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Oxygen diffusivities in mullite/zirconia composites measured
by 18O/16O isotope exchange and secondary ion
mass spectrometry
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Oxygen diffusivities in mullite/zirconia composites were measured by 18O/16O isotope
exchange and secondary ion mass spectrometry. They exhibited a wide range of values
from 10−21 to 10−10 m2/s at temperatures between 1000 and 1350 °C in the composites
with 0 to 80 vol% zirconia. At a fixed temperature, oxygen diffusivities in
high-zirconia composites were larger by at least eight orders of magnitude than those
in low-zirconia composites. The percolation threshold occurred between 30 and 40
vol% zirconia, where oxygen diffusivities dramatically changed. There was a clear
tendency of the activation energies of oxygen diffusion in composites to decrease with
increasing zirconia contents. The large oxygen diffusivities in the high-zirconia
composites were attributed to the interconnected channels of zirconia from the
microstructural aspect.

I. INTRODUCTION

Mullite-matrix composites are good candidates for
high-temperature structural applications among ceramic-
matrix composites, because of their low thermal expan-
sion coefficient, excellent strength, and creep resistance
at high temperatures, and good thermal shock resistance.
Previous studies have reported that partially stabilized
zirconia (PSZ) and silicon carbide (SiC) effectively im-
proved the mechanical properties of mullite-matrix com-
posites.1–4 However, the oxidation of the SiC constituent
would deteriorate the mechanical properties of such com-
posites under high-temperature oxidizing environments.
Moreover, the oxidation resistance of SiC-reinforced
ceramic-matrix composites could be seriously degraded
because of the incorporation of PSZ into the matrix.

Several investigations on the oxidation behavior of
mullite/PSZ/SiC composites have been carried out.5–10

In a pioneering study, Lin et al.10 first phenomenologi-
cally proposed two distinct oxidation modes, designated
as mode I and mode II, of mullite/PSZ/SiC composites at
elevated temperatures: mode I was based on the assump-
tion that oxygen diffusion in the silica layer was much
faster than in the mullite/zirconia matrix, and mode II
operated otherwise. However, oxygen diffusivities in

various mullite/PSZ composites have not been available
to date.

All the measurements of oxygen diffusivities in pre-
vious studies were conducted on monolithic ceramics.11–13

Using secondary ion mass spectrometry, Fielitz et al.11

measured oxygen diffusivities in 2/1-mullite and re-
ported that oxygen diffusivities ranged from 5 × 10−20 to
9 × 10−18 m2/s at temperatures ranging from 1250 to
1525 °C. Ikuma et al.12 determined oxygen diffusivities
in single crystal mullite to be between 1 × 10−21 and
8 × 10−20 m2/s at 1100 to 1300 °C. Kim et al.13 measured
oxygen diffusivities in 2.8 mol% Y2O3–ZrO2 to be
3.5 × 10−11 m2/s at 1000 °C using Raman spectroscopy
combined with the 18O–16O isotope exchange technique.
In this study, oxygen diffusivities in mullite/zirconia
composites with various zirconia contents were meas-
ured by the 18O/16O isotope exchange method using sec-
ondary ion mass spectroscopy (SIMS) to supplement the
existing data base of oxygen diffusivities in ceramic ma-
terials. The relationship among oxygen diffusivity, com-
position, and microstructure for various mullite/zirconia
composites is elucidated.

II. EXPERIMENTAL PROCEDURE

The starting materials were commercial mullite pow-
der (0.2 �m in average, KM-mullite, Kyoritsu Ceramic
Material Co., Nagoya, Japan) and 3 mol% Y2O3 partially
stabilized zirconia powder (0.3 �m in average, TZ-3Y,
Toyo Soda Mfg., Co., Tokyo, Japan). The mullite pow-
der was mixed with various amounts of zirconia. The
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compositions and designations of the composites are
listed in Table I.

The powder mixtures were hot pressed at 1600 °C,
except at 1675 °C for the monolithic mullite, in an argon
atmosphere and a uniaxial pressure of 30 MPa for 45 min
using a hot press (model HP50-HTG-7010, Thermal
Technology, Inc., Santa Rosa, CA). Oxygen-deficient
zirconia was formed in the as-hot-pressed samples. To
avoid the inaccuracy, the samples were preannealed in air
at 1360 °C/ 4 h after ultrasonic cleaning in acetone so
that stoichiometric zirconia was obtained.

