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Oxygen self-diffusion coefficients have been determined for synthetic and natural rutile single
crystals under hydrothermal conditions at 100 MPa total pressure and in the temperature range
873-1373 K. The diffusion coefficients are lower than the results from dry gas exchange studies
would predict. Between 973 and 1373 K the results can be characterized by two linear Arrhenius
relationships. D=1.14x10""" exp(—168.8 kJ mol~"/RT) m~2s~" for the natural rutile, and
D=2.41x10""2exp(—172.5kJ mol~"/RT) m?s~" for the synthetic crystal. The results have
been interpreted in terms of a defect model involving the dissolution of water in rutile as
substitutional hydroxyl defects on oxygen lattice sites, with a solution enthalpy in the range

81-106 kJmol~".

1. Introduction

Rutile, TiO, has tetragonal symmetry with the tita-
nium ions arranged on a body centred tetragonal
sub-lattice and octahedrally co-ordinated by the oxy-
gen ions. In the intrinsic state rutile is an oxygen
deficient, n-type semiconductor with only small devi-
ations from stoichiometry. Maximum values of x in
TiO,_, are close to 0.01; the departure from stoi-
chiometry being a function of both temperature and
oxygen fugacity [1, 2]. The type of ionic defects re-
sponsible for the non-stoichiometry are still the sub-
ject of active debate. Kofstad [2] proposed that the
defect structure simultaneously comprises doubly
charged oxygen vacancies (using Kroger—Vink nota-
tion [3]) Vo and interstitial titanium ions with three
and four effective charges, Ti{ and Ti'} respectively.
The model predicts that V¢ dominate at high oxygen
fugacities and low temperatures, whereas Ti; and
of the non-stoichiometric range, at higher temper-
atures and lower oxygen fugacities.

Oxygen self-diffusion data are certainly consistent
with a transport mechanism involving isolated oxygen
vacancies, although results are only available for ma-
terial in the extrinsic state. The most complete sets of
diffusion data are those of Haul and Dumbgen [4, 5]
and Haul et al. [6]. Their results, determined using
bulk 20 isotope exchange techniques for TiO, pow-
ders annealed in O,, are well described by a single Ar-
rhenius relationship covering the temperature range
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983-1573 K
Dy = 1.0 x 10~ 7exp( — 251
+ 6kImol }/RT)m?s! M

Subsequent single crystal exchange experiments ana-
lysed by *#O isotope tracer profiling methods (proton
activation [7,8] and secondary ion mass spectro-
metry, SIMS [9]) yielded results that are substantially
in agreement with this relationship. These studies have
also demonstrated the existence of a small diffusion
anisotropy with transport perpendicular to the c-axis
being approximately 50% faster than that parallel to
the c-axis at 1620 K [5] and 1353 K [9]. Furthermore,
Haul and Dumbgen [4] observed no dependence of
oxygen diffusivity on oxygen fugacity within the range
10° to 1.3 x 10~ Pa at 1170 K. This latter result is con-
sistent with extrinsic diffusion behaviour. The high
Al,0; content (100-200 p.p.m.) of the samples used by
Haul and Dumbgen suggests an impurity-controlled,
vacancy diffusion mechanism. Oxygen vacancies are
introduced by the reaction

ALO; = 2Aly + Vo + 305 ()

This simple interpretation of the data is supported by
the study of Arita et al. [9], who found that Dox was
faster in rutile doped with Cr,Os.

A very interesting, preliminary set of diffusion an-
neals were carried out in water-saturated air by Haul
and Dumbgen [5]. At both 1088 and 1170 K the
oxygen self-diffusion coefficients were slightly lower
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than those obtained in experiments performed in dry
oxygen by a factor of almost two. The cause of the
reduction is not understood, though Haul and Dumb-
gen suggested that water dissolves in rutile according
to the reaction:

05 + Vg + H,0 = 20H, 3)

