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Self-diffusion and impurity diffusion

in oxides

R. FREER

Grant Institute of Geology, University of Edinburgh, West Mains Road, Edinburgh, UK

An updated bibliography of diffusion data in oxides is provided for the materials

scientist who requires a convenient source of published results. The scope of the review
has been enlarged to include data for the diffusion of the host and impurity species in
both binary and multiple oxides. Brief descriptions of terminology, diffusional behaviour
and new measurement technigues are followed by tables of selected results and associated

experimental details.

1. Introduction

Diffusion is believed to be the rate determining
step in many processes of interest to the materials
scientist. These include creep, sintering, annealing
of radiation damage [1, 2], and the formation and
ageing of protective oxide coatings on metals [3,
4]. The movement of impurity species from the
surface into the body of ceramics and machine
components is of great industrial importance since
the diffusion results in their degradation, e.g. sul-
phur in turbine blades, chloride in metals [2] and
various ions in furnace elements [5].

Although the transport properties of the alkali
halides are thought to be reasonably well under-
stood [6], the same cannot be said of oxides,
where there is as yet only limited data for crystals
of the highest quality and purity, and the agree-
ment with theory is comparatively poor, e.g.
MgO [7]. In order to provide the materials scien-
tist with a source of self-diffusion data for simple
oxides, Harrop [1] produced a bibliography which
covered studies up to 1967. Since that time a con-
siderable number of good-quality data have be-
come available and this review is an attempt to up-
date the earlier publication [1]. The scope of the
present work has been extended to include results
for the diffusion of impurity species.

The bibliography of diffusion data for binary
and multiple oxides is preceded by brief details of
terminology, diffusional behaviour and new
measurement techniques.
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2. Diffusion in oxides

Diffusion in a crystalline solid proceeds as ions (or
atoms, or molecules) migrate via lattice defects
which may be generated either thermally or by the
presence of impurities [8]. There are a variety of
possible diffusion mechanisms [9] of which
vacancy and interstitial are the most common.
Identification of the individual processis, however,
not easy. Isotope mass effect studies are one
approach and these have been performed on several
oxides [10]. Such work is beyond the scope of the
present review and the detailed mechanisms will
not be considered further.

A pumber of diffusion coefficients (D) are en-
countered in the literature for oxides, and it is
helpful to differentiate between them: self-
diffusion is the movement of the host (metal or
oxygen) ions, whilst impurity diffusion is the
transport of any species other than the host in the
crystal. In these cases the moving ions may be at
any concentration. Tracer diffusion refers to either
self- or impurity diffusion when the species of
interest is at infinitely small dilution. At any tem-
perature the tracer diffusion coefficient (D) is
assumed to be constant, and independent of tracer
composition (although this is not always the case
[11]).

Interdiffusion is the process by which two ad-
jacent solids (lamellae or single crystals) of dif-
fering compositions homogenize by the mutual
diffusion of species across the common boundary.
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Figure 1 Temperature dependence of diffusion coeffic-
ients, showing a series of diffusion regimes with different
activation energies.

The interdiffusion coefficient (D) is composition-
dependent.

Tracer (D*) and interdiffusion coefficients (D)
for a binary pair (A, B) are related by Darken’s
equation [12]

Dag = (D*axp +D*pxa)S 0

where S is a complex term involving the chemical
activities of x;, the mole fractions of the
components.

The term “chemical diffusion coefficient” (also
denoted by 5) is employed to describe the homo-
genization process as a binary crystal changes from
one non-stoichiometric composition to another,
e.g. CoO [13]. For the remainder of this section
no distinction will be made between the diffusion
coefficients, and the following arguments apply to
all forms of D.

The diffusion of any species is characterized by
its diffusion coefficient D(m?sec™), and its tem-
perature dependence (Fig. 1) is best described by
an Arrhenius equation of the form

D = Dq exp (— Q/RT), @

where D, is the pre-exponential factor (m2sec™),
Q the activation energy (kJmol™!) and R the gas
constant. Unfortunately, much of the data cited in
this work was originally reported in different units,
namely cm?sec™! for D and Dy, and kcalmol™
for Q. Occasionally, electron volts (V)" were used
for the latier quantity, in which case it is necessary
to replace R in Equation 2 by k, Boltzmann’s
constant.

