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The diffusion of moisture-related species into both tetragonal and
cubic single crystals at temperatures characteristic of moisture-
enhanced low-temperature degradation of tetragonal zirconia
is reported using secondary ion mass spectrometry (SIMS).
The crystals were immersed in D and O18 isotopically labeled
water and in O

18
gas environments over the temperature range of

1001–2201C and SIMS profiles of H, D, O
18
, and O

18
D deter-

mined. The oxygen diffusivities in both tetragonal and cubic
crystals were the same, irrespective of whether the crystals were
exposed to gas or water. Furthermore, the oxygen diffusivities
were consistent with extrapolations of the oxygen diffusivities in
cubic crystals reported at higher temperatures using the reported
activation energy for oxygen vacancy diffusion. Both H and D
diffuse into the tetragonal crystal when immersed in water but
despite having a higher concentration of vacancies no diffusion of
H or D was detectable in the cubic single crystals exposed under
identical conditions. Quantification of the H and D diffusion into
the tetragonal crystal proved unreliable due to charging effects
even though the SIMS profiling was performed at liquid nitrogen
temperatures. Nevertheless, it was concluded that D can diffuse
in tetragonal zirconia at room temperatures over a period
of several months. Finally, although a species of mass 20 amu,
which is the same as the isotopic labeled OH (O18D) ion,
was detected in the tetragonal single crystal zirconia exposed
to water, it was concluded that this was a SIMS artifact and that
moisture does not diffuse in zirconia as either an OH or H2O ion.

I. Introduction

AS early as 1981 it was discovered that yttria-stabilized zir-
conia ceramics would slowly transform from the tetragonal

to its monoclinic form in the presence of moisture1 at temper-
atures as low as room temperature. This phenomenon, com-
monly referred to as low-temperature degradation (LTD) on
account of the reduction in strength of the ceramic accompa-
nying the transformation, occurs at a rate that depends on tem-
perature, the humidity, and the concentration of the yttria
stabilizer.2–4 It is of importance because the transformation oc-
curs over a temperature range, typically room temperature to
1001–4001C, over which zirconia has found several important
applications such as biomedical implants3 and coatings.5 It is
also significant because the moisture-enhanced transformation
competes with crack propagation-induced transformation, as in
transformation toughening, as a process by which metastable
tetragonal converts to the stable monoclinic polymorph.

A variety of qualitative explanations associated with the in-
ward diffusion of moisture species have been proposed to ac-
count for the kinetics of the transformation. Most invoke the
idea that OH� ions diffuse into the zirconia lattice, filling oxy-

gen vacancies, and reducing the stabilization of the tetragonal
phase. In support of this is the reported similarity between the
apparent activation energy of the transformation kinetics and
the activation energy for oxygen vacancy diffusivity.6,7 The lat-
ter have been measured in cubic single crystals at higher tem-
peratures (above B5001) than the lower temperatures at which
LTD occurs. A number of species on the surface of zirconia ex-
posed to water have been identified by X-ray photoelectron
spectroscopy.8 These include OH� and O2

� ions. In addition,
there is one report by elastic recoil analysis indicating the pres-
ence of hydrogen in zirconia samples exposed to water at 2001C
in an autoclave.9 Lastly, there are a number of papers in which
an infrared absorption band characteristic of the presence of
OH� has been reported in zirconia ceramics after exposure to
water using infrared spectroscopy but again no quantitative in-
formation concerning diffusivities has been obtained.

In the absence of quantitative data and equivocal species
identification, we describe a number of diffusion experiments,
using 18O and D isotopically labeled water, to determine the
nature of moisture diffusion in zirconia. These isotopes were
chosen so that it would be possible to monitor a variety of
moisture-derived species, including H, O, OH, and H2O. Mea-
surements were made on both single crystals of tetragonal and
cubic yttria-stabilized zirconia using secondary ion mass spect-
rometry (SIMS). Although, as will be seen, SIMS analysis of H
and D is not ideal because of the sensitivity to surface charging
induced effects, the technique nevertheless provides information
on the diffusing species and quantitative information regarding
their diffusivities.

