
gradients.

On the other hand, there have been no reports of measure-
ments of aluminum grain boundary diffusion coefficients in
Al2O3, either with or without oxygen potential gradients, and
there have been only two reports of measurements of
aluminum lattice diffusion coefficients.15,16) In this case,
the appropriate tracer 26Al has a very low specific activity
and an extremely long half-life of 7:2� 105 years, making it
very difficult to perform radiotracer diffusion experiments.
Nychka et al.,10) then, deduced the aluminum grain boundary
flux through an Al2O3 scale during oxidation of alumina
forming alloys by measuring the scale thickness, which
consisted of double layers, such as equiaxial grains produced
by outward diffusion of aluminum and underlying columnar
grains developed by inward diffusion of oxygen.
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The diffusion coefficients of species in solid oxides are
generally proportional to their defect concentrations, which
depend on the PO2

of the atmosphere to which the oxides are
exposed. The lattice diffusion coefficients of iron and oxygen
in magnetite actually exhibited a strong dependence on the
PO2

.17,18) Ueda et al.8) reported that the effective diffusion
coefficients of iron and oxygen, which include both lattice
diffusion and grain boundary diffusion in a magnetite scale
formed on iron, were influenced by the oxygen potential
gradient in the scale. For Al2O3 scale on alumina forming
alloys, therefore, the diffusion coefficients of both aluminum
and oxygen are also presumed to be affected by the oxygen
potential gradient in the scale. However, there have been
no studies on the PO2

dependence of the diffusion coefficients
of either aluminum or oxygen.

Alumina forming alloys contain small quantities of oxy-
gen-reactive elements (REs) (e.g., Y, La, Ti, Zr, and Hf) to
improve the oxidation resistance of the alloys. These REs
segregate at grain boundaries in growing Al2O3 scales during
oxidation of the alloys and diffuse toward the scale/gas
interface, resulting in the precipitation of RE-rich particles.19)

The REs are thought to affect the scale growth by altering
both the outward grain boundary diffusion of aluminum and
the inward grain boundary diffusion of oxygen.10) Unfortu-
nately, it is unclear which migration of aluminum and oxygen
in the scale the RE ions inhibit, because the difference
between the grain boundary diffusivities of aluminum and
oxygen has not been determined even in pure �-Al2O3. The
coexistence of various kinds of REs further complicates the
interpretation of experimental results.

The inherent effectiveness of monolithic �-Al2O3 as a
barrier to oxygen permeation has been estimated directly by
measuring the oxygen permeation through a polycrystalline
Al2O3 wafer exposed to oxygen potential gradients at high
temperatures.20–23) When oxygen potential gradients are
produced by a combination of high PO2

, the oxygen
permeation is considered to proceed mainly by grain
boundary diffusion of aluminum toward the higher PO2

side,
resulting in the formation of grain boundary ridges.20) By
contrast, no ridges are observed when oxygen potential
gradients are formed by a combination of low PO2

, even when
there is sufficient oxygen permeation. The ridge evolution
has a similar PO2

dependence as that on a growing Al2O3

scale during oxidation of alumina forming alloys.10) This thus
suggests that mass-transfer through the Al2O3 wafer is
controlled by the PO2

in the oxygen permeation technique.
In this study, the effect of oxygen potential gradients on

mass-transfer mechanisms in a non-doped polycrystalline �-
Al2O3 was elucidated by measuring the oxygen permeability
constants through an Al2O3 wafer at high temperatures.
The grain boundary diffusion coefficients of aluminum and
oxygen were calculated from the oxygen permeation data.
The oxygen grain boundary diffusion coefficients were also
compared with literature data determined using the isotropic
tracer profiling.

2. Experimental Procedures

2.1 Materials
Commercial, high-purity �-Al2O3 powder (TM-DAR,

Taimei Chemicals Co., Ltd., Nagano, Japan, purity
>99:99mass%) was used to prepare the polycrystals. The
�-Al2O3 powder was molded by a uniaxial press at 20MPa
and then subjected to cold isostatic pressing at 600MPa.
The green compacts were pressureless sintered in air at
1773K for 5 h. Wafers with dimensions of�23:5� 0:25mm
were cut from the sintered bodies and then polished so that
their surfaces had a mirror-like finish. The relative density
of the wafers was 99.5% of the theoretical density.