The effect of incorporating hydroxyl defects is to re-
duce the oxygen vacancy concentration and thus the
oxygen seli-diffusion coefficient. Infrared spectro-
scopic studies indicate that the dominant hydrogen
speciation in rutile is as OH ™ [10, 11]. At signific-
antly higher water activities (2 100 MPa) and
1323 K, Freer and Dennis [12] obtained an oxygen
diffusion coefficient of 3.2 x 107'*m?s~! for natural
rutile crystal. This is slower by a factor of approxim-
ately 100 than the results of dry oxygen gas exchange
experiments would predict [4-9]. This observation is
qualitatively consistent with Equation 3 in the sense
that increasing the water activity should lead to a fur-
ther reduction in the oxygen vacancy concentration.
However, our understanding of the role of water in the
defect structure of rutile, and other oxides, is too
limited to uniquely define this as the correct model.

To contribute to a better understanding of the dif-
fusion mechanism in rutile, and the role of water-
related defects, oxygen self-diffusion coefficients in
rutile have been determined as a function of temper-
ature (873-1373 K) under hydrothermal conditions at
100 MPa total pressure. The crystals used, one syn-
thetic and one natural, had widely differing impurity
concentrations to test the effect, if any, of aliovalent
dopants on the incorporation of water related defects.
Prepared fragments from the two crystals were em-
ployed in isotope exchange experiments with water
enriched in '80); the tracer diffusion profiles were
subsequently determined using SIMS. Preliminary re-
sults for the synthetic rutile were reported in an carlier
note [ 13] but are included here with the new data for
the natural crystal for the sake of completeness and
comparison.

2. Experimental procedure

2.1. Samples and sample preparation

The samples used in this study were prepared from
larger natural and synthetic crystals. The natural

TABLE I Summary of experimental conditions and results

sample, from Minas Gerais, Brazil, was a well de-
veloped needle approximately 7 mm long. Electron
microprobe EDS analysis of representative crystals
from the same source show a variable impurity con-
tent with average concentrations for the main impu-
rities as follows: Si (2170/10° Ti); Fe (2700/10° Ti); Mg
(750/10° Ti). No information is available for the minor
trace constituents. The synthetic crystal, a colourless,
transparent plate {approximately 10 x 4 x 1 mm), was
cut from a boule grown by Dr D. Jones of the Centre
for Materials Science, Birmingham University. The
principal impurity contents are: Si (1320/10°Ti); Mg
(400/10° Ti); Al (160/10° Ti); Fe (100/10° Ti).

Small pieces (2 x 2 x | mm) were cut from both crys-
tals, with the large faces oriented perpendicular to the
c-axis. These were then polished using SiC and dia-
mond paste down to < | pum finish.

2.2. Hydrothermal isotope exchange
experiments

Charges for the diffusion experiments consisted of
a crystal fragment sealed with approximately 9 mg of
water enriched in *#0 (**0/(*80 + %0) = 40%) in
3 mm outside diameter Pt tubes. The capsules were
run in internally heated, gas medium pressure vessels
at temperatures to 1373 K and at a pressure of
100 MPa. Two charges were run at each temperature:
one containing a natural crystal and the other a syn-
thetic crystal. Anneal durations ranged from approx-
imately 23 h at 1373 K to 70 h at 873 K.

A summary of the run conditions is given in
Table I. The oxygen fugacity of all the runs is thought
to be close to the natural Ni-NiO buffer of the pres-
sure vessels. The water fugacity is close to 100 MPa
for all runs (Table I). Heating and cooling periods
from 100 °C below the desired run temperatures were
less than 1% of the total anneal durations. Reported
temperatures are believed to be accurate to + 5°C,
the pressure to + 5 MPa. At the termination of the
run the charges were checked for leaks and the pres-
ence of excess water in the capsules.

