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Abstract The mass-transfer behavior through grain

boundaries (GBs) in alumina was systematically investi-

gated using four types of alumina bicrystals. The alumina

bicrystal wafers were exposed to the constant oxygen

potential gradient DPO2
ð Þ generated by the combination of

two different oxygen partial pressures PO2
IIð Þ and PO2

Ið Þ of

105 and 1 Pa, respectively, at 1923 K. Ridges were formed

along the GBs on the surface subjected to PO2
IIð Þ, and deep

GB ditches were developed on the PO2
Ið Þ surface mainly

during the migration of aluminum thorough GBs from the

PO2
Ið Þ surface to PO2

IIð Þ surface. The surface morphology

changes in the vicinity of the GBs were observed by atomic

force microscopy. It was found that the surface morphol-

ogy changes indicative of the aluminum GB diffusion were

strongly dependent on the GB characteristics. The GB

diffusion coefficients of aluminum estimated from the

volume of the GB ridges showed a clear correlation to the

local bonding environments of GB cores estimated from

theoretical calculations reported previously.

Introduction

Alumina-forming alloys are widely used for hot section

components such as thermal barrier coating systems [1]

under high operating temperatures and oxidizing environ-

ments. The excellent high-temperature performance of

these alloys appears to be due to the formation of an alu-

mina scale, which acts as a protective layer on the alloy

against further oxidation. To save energy and reduce the

use of alloys containing rare elements, it is highly desirable

to further improve the high-temperature durability of such

components. In this regard, suppressing mass transfer

through the alumina scale is expected to markedly improve

the durability of the alloys.

When oxidation of these alloys occurs through the alu-

mina scale under high oxygen partial pressures PO2
ð Þ; such

as in air, the scale is exposed to steep oxygen potential

gradient DPO2
ð Þ in the direction opposite to the aluminum

potential gradient, in accordance with the Gibbs–Duhem

equation. The scale grows on the alloys by an inward grain

boundary (GB) diffusion of oxygen and an outward GB

diffusion of aluminum, resulting in the development of GB

ridges on the scale surfaces. In contrast, these ridges do not

form in a low PO2
environment, such as in a purified argon

flow [2].

To clarify the mass-transfer mechanism for the above-

mentioned phenomena, oxygen permeation through poly-

crystalline alumina wafers exposed to DPO2
at high tem-

peratures, with each surface of the wafer deliberately

subjected to a different PO2
values, was measured [3–9].

When a DPO2
was generated by the combination of

a PO2
PO2

IIð Þð Þ value above 103 Pa and a constant

PO2
PO2

Ið Þð Þ value of 1 Pa at 1923 K, for example, oxygen

permeated mainly via GB diffusion of aluminum through
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aluminum vacancies from the PO2
Ið Þ surface to the PO2

IIð Þ
surface, resulting in the formation of GB ridges on the

PO2
IIð Þ surface. As described in Refs. [3–6], O2 molecules

were adsorbed onto the surface at higher PO2
and subse-

quently 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), resulting in apparent permeation

of oxygen through the alumina wafers. The aluminum

vacancies were likely induced as new defects in the

neighborhood of the GBs by subjecting the wafer to DPO2
.

In other words, O2 molecules were adsorbed onto the

PO2
IIð Þ surface and subsequently dissociated into oxygen

ions according to Eq. 1 [3–6], resulting in the formation of

alumina along the GB.

1=2O2 ! OX
O þ 2=3V

000

A1 þ 2h� ð1Þ

The total volume of the GB ridges, measured by three-

dimensional (3D) laser scanning microscopy, was consis-

tent with the volume of alumina that should have been

produced based on the detected amount of oxygen per-

meation [5]. This result supports the oxygen permeation

mechanism presented in Eq. 1 under the DPO2
produced by

the higher PO2
values. As reported in Refs. 3–6, when an

oxygen potential gradient was generated by a combination

of a PO2
IIð Þ of 1 Pa and a PO2

Ið Þ below 10-3 Pa at 1923 K

through the polycrystalline alumina wafer, O2 molecules

are considered to permeate mainly by GB diffusion of

oxygen through oxygen vacancies from the PO2
IIð Þ surface

to the PO2
Ið Þ surface. In this case, very little ridge forma-

tion occurs at GBs because of the extremely low aluminum

flux. The oxygen vacancies may be formed preferentially in

the vicinity of the GBs due to the DPO2
.