2.2 Oxygen permeability constants
Figure 1 shows a schematic diagram of the oxygen

permeability apparatus. A polycrystalline �-Al2O3 wafer
was set between two alumina tubes in a furnace. Platinum
gaskets were used to create a seal between the wafer and the
Al2O3 tubes by loading a dead weight from the top of the
upper tube. A gas-tight seal was achieved by heating at 1893–
1973K under an Ar gas flow for 3 h or more. After that, a PO2

of oxygen included as an impurity in the Ar gas was
monitored at the outlets of the upper and lower chambers
that enclosed the wafer and the Al2O3 tubes using a zirconia
oxygen sensor at 973K. The partial pressure of water vapor
(PH2O) was measured at room temperature using an optical
dew point sensor. These measured PO2

and PH2O were
regarded as backgrounds. Then, pure O2 gas or Ar gas
containing either 1–10 vol% O2 or 0.01–1 vol% H2 was
introduced into the upper chamber at a flow rate of
1:67� 10�6 m3/s. A constant flux for oxygen permeation
was judged to be achieved when the values of the PO2

and
PH2O monitored in the outlets became constant.

When either O2 gas or the Ar/O2 mixture was introduced
into the upper chamber and Ar was introduced into the lower
chamber to create an oxygen gradient across the wafer,
oxygen permeated from the upper chamber to the lower
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Fig. 1 Schematic diagram of the gas permeability apparatus.
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chamber. The PO2
values in the lower chamber at the

experimental temperatures were calculated thermodynami-
cally from the values measured at 973K. The calculated
values were almost the same as those at 973K. On the other
hand, when the Ar/H2 mixture was introduced into the upper
chamber and Ar was introduced into the lower chamber, a
tiny amount of oxygen in the Ar permeated from the lower
chamber to the upper chamber and reacted with H2 to form
water vapor. As a result, the PH2O in the upper chamber
increased while the H2 partial pressure (PH2

), which was
measured at room temperature by gas chromatography, in the
upper chamber decreased. The increase of PH2O in the upper
chamber was comparable to the reduction of PO2

in the lower
chamber in terms of oxygen, and the PH2O in the lower
chamber remained constant during the permeation tests; thus,
hydrogen permeation from the upper chamber to the lower
chamber was negligibly small in comparison with the oxygen
permeation in the opposite direction. The PO2

values in the
upper chamber at the experimental temperatures were
estimated thermodynamically from the PH2O and PH2

meas-
ured at room temperature.

The oxygen permeability constant, PL, was calculated
from the difference between the PO2

estimated thermody-
namically in one chamber (which had a lower PO2

than that in
another chamber) and the background in the lower PO2

chamber using20,22,23)

PL ¼
Cp � Q � L
Vst � S

; ð1Þ

where Cp is the concentration of permeated oxygen (PO2
=PT,

where PT = total pressure), Q is the flow rate of the test
gases, Vst is the standard molar volume of an ideal gas, S is
the permeation area of the wafer, and L is the wafer thickness.

The wafer surfaces exposed to oxygen potential gradients
at 1923K for 10 h were observed by scanning electron
microscopy (SEM). The volume of the grain boundary ridges
formed on the surfaces by the oxygen potential gradients was
measured by 3D laser scanning microscopy, and was
compared with the total amount of the oxygen permeated
in the wafer.

2.3 Determination of grain boundary diffusion coeffi-
cients

2.3.1 Fluxes of charged particles
Figure 2 shows a schematic representation of the fluxes of

charged particles, i, such as Al3þ, O2�, electron e0 and hole
h� in Al2O3 under an oxygen potential gradient in which
PO2

ðIIÞ > PO2
ðIÞ.