*1eV = 23.06 kcal mol™! = 96.39kJ mol™!.
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Plots of log, D against 1/T may be linear over
much of the measured range (Fig. 1), but at the
higher temperatures, the slope and hence Q may
increase as different diffusion regimes are reached.
It is, therefore, dangerous to extrapolate data to
temperatures outside the range of measurement.

An intrinsic regime operates at the highest tem-
peratures where the defect concentrations are ther-
mally controlled. The presence of impurities tends
to generate additional defects, and when these
dominate ones which have been thermally acti-
vated, there is an effective lowering of Q and en-
hancement of D, signifying the onset of extrinsic
diffusion. This “knee”, or change in slope of the
Arrhenius plot is sensitive to the impurity content
of the crystal, and if it is too high, the intrinsic
region may not be reached before the melting tem-
perature [7]. The presence of grain boundaries
and dislocations will also cause enhanced diffusion
rates. Conversely, at the lowest temperatures other
processes may become important [14]. For oxides
Harrop [1] has summarized the properties of the
two main regions of interest, intrinsic and extrinsic,
and suggested that activation energies for these are
typically 625 + 210, and 250 + 160kJ mol™,
respectively.

Evaluating and interpreting the diffusional
properties of highly pure oxides may be difficult.
but with non-stoichiometric compounds further
problems are encountered. Diffusion rates in the
“binary” oxides of the transition metal ions Fe,
Co and Mn are a function of the ambient pO, and
hence composition. In Fe,_, O, for example [15],
tracer self-diffusion coefficients at a given tem-
perature may vary by an order of magnitude de-
pending upon the pO, (Fig. 2), and it is necessary
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Figure 2 Tracer diffusion coefficient of Fe in wustite as a
function of oxygen to metal ratio (O/Fe) at 1373K.
(After Hembree and Wagner [15].)
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Figure 3 Tracer diffusion coefficient of Fe in Magnetite as
a function of oxygen partial pressure (p0,) at 1273K.
(After Dieckmann and Schmalzried [16].)

to distinguish between results at constant compo-
sition and constant pO,. Some of the ternary
oxides, for example Fe;0, [16], present even
more hazards since D will be a function of chemical
activity, and may vary in a complicated way (Fig.
3). Under these circumstances it is not strictly
valid to talk about an activation energy, but it may
be useful to employ the concept for order-of-
magnitude estimates at constant composition.

Diffusion rates in oxides are therefore sensitive
to a number of factors, which may be broadly
divided into (1) environmental, and (2) properties
of the crystal. The former includes temperature
total pressure and oxygen activity. The latter in-
cludes chemical purity, defect conecentration,
chemical activity of specific components, and, de-
pending upon the nature of the sample, crystal
orientation (for single crystals) or density and
porosity (for polycrystalline material). Harrop [1]
noted that diffusion rates measured in the intrinsic
region at “high temperatures” were usually repro-
ducible under the same conditions by other
workers, but at “low temperatures” where there
were varying extrinsic factors, discrepancies in the
data were to be expected despite careful
experiments.

3. Measurement techniques

An extensive critical review of techniques for
measuring diffusion rates in solids, liquids and
gasses has been provided by the Diffusion Infor-
mation Center [17] and this is updated period-

ically. The most common methods for studying
diffusion in oxides are those employing radioactive
tracers, where the geometry of the experiment
may be varied to suit the crystal and the tracer
concerned. The results of such experiments usually
refer unambiguously to the transport of the ion of
interest. A number of indirect procedures are also
available, but these suffer from varying degrees of
inaccuracy and difficulty of interpretation, e.g.
creep, shrinkage in sintering, kinetics of necking of
spheres, ionic electrical conductivity and the study
of oxidation kinetics by thermogravimetry or
optical absorption [1].

In the last decade several new techniques and
instruments have been introduced, and one of the
most promising is the ion microprobe [18].
Following a tracer diffusion experiment the dif-
fusion profile is deduced by sputtering a hole in
the surface of the crystal, and analysing the
sputtered material by mass spectrometer. As the
depth of the hole need be only a few thousand
Angstroms, high resolution may be obtained for
very slowly diffusing species [18]. An alternative
to this approach, employing radio-frequency
sputtering as a microsectioning technique, has
been described by Atkinson and Taylor [19]. The
lowest measurable limit of diffusion coefficient
by the latter procedure was estimated to be
107% m?sec!.