II. Experimental Procedure

All the samples for the diffusion experiments were either cut
from a large boule of a tetragonal single crystal of nominal
composition 3 m/o Y2O3 (6 m/o YO1.5), made by skull melting
(Ceres Corporation, Niagara Falls, NY), or were cut from com-
mercially available cubic single crystals stabilized with 9 m/o
Y2O3 (Zirmat Inc., North Billerica, MA). The actual composi-
tion of the boule was found to be 6.1770.13 m/o YO1.5 using
electron microprobe microanalysis determined from an average
of 23 locations. The tetragonal boule was oriented using X-ray
diffraction and slices cut parallel to (001). Samples, approxi-
mately 5 mm� 3 mm� 2 mm, were cut from the slices using a
slow speed diamond saw and mechanically wet polished using
diamond lapping films from 9 to 1 mm. It was found that there
was no difference in the isotopic diffusion profiles between sam-
ples that had been cut and polished in oil or water. After pol-
ishing, all the tetragonal samples were cleaned in an ultrasonic
bath with acetone and isopropanol alcohol. A number of the
cubic single crystals, believed to have been Siton polished by the
supplier, were annealed in air at 12001C for 2 h rather than being
mechanically polished.

For the diffusion experiments, individual samples were
loaded into separate stainless-steel Swagelok tubes fittings con-
taining 0.3 mL of an equal mixture of deionized water and
deuterated water with 18O, D2

18O. In accord with the manufac-
turer’s instructions, the tube caps were turned finger tight and
then additionally turned a quarter rotation with a wrench. A
K-type thermocouple was attached to the tube fitting and then
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the tubes inserted into a tube furnace. Each diffusion experi-
ment was performed as follows: (1) a 30-min heating to the de-
sired diffusion temperature, (2) an isothermal soak period,
and (3) a 15-min cooling period to room temperature. A range
of diffusion temperatures, from 1001 to 2001C, as well as
diffusion times were investigated. After the diffusion anneal
and cooling, the samples were removed and cleaned in an ul-
trasonic bath with acetone and isopropanol alcohol to remove
surface water before inserting into the vacuum system of the
SIMS system.

Diffusion profiles for each sample were obtained using dy-
namic SIMS (Physical Electronics 6650 Quadrupole system,
Eden Prairie, MN). Samples were first cooled in the analytical
chamber using liquid nitrogen and analysis was carried out in a
vacuum of B5� 10�10 torr. The SIMS profiling was performed
with the sample cooled to liquid nitrogen temperature to min-
imize any possibility of diffusion of the H and D under the ion
beam. A 6 kV Cs1 ion beam was used with the quadruple de-
tector set to collect secondary negative ions. Concurrently, sur-
face charge compensation was supplied by an electron gun.
Secondary ion counts of hydrogen and oxygen isotopes (H, D,
and 18O) as well as other species D18O (mass 20) were recorded
under the control of the SIMetric software as a function of
analysis time. In the particular SIMS machine used, the detector
system nonlinearity leads to the center of mass for H and D,
being at 1.2 and 2.1 amu, respectively. A channel width of 0.2
amu was used for the collection of all the species, except for the
H and D, where a wider channel (0.3 amu) was used. In addi-
tion, the counts at 18.4 amu were used to monitor the 18O con-
centration as the 18 amu signal was so strong that it often
saturated the collector. Depth profiles of the SIMS crater was
measured after SIMS analysis using a Sloan Dektak IIA profilo-
meter (Veeco, Santa Barbara, CA) to calibrate the analysis time
to a corresponding depth with the assumption of a constant ion
erosion rate.