The charged particle flux is described as

Ji ¼ �Zi
CiDi

RT

� �
@�i

@x
; ð2Þ

�i ¼ �i þ ZiF�;

where Zi is the charge of the diffusing particle, Ci is the
molar concentration per unit volume, Di is the diffusion
coefficient, R is the gas constant, T is the absolute temper-
ature, x is the space coordinate, �i is the electrochemical
potential, �i is the chemical potential, � is the electrostatic
potential and F is the Faraday constant. The Nernst-Einstein
relation is given by

�ti ¼ Zi
2F2 CiDi

RT
; ð3Þ

where � denotes the electrical conductivity and ti is the
transport number, which is defined by

tAl þ tO þ th� þ te0 ¼ 1: ð4Þ

The Gibbs-Duhem equation is expressed by

jZOjd�Al þ jZAljd�O ¼ 0: ð5Þ

The following relation for electrical neutrality should hold
for the charged particle fluxes.

JAl þ JO þ Jh� þ Je0 ¼ 0: ð6Þ

The flux of the oxygen that permeates through the wafer is
equal to the sum of JAl and JO. From eqs. (2)–(6), it is
concluded that

JTO ¼ JAl þ JO

¼ �
ZAl

2

ZO
CAlDAl þ ZOCODO

� �
ðth� þ te0 Þ

RT
�
@�O

@x
: ð7Þ

The oxygen chemical potential �O is given by

�O ¼
1

2
�0
O2

þ RT ln PO2

� �
: ð8Þ

Substituting eq. (8) into eq. (7) gives

JTO ¼ �
ZAl

2

ZO
CAlDAl þ ZOCODO

� �
ðth� þ te0 Þ

2

�
d ln PO2

dx
: ð9Þ

Integrating eq. (9) from x ¼ 0 to x ¼ L givesZ L

0

JTOdx ¼ �
ðth� þ te0 Þ

2

�
ZAl

2CAl

ZO

Z PO2
ðIIÞ

PO2
ðIÞ

DAld ln PO2

þ ZOCO

Z PO2
ðIIÞ

PO2
ðIÞ

DOd ln PO2

�
ð10Þ

Equation (10) is applicable for the case of ideal oxygen
permeation when there is no interaction between the
electrons and holes, or when either electrons or holes
participate.
2.3.2 n-type conduction

The flux of the oxygen that permeates through the wafer is
postulated to be equal only to JO. It is also assumed that
oxygen permeates only through reactions between defects,
in which both oxygen vacancies and electrons participate. In

I

L

JAl

JO

J e’

Jh
.

PO2
(I) PO2

(II)

PO2
(I) PO2

(II)

II

Fig. 2 Schematic representation of charged particle fluxes in Al2O3 under

an oxygen potential gradient with PO2
ðIIÞ > PO2

ðIÞ.
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these reactions, dissociative adsorption of O2 molecules is
assumed to progress on the surface exposed to the higher PO2

(i.e., PO2
ðIIÞ) as follows.

1/2O2 þ V��
O þ 2e0 ! Ox

O ð11Þ

Oxygen ions migrate through oxygen vacancies from the
PO2

ðIIÞ side to the lower PO2
side (i.e., PO2

ðIÞ), and oxygen
vacancies and electrons diffuse in the opposite direction to
the oxygen flux. The inverse reaction to eq. (11) proceeds on
the PO2

ðIÞ surface, and oxygen ions recombine to produce
O2 molecules.

The equilibrium constant of the reaction (eq. (11)) can be
expressed as follows

KV��
O
¼

1

4½V��
O �3

PO2

�1=2 ð12Þ

According to CODO ¼ ½V��
O �DV��

O
, where DV��

O
is the diffusion

coefficient of oxygen vacancies, eq. (12) can be written as

DO ¼
DV��

O

CO

1

4KV��
O

 !1=3

PO2

�1=6 ð13Þ

If the diffusing species migrate mainly along the grain
boundaries of polycrystalline Al2O3, eq. (13) can be rewrit-
ten as

DOgb� ¼
DV��

Ogb

CObSgb

1

4KV��
Ogb

 !1=3

PO2

�1=6 ð14Þ

where DOgb is the grain boundary diffusion coefficient of
oxygen, � is the grain boundary width, COb is the molar
concentration of oxygen per unit volume, Sgb is the grain
boundary density, which is determined from the average
grain size of the Al2O3. DV��

Ogb
is the grain boundary diffusion

coefficient of an oxygen vacancy, KV��
Ogb

is the equilibrium
constant of reaction (11) that occurs at grain boundaries.
Assuming that te0 ¼ 1 and DOgb � DAlgb, and inserting
ZO ¼ �2 and eq. (14) into eq. (10) givesZ L

