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Experimental results indicate effective faster diffusion of oxy-
gen in polycrystalline alumina when exposed to water vapor at

high temperatures. a-Al2O3 containing Ni metal particles was

exposed to dry air or humid environments at 1300°C for up to

20 h. Oxidation of Ni in a-Al2O3 to form NiAl2O4 was used
to determine oxygen diffusion depth from the surface. The

apparent kinetic rate constant for oxygen diffusion in the pres-

ence of water vapor was 79% higher compared with that in a

dry atmosphere at 1300°C (1.4 3 10
−13

m
2
/s for 0.2 atm PH2O

versus 7.9 3 10−14 m2/s for dry air). (OH)− ions are smaller

and more polarizable than O2−, which would be expected to

lead to faster diffusion. This effect may impact sintering, creep,

corrosion, oxidation, and the performance of thermal barrier
coatings (TBC).

I. Introduction

THE controlling mechanism in many ceramic processes is
grain-boundary diffusion, which in alumina is greatly

diminished in the presence of certain cations, e.g., reducing
creep rates1 or slowing thermal barrier coatings (TBC) bond
coat oxidation.2 One might wonder if there are anion impuri-
ties or the equivalent which actually enhance grain-boundary
diffusion; (OH)�, which can be up to 20% smaller than
O2�,3 comes naturally to mind. Oxide surfaces easily adsorb
water, forming superficial (OH)� and grain boundaries are
also expected to do so. Numerous reports exist of accelerated
reaction kinetics, more rapid coarsening/grain growth, and
faster sintering/densification for ceramic oxides in the pres-
ence of high-temperature water vapor.4–8

Herein, we offer an experiment to test if water vapor
effects grain-boundary diffusion of oxygen in a technologi-
cally relevant ceramic, viz. a-Al2O3. Alumina, used for many
high-temperature structural applications, is also produced as
a thermally grown oxide (TGO) upon metallic bond coats
for TBC on Ni-based turbine blades. Most experiments on a-
Al2O3 show oxygen is the slower diffusing ion compared with
aluminum.9 In this experiment, Ni-particles are embedded in
a dense a-Al2O3 matrix10–12 and subsequently exposed to an
oxidizing environment. The oxidation of Ni via formation of
NiAl2O4 is measured in dry and humid oxidizing environ-
ments at elevated temperatures, and correlated with oxygen
diffusion values.

II. Experimental Procedure

High-purity a-alumina powder (Baikowski Inter. Corp.,
Charlotte, NC) and nickel oxide powder (Alfa Aesar, Ward
Hill, MA) were milled, dried, sieved, then heated at 700°C

for 5 h in 4% H2–Ar at a flow rate of 50 cm3/min to reduce
NiO to 0.5 vol% elemental Ni. Cylindrical specimens were
cold isostatic pressed at 380 MPa and sintered at 1500°C for
3 h in a reducing environment of 4% H2–Ar. Density was
measured by Archimedes method. Sintered samples were pol-
ished to a 0.1 lm finish. Oxidation at 1300°C was conducted
for 5, 10, 15, or 20 h. Ultrapure zero grade dry air was used
for dry oxidation, whereas bubbling dry air through a water
bath created water vapor, with a flow rate for both of 50 cm3/
min. By adjusting the temperature of the water bath, the
water vapor partial pressure was varied from 0.2 atm PH2O

to 0.83 atm PH2O.
X-ray diffraction (XRD) analysis with a SmartLab X-ray

Diffractometer (Rigaku, Tokyo, Japan) used CuKa radiation
and scans steps of 0.05° from 20° to 90°. Scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS)
was performed on a Magellan 400 (FEI, Eindhoven, The
Netherlands). Grain size was measured using ImageJ (NIH,
Bethesda, MD). Backscatter electron imaging was used to
differentiate between nickel aluminate spinel (NiAl2O4) and
unreacted Ni and to measure the oxidation depth x. To obtain
an average depth of oxidation for each sample, at least 1 mm
parallel to the surface was imaged and measured in increments
of 100 lm along the surface with a depth of 150 lm.

III. Results and Discussion

While a-Al2O3 and NiO are the only phases in the initial
powder, Ni is formed and NiO peaks disappear after reduc-
tion (Fig. 1). The sintered compacts retain Ni metal, but
subsequent oxidation forms NiAl2O4 [Fig. 1(d)] in regions
near the surface probed by XRD. Interplanar d-spacings for
a-Al2O3 do not change, indicating limited solid solubility of
Ni in bulk alumina.13

The density of the sintered a-Al2O3/0.5 vol% Ni was
97%–98% theoretical density (4.07 g/cm3). The average
alumina grain size is 1.2 � 0.5 lm. Before oxidation, there is
a reasonably homogeneous distribution of submicrometer
Ni-particles throughout the a-Al2O3, typically located at the
grain boundaries, [Figs. 2(a) and (b)].

Figure 3 compares oxidation depths in dry and humid
environments. The difference in oxygen chemical potential
between the surface and the interior drives oxygen inward
oxidizing the Ni, producing NiAl2O4. The depth of Ni-spinel
formation measures the oxygen grain-boundary diffusion.
When water vapor is present, there is a significant increase in
oxidation depth for Ni-spinel formation for the same time
and temperature (Fig. 3). For example, after 5 h at 1300°C,
the oxidation depth is 43% greater for humid oxidation
(0.2 atm PH2O) versus dry air.