To complement the aqueous diffusion studies, a number of
gaseous diffusion studies were also carried out in which the te-
tragonal and cubic crystals were annealed in O18 gas at two
different temperatures. These experiments were designed to pro-
vide oxygen diffusion data at significantly lower temperatures
than hitherto reported, commensurate with the moisture diffu-
sion studies. They were carried out in a special apparatus, sim-
ilar to that described in reference Manning et al.,10 in which the
crystals were annealed in one atmosphere of a 1:4 mixture of
99% pure O18: argon gas (America Speciality Gases, Toledo,
OH). The crystals were placed in silica tubes, the air evacuated
and then replaced with the O18 gas mixture and annealed in a
tube furnace. After gaseous annealing, the crystals were re-
moved and the concentration profile of O18 was determined
by SIMS in the same manner as described for the samples ex-
posed to water.

The surfaces of the crystals before and after water exposures
were monitored by optical microscopy and by Raman micros-
copy. The latter was carried out using a confocal Raman mi-
croscope system (LabARAMIS system, Jobin-Yvon, Edison,
NJ) and with excitation at 633 nm from a HeNe laser.

To calibrate the SIMS sensitivity for both H and D in zir-
conia, a cubic single crystal was co-implanted with a H dose of
1.2� 1014 cm�2 and a D dose of 1.7� 1014 cm�2 at energies of
33 keV each. Based on SRIM/TRIM simulations, the peak con-
centrations of the two ions were calculated to lie at 200–400 nm
below the surface with a peak width of 50–100 nm.

III. Results

The SIMS profile recorded from the H and D implanted cali-
bration crystal is reproduced in Fig. 1. The peak in the D con-
centration is at 400 nm, the expected range based on SRIM
simulations. The implanted H also exhibits a range of implan-
tation concentration but its’ peak occurs, in agreement with the
simulations, at a smaller depth. An unexpected feature of the

profiles, however, is the appearance of a weak but quite distinct
profile in the mass 20 amu concentration having a similar profile
to that of the D profile. This is a remarkable finding because
mass 20 is not an ion that is present in the crystal and can only
be obtained from the implanted D with an ion of mass 18 amu,
or most unlikely, a combination of two D ions and one 16O ion,
namely D2

16O. As 18O was not implanted into the crystal its only
possible source is as the naturally occurring oxygen isotope in
the crystal. (The natural isotopic abundance of 18O is 0.02%.)
Either way, the observation of mass 20 amu, which has the same
mass as D18O, has important implications in the context of the
results reported later in this section.

Figure 2 shows an example of the near surface O18 ion diffu-
sion profiles in a tetragonal crystal, measured after exposure for
the same duration at different temperatures in the isotopically
enriched water, in terms of the collected counts per second as a
function of depth. Similar profiles were recorded for ions with
mass 20 amu (D18O) but are not plotted here. (The species H2O
has a mass of 18 amu and hence is indistinguishable from O18.)
No ions with a mass number of 22, corresponding to water
molecules, D2O

18, were detectable. The concentration profiles of
the O18 in the tetragonal crystals, as well as the mass 20 amu
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Fig. 1. Secondary ion mass spectrometry (SIMS) profiles of a cubic
zirconia single crystal after implantation of 1.2� 1014 atoms/cm2 H ions
and 1.7� 1014 atoms/cm2 D ions. In this and subsequent figures, the
SIMS profiling was performed using a 6 kV Cs1 ion beam.
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concentration profiles, could be fit by the standard one-dimen-
sional equation for inward diffusion from a constant planar
surface source:

cðx; tÞ � CS

C0 � CS
¼ erf

x

2
ffiffiffiffiffiffiffiffiffiffiffiffi
ðD; tÞ

p (1)

where CS and C0 are the surface concentration and initial, back
ground concentrations, respectively, x is the distance into the
material, t is the diffusion time, D is the diffusivity.

The diffusivities obtained from the short time exposures for
the O18 ions are shown as data points in Fig. 3 superimposed on
a plot of the diffusivity of oxygen vacancies in cubic zirconia,
taken from references,6,10 and extrapolated to low temperatures.
As will be described later, similar diffusivities were also recorded
for the cubic single crystals and are indicated on Fig. 3. The
same values for the diffusivities were obtained for the 20 amu
species.