2.3. SIMS analysis
The oxygen isotope composition as a function of

Sample 7(°C) log f(H,0) log f(O,) t(x107%5) d (um) D (m?s™1)
(Pa) (MPa)

OX106A 600 7.81 — 14.14 3.2154 < 2.5x10722
OX104A 700 7.87 - 11.21 2.5290 0.34 + 0.05 1.18 x 1074°
OX109A 800 7.93 — 8.83 2.5368 0.57 £ 0.05 528 x 1072
OXI107A 900 7.96 — 6.85 23754 1.50 £ 0.20 409 x1071°
OX105A 1000 7.97 —5.19 1.5384 2.15+0.05 1.02x 10718
OX108A 1100 7.98 —3.76 0.8160 3.354+0.05 541 x 10718
OX106B 600 7.81 — 14.14 3.2154 failed run failed run
0X104B 700 7.87 - 11.21 2.5290 0.34 + 0.02 1.49 x 10~2!
0OX109B 800 7.93 — 8.83 2.5368 0.35 + 0.05 9.40 x 10721
OX107B 900 7.96 — 6.85 2.3754 0.72 + 0.05 4.50 x 10720
OX105B 1000 7.97 —5.19 1.5384 0.85 £ 0.03 1.64x1071°
0OX108B 1100 7.98 - 3.76 0.8160 1.145 + 0.005 8.52x 1071
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depth beneath the sample surface was determined by
SIMS ion-microprobe analysis. The instrument used
in this study was an Atomika A-DIDA II quadrupole
equipped ion-microprobe [14]. Full details of the
technique are given in Freer and Dennis [12] and
Dennis [15].

To obtain a good electrical contact between the
semiconducting rutile and the sample holder the crys-
tals were fixed, using silver dag, onto Pt foil sample
mounts. SIMS operating parameters during the ana-
lyses were as follows: the primary ion beam was mass
filtered “°Ar ™, accelerated to 10 keV, with a maximum
current of 150 nA focussed into a 50 pm spot at the
sample surface. To ensure flat bottomed craters and
improve depth resolution by eliminating contribu-
tions from the crater edge to the determined profiles,
the beam was rastered over an area of up to
350 x 350 um, with the data acquisition electronics
gated to accept secondary ions from the central 18%
of the crater floor. Depending on the size of the ras-
tered area, sputter rates ranged from 0.8 nms™! to
0.15nms™*. .

Charge compensation of the primary ion beam was
achieved using an electron flood gun operated at
250-500 eV energy and 10-20 mA total current.

Negative secondary ions at m/e equal to 16, 18 and
47, corresponding to the species °O~, *0O~ and
*7TTi™, were sequentially monitored by rapid peak
switching. Count rates for the total oxygen signal
exceeded 1x10°c.p.s. and integration periods for
cach species were 2 5. No corrections were made to the
raw data, with maximum background count rates less
than 10 c.p.s. Oxygen-18 isotope abundances re-
corded in the tails of the diffusion profiles and on
unexchanged samples were 0.2%, in agreement with
the natural abundance for *20.

The sputtered craters were examined optically using
interference contrast reflected light, and their depths
measured using a Talystep. The determined crater
depths, with one exception (OX107A) are accurate
to + 0.05 um or better (Tabie I).

2.4. Computation of diffusion coefficients
In the experiments, self-diffusion of the oxygen isotope
may be modelled by transport into a semi-infinite
medium from a fluid phase held at a constant isotopic
composition. The surface concentration of **O in the
crystals always closely approached that of the initial
starting fluid (*30/(**0 + '°0) = 40%), indicating
a rapid phase boundary exchange reaction for the
fluid-solid transfer of oxygen.

The general solution to Fick’s second law under
these boundary conditions is given by [16]

C.— ¢

X
T o erfe s (4)
Co— C;

(l)t)1/2

where C,, Co and C, are, respectively, the 130 concen-
tration at a distance X from the crystal surface, in the
fluid phase and at X = oo in the crystal (= 0.002, the
natural composition), ¢ is the hydrothermal anneal
time, D is the diffusion coefficient and erfc is the error
function compliment.
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Plots of erfc ™ '[(C, — C1)/(Co — C)] versus X give
a straight line with a slope equal to 1/(Dt)}/?. An
example of a measured diffusion profile and the trans-
formed data is given in Fig. 1 (a) and (b) for run
OX108A (annealed at 1373 K for 73 min).