Hot-pressed samples were cut into pieces with dimen-
sions of approximately 10 mm × 6 mm × 3 mm. All of
the pieces were ground with a 15-�m diamond matted
disc and then polished with 3-�m diamond paste using a
precision polishing machine (model Minimet 1000,
Buehler Ltd., Lake Bluff, IL). Then microstructures were
observed by a field emission scanning electron micro-
scope (FE-SEM, Model JSM-6500F, JEOL, Tokyo, Ja-
pan) with an acceleration voltage of 15 kV. To avoid
charging, the samples were coated with gold using an ion
coater.

The isotope-exchange method was applied using the
rare stable isotope 18O (99 at.%, Isotec Inc., Miamisburg,
OH) as tracer. Prior to annealing, the samples were rinsed
ultrasonically in an acetone bath and distilled water.
Then the chamber was evacuated, and a mixture of argon
and 18O with the ratio of 4:1 was introduced. The isotope
exchange annealing was carried out at 1000 °C/5 h,
1200 °C/3 h, and 1350 °C/2 h, respectively.

The isotope concentration profiles were analyzed us-
ing secondary ion mass spectrometry (SIMS, model
Quad 6600, PHI, Chanhassen, MN) with Cs ion (5 keV,
100 nA) as the primary beam. The rastered area was
300 �m × 300 �m, and the diameter of the analyzed zone
was 75 �m. For the composites with a low-zirconia con-
tent (i.e., less than 30 vol% ZrO2 in this study), the
diffusion depth of 18O isotope was quite small, and the
18O concentrations at various depths were measured
by sputtering with the Cs ion beam. In the case of the
composites with a high zirconia content (i.e., larger than
40 vol% ZrO2 in this study), the oxygen isotope pen-
etrated deeply into the sample. The sample was then

sectioned at various depths, where the 18O concentrations
were measured by the method mentioned previously.

III. RESULTS AND DISCUSSION

A. Measured oxygen concentration profiles

The concentrations of oxygen isotope were calculated
from the measured secondary ion intensities I(18O) and
I(16O) according to

C�x,t� =
I�18O�

I�16O� + I�18O�
. (1)

In general, it is better to determine diffusivities under
conditions where the steady state is reached. To achieve
such experimental conditions (large �(t/D)1/2), the meas-
ured 18O concentration profiles can be fit by a simple
erfc-type equation, while the reliability of the data can be
improved by eliminating the surface exchange coeffi-
cient � as a fitting parameter. However, shorter diffusion
anneal times (small �(t/D)1/2) were used in this study to
expedite the experiments. Then oxygen diffusivities as
well as surface exchange coefficients can be determined
under such conditions, when the measured 18O concen-
tration profiles are fitted by the following diffusion so-
lution C(x,t) for a semi-infinite medium given by
Crank.14

C�x,t� − Cbg

Cg − Cbg
= erfc� x

�4Dvt
� − exp�hx + h2 Dvt�erfc

� � x

�4Dvt
+ h�Dvt� , (2)

where Dv is the volume diffusion coefficient (m2/s), �
the surface exchange coefficient (m/s), h being equal to
�/Dv, Cg the 18O concentration in the gas phase, Cbg the
natural background level of 18O in the sample (∼0.2%),
and t the duration of the isotope anneal.

The 18O concentration profiles C(x,t) for various com-
posites annealed at 1000 °C are plotted in Fig. 1. The
concentration profiles for MZY40 and MZY80 had a
much smaller slope than those for pure mullite and for
composites with 30 vol% ZrO2 or less. The slope of the

TABLE I. Designations, compositions, hot-pressing conditions, and relative densities of various mullite/zirconia composites.

Sample Composition HP conditiona Relative density (%)

M Mullite 1675 °C/45 min 97.8
MZY05 95 vol% mullite + 5 vol% 3Y-PSZ 1600 °C/45 min 97.1
MZY15 85 vol% mullite + 15 vol% 3Y-PSZ 1600 °C/45 min 95.1
MZY20 80 vol% mullite + 20 vol% 3Y-PSZ 1600 °C/45 min 95.4
MZY30 70 vol% mullite + 30 vol% 3Y-PSZ 1600 °C/45 min 96.7
MZY40 60 vol% mullite + 40 vol% 3Y-PSZ 1600 °C/45 min 97.5
MZY80 20 vol% mullite + 80 vol% 3Y-PSZ 1600 °C/45 min 97.7

aAll under the pressure of 30 MPa and 1 atm argon.
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concentration profile decreased with increasing zirconia
content. As shown in Fig. 1(a), the tail for each compos-
ite approached a fixed value, which increased with ZrO2

content. This was probably caused by the fact that the
grain-boundary diffusivity in ZrO2 was much higher than
that in mullite. Note that the tail of experimental data in
mullite was about 25 times higher than the natural 18O
content (0.2%) and about an order of magnitude higher
than the grain-boundary-related tail of the diffusion pro-
file as reported by Fielitz et al.15 This could be attributed
to the fact that the grain size (about 0.5 �m) in the
current study was considerably smaller than that (about
5 �m) in the previous study conducted by Fielitz et al.15