0

JTOdx ¼ AOðPO2
ðIIÞ�1=6 � PO2

ðIÞ�1=6Þ ð15Þ

AO ¼ �6
1

4KV��
Ogb

 !1=3

DV��
Ogb

Equation (15) can be expressed in terms of the oxygen
permeability constant, PL, defined by eq. (1) as follows.Z L

0

JTOdx ¼ 4PL ð16Þ

If the constant AO is determined experimentally using
eqs. (15) and (16), DOgb� for a certain PO2

can be estimated
from eq. (14).
2.3.3 p-type conduction

The flux of the oxygen that permeates through the wafer
is premised to be equal only to JAl. Oxygen permeation is
also assumed to occur by reactions in which both aluminum
vacancies and holes participate. O2 molecules are absorbed
on the surface exposed to PO2

ðIIÞ as follows.
1/2O2 ! OX

O þ 2=3V
000

Al þ 2h� ð17Þ

Aluminum vacancies move from the PO2
ðIIÞ side to the PO2

ðIÞ
side, and aluminum ions and holes migrate in the opposite
direction. Finally, the inverse reaction of (17) occurs on the
PO2

ðIÞ surface, and oxygen ions recombine to produce an O2

molecule.
In a similar way to Section 2.3.2, the grain boundary

diffusion coefficient of aluminum, DAlgb, is obtained as
follows.

DAlgb� ¼
DV

000
Algb

CAlbSgb

KV
000
Algb

9

 !3=8

PO2

3=16 ð18Þ

CAlb denotes the molar concentration of aluminum per unit
volume, DV

000
Algb

is the grain boundary diffusion coefficient of
aluminum vacancies, KV

000
Algb

is the equilibrium constant of
reaction (17) that occurs at the grain boundaries. If it is
assumed that th� ¼ 1 and DAlgb � DOgb, then substituting
ZAl ¼ þ3 and ZO ¼ �2 into eq. (10) givesZ L

0

JTOdx ¼ AAlðPO2
ðIIÞ3=16 � PO2

ðIÞ3=16Þ ¼ 4PL ð19Þ

AAl ¼ 12
KV

000

Algb

9

� �3=8

DV
000

Algb

If the experimental value of AAl is obtained using eq. (19),
DAlgb� for a certain PO2

can be calculated from eq. (18).

3. Results and Discussion

3.1 Oxygen permeation
Figure 3 shows the temperature dependence of the oxygen

permeability constant of polycrystalline Al2O3 exposed to an
oxygen partial pressure difference (�PO2

), where the PO2
in

Ar introduced into the lower chamber was roughly constant
of 1 Pa, and the PO2

into the upper chamber was greatly
varied. The open symbols indicate data for specimens
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exposed to a �PO2
caused by PO2

between PO2
ðIIÞ ¼ 105 and

PO2
ðIÞ ¼ 1 Pa. The solid symbols indicate data for a �PO2

caused by PO2
between PO2

ðIIÞ ¼ 1 and PO2
ðIÞ ¼ 10�8 Pa.

The other lines are data from the literature for a�PO2
similar

to that for the open symbols.21–23) The oxygen permeability
constants increase with increasing temperature, such that
they are linear when plotted against T�1, in a similar manner
as the data from the literature. The oxygen permeability
constants tend to decrease with increasing purity of Al2O3.
The slopes of these linear rate plots depend on the magnitude
of the oxygen potential gradients. This suggests that the
oxygen permeation mechanism varies depending on the
oxygen potential gradients.

Because the oxygen permeability constants of a single-
crystal Al2O3 wafer were lower than the measurable limit of
this system (below 1� 10�12 mol�m�1 s�1 at 1773K), the
oxygen permeation is thought to occur preferentially through
the grain boundaries for the polycrystalline Al2O3.

20)

Furthermore, the oxygen permeability constants of the
polycrystalline wafers were inversely proportional to the
wafer thickness. According to eq. (2), therefore, the oxygen
permeation is considered to be controlled by diffusion in the
wafer, not by interfacial reaction between the wafer surfaces
and ambient gases.