The diffusion profiles of H, D, 18O, and D18O in the tetrag-
onal crystals, after exposure to the isotopically enriched water
all had a similar shape as illustrated in Fig. 4 for a crystal after
being immersed in water for 14 h at 1421C. The profiles are un-
like the standard inward diffusion profiles in having, in addition
to the standard inward diffusion profile, marked A, an almost
linear slope of the logarithm of counts versus depth at interme-
diate depths, region B, followed by a more characteristic decay
deeper into the crystal, region C, until merging into a constant
background level, G. Notably, the profiles of all the possible
diffusing species are similar in shape with the rapid decay oc-
curring at the same depth in the crystal for each species. By
contrast, the Zr and Y profiles (the latter not shown) are con-
stant with depth as expected. The profiles at short depths of the
18.4O and mass 20 amu both had the expected decay profiles
characteristic of inward diffusion of the species given by Eq. (1).
None of the distinctive diffusion regimes was linear on a plot of
log counts vs depth to the 6/5th power, characteristic of short
circuit diffusion, for instance along grain boundaries or dislo-
cations.11,12 Unfortunately, the D and H profiles near the sur-
face, typically within B200 nm of the surface, were not very
reproducible, varying from one SIMS analysis to another. This

variability was attributed to the sensitivity of the H and D sig-
nals to the establishment of the charge neutrality conditions in
the SIMS. For this reason, the initial portions of the D and H
profiles were ignored and only the deeper portions of the profiles
taken into account. As will be described later, Raman spectra
recorded from the crystals indicated that the crystal surface was
partially transformed to monoclinic after exposure to the iso-
topically enriched water.

A similar deuterium profile as shown in Fig. 4 after immer-
sion and then after seven months in ambient air at room tem-
perature and then again after short annealing is shown in Fig. 5.
The comparison clearly shows that the D species has some mo-
bility over a period of 7 months at room temperature diffusing
both to the surface and, to a lesser extent, also diffusing further
into the crystal. The decreased integrated intensity also indicates
that there is net diffusion out of the crystal with aging. Subse-
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quent heating to 1311C for 1 h causes further redistribution with
more diffusion to the surface as well as further diffusion deeper
into the crystal. Significantly, the crystal remained monoclinic
after annealing as determined from its Raman spectrum.

In Fig. 6, the diffusion profiles for a cubic single crystal ex-
posed to gaseous 18O for 120 h at 2001C are compared with
those for another piece of the same crystal after being immersed
in the isotopically enriched water for the same time and almost
the same temperature (1991C). The 18O diffusion profile in the
crystal exposed to the gas follow the standard diffusion profile
(Eq. (1)) and equally good fits, with a correlation coefficient of
better than 0.999, could be obtained using either the standard
one-dimensional diffusion equation or with that modified to ac-
count for surface exchange.10 The diffusivities measured at
different temperatures lie well within the range of oxygen diffu-
sion coefficients obtained by extrapolating those reported in the
literature for cubic zirconia at temperatures above 4501C to
lower temperatures. The extrapolation assumes the same acti-
vation energy of 1.0 eV as has been reported for the high tem-
perature diffusion measurements. The diffusion profile for the
18O ions in the crystal exposed to the isotopically enriched water
is the same as in the crystal exposed to gas although the mag-
nitude of the counts is noticeably greater. (The back ground
level is the same.) As with the SIMS calibration experiments,
there is an apparent diffusion profile for mass 20 amu which we

again attribute to a measurement artifact because the concen-
tration profile follows that of the 18O ions. Most significantly,
though, is that there is no evidence for any inward diffusion of
either D or H into the cubic crystal from the water and the D
and H counts are essentially identical to those in the crystal ex-
posed to air, namely they have similar back ground levels. (The
variation in D and H counts between these two profiles, which
were recorded in separate sets of SIMS measurements, is an ex-
ample of the variability associated with the charge neutralization
process.) The only exception we found was when mechanically
polished cubic crystals were immersed in water rather than those
annealed at 12001C. Then, the D and H concentration profiles fit
a 6/5th depth dependence, suggesting that they diffused along
dislocations introduced into the surface by the polishing.