A depleted zone between the Ni and NiAl2O4 zones
[Fig. 3(a)] was often observed and these regions had a lower
overall Ni concentration determined by EDS, whereas oxi-
dized regions with spinel formation had higher concentra-
tions of Ni than in the bulk. The depletion zone is irregular
and more obvious in dry air samples. The presence of this
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depleted zone implies faster outward diffusion of Ni than
inward diffusion of oxygen, as also documented by research-
ers studying Ni diffusion through TGO alumina in TBCs.14

The square of the average oxidation depth is plotted
against annealing time in Fig. 4. The depth of oxidation is
an averaged value between the end depth for formation of
NiAl2O4 particles and the beginning depth for residual unox-
idized Ni-particles. A parabolic rate law is used to model the
diffusion-controlled reaction processes to form spinel to
determine oxidation kinetics. The kinetic rate constants are
calculated by determining the slope of each line. The rate

constant for dry oxidation at 1300°C was
kdry = 7.93 9 10�14 m2/s, within 8% of the value reported
previously at that temperature for oxidation of Ni in alu-
mina forming spinel in air.12 The rate constant for each
level of humidity was k0:2 atm PH2O

= 1.42 9 10�13 m2/s and

k0:83 atm PH2O
= 1.46 9 10�13 m2/s. The negligible difference

in oxidation depth for 0.2 atm PH2O and 0.83 atm PH2O sug-
gests that 0.2 atm PH2O is close to the saturation point for
incorporation of hydroxyl ions. Such saturation has also
been observed for TBC lifetime reduction in humid environ-
ments.14 The rate constant at 1300°C for humid oxidation is
79% higher than dry oxidation. The presence of water vapor
significantly accelerates inward oxygen diffusion and subse-
quent oxidation of the Ni-particles forming Ni-spinel.

The enhanced oxygen mobility likely can be attributed to
the smaller size and lower valence of the hydroxyl ion; per-
haps slightly counterintuitive is that the size of an O2� anion
in an oxide lattice shrinks by ~20% when a proton is within
it [forming (OH)�]. The repulsions in the p-electron cloud of
the oxygen ion are decreased due to the embedded proton.15

In addition, the hydroxyl ion can be more easily polarized,16

resulting in an ion that could more easily squeeze through
interstitial sites. A simplistic, albeit straightforward, consequence
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Fig. 1. XRD pattern of (a) milled Al2O3 + NiO powder before
reduction, (b) Al2O3 + 0.5 vol% Ni powder after reduction, (c)
sintered Al2O3 + 0.5 vol% Ni sample, and (d) a sample exposed to
dry oxidation for 20 h at 1573 K. (A = Al2O3, S = NiAl2O4 spinel
and * signifies an overlap with Al2O3).
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Fig. 2. SEM (a) backscattered electron image at low magnification
showing random distribution of Ni-particles and (b) secondary
electron image showing a Ni particle in Al2O3.
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Fig. 3. Average depth of oxidation x from top free surface for the
time lengths of 5, 10, 15, and 20 h at 1300°C under (a) dry and (b)
humid (0.2 atm PH2O) atmospheres.
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would be that oxygen ions with associated protons (forming
hydroxyl ions) can diffuse more readily due to their smaller
size, decreased charge, and flexible shape. Surface diffusion
of hydroxyl ions is known to be significantly faster than oxy-
gen ion diffusion for alumina,17 so it should come as no sur-
prise that the same would be true for hydroxyl ions diffusing
along grain boundaries. (OH)� is not likely to enter the bulk
alumina lattice due to valence imbalance, whereas grain
boundaries are more accommodating.

Protons are strongly bonded within oxygen anions in alu-
mina,18 so coupled diffusion as hydroxide is reasonable. Pro-
ton hopping from oxygen to oxygen ion occurs and
quantum tunneling is also known.19 This would increase
oxygen transport via proton-assisted accelerated diffusion of
one mobile oxygen ion and then another. Each time a pro-
ton hops and forms a bond within an oxygen ion, the anion
becomes smaller, diffusing more easily. Enhanced diffusion
of hydroxide ions has also been proposed as a reason for
faster oxidation of metals that form oxide scales in the pres-
ence of water vapor at high temperatures.20 During the oxi-
dation of metals, researchers have suggested that water
vapor can easily be incorporated into oxide films as (OH)�

with faster diffusion via proton hopping and an increase in
cation vacancies.21

There are several caveats to this simple interpretation.
Eutectic liquid films formed by impurities can enhance diffu-
sion at grain boundaries. It is conceivable that (OH)� could
produce thin liquid films at grain boundaries by the interac-
tion with impurities already present. It is also known that
high-temperature water vapor may remove diffusion-inhibit-
ing anion impurities (such as Cl�)22 from grain boundaries.
The impurity anion concentration is not known. (OH)� addi-
tionally provides a charge compensating mechanism for the
presence of Ni2+ replacing Al3+ in the grain boundaries as
nickel diffuses outward. Charge compensation will affect dif-
fusion values for nickel, the focus of a future study.

This result of accelerated diffusion in the presence of water
vapor at high temperatures has significance for alumina films
and coatings (especially TBC), as this predicts enhanced pen-
etration of oxygen under such conditions. This effect may
also be related to the enhancement of creep rates in alumina
in the presence of water vapor.23,24 More extensive studies
are in progress, including with a range of temperatures to
determine activation energies, a range of grain sizes, and the
deuterium effect.

IV. Conclusions

The incorporation of hydroxyl groups from water vapor at
high temperatures appears to enhance grain-boundary oxy-
gen diffusion in aluminum oxide, as evidenced by oxidation
of marker Ni metal particles in a-Al2O3 to form NiAl2O4.
This result certainly anticipates that other diffusional phe-
nomena relating to (OH)� incorporation, such as sintering,
creep, and corrosion, will be affected.
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Fig. 4. Square of the average oxidation depth versus annealing time
for dry oxidation and humid oxidation at 0.2 atm PH2O and
0.83 atm PH2O environments at 1573 K. (Trend line fitted using least
squares regression.)
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