Many studies have focused on oxygen GB diffusion in

polycrystalline alumina using either secondary ion mass

spectroscopy (SIMS) [10–12] or nuclear reaction analysis

(NRA) [13] to determine 18O depth profiles after high-

temperature exchange with 18O-enriched oxygen. In

contrast, there are few reports on aluminum diffusion

coefficients, especially the GB diffusion coefficients of

aluminum, because the appropriate tracer, 26Al, has a very

low specific activity and an extremely long half-life of

7.2 9 105 years [5, 6, 14, 15]. The GB diffusion coeffi-

cients of aluminum and oxygen in polycrystalline alumina

have been recently reported on the basis of measurements

of the PO2
dependence on the oxygen permeability con-

stants of alumina wafers exposed to DPO2
at high temper-

atures, assuming that the flux of oxygen permeating

through the wafer was due to a single species (aluminum or

oxygen) under the particular DPO2
conditions [5, 6]. The

aluminum GB diffusion coefficients were found to increase

with increasing PO2
, in an inverse relationship to the PO2

dependence on the oxygen GB diffusion coefficients.

Because the GB ridges are not uniform on the polycrys-

talline alumina surfaces, the GB diffusion coefficients of

aluminum may be strongly influenced by the GB charac-

teristics and crystal orientation of the surface grains [5].

Evaluation of mass transfer through the GB in alumina

bicrystals, in which the character of the GB can be arbi-

trarily controlled, is a very powerful method for under-

standing the fundamental mechanisms of GB phenomena

such as creep and diffusion [11, 16–22]. For example,

alumina bicrystals with [0001] axis tilt GBs were system-

atically fabricated, and their GB diffusivities of oxygen

were experimentally measured [22]. The GB diffusivity of

titanium was also evaluated as an indicator of aluminum

GB diffusion [22]. In these cases, the GB diffusion coef-

ficients of both oxygen and titanium were determined in

homogeneous environments with no DPO2
. It was found

that the measured GB diffusion coefficients were strongly

dependent on the atomic-scale GB structures. However, the

effect of atomic-scale GB structures on the aluminum GB

diffusion has not been clarified yet.

In this study, mass transfer through GBs in four types of

alumina bicrystal wafers was evaluated under DPO2
at high

temperature, where aluminum mainly migrates through the

GBs. The correlation between the aluminum GB diffusion

coefficients and the GB structural characteristics will be

discussed.

Experimental procedures

Fabrication of alumina bicrystals

The fabrication procedure of alumina bicrystals is in

accordance with previous studies [11, 16, 18, 19, 21, 22].

Commercially available, high-purity sapphire single crys-

tals (Shinkosha Co Ltd, Japan, purity [99.99 wt%) were

used as a starting material. They were cut into dimensions

of 7 9 15 9 15 mm, and their surfaces corresponding to

the GB planes were mechanochemically polished using

colloidal silica to obtain a mirror finish. The bicrystals

were then joined at 1773 K for 10 h in air by a diffusion

bonding technique. Figure 1 shows a schematic diagram of

the crystallographic geometry of the alumina bicrystals

fabricated in this study. The tilt angles 2h between the n~

directions, R values, and the GB planes of the bicrystals are

listed in Table 1. In this study, four different bicrystals

were fabricated in terms of the GB coherency. The

bicrystal denoted as R13 in Table 1 had a high coherent

R13 ½1210� pyramidal twin GB, with a rotation axis of

½1210� [17–20]. On the other hand, the GBs denoted as

R7a, R7m, and R31, with a common rotation axis of
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[0001], were less coherent than R13. The R31 bicrystal,

which had the largest R value, had a R31 [0001] tilt GB,

which was regarded as a general, random GB [11, 16, 22].

These bicrystals were cut into the wafers with dimensions

of /11.5 9 0.5 mm, and exposed to DPO2
at high tem-

peratures. The wafer planes were set perpendicular to the

rotation axis as shown in Fig. 1, and the surfaces were

polished to a mirror finish.

Evaluation of the GB diffusivity of aluminum

The experimental conditions of the alumina bicrystal

wafers exposed to DPO2
at high temperature were the same

as those in previous studies on polycrystalline alumina

wafers [5, 6]. Each wafer was placed in between two alu-

mina tubes in a furnace using Pt gaskets to create a seal

between the wafer and the tubes by loading a weight on the

top of the upper tube. The O2 present as an impurity in the

argon gas was monitored at the outlets of the upper and

lower chambers enclosing the wafer and the alumina tubes,

using a zirconia oxygen sensor at 973 K. A gas-tight seal

was achieved in both chambers by heating at 1923 K.