Figure 7 is a similar comparison to that of Fig. 6 but for
pieces of the tetragonal crystal cut from the same boule. (Both
the profiles in Figs. 6 and 7 were obtained from cubic and te-
tragonal crystals annealed together to ensure the most direct
comparison.) For the tetragonal crystal exposed to water, in
diffusion regime A, the 18O concentration again fits the standard
diffusion equation (Eq. (1)) and the diffusivity determined is the
same as in the cubic crystal. Interestingly, as with the data from
the cubic crystal, the mass 20 signal follows the same profile
shape as does the 18O concentration but as suggested by the data
in Fig. 1 is likely to be a measurement artifact. The most striking
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feature of the data in Fig. 7, though, is that H and D both rap-
idly diffuse into the tetragonal crystal exposed to water. As with
the data in Fig. 4, the concentration profiles of H and D are very
similar in shape.

Morphologically, the tetragonal crystals were featureless be-
fore annealing in water except for surface scratches from the
polishing. However, after exposure to water, the surfaces were
covered with features that to the eye gave an ‘‘orange peel’’
contrast and by optical microscopy were revealed to be irregu-
lar-shaped floweret’s. No such features were observed on the
surfaces of the cubic crystals after exposure or on the tetragonal
crystals annealed in 18O gas. Several of the exposed tetragonal
crystals with the ‘‘orange peel’’ appearance were subsequently
annealed in air at 12001C for 2 h, after which the surface features
disappeared. This is illustrated in the photomicrographs in
Fig. 8. Raman microscopy of the surfaces indicated that the
surface features were monoclinic zirconia whereas the surround-
ing areas were tetragonal, as were the crystals initially. By uti-
lizing the confocal capabilities of the Raman microscope, the
transformed regions were found to only extend a short distance
into the crystals and when the microscope was focused below the
surface no monoclinic phase was detectable (Fig. 9). These
Raman microscopy observations are fully consistent with the
atomic force microscopy observations made by Chevalier and
colleagues of polycrystalline yttria-stabilized zirconia after
LTD.13 Those investigators were able to identify the crystallo-
graphic features of the transformed regions and showed them to
be fully consistent with the established crystallography of mar-
tensite in zirconia. Furthermore, they also showed that the

monoclinic regions were almost pyramidal in shape with de-
creasing cross section with distance into the surface.

IV. Discussion

The observations reported here provide direct evidence that
moisture-related species diffuse into tetragonal yttria-stabilized
zirconia but not into yttria-stabilized cubic zirconia when ex-
posed to water at temperatures at which LTD of tetragonal zir-
conia has been reported. Complementary microscopy
observations of the tetragonal surfaces exposed to water indi-
cate that the transformation to the monoclinic phase is spatially
inhomogeneous and that the transformation proceeds in from
the surface. These observations raise several issues that will be
discussed in the following, specifically the nature of the diffusing
species, why they diffuse in tetragonal zirconia but not in cubic
zirconia, and how the observed transformation is related to the
possible diffusion mechanisms.

The similarity in shape of the diffusion depth profiles for the
H, D, and 18O in tetragonal zirconia, for instance in Fig. 4,
suggest that the in-diffusion of these species is coupled because it
is highly unlikely that each has the same diffusivity, especially
because they have very different atomic masses. One possible
explanation for the similarity is that the diffusing species is an
O18D (OH) species and that the O18 and D ions collected in the
SIMS analysis are produced as fragments by the interaction of
the ion beam with the sample. Although we initially believed this
was the explanation based on our concentration profiles before
our calibration experiments, we now consider this to be highly
unlikely in view of the measurements on the cubic zirconia crys-
tals implanted with D and H. The profiles from these crystals
exhibited an apparent O18D diffusion profile even though they
were not implanted with O18. This suggests strongly that the
O18D species detected are not diffusing species but rather are
formed by interaction of the Cs1 ion beam with the H and D in
the crystal during the SIMS analysis. It would also explain why
the mass 20 amu profiles in every SIMS run always scaled with
those of the D and the O18 profiles. In turn this implies that the
oxygen and hydrogen ions are in fact the diffusing species, the
oxygen by oxygen vacancy diffusion and the hydrogen by some
as-yet unidentified mechanism, but coupled in some manner.
The simplest explanation for the coupling is to contemplate that
the hydrogen substitutes for an oxygen vacancy site and diffuses
by the same oxygen vacancy diffusion mechanism as oxygen
diffusion does. The coupling would then be a natural conse-
quence of the same vacancy diffusion mechanism. This would
also explain why the diffusivity and activation energy we deter-
mine from the 18OD species are the same within experimental