2.5. Error analysis

The precision of the results was esimated by consider-
ing the uncorrelated errors due to the isotope ex-
change anneal and SIMS anlysis [ 15]. The diffusion
coefficients are determined from an equation of the
form

D = p ! (5

where p represents the slope of the erfc ™! versus depth
(X) plot and ¢ is the isotope exchange anneal duration.
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Figure I Sample OX108A: (A) Talystep profile of the SIMS sputter
eroded crater; (B) The concentration profile of #O as a function of
depth. The measured isotope ratios are shown by the open symbols
and the solid line represents the best fit to the data determined using
the inverse error function, plot (C) — see text for details.



Accordingly the relative precision of D, 3D/D is given

by
8D 3 28p\2 @ 2\1/2
R (G I ) G

The error in the anneal duration, &8¢, was always less
than 1% of r and therefore was ignored. The maxi-
mum error in p was estimated from the precision of the
crater depth measurements. In the worst cases, which
were generally for the shortest profiles, the crater
depths were measured to a precision of approximately
+ 15%. Using the value for dp/p in Equation 6 gives
a relative precision, 8D/D, for the diffusion coefficient
of approximately + 0.3 (i.e. + 30%).

In addition to the random errors, the accuracy of
the results may be affected by ion bombardment-in-
duced modification of the measured diffusion profiles
during the SIMS analysis. Two effects may be impor-
tant: (i) knock-on or recoil phenomena [ 17], including
radiation enhanced diffusion; (ii) the generation and
amplification of surface topography. These processes
will lead to some broadening of the tracer diffusion
profiles, though it is difficult to quantify the magni-
tude of the effect. Unpublished results by Dennis
indicate that errors due to the knock-on related phe-
nomena may be negligible. Analysis of a step function
distribution of '®*O in anodically oxidised Ta,Os,
using 10.6 keV Ar* primary ions, indicates a max-
imum broadening of 7-10 nm.
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Figure 2 Log Doy as a function of reciprocal temperature for nat-
ural and synthetic rutile. The solid lines represent a least squares fit
to the data in the temperature interval 700~1100°C. Values for the
activation parameters are given in the text.

The effect of original surface topography and its
further amplification during sputtering is more diffi-
cult to assess. However, all the samples, except
OX107A, exhibited relatively smooth bottomed
craters to within the accuracy of the Talystep
measurement. Moreover, with the exception of occa-
sional light etching of polish-related damage, the orig-
inal polished faces remain undamaged during the
diffusion anneal. For these samples, therefore, it is
concluded that any surface roughness effects may be
neglected. In contrast, sample OX107A showed a sig-
nificant degree of surface roughness, with an ampli-
tude of 0.5 um on the floor of the crater. This is
reflected in the poor precision of the depth measure-
ment (Table I). The roughness is due to a significant
striation that developed during the high temperature
anneal. The degree to which this roughness contrib-
utes to a systematic inaccuracy in the determined
diffusion coefficient for this sample is not known,
although it is not thought to be greater than the
quoted precision of + 30%.

3. Results

Oxygen-18 tracer diffusion coefficients for rutile are
listed with a summary of the experimental conditions
in Table I. The values of D, are plotted against recip-
rocal absolute temperature in Fig. 2. In the temper-
ature range 973-1373 K the results are well described
by standard Arrhenius relationships, with diffusion
rates in natural rutile faster than in synthetic rutile by
approximately one order of magnitude. For the nat-
ural rutile

Dy = 1147317 x 101
x exp( — 168.8 + 329 kI mol ™ '/RT)m?s !
(7)

and for the synthetic rutile

Doy = 2417773 x 10712
xexp( — 172.5 + 23.6 kJmol "!/RT)m?s™!
(8)
where R is the gas constant (8.314 JK *mol ') and
T is the absolute temperature. The errors are quoted
at the 90% confidence level.