Subsequently, the measured PO2
was regarded as a back-

ground level. Next, pure O2 gas was introduced into the

upper chamber at a flow rate of 1.67 9 10-6 m3/s. Oxygen

permeability constants for polycrystalline alumina wafers

under this exposure condition were obtained on the order of

10-10 mol/m/s, and oxygen permeation occurred mainly

by migration of aluminum thorough GBs from the lower

PO2
PO2

Ið Þð Þ surface to the higher PO2
PO2

IIð Þð Þ surface.

However, the oxygen permeability constants for the single

crystal were below the lower detection limit (\10-12 mol/m/

s, 1923 K). Therefore, oxygen permeation preferentially

occurred through the GBs [5]. For bicrystal wafers, oxygen

permeation likely follows the same mass-transfer mecha-

nism as in polycrystals. However, the GB lengths per unit

surface area (GB density) in the bicrystal wafers were

reduced by a factor of 105 compared with the polycrystalline

alumina wafers. The oxygen permeability constant is pro-

portional to the GB density, so even if the oxygen perme-

ability constants for the bicrystals were similar to those of the

polycrystals, the amount of permeated oxygen could not be

precisely detected using the oxygen sensor, since it was

below the lower detection limit. Oxygen permeation through

the GB diffusion of aluminum from the PO2
Ið Þ surface to

PO2
IIð Þ surface resulted in the formation of ridges at the GBs

on the PO2
IIð Þ surface. The total volume of the GB ridges on

the polycrystalline wafer, measured by three-dimensional

laser scanning microscopy, was consistent with the volume

of alumina that should have been produced based on the

observed amount of oxygen permeation [5]. Thus, the GB

diffusion coefficient of aluminum determined from the GB

ridge volume was almost the same as that determined by

measuring the oxygen permeation.

In this study, therefore, the GB diffusion coefficients of

aluminum were determined from the volume of the GB

ridges on the PO2
IIð Þ surfaces of the bicrystal wafers. The

surface profiles around the GB on the bicrystal wafers

exposed to PO2
IIð Þ=PO2

Ið Þ ¼ 105=1 Pa at 1923 K for 10 h

were directly measured using an atomic force microscope

(AFM, VM-8000, Keyence Co Ltd, Japan). The volume of

a single GB ridge formed on the PO2
IIð Þ surface was then

estimated from its surface profile. The GB diffusion coef-

ficients of aluminum were calculated on the assumption

that the amount of permeated oxygen was equal to the

oxygen content of the Al2O3 GB ridge volume in the fol-

lowing manner.

If the flux of the oxygen that permeates through the

alumina wafer is controlled only by aluminum migration,

according to Eq. 1, the flux of aluminum can be expressed

in terms of the oxygen permeability constant, PL [5, 6],

ZL

0

JAldx ¼ AAl PO2
IIð Þ3=16�PO2

Ið Þ3=16
� �

¼ 4PL ð2Þ

where P is oxygen permeability, L is the wafer thickness,

and AAl is a constant. The second term in the parentheses of

Eq. 2 can be ignored compared with the first term, because

PO2
IIð Þ and PO2

Ið Þ were 105 and 1 Pa, respectively. If the

GB ridge is assumed to be formed by aluminum GB

migration, P can be rewritten as

θ

7 7

15

θ

Rotation 
axis

Direction of 
gas permeation

Wafer
specimen

n n

15

(mm)

Fig. 1 Schematic diagram of the fabricated bicrystal Al2O3 wafers

Table 1 Tilt angles, R values, and grain boundary (GB) planes of the

bicrystal Al2O3 wafers

Rotation axis n~ 2h (deg.) R GB plane Notation

[1�210] [0001] 103.6 13 10�14f g R13

[0001] [11�20] 38.2 7 2�310f g R7a

[1�100] 38.2 7 4�510
� �

R7m

17.9 31 71140
� �

R31
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P ¼
3qAl2O3

2MAl2O3
� t � VAl2O3

ð3Þ

where VAl2O3
is the GB ridge volume per unit area, qAl2O3

is

the density of Al2O3, and MAl2O3
is the molecular weight of

Al2O3 and t is the exposure time. The PO2
dependence of

the aluminum GB diffusion coefficient, DAlgb, and PO2
is

given by

DAlgbd ¼
AAl

12CAlbSgb

PO2
ðIIÞ3=16 ð4Þ

where d is the GB width, CAlb is the molar concentration of

aluminum per unit volume, and Sgb is the GB density [5, 6].

If the experimental value of AAl is obtained using Eq. 2,

DAlgbd for a PO2
IIð Þ can be calculated from Eq. 4.