Mossbauer spectroscopy, where diffusion leads
to a broadening of the y-ray emission or absorp-
tion peak, appeared to be a powerful tool for the
study of oxide diffusion. However, in order to
avoid excessive counting periods (possibly several.
weeks) diffusion rates must be typically 10712 m?
sec”! at temperatures of approximately 1000K.
One of the few materials which meets this require-
ment is Fe,_, O [20].

A useful application of an existing technique is
to maximize the available data from an inter-
diffusion experiment. Equation 1 shows the re-
lation between D and D* for a binary pair of
solids. If §'is assumed to be equal to unity, then to
a first approximation D may be extrapolated to
the limit of composition to yield successively D* ,
in material B, and D*g in material A. When tracers
of a particular species are not readily available
(e.g. Al) it may be possible to obtain the required
information from a suitably designed interdif-
fusion experiment: the interdiffusion of Fe; 0,
and FeAl,0, vyields data D™ (Al) in Fe 0,
[21].
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4. General diffusional trends
For self-diffusion in oxides it is generally found
that the smaller species (in most cases the metal
ion) diffuses faster than the larger species. Excep-
tions to this rule are mainly those materials which
can easily become oxygen deficient [1]. In the
“low temperature” region some oxides have metal
and oxygen diffusion rates within a few orders of
magnitude of each other, and in some cases there
may be a cross-over point below which the oxygen
diffuses faster than the metal ion. These include
a-Al,0;5, a-Fe 053, NbyOs, Ta,05 and WO, |1,
2], but there is some contradictory evidence [2].
There have been numerous studies of impurity
diffusion in oxides, but few systematic examin-
ations, so it is difficult to extract trends with any
reliability. Wuensch and Vasilos [22] measured
the diffusion of Fe, Ni and Co in MgO and noted a
linear relation between the quotient of the ionic
radius (r) and the polarizability («) of the diffusing
ion, and Q. The diffusion of Ca and Mg in MgO
also follow this behaviour [23], but the trend is
not universal as the agreement with the results for
Be are very poor [24]. Mortlock and Price [25]
analysed the data for the transport of several
species in MgO, and found that D could be ex-
pressed in terms of a rapidly varying function of
r and temperature for a limited range of r. Crow
[26] measured the diffusion rates of Fe, Co and
Ni in CoO and NiO, and found that, in general, the
lower the atomic number of the diffusing species,
the faster the diffusing rate and the lower the acti-
vation energy. The relations between the various
parameters are not simple, and more studies of
this type would obviously be helpful.

5. Use of the bibliograph
The format of the bibliography is essentially the
same as that of its predecessor 1], and is intended
as a guide to the best available self-diffusion data
since 1967, and impurity diffusion data since 1950.
Whilst it incorporates one earlier bibliography [27]
it does not contain any of the data given by
Harrop [1], and seeks to complement the latter
publication. The present work represents an at-
tempt to cover the literature up to May 1979. For
convenience the data have been subdivided into
“binary oxides” (Table 1), and “multiple oxides”
(Table II). References are given in the Appendix.
The data contained in the bibliography are
limited to those which can conveniently be pre-
sented in tables. Where possible this comprises the
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specification of: diffusing species, Dy, O, tempera-
ture range of measurement, nature of sample
(single crystal or polycrystalline), experimental
conditions and techniques of measurement. Ex-
perimental details are contained in the comments
column. The absence of information does not
necessarily imply that it cannot be obtained from
the appropriate reference, and in some cases
(where D is a function of pO,, etc.) it is essential

'to consult the original publication.

Using values of Dy and Q from the tables, dif-
fusion coefficients may be readily calculated by
Equation 2 for the temperature range where the
original measurements were made. Care should be
taken to ensure that the reported experimental
conditions are compatible with the situation of
interest as far as possible, and that the data do re-
fer to the movement of the ion, and not the defect
which enables it to move. The notes of caution de-
tailed by Harrop [1] are also appropriate to the
present bibliography.
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