Two experiments were carried out at 873 K,
OX106A and OX106B, corresponding to the natural
and synthetic rutile, respectively. The tracer diffusion
profiles in these samples were too short to ana-
lyse with any degree of precision and it is only possible
to give an upper estimate to the diffusion coefficient
for sample OX106A (Table.1). This estimate, < 2.5 x
10722 m?s™ %, is a factor of approximately 10 lower
than results extrapolated from high temperatures
would predict (Fig. 2).

4. Discussion

4.1. Comparison with other data

A clear difference exists between the present results,
determined under hydrothermal conditions, and those
of previous studies which were all carried out in pure
O, at fugacities in the range 3 x 107 '-10° Pa [4-9].
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All these results are shown in the compilation Ar-
rhentus diagram (Fig. 3), where a marked reduction in
the oxygen diffusivity is observed for rutile annealed in
water at moderate to high pressures (100 MPa) and at
temperatures greater than 873-973 K. For exampie, at
1373 K the oxygen self-diffusion coefficient is slower
by a factor of 20-100, depending on the sample, than
the dry gas results at the same temperature. This result
confirms the preliminary data of Haul and Dumbgen
[5], who noted a small decrease in Dgx (by a factor
< 2) on annealing TiO;, in water-saturated air at 1088
and 1170 K. In the only other study that has been
carried out under hydrous conditions, Freer and
Dennis [12] reported an oxygen diffusivity of
32x 107" m?s™" at 1323 K and 100 MPa Py, for
a different natural crystal to that used in this study.
This value is in good agreement with our new data.

In the temperature range 983-1673 K the activation
enthalpies, AH, for oxygen self-diffusion in rutile under
dry O, conditions are all in good agreement and lie
between 251 and 276 kJmol™* [5, 7-9]. The pre-
exponential constants, Do, and hence the absolute
magnitudes of the reported diffusion coefficients are
also in good agreement (Fig. 3). Slight variations in
the results, if significant, may be due to the different
impurity contents of the samples. For example, Arita
et al. [9] reported an increase in Dgx after doping
a sample with 0.08 mol% Cr,0;. Whilst there have
been no systematic studies of the effect of oxygen
fugacity on the activation parameters, Haul and Dum-
gen found no change in Dgx with oxygen fugacity
between 10° and 1.3 x 107! Pa at 1170 K.

In contrast to the dry gas studies, AH for oxygen
self-diffusion under hydrothermal conditions is signi-
ficantly reduced to approximately 170kJ mol™*
(equations 7 and 8 and Figs 2 and 3). Moreover, the
pre-exponential constants for both the natural and
synthetic rutile are also greatly reduced, c¢.f. Equation
I with Equations 7 and 8.

Because of the lower AH and D, values for oxygen
diffusion under hydrothermal conditions, the present
results approach the extrapolated dry gas data at
temperatures in the range 873-973 K (Fig. 3). It is not
clear, however, whether the two sets of data cross over,
such that at lower temperatures the oxygen self-dif-
fusivity is faster under hydrothermal conditions than
dry O, conditions. The single result obtained at 873 K
is more consistent with the extrapolated high temper-
ature dry gas data and suggests that there may be
a transition between the two sets of results rather than
a Cross-over.

4.2. Defect chemistry

The dominant disorder in rutile is still under active
discussion. On the basis of the available thermo-
gravimetric data, Kofstad [ 2] proposed that the defect
structure simultaneously comprises doubly charged
oxygen vacancies, Vg, and interstitial titanium ions
with three and four effective charges, T;" and Ti;",
respectively. The model predicts that Vg predominate
at high oxygen fugacities and low temperatures,
whereas Ti;" and Ti;" are the dominant defects to-
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Figure 3 Complication Arrhenius diagram for the available oxygen
self diffusion data in rutile.

ward the lower limit of the stoichiometric range, at
higher temperatures and lower oxygen fugacities. Cer-
tainly, experimental data do indicate that in rutile
approaching compositions of TiO, o4 interstitial tita-
niums are the main ionic defects. Channelling experi-
ments have detected interstitial ions occupying c-axis
tunnels in the rutile structure [18], and the chemical
diffusion data in non-stoichiometric rutile have been
interpreted in terms of mobile Tij" defects [19].
Data supporting the presence of oxygen vacancies are
more equivocal, though the electrical conductivity
data of Iguchi and Yajima [20, 21] have been inter-
preted in terms of an oxygen vacancy model.