The penetration depth of 18O sharply increased as the
ZrO2 content increased beyond some threshold value.
Figure 1(b) shows the concentration profiles for MZY40
and MZY80, indicating a penetration depth of more than
70 �m. The 18O concentrations of MZY80 were obvi-
ously higher than those of MZY40 at the corresponding
depths.

B. Oxygen diffusivities versus zirconia contents

Oxygen diffusivities as well as surface exchange co-
efficients were determined from the 18O concentration
profiles C(x,t), based upon Eq. (2) and nonlinear regres-
sion analyses. The results are listed in Table II. The
composites were divided into two categories depending
on their diffusivities and surface exchange coefficients:
the composites with 30 vol% have smaller values for
these parameters, and those with 40 vol% have larger
values. Oxygen diffusivities in high-zirconia composites
were thus about 8 orders of magnitude higher than those
in low-zirconia composites. Furthermore, oxygen dif-
fusivities in the low-zirconia composites (∼10−21 to
10−18 m2/s at 1000 to 1350 °C) were close to that in pure
mullite, while those in the high-zirconia composites
(∼10−11 to 10−10 m2/s at 1000 to 1350 °C) were close to
that of zirconia.13 It was also noted that oxygen diffu-
sivity in mullite was unexpectedly larger than that in
MZY05 or MZY15. This fact was attributed to the glassy
phase typically at mullite grain triple junctions and grain
boundaries because of the excess silica in mullite. It was
believed that the oxygen transport through these grain
boundaries, where the glassy phase was amorphous or
liquidized at 1000 to 1350 °C, was easier than through a
crystalline phase.

Figure 2 illustrates the relationship of oxygen diffu-
sivities with respect to zirconia content at different tem-
peratures, indicating that there was a dramatic increase in
oxygen diffusivities between 30 and 40 vol% zirconia at
all the annealing temperatures. The dramatic change in
oxygen diffusivities between MZY30 and MZY40 could
be explained by the percolation theory16,17 and the ef-
fective medium theory.18

Bruggeman’s symmetric effective medium theory as-
sumes that two spherical particles are randomly mixed in
the media. The diffusivity of such a random mixture (m),
consisting of a high-diffusivity phase (h) and a low-
diffusivity phase (l), can be predicted as Dm � order of
Dl, if f < fc and Dm � order of Dh, if f > fc, where f is
the volume fraction of the high-diffusivity phase and
fc is the percolation threshold. The percolation thresh-
old fc occurs at the volume fraction 0.33 for a three-
dimensional case.

For the conductivity of a polymer–metal composite,
the threshold decreased with increasing particle size ratio
of the polymer with respect to the metal, as indicated in
a previous study.19 Carmona et al.20 observed that the
threshold decreased with increasing aspect ratio of car-
bon fibers in the carbon–polymer composites.

In the present study, the high-diffusivity zirconia and
the low-diffusivity mullite were equiaxed (or spherical)
and both powders were randomly mixed. Therefore, the
critical volume fraction between 30 and 40 vol% zirconia
observed in this study is in agreement with the threshold

FIG. 1. The concentration profiles of oxygen isotope 18O after an-
nealing at 1000 °C/5 h for (a) mullite, MZY05, MZY15, MZY20, and
MZY30; and (b) MZY40 and MZY80.
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value predicted by Bruggeman’s symmetric effective
medium theory.

Based on the measurements of silica layer (i.e., oxi-
dation product of silicon carbide) thickness at various
depths beneath the outermost surface, Lin et al.10 phe-
nomenologically proposed two distinct oxidation modes
of silicon carbide/zirconia/mullite composites at elevated
temperatures. Mode I shows a large gradient and a shal-
low oxidation depth, while mode II exhibits a rather
small gradient and a large oxidation depth.

Lin et al.10 claimed that the oxidation behavior
strongly depended on the relative oxygen diffusivities

through the silica layer and the mullite/zirconia matrix as
well, even though oxygen diffusivities in various matri-
ces were not measured at all. In their proposal, mode I
was based on the assumption that oxygen diffusion in the
silica layer was much faster than in the mullite/zirconia
matrix, while mode II was based on the opposite assump-
tion.