Results and discussion

Surface morphology of bicrystal wafers

Figure 2 shows 3D AFM images of both surfaces of bicrys-

tal wafers (R13, R7m, R7a, and R31) exposed at 1923 K for

10 h under DPO2
with PO2

IIð Þ=PO2
Ið Þ ¼ 105=1 Pa. Sym-

metrical surface profiles with respect to the GB planes were

observed for all of the bicrystal wafers. Figure 3a and b

shows magnified profiles of both surfaces of the R13 and R31

wafers, respectively. It was found that the morphology of

surface profiles is strongly dependent upon the GB charac-

teristics. For the wafers with relatively low GB coherence,

such as R7a, R7m, and R31, as shown in Fig. 2, ridges were

formed along the GBs on the PO2
IIð Þ surfaces. Deep GB

ditches were observed on the opposite PO2
Ið Þ surfaces due to

the migration of aluminum through GBs from the PO2
Ið Þ

surface to the PO2
IIð Þ surface. The height of surface profiles

around the GB decreased in the order of R31 [R7a [ R7m.

This suggests that the GB diffusivity of aluminum increases

in the same order as the morphological change. For all

bicrystals except for R3, peculiar two-stage ridges are found

on the PO2
IIð Þ surface, as shown in Figs. 2 and 3b. These

unique ridges may be formed by the preferential vaporiza-

tion at ridge tips with small curvature radii, followed by

re-condensation at the ridge bases. Furthermore, for all the

bicrystals except for R13, deep two-stage ditches were

formed on the PO2
Ið Þ surface. These ditches may be formed

by the preferential decomposition of alumina at the bottom

tip of the GB ditch during the GB diffusion of aluminum

from the PO2
Ið Þ surface to the PO2

IIð Þ surface.

On the other hand, for the R13 bicrystal wafer, there was

a shallow groove along the GB on both surfaces, as shown

in Fig. 3a, similar to grooves formed by conventional

Σ13 Σ7m Σ7a Σ31

GB GB GB GB

GB GB GB
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Fig. 2 AFM images of the

surfaces of bicrystal Al2O3

wafers (R13, R7m, R7a, and

R31) exposed at 1923 K for

10 h under DPO2
with

PO2
IIð Þ=PO2

Ið Þ ¼ 105=1 Pa

φ

1 μm

0.
05
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m

10 μm

0.
3 
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(a) Σ13

P  (II) sideO2
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Fig. 3 AFM profiles of the surfaces of bicrystal Al2O3 wafers, a R13

and b R31, exposed at 1923 K for 10 h under DPO2
with

PO2
IIð Þ=PO2

Ið Þ ¼ 105=1 Pa
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thermal etching. There was neither a GB ridge on the

PO2
IIð Þ surface nor a ditch on the PO2

Ið Þ surface, and no

trace of the GB diffusion of aluminum. Therefore, migra-

tion of aluminum through the R13 wafer hardly occurs

under the present experimental conditions. Since the sur-

face profile of the R13 wafer was considered to have

reached equilibrium, the GB energy (cgb) for R13 was

determined from the groove angle / in Fig. 3a and the

surface energy (cS), as given by Eq. 5 [23]:

cgb ¼ 2cScos
/
2

ð5Þ

cS for polycrystalline alumina is expressed as a function of

temperature (T) in Eq. 6 [24]:

cS ¼ 1839:9� 0:474T ð6Þ

When cS for the f1210g surface of the R13 wafer was

assumed to be equal to that determined by Eq. 6 for the

polycrystal (0.93 J/m2), cgb for R13 at 1923 K is estimated

to be 0.40 J/m2 using Eqs. (5) and (6). cgb for the poly-

crystalline alumina at 1923 K was estimated to be 0.74 J/m2

according to Ref. 23. The cgb calculated for R13 was

smaller than the average of polycrystalline alumina because

of its much higher GB coherency.

GB diffusion coefficients of aluminum

The GB diffusion coefficients of aluminum, Dgbd, were

determined from the volume of the GB ridges observed on

the PO2
IIð Þ surfaces of the wafers. The volume includes a

protuberance around the base of the ridge, because two-

stage ridges were assumed to have resulted from aluminum

GB diffusion. Table 2 summarizes Dgbd of aluminum at

1923 K under PO2
IIð Þ=PO2

Ið Þ ¼ 105=1 Pa, together with

the value obtained from polycrystalline alumina under the

same exposure conditions [5, 6]. Dgbd ranged between

10-21 and 10-20 m3/s, in the order of R31 [R7a [ R7m.