On the basis of the defect equilibria model of Kof-
stad, the concentration of intrinsic defects in rutile at
temperatures below 1700 K and near ambient oxy-
gen fugacities (10° Pa) is < 1072 mol %. Since most
commercially available rutile crystals contain
> 107 % mol % of aliovalent impurities, extrinsic de-
fect concentrations are likely to dominate (see below).
For the present hydrothermal experiments, run at the
Ni-NiO buffer, the maximum intrinsic departure from
stoichiometry occurs at the highest temperature
(1373 K), and is of the order of 3 x 10~ mol %. This is
below the concentration (6.6 x 10~? mol %) of alio-
valent impurities in the synthetic crystal used in this
study, and thus extrinsic defects are likely to domin-
ate.

4.2 1. Dry gas conditions
The dry gas data at near ambient oxygen fugacities



have readily been interpreted in terms of a vacancy
diffusion mechanism in an extrinsic defect regime [2, 5,
97. Oxygen vacancies are introduced by reactions of
the form

ALO, = 2Al; + 30% + V5§ (9)

The corresponding charge neutrality condition is ex-
pressed as,

[Aly] = 2[ Vo] (10)

where square brackets indicate mole fraction concen-
trations. For a vacancy diffusion mechanism [1]

Dox = yaszV (11)

where v is a geometric factor close to unity, a is the
jump distance, o is the jump attempt frequency and
N, is the vacancy fraction (= [ V]). From Equations
10 and 11 it is clear that Doy is independent of oxygen
activity, as observed by Haul and Dumbgen [5].
Changes in the doping level of the sample will affect
the diffusivity only through the vacancy fraction, N..
Such a trend was observed by Arita et al. [9], who
reported an increase in Doy upon doping the as-
received rutile with Cr,Os.

Equation Il can be written in the standard
Arrhenius form [1]

D, = va’l exp(AS™/R) exp( — AH™/RT)N,
(12)

where the temperature dependence of ® is defined by
the Boltzmann distribution factor exp(ASy/R).
exp( — AHY/RT), and the pre-exponential constant
for vacancy migration is I'. Since, in this extrinsic
region, N, is the independent of temperature, the em-
pirical activation enthalpy for diffusion, AHp, can be
equated directly with that for vacancy migration, AH?
(=251 kImol™1).

4.2.2. Hydrothermal conditions

As an initial model for diffusion under hydrothermal
conditions we assume that a vacancy diffusion mech-
anism still dominates and that water dissolves in rutile
according to the reaction [ 5]

05 + Vo + H;O = 20H, (13)

The substitutional hydroxyl groups are consistent
with the available L.R. spectroscopic results [10], and
the interpretation of enhanced electronic conductivity
in rutile on annealing in hydrogen atmospheres [22].
A similar dissolution mechanism has also been pro-
posed for other non-stoichiometric oxides, e.g. Y,0;
and ThO, [23-25].

The samples used in this study contain both
divalent (Mg) and trivalent (Al, Fe) impurities occur-
ring in similar concentrations. At high hydroxyl levels
the charge neutrality condition can, therefore, be ex-
pressed as (cf. Equation 10)

2[Mgr] + [Aln] + [Ferd = [OH.] (14)

where it is assumed that the impurity cations all sub-
stitute for Ti. Under this condition the ¥ concentra-
tion is given by

[Vol = [OHGI*f(H,0) 'Ki; (15)

where K| 5 1s the equilibrium constant for Reaction 13.
Using this model, at constant temperature, the oxygen
vacancy concentration shows a functional dependence
on the impurity level and water fugacity as follows

Vou([2Mgr] + [Aln] + [Fer])*  (16)
[Vel o f(H,0) (17)

Unfortunately, the present work does not include
a systematic study of the effect of impurity content and
water fugacity on the oxygen diffusivity. However,
using the impurity levels reported for the two crystals
used in this study, Equation 16 predicts a factor of 16
difference in the diffusion coefficients between the two
samples. The measured difference is a factor of 10
(Table I and Fig. 2). Given the limited accuracy of the
determinations of impurity concentration and the first
order nature of the model, the agreement between
theory and experiment is considered to be satisfactory.