C
C

F

Fig. 8. Optical micrographs of the surface of a tetragonal crystal that
had been polished and then immersed in water for 14 h at 122.51C (top)
and then after subsequent annealing at 12001C for 2 h (bottom). The
crystal surface before exposure was featureless but after immersion in
water had an ‘‘orange peel’’ appearance which in the micrographs is due
to local floweret’s. The two rectangular features, C, at about 201 to the
horizontal are the craters formed by the secondary ion mass spectrome-
try ion-erosion process used to obtain the depth profiles. The short
length of the craters is B300 mm.
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uncertainty. Alternatively, it is possible that the hydrogen ions
could diffuse by an interstitial mechanism, as they do in proton
conductors, with coupling through a Coulombic attraction with
the oxygen vacancies.14

We find that the diffusivity of 18O in cubic and tetragonal
crystals exposed to pure 18O gas is consistent with extrapolations
of existing 18O in cubic zirconia down to the lower temperatures
characteristic of LTD as shown in Fig. 3. We also note that
under identical conditions but in water, 18O diffuses into cubic
YSZ but that H and D are undetectable above background lev-
els. We are then led to hypothesize that moisture diffusivity in
monoclinic is greater than in tetragonal which in turn is larger
than in cubic zirconia. Unfortunately, synthetic monoclinic sin-
gle crystals are unavailable to evaluate. Furthermore, for a di-
rect comparison to be made the monoclinic crystal would have
to also contain the same yttria concentration as do the crystals
transformed from the tetragonal phase.

The unusual shape of the diffusion profiles shown in Fig. 4
and the observations of the nucleation and growth of the mono-
clinic regions in the surface of the tetragonal crystal, suggest that
during exposure to moisture O and H diffusion occurs along
three parallel paths, as illustrated by the schematic in Fig. 10.
The first is bulk diffusion through the tetragonal surface which
dominates the initial portion of the diffusion profiles. It is from
these profiles that our oxygen diffusivities have been determined.
Then, as local regions of the surface transform to the monoclinic
phase, diffusion can occur along two additional paths; in the
monoclinic phase and also along the monoclinic/tetragonal in-
terfaces. If the interfaces were, on average, perpendicular to the
surface, then the diffusion profiles would be expected to be sim-
ilar to the 6/5 dependence characteristic of grain boundary
diffusion serving as a parallel path. This would correspond to
the well established regime B of diffusion in polycrystalline ma-
terials originally described by Hancock and others since.11 The
fact that the interfaces enclose approximately pyramidal (coni-
cal)-shaped monoclinic regions and hence are inclined to the
surface would not be expected to modify this power law depen-
dence so an alternative explanation is required. (For the same
reason, we discount the possibility that the short circuit paths
are microcracks rather than monoclinic/tetragonal interfaces).
As our data in region B of the profiles in Fig. 4 do not fit a
6/5th dependence on depth, we are therefore led to conclude
that the diffusion in region B is dominated by diffusion in
the monoclinic phase and the diffusivity is considerably larger
in the monoclinic than tetragonal phase. Assuming that the
transformed regions are approximately conical in shape, the
cross-sectional area of the monoclinic regions decreases linearly
with depth below the surface. Then, in region C, the concentra-
tion decreases rapidly as only the population of the deepest
transformed regions is sampled together with bulk diffusion in

the untransformed tetragonal phase deeper in the crystal, ahead
of the transformed regions.