The measured oxygen diffusivities in low-zirconia
composites (�30 vol% ZrO2) were smaller by 3 to 4
orders of magnitude than that in SiO2 (about 10−18 m2/s
at 1000 °C),21 while those in high-zirconia composites
(�40 vol% ZrO2) were higher by 5 to 6 orders of mag-
nitude than that in SiO2. These results could validate the
modeling of oxidation modes proposed by Lin et al.10

It was worth noting that the 18O concentration profiles
in the present study resemble the SiO2 layer thickness
versus depth curves reported by Tsai and Lin.9 Both ex-
perimental results (i.e., concentration profiles and SiO2

layer thickness) of high-zirconia composites illustrated
small gradients and large diffusion (or oxidation) depths,
and vice versa. It was thus concluded that the oxidation
behavior of silicon carbide/zirconia/mullite composites is
closely related to the oxygen diffusion through their re-
spective zirconia/mullite matrices.

Fielitz and Borchardt22 have discussed the working
limits of the diffusivities and surface exchange coeffi-
cients determined with the SIMS depth profile. They in-
dicated that the chosen annealing time (t) with respect to
the characteristic time constant (�) was restricted to the
range: 3 × 10−4 � t/� � 10 if the 18O concentration at the
surface reached about 80% of the gas atmosphere and the

TABLE II. Measured oxygen diffusivities (D), surface exchange coefficients (�), and characteristic time constants (�) in various composites.

Sample Temperature (°C) Time (s) D (m2/s) � (m/s) � (s)a t/�

M 1000 18000 3.3 × 10−21 2.2 × 10−13 6.60 × 104 2.73 × 10−1

MZY05 1000 18000 1.7 × 10−21 1.3 × 10−13 1.03 × 105 1.76 × 10−1

MZY15 1000 18000 3.6 × 10−21 1.3 × 10−13 2.04 × 105 8.81 × 10−2

MZY20 1000 18000 1.6 × 10−20 3.6 × 10−13 1.25 × 105 1.44 × 10−1

MYZ30 1000 18000 2.2 × 10−20 2.4 × 10−13 3.93 × 105 4.57 × 10−2

MZY40 1000 18000 1.4 × 10−12 1.3 × 10−9 9.13 × 105 1.97 × 10−2

MYZ80 1000 18000 3.8 × 10−12 2.9 × 10−9 4.46 × 105 4.04 × 10−2

M 1200 10800 4.8 × 10−20 2.5 × 10−13 7.85 × 105 1.38 × 10−2

MZY05 1200 10800 2.2 × 10−20 1.1 × 10−13 1.93 × 106 5.60 × 10−3

MZY15 1200 10800 3.3 × 10−20 1.6 × 10−13 1.31 × 106 8.24 × 10−3

MZY20 1200 10800 1.1 × 10−19 2.6 × 10−13 1.56 × 106 6.92 × 10−3

MZY30 1200 10800 1.3 × 10−19 2.0 × 10−13 3.10 × 106 3.48 × 10−3

MYZ40 1200 10800 2.1 × 10−11 1.2 × 10−9 1.34 × 107 8.06 × 10−4

MYZ80 1200 10800 3.4 × 10−11 2.0 × 10−9 8.23 × 106 1.31 × 10−3

M 1350 7200 1.1 × 10−18 7.1 × 10−13 2.21 × 106 3.25 × 10−3

MZY05 1350 7200 5.6 × 10−19 4.8 × 10−13 2.44 × 106 2.95 × 10−3

MZY15 1350 7200 6.4 × 10−19 5.8 × 10−13 1.90 × 106 3.79 × 10−3

MZY20 1350 7200 1.4 × 10−18 6.8 × 10−13 3.09 × 106 2.33 × 10−3

MZY30 1350 7200 2.6 × 10−18 8.4 × 10−13 3.68 × 106 1.96 × 10−3

MZY40 1350 7200 6.4 × 10−11 2.6 × 10−9 9.75 × 106 7.38 × 10−4

MZY80 1350 7200 1.9 × 10−10 3.2 × 10−9 1.78 × 107 4.04 × 10−4

a� � D/�2.

FIG. 2. The relationships of oxygen diffusivity and zirconia content
after annealing at 1350 °C/2 h, 1200 °C/3 h, and 1000 °C/5 h, respec-
tively.
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dynamic range of the 18O concentration was at least 1
order of magnitude higher than the natural abundance.
The ratios of the experimental annealing time (t) to the
characteristic time constant (�) are listed in Table II. It
indicates that the t/� ratios between 4.04 × 10−4 and
2.73 × 10−1 are in the limited range with sufficiently long
annealing time so that the diffusivities and the surface
exchange coefficients determined by Eq. (2) have accept-
able accuracies in the present study.