Figure 4 shows the effect of PO2
in the upper chamber on

the oxygen permeability constants of polycrystalline Al2O3

at 1923K. The solid symbols indicate the data for specimens
exposed to a �PO2

caused by a PO2
ðIIÞ ¼ 1 Pa in the lower

chamber and a much lower PO2
(PO2

ðIÞ) in the upper
chamber. The open symbols indicate data for a �PO2

caused
by a PO2

ðIÞ ¼ 1 Pa in the lower chamber and a much higher
PO2

(PO2
ðIIÞ) in the upper chamber. The oxygen permeability

constants for PO2
below 10�3 Pa in the upper chamber

decrease with increasing PO2
. This slope corresponds to a

power constant of n ¼ �1=6. On the other hand, the oxygen
permeability constants for PO2

above 103 Pa in the upper
chamber increase with increasing PO2

, and the slope
corresponds to a power constant of n ¼ 3=16. It is well
known that single-crystal Al2O3 exhibits n-type conduction

under a low PO2
and p-type conduction under a high PO2

at high temperatures, where the PO2
dependences on the

power coefficients have been summarized for various lattice
defects.24,25) The power coefficients of n ¼ �1=6 and 3/16
determined in this study are applicable to the defect reactions
given in eqs. (11) and (17), respectively. Therefore, depend-
ing on the levels of the PO2

values for the oxygen potential
gradients, either eq. (11) or eq. (17) probably applies to a
surface exposed to the higher PO2

(PO2
ðIIÞ), and their inverse

reaction seems to proceed on the surface exposed to the lower
PO2

(PO2
ðIÞ). O2 molecules are assumed to permeate through

the wafer through these serial reactions. As shown in Fig. 4,
plots of log (oxygen permeability constant) against log(PO2

)
give straight lines. For this reason, when PO2

ðIIÞ � PO2
ðIÞ,

the oxygen permeability constant for a PO2
range of n ¼

�1=6 is related to PO2
ðIÞ in accordance with eq. (15),

whereas, the permeability constant for a PO2
range of n ¼

3=16 is dominated by PO2
ðIIÞ in accordance with eq. (19).

Figure 5 shows SEMmicrographs of the two surfaces of an
Al2O3 wafer exposed at 1923K for 10 h under a �PO2

produced by PO2
ðIÞ ¼ 10�8 Pa in the upper chamber and

PO2
ðIIÞ ¼ 1 Pa in the lower chamber. Grain boundary grooves

are observed on both the surfaces, of which morphology is
similar to that formed by ordinary thermal etching, as
reported in previous study.20) The oxygen potential gradients
with combination of the lower PO2

values hardly affect the
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upper chamber and (b) PO2
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surface morphological change. The absence of the grain
boundary ridges suggests that the migration of aluminum was
scarcely related to the oxygen permeation. This surface
morphology supports the oxygen permeation mechanism
with n ¼ �1=6 (n-type conduction) as shown in Fig. 4.

Figure 6 shows SEM micrographs of the two-sided
surfaces of the Al2O3 wafer exposed at 1923K for 10 h
under �PO2

between PO2
ðIIÞ ¼ 105 Pa in the upper chamber

and PO2
ðIÞ ¼ 1 Pa in the lower chamber. They reveal grain

boundary ridges having heights of a few micrometers on the
surface exposed to the higher PO2

, while deep ditches are
formed at the grain boundaries on the surface exposed to the
lower PO2

. As mentioned above, if the oxygen permeation
mainly progresses by the reaction given by eq. (17), the total
volume of the grain boundary ridges is predicted to be
comparable with that of Al2O3 that corresponds to the
amount of oxygen permeation.

Figure 7 shows the volume of the grain boundary ridges
formed on the upper chamber side as a function of distance,
h, for the Al2O3 wafer exposed at the same conditions as that
in Fig. 6. The zero point of h is set to the top of the highest
ridge in the measurement area. The volume of the grain
boundary ridges gradually increases with increasing h,
followed by a linear increase above h0. The volume V0

at h0 corresponds to the total volume of the ridges. The

calculated oxygen permeability constant, which is estimated
by assuming that the amount of permeated oxygen is equal
to the oxygen in Al2O3 in the volume V0, is 1:5�
10�10 mol�m�1s�1. This value is very similar to the exper-
imental one of 1:9� 10�10 mol�m�1s�1 as shown in Fig. 4.
This result provides adequate support for the oxygen
permeation mechanism with n ¼ 3=16 (p-type conduction).