The diffusion profiles we record and are illustrated in our
figures in this manuscript naturally raise the question as to the
possible diffusion mechanism(s). Although it has been suggested
that the diffusing species may be a charged oxygen molecule,
O2
�,8 the majority of papers in the LTD literature assume that

the diffusing species is the OH� ion. The reaction of water with
zirconia in terms of OH� ions as the diffusing species has been
formalized in the literature, in the Kroger-Vink notation, as:

H2Oþ V��O þO�O ,
ZrO2

2ðOHÞ�O (2)

where ðOHÞ�O is understood to represent an OH� ion on an ox-
ygen site in the zirconia lattice. The implication is that H and an
oxygen ion, which may be loosely bound as a proton circulating
an oxygen ion, together diffuse by an oxygen vacancy mecha-
nism. Based on our observations and argued above this seems
unlikely. More likely is that H diffuses as a H1 ion, occupying
an oxygen lattice site, and that both O and H diffuse along
different physical paths of atomic jumps but by the same oxygen
vacancy mechanism. As the diffusion of H and O is driven by
the same concentration gradient during exposure to moisture
and the diffusion mechanism is the same, then their diffusion
appears coupled and it may appear that the diffusing species is
an OH� ion. Thus, it is felt that a more accurate description
would be the dissociation of water at the surface of zirconia:

H2O ,
ZrO2

2Hþ þO2� (3)

followed by the reaction with oxygen vacancy point defects,
which in the Kroger-Vink notation

2Hþ þO2� þ V��O ,
ZrO2

2Hþ þO�O (4)

where the reaction would, in turn, be buffered by the stabilizer
charge compensation reaction:

Y2O3 ,
ZrO2

2Y0Zr þ V��O þ 3O�O (5)

In closing this portion of the discussion, we note that the
difficulty with LTD mechanisms proposed in the literature that
are based on oxygen vacancy diffusion is that one would expect
the diffusional fluxes to increase with vacancy concentration in
the zirconia and, as such, to increase with yttria stabilizer con-
centration. Thus, it would be expected that H and D would also
diffuse into cubic zirconia single crystals since the concentration
of oxygen vacancies is even higher in the cubic crystals than in
the tetragonal crystals we studied. Clearly, however, as indicated
by the results in Fig. 6 neither H nor D diffused into the cubic
single crystal after annealing in the isotopically enriched water.
There are two possible explanations for this contrary behavior
of the hydrogen. The first possibility is that the kinetics of the
surface decomposition reaction of water into hydrogen and ox-
ygen are retarded at the surface of the higher yttria content zir-
conia, perhaps due to changes in surface structure or enhanced
surface segregation of Y to the surface sites where the water
decomposition occurs. The other possibility is that the higher
yttria content alters the energy of the H (and D) in zirconia by
altering the Fermi level, namely the electrochemical potential for
H depends on the yttria concentration. Experimentally, the ab-
sence of any detectable diffusion of H or D into the cubic single
crystals when exposed to water is consistent with the reported
absence of any LTD of partially stabilized zirconia.15 This form
of stabilized zirconia consists of fine tetragonal spheroidal pre-
cipitates embedded in a cubic zirconia matrix. It is also consis-
tent with the fact that yttria-stabilized zirconia used in fuel cells
is an anion conductor and not a proton conductor.

Finally, we compare our experimental findings to those in the
literature. In fact, the only direct measurement of hydrogen in