Rewriting Equation 12 for the diffusion coefficient
and substituting the right hand side of Equation 15 for
N, gives

D,, = 7ya’l exp(AS™/R) exp( — AH™/RT)

x [OHo*f(H,0) 'K 13 (18)
where the equilibrium constant K, 5 can be written as
Ki3 = exp(AS;3/R) exp( — AH3/RT) (19)

Noting that the reciprocal of K5 is used in equation
18, the activation enthalpy for diffusion, AHp, is then
given by

Values for AHp and AHT are 170 kJmol ™ * (this
study}and 251-276 kY mol ~ ! (dry gas studies [5, 7, 87,
respectively. These values yield a solution enthalpy,
AH 5, for water in rutile of 81-106 kImol~!. The
authors are not aware of any experimental data for the
solution enthalpy of water in either rutile or other
oxides with which to compare this estimate.

In this study the results have been interpreted with-
in the framework of a simple point defect model.
However, given the reduction in the oxygen diffusivity
on annealing under hydrothermal conditions it is
tempting to speculate on the possible role of shear
structures. Reduction of rutile to below the TiO, _,
homogeneity range leads to the formation of a series
of ordered phases (Magneli phases), with composi-
tions given by Ti,0,,_; where n = 4-53 [26]. Oxygen
vacancies in these structures are eliminated by a pro-
cess of crystallographic shear [27]. Bagshaw and
Hyde [28] reported oxygen self-diffusion coefficients
for several low-n Magneli phases at 1413 K. Their
data are a factor of 5-30 lower than the corresponding
results obtained from experiments performed under
dry O, conditions [5-9] and broadly similar to the
present results. The extended shear structures appear
to retard oxygen mobility.

Unfortunately, it is difficult to compare directly the
results of Bagshaw and Hyde with those that we
report here. Their samples are very far from “near
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stoichiometry”, with compositions in the range
TiO| 4¢ to TiO; 3. In our samples the maximum
intrinsic  departure from stoichiometry is only
3x 10 *mol%, corresponding to a composition of
Ti0O, ¢9¢5. No shear structures have been reported in
rutiles that are this close to stoichiometric, and hence
we strongly favour an interpretation of the data based
on point defects.

5. Conclusion

Oxygen self-diffusion co-cflicients have been deter-
mined in rutile under hydrothermal conditions in the
temperature range 873-1373 K. There is a reduced
oxygen self-diffusivity compared to existing data for
rutile exchanged with dry O, at near ambient oxygen
fugacities and similar temperatures. The results can be
explained by a defect model in which substitutional
hydroxyl ions on oxygen lattice sites are the dominant
positive defects. The solution reaction may be written
as

05 + V5 + H,O = 20H; (21)

The solution enthalpy for this reaction lies in the
range 81 -106kJmol '. At temperatures less than
1400K and oxygen fugacities greater than the
Ni-N1O buffer most commercially available rutile is
dominated by extrinsic aliovalent substitutional cat-
ions. These cations charge-compensate the substitu-
tional hydroxyl defects. The net effect of this reaction
is to reduce the oxygen vacancy concentration and
thereby reduce the oxygen self diffusivity.

It is desirable that further experiments arc now
performed to test this model in detail. In particular,
the functional dependency of the diffusion cocilicient
on the impurity cation content and on the water
fugacity should be determined. It is noted. however,
that a similar solution mechanism has been proposed
1o account for the increased electronic conductivity of
rutilc when annealed in hydrogen [22]. In addition,
substitutional hydroxyl ions have been reported to
influence the defect chemistry of Y,05 [24], and
ThO, [25].
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