Oxygen permeation under an oxygen potential gradient is
found to be controlled by grain boundary diffusion of oxygen
and aluminum in regions of lower and higher PO2

, respec-
tively. For the growing Al2O3 scale on the alumina forming
alloy under a region of lower PO2

, such as that exposed to
flow of purified argon,10) the absence of grain boundary
ridges is considered to be mainly due to inward grain
boundary diffusion of oxygen through oxygen vacancies. On
the other hand, the scale in a region of higher PO2

, such as that
exposed to air flow, may exhibit a p-n junction behavior,
where outward diffusion of aluminum through aluminum
vacancies proceeds in addition to the inward diffusion of
oxygen.

3.2 Grain boundary diffusion of oxygen and aluminum
Since the grain boundary width, �, is not known, values of

Dgb� are estimated from the oxygen permeability constants as
shown in Fig. 4 by the procedure described in Section 2.3.
Figure 8 shows Dgb� of oxygen and aluminum as a function
of PO2

in the upper chamber at 1923K. The solid and open
symbols indicate the Dgb� of oxygen and aluminum,
respectively. Values of oxygen diffusion from the litera-
ture11,12,14) are also shown in Fig. 8 and they were determined
from an 18O isotopic tracer profiling technique for bicrystal-
line or polycrystalline Al2O3 annealed in a homogeneous
environment without imposing a oxygen potential gradient,
and their PO2

values on the abscissa corresponded to those in
the annealing environments. The data of Refs. 12) and 14)
are estimated by extrapolating to 1923K. TheDgb� of oxygen
decreases with increasing PO2

, whereas Dgb� of aluminum
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Fig. 6 SEM micrographs of the two surfaces of polycrystalline Al2O3

exposed at 1923K for 10 h under a �PO2
with (a) PO2

ðIIÞ ¼ 105 Pa in the

upper chamber and (b) PO2
ðIÞ ¼ 1 Pa in the lower chamber.
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increases. The line extrapolated to higher PO2
for oxygen

diffusion is compatible with previously reported data
obtained using SIMS,11,12) but deviates widely from data
obtained using NRA.14)

There is a thermal equilibrium level of defects such as
Schottky pairs26) or Frenkel pairs14) in Al2O3 exposed under
uniform environments at high temperatures. As shown
Figs. 4–7, the oxygen potential gradient through the wafer
seems to result in the formation of new defects such as
oxygen vacancies for lower PO2

ranges (n-type conduction)
and aluminum vacancies under higher PO2

ranges (p-type
conduction) in addition to the thermally induced defects.
Because the Dgb� of oxygen and aluminum are proportional
to the concentration of their respective vacancies, as given by
eqs. (14) and (18), the dominant defects in the wafer are
probably oxygen vacancies for lower PO2

ranges and alumi-
num vacancies for higher PO2

ranges. Therefore, the extrap-
olated line in Fig. 8 may correspond to the SIMS data,11,12)

where the concentration of oxygen vacancies induced by the
oxygen potential gradient in the higher PO2

ranges is
asymptotic to that under thermal equilibrium. Nevertheless,
the reason why the NRA datum deviates so much cannot be
ascertained based on the descriptions given in the paper.14)

Figure 9 shows the Arrhenius plots of Dgb� of oxygen and
aluminum in polycrystalline Al2O3 together with oxygen
diffusion data from the literature11–14) obtained by 18O
isotopic tracer profiling. The solid and open symbols indicate
the Dgb� of oxygen and aluminum, respectively. These data
are determined from the oxygen permeability constants
shown in Fig. 3 using eqs. (14) and (18). The Dgb� values of
oxygen and aluminum are calculated at PO2

values of 10�7 Pa
and 105 Pa, respectively. Previously obtained data,11,12,14)

with the exception of that from Ref. 13), were obtained for
Al2O3 annealed in homogeneous high PO2

environments
without any oxygen potential gradients. The data from
Ref. 13) were determined for growing Al2O3 scales formed
on Fe-Cr-Al alloys such as Zr doped (Imphy) and Y2O3