C. Activation energies versus zirconia contents

Figure 3 displays the Arrhenius plots of oxygen diffu-
sivities versus 1/T for the composites with various zir-
conia contents. The activation energies of oxygen diffu-
sion in the composites were determined by the slope of
fitting lines and are listed in Table III. The activation
energy of oxygen diffusion in MZY40 was close to that
in MZY80, while the activation energy of oxygen diffu-
sion in MZY05 approached that in pure mullite. It was
noted that the activation energy had a tendency to de-
crease with increasing zirconia content. However, the
activation energy of oxygen diffusion in MZY30 was
slightly larger than that in MZY20. The pre-exponential
constant D0 in the oxygen diffusivity expression D � D0

exp (−Q/RT) was determined from the intercept of the ln
D versus 1/T plot, and the results are listed in Table III.
It indicates much higher D0 values for MZY40 and
MZY80 than for others.

D. Microstructural characteristics

The variation of oxygen diffusivities with respect to
the zirconia content can be explained from the micro-
structural viewpoint. Figures 4(a) and 4(b) show the
SEM micrographs of a low-zirconia and a high-zirconia
composite, i.e., MZY15 and MZY40, respectively. The

bright phase is zirconia, while the dark one is mullite.
Figure 4(a) reveals that the zirconia particles of MZY15
were isolated in the mullite matrix. In the low-zirconia
composites, the oxygen diffused mainly via the continu-
ous mullite, which has a small oxygen diffusivity (about
10−21 m2/s at 1000 °C). This is why the oxygen diffu-
sivities in low-zirconia composites were expected to be
of the same order of the oxygen diffusivity in mullite. In
contrast, Fig. 4(b) shows that the zirconia particles in
MZY40 were interconnected. This interconnected

FIG. 3. Arrhenius plots of oxygen diffusivities in the composites with
various zirconia contents.

TABLE III. Pre-exponential constants (D0) and activation energies
(Q) in various composites.

D0 (m2/s)a Q (kJ/mol)

M 6.7 (±0.50) × 10−10 277 (±24)
MZY05 2.9 (±0.26) × 10−10 277 (±29)
MZY15 3.5 (±0.38) × 10−11 246 (±33)
MZY20 6.4 (±0.79) × 10−12 212 (±30)
MZY30 2.4 (±0.36) × 10−11 223 (±48)
MZY40 8.1 (±0.38) × 10−5 188 (±15)
MZY80 2.0 (±0.10) × 10−4 189 (±14)

aD � D0 exp (−Q/RT).

FIG. 4. Secondary electron images of the as hot-pressed (a) MZY15
and (b) MZY40. The bright phase is zirconia, while the dark phase is
mullite. Thermal etching at 1300 °C/1 h.
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channel of the zirconia phase, which had a high oxygen
diffusivity of about 10−11 m2/s at 1000 °C,13 became a
rapid diffusion path for oxygen in high-zirconia compos-
ites. It is thus expected that the oxygen diffusivities in
high-zirconia composites are of the same order as the
oxygen diffusivity in zirconia.

IV. CONCLUSIONS

(1) The oxygen diffusivities in various mullite/zirconia
composites were measured by the 18O/16O isotope ex-
change and secondary ion mass spectrometry method.
The oxygen diffusivities in mullite/zirconia composites
ranged from 10−21 to 10−10 m2/s, depending on the zir-
conia content and temperature.

(2) The oxygen diffusivities in mullite/zirconia com-
posites exhibited a threshold of zirconia content at be-
tween 30 and 40 vol%. The high-zirconia composites
showed relatively high oxygen diffusivities, close to the
oxygen diffusivity in zirconia. Correspondingly, the low-
zirconia composites showed relatively small oxygen dif-
fusivities, close to the oxygen diffusivity in mullite.

(3) There was a clear tendency of the activation ener-
gies of oxygen diffusion in composites to decrease with
increasing zirconia contents. The activation energies of
oxygen diffusion in high-zirconia composites were close
to that of zirconia; while those of low-zirconia compos-
ites approached that of mullite.

(4) The extreme difference in oxygen diffusivities be-
tween low-zirconia and high-zirconia composites was
explained by the microstructural features of the compos-
ites. In the high-zirconia composites, the relatively large
oxygen diffusivities were attributed to the interconnected
zirconia channels, which provided a fast diffusion path
for oxygen.
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