The Dgbd for the R31 [0001] tilt GB (1.1 9 10-20 m3/s)

was found to be similar to that of the polycrystalline wafer

(8.5 9 10-21 m3/s).

An attempt to correlate GB atomic structure with GB

mass-transfer behavior has been reported based on the

stable atomic structures determined using static lattice

calculations at 0 K without any DPO2
[22]. For example, the

mean bond length between aluminum and oxygen around

the GB was estimated as the average of the fourth nearest-

neighbor distances of Al–O bonds existing within 5 Å of

the GB plane, and its correlation to GB mass-transfer

behavior was considered [22]. Here, we also discuss the

correlation between the aluminum GB diffusion coeffi-

cients listed in Table 2 and the mean Al–O bond lengths

for each GB, although new defects may be preferentially

introduced under DPO2
in the present case. Figure 4 shows

the Dgbd values of the bicrystals under PO2
IIð Þ=PO2

Ið Þ ¼
105=1 Pa at 1923 K as functions of (a) calculated GB

energy and (b) mean Al–O bond length as reported in Ref.

22. The Dgbd values increase with both GB energy and

mean Al–O bond length. The correlation factor between

Dgbd and the mean Al–O bond length (0.989) is closer to

unity than that for the GB energy (0.931). Therefore, the

Dgbd values are thought to be more closely related to the

mean Al–O bond length.

The increases in the Al–O mean bond length seem to be

related to the decrease in oxygen coordination number of

aluminum at the GB core region. According to the previous

report [25], an increase in the oxygen coordination number

was considered to decrease the GB diffusion coefficient of

aluminum, based on the segregation of doped hafnium at

GBs in polycrystalline alumina, where the oxygen coor-

dination number of hafnium at the GBs was presumed to be

larger than that of aluminum. Therefore, the increase in the

Table 2 Dgbd of aluminum in bicrystal Al2O3 wafers (R13, R7m,

R7a, and R31) at 1923 K under DPO2
with PO2

IIð Þ=PO2
Ið Þ ¼ 105=1 Pa

Specimen Dgbd of Al (m3/s)

Bicrystal

R7m 1.7 9 10-21

R7a 7.4 9 10-21

R31 1.1 9 10-20

Polycrystalline [5, 6] 8.5 9 10-21

D
gb

δ 
of

 A
l (

m
3 s

-1
)

D
gb

δ 
of

 A
l (

m
3 s

-1
)

10-21 

10-22  

10-20 

10-19  

3.8 3.9 4.0 4.1 4.2

Calculated grain boundary energy (J m-2)

R=0.931

Polycrystalline alumina [5]

(a)

10-21 

10-22  

10-20 

10-19  

Mean Al-O bond length (Å)

2.0 2.1 2.2 2.3

R=0.989

(b)

Σ7m

Σ7a

Σ31

Fig. 4 The Dgbd values of the bicrystals under PO2
IIð Þ=PO2

Ið Þ ¼
105=1 Pa at 1923 K as functions of a calculated GB energy and

b mean Al–O bond length [22]
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aluminum GB diffusion coefficients of the bicrystals may

be related to a decrease in the oxygen coordination number

of aluminum. For a R13 GB, since the mean Al–O bond

length was estimated to be similar to that of an alpha-

alumina perfect crystal (1.87–1.99 Å) [19], the aluminum

Dgbd for R13 is expected to be very low, in agreement with

the present study.

Conclusions

Mass transfer through GBs in four types of alumina

bicrystal wafers was evaluated under an oxygen potential

gradient induced by a PO2
IIð Þ=PO2

Ið Þ of 105 Pa=1 Pa at

1923 K. Decreasing the GB coherence of the bicrystals,

the volume of the GB ridges formed on the PO2
IIð Þ sur-

face increased and the depth of the GB ditches observed

on the PO2
Ið Þ surface also increased, indicating an increase

in the aluminum GB diffusion coefficients with decreasing

GB coherence. The aluminum GB diffusion coefficient for

a R31 [0001] tilt GB was almost the same as that obtained

for a polycrystalline alumina wafer. The aluminum GB

diffusion coefficients have a tendency to be proportional

to the GB energies and the mean bond lengths between

aluminum and oxygen around the GB. In contrast, no GB

ridges or ditches are found on either surface of a highly

coherent R13 ½1210� pyramidal twin GB. The aluminum

GB diffusion coefficient in the R13 bicrystal is thus the

lowest among the bicrystals examined in the present

study.
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