doped (ODS-MA956) during the oxidation of the alloys in
O2. Therefore, these scales were subject to steep oxygen
potential gradients. Table 1 is also summarizes the Arrhenius
parameters (D0 and Q) for grain boundary diffusion in �-
Al2O3 (Dgb� ¼ D0 expð�Q=RTÞ). The Dgb� values of oxygen
and aluminum increase with an increase in temperature. The
Dgb� values of oxygen in this study tend to be larger than
those given in other reports, including the extrapolated data.
The activation energy of the oxygen grain boundary diffusion
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constants shown in Fig. 2.

Table 1 Arrhenius parameters, D0 and Q, for grain boundary diffusion in �-Al2O3 (Dgb� ¼ D0 expð�Q=RTÞ).

Diffusional

species
Sample Method D0/m3 s�1 Q/kJmol�1

This work Polycrystal
Oxygen permeation

4:0� 10�10 395
PO2

ðIÞ ¼ 10�8 Pa

Prot et al.11Þ Polycrystal Isotopic tracer (SIMS) 1:6� 103 921

Oxygen Reddy et al.14Þ Polycrystal Isotopic tracer (NRA) 5:5� 101 825

Nakagawa et al.12Þ Bicrystal Isotopic tracer (SIMS) 8:4� 10�6 627

Oxidation of ODS-MA956 2:1� 10�13 391

Messaoudi et al.13Þ Oxide scale Oxidation of Imphy 5:3� 10�7 505

Isotopic tracer (SIMS)

Aluminum This work Polycrystal
Oxygen permeation

2:8� 10�4 611
PO2

ðIIÞ ¼ 105 Pa
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in this study is lower than those of the previously obtained
data for annealing in homogeneous surroundings, but it is
similar to those for Al2O3 scales. Oxygen vacancies, which
preferentially induced at the grain boundaries by the oxygen
potential gradients, is conjectured to decrease a barrier to
grain boundary diffusion of oxygen, resulting in the lower
activation energy.

The extrapolation of the linear log (oxygen Dgb�) vs.
logð1=TÞ plot in this study to lower temperatures results in a
much larger value than those for Al2O3 scales. The deviation
of the oxygen Dgb�may be caused by inhibition of the inward
grain boundary diffusion of oxygen in the scales due to ‘‘site-
blocking’’12) of the oxygen reactive elements such as Zr and
Y, which are included in the alumina forming alloys and are
segregated at the grain boundaries of the scales during
oxidation of the alloys.19) The data in Ref. 13) were
determined from 18O depth profiles from the scale surface
to a depth of about 250 nm in the Al2O3 scales with a
thickness of a few micrometers. Because the scales were
exposed to steep oxygen potential gradients, the oxygen Dgb

is considered to increase from the scale surface to the
interface between the scale and alloys in proportion to the
oxygen vacancy concentration in the scale. The data in
Ref. 13) are speculated to correspond to the oxygen Dgb� at
the higher oxygen potential in the subsurface of the scales,
whereas the oxygen Dgb� in this study were estimated at the
PO2

of 10�7 Pa, which was thought to be considerably lower
than the oxygen potential in the subsurface scales. This may
be related to the large difference in the values of Dgb� found
in this study and that of Ref. 13), as shown in Fig. 9.

As mentioned above, when the Al2O3 wafer was exposed
to oxygen potential gradients, oxygen diffused from regions
of higher to lower PO2

in n-type conduction ranges while
aluminum diffused in the opposite direction to the oxygen
flux in p-type conduction ranges. These phenomena will be
useful for elucidating how much each migration of oxygen
and aluminum is affected through the grain boundaries of the
Al2O3 under oxygen potential gradients by the REs segre-
gated at the grain boundaries.