Transformed

Tetragonal-Monoclinic
Interface

Tetragonal
Single Crystal

m

Diffusion
Depth

Fig. 10. Schematic illustration of parallel diffusion paths into tetrago-
nal zirconia as moisture-induced transformation to monoclinic occurs at
localized regions of the surface.
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zirconia exposed to water that we are aware of is by elastic recoil
detection analysis (ERDA).9 The single measurement presented
unequivocally showed that both H and D had diffused into a
polycrystalline 3 mol% Y2O3 stabilized zirconia ceramic ex-
posed to D-enriched water in an autoclave at 2001C for 2 h.
Under the ERDA conditions the authors used, the maximum
depth of analysis was 270 nm for D and their analysis indicated
that the exposure had led to a concentration of H and D of
1.2� 1021 atoms/cm3. Although this concentration must include
some contribution from grain boundary diffusion, the majority
is likely to be associated with volume diffusion. The ERDA
technique is insensitive to the charge state and so cannot provide
any information as to the form of the H, whether it is bound as
OH� ions, interstitial H ions or as H2O molecules. As can be
seen in Fig. 4, comparable H concentrations (B1021 atoms/cm3)
to those reported from the ERDA measurements9 are found in
region B of the diffusion profiles after 14 h exposure to water at
1421C.

V. Conclusions

Based on SIMS analysis of tetragonal and cubic yttria-stabilized
zirconia crystals exposed to isotopically enriched water, and of
cubic crystals implanted with H and D, it is concluded that
moisture diffusion into zirconia occurs by parallel but indepen-
dent diffusion of H and O ions. It is also concluded that it is
highly unlikely that moisture diffusion occurs by the transport
of either water molecules or by the migration of OH ions. The
oxygen diffusivity is consistent with extrapolations of oxygen
vacancy diffusion in cubic YSZ single crystals to the lower tem-
peratures of moisture-enhanced degradation assuming an acti-
vation energy of 1.0 eV. The oxygen diffusivity determined by
SIMS analysis of a cubic crystal exposed to 18O gas is the same
as that of the same crystal exposed to the isotopically enriched
water.

The SIMS analysis also indicates that D and H can diffuse in
tetragonal zirconia at room temperature over periods of months.
The concentration of H in tetragonal zirconia is similar to that
previously reported for a polycrystalline tetragonal zirconia of
similar composition exposed under similar conditions. The
transformation from tetragonal occurs by the nucleation of
small islands of monoclinic phase, evident by their surface re-
lief and Raman spectra, that grow both laterally and into the
crystal with time of exposure, consistent with observations made
on polycrystalline zirconia. Furthermore, the transformation is
reversible and the monoclinic islands transform back to the te-
tragonal phase and the surface relief associated with the mono-
clinic islands disappears. It is also surmised that the diffusivity of
H and O are faster in yttria-containing monoclinic zirconia than
in tetragonal zirconia of the same yttria concentration but con-
firmation must await availability of single crystals of the mono-
clinic phase.

Appendix A: SIMS Calibration

To establish calibrations for the sensitivity parameters for H and
D in zirconia, a SIMS standard was created by implanting into
two cubic yttria-stabilized single crystals. Both H and D were
implanted at 33 keV. As with the SIMS data presented in this
paper, the calibration profiles were obtained by rastering a 6
keV Cs1 ion beam across a 300� 1000 mm area with an ion
current of 250 nA. The secondary ions analyzed came from the
center 10% of the rastered area to avoid edge effects and vari-
ations in depth. Crater depth was measured using Dektak

profilometer. The SIMS depth profiles recorded for the calibra-
tion are shown in Fig. 1.

The relative sensitivity factor (RSF) for the implanted ions
was calculated with reference to the secondary ion intensity of
the Zr, mass 90, by

RSF ¼ Cion
IZr

Iion

� �

where Cion is the concentration of the implanted ion in the sput-
tered volume. The RSF for H and D were calculated to be
1.3� 1020 and 1.4� 1020 atoms/cm3, respectively. It was discov-
ered that the RSF for D could not be reliably used for quan-
tifying the D concentration in the presence of large
concentrations of H because the ion beam can create also cre-
ate pairs of hydrogen atoms by sputtering. These have same
mass as D, and consequently cannot be distinguished from D.
This difficulty is evident when the background levels of H and D
are compared since the natural abundance of D in nature is 1
part of D to 6500 parts H. Nevertheless, it is believed that while
this affects the absolute values of the D counts, it does not affect
the shapes of the D profiles.
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