4. Conclusions

The mass-transfer mechanisms in an undoped polycrystal-
line �-Al2O3 wafer were explained by evaluating oxygen
permeation through the wafer when it was subjected to
oxygen potential gradients at high temperatures. When the
wafer was subjected to potential gradients caused by PO2

values below about 1 Pa, O2 molecules are assumed to
permeate mainly by grain boundary diffusion of oxygen
through the oxygen vacancies from regions of higher PO2

to
regions of lower PO2

. Grain boundary ridges were hardly
formed on the surfaces under a higher PO2

because of the very
low aluminum flux. Under potential gradients generated by
PO2

above about 1 Pa, O2 molecules seem to permeate mainly
by grain boundary diffusion of aluminum through aluminum
vacancies from regions of lower PO2

to regions of higher PO2
,

resulting in the formation of grain boundary ridge on the
higher PO2

surface. The Dgb� of oxygen estimated from
oxygen permeability constants decreased with increasing
PO2

, while that of aluminum increased.
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Appendix

In this section, process of deriving eq. (7), which is the
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flux of the oxygen permeation, is described. Each charged
particle flux is given by inserting eq. (3) into eq. (2).

Ji ¼ Zi ji ¼ �
�ti

ZiF2
�
@�i

@x
ðA:1Þ

The charged particle fluxes are expressed by

�Al ¼ �Al þ ZAlF’; ðA:2Þ
�O ¼ �O þ ZOF’; ðA:3Þ
�h� ¼ �h� þ F’; ðA:4Þ
�e0 ¼ �e0 � F’: ðA:5Þ

Inserting Gibbs-Duhem equation (eq. (5)) and eqs. (A·2)–
(A·5) into eq. (A·1) and assuming that Fermi energy in the
polycrystalline Al2O3 wafer is constant give as follows.

JAl ¼ �
�tAl

ZAlF2

@�Al

@x

� �
¼ �

�tAl

ZAlF2

@�Al

@x
þ ZAlF

@�

@x

� �

¼ �
�tAl

ZAlF2
�

jZAlj
jZOj

@�O

@x
þ ZAlF

@�

@x

� �

¼ �
�tAl

ZOF2

@�O

@x
þ ZOF

@�

@x

� �
ðA:6Þ

JO ¼ �
�tO

ZOF2

@�O

@x

� �
¼ �

�tO

ZOF2

@�O

@x
þ ZOF

@�

@x

� �
ðA:7Þ

Jh� ¼ �
�th�

F2

@�h�

@x

� �
¼ �

�th�

F
�
@�

@x
ðA:8Þ

Je0 ¼
�te0

F2

@�e0

@x

� �
¼

�te0

F
�
@�

@x
ðA:9Þ

The sum of the charged particle fluxes can be expressed using
eqs. (4), (6) and (A·6)–(A·9) as follows.

JAl þ JO þ Jh� þ Je0

¼ �
�ðtAl þ tOÞ

ZOF2

@�O

@x
þ ZOF

@�

@x

� �

�
�th�

F
�
@�

@x
þ

�te0

F
�
@�

@x

� �

¼ �
�ðtAl þ tOÞ

ZOF2
�
@�O

@x
�

�ðtAl þ tO þ th� þ te0 Þ
F

�
@�

@x

¼ �
�ðtAl þ tOÞ

ZOF2
�
@�O

@x
�

�

F
�
@�

@x
¼ 0 ðA:10Þ

Equation (A·10) can be rewritten as

@�

@x
¼ �

ðtAl þ tOÞ
ZOF

�
@�O

@x
ðA:11Þ

The flux of the oxygen that permeates through the wafer is
equal to the sum of JAl and JO. From eqs. (A·6), (A·7),
(A·11), the flux of the oxygen permeation is given by

JTO ¼ JAl þ JO ¼ �
�ðtAl þ tOÞ

ZOF2

@�O

@x
þ ZOF

@�

@x

� �

¼ �
�ðtAl þ tOÞ

ZOF2

@�O

@x
� ðtAl þ tOÞ

@�O

@x

� �

¼ �
�ðtAl þ tOÞðth� þ te0 Þ

ZOF2
�
@�O

@x
: ðA:12Þ

Inserting eq. (3) into eq. (A·12) gives eq. (7) (eq. (A·13)).

JTO ¼ � ZAl
2F2 CAlDAl

RT
þ ZO

2F2 CODO

RT

� �
ðth� þ te0 Þ
ZOF2

�
@�O

@x

¼ �
ZAl

2

ZO
CAlDAl þ ZOCODO

� �
ðth� þ te0 Þ

RT
�
@�O

@x
ðA:13Þ
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