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ABSTRACT

Diffusion mechanisms in ceramic oxides ate considered and available data in the
literature broadly reviewed. It is noted that a simple correlation for cation self-diffusion
in oxides based on structural considerations is not likely to eventuate, although some
correlation for oxygen diffusion should exist. Greater sensitivity is required to study
diffusion in oxides than can be obtained by conventional tracer lapping, The less common
methods that may be applicable ate reviewed.

This paper was presented at the Symposium on Properties of Materials at High
Temperatures, sponsored by the Commonwealth Scientific and Industrial Research Organisa-
tion, Division of Mineral Chemistry, at North Ryde, N.S.W. on 21st and 22nd August, 1967.
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L. ' INTRODUCTION

Many of the properties and much of the behaviour of solids can be related to atom movements
within the material during which atoms change from one rest position to another. Neglecting nuclear
pracesses, in which the energies involved are very large, these movements fall into two classes:
processes in which groups of atoms move in a co-operative manner and processes in which the atom
movements are individual and uncoordinated. The former are frequently called shear processes and
the latter diffusion processes.

The predominance of diffusion in most systems explains the importance of diffusion studies
as a basis for understanding solid state behaviour. This has long been recognised by metallurgists
and a considerable volume of diffusion data exists for metallic systems. However, with ceramic
oxides, only limited studies have been made, although diffusion-controlled processes are of prime
importance in the fabrication and utilization of these materials. Some illustrative examples of such
processes are given below,

1. Sintering has been studied extensively by correlating the shrinkage of ceramic specimens
with diffusion coefficients of the slowest movingions. Kuczynski’s original model ’, shown in Figure
1, still forms the basis of current sintering theories. Vacancies diffuse from the surface of spherical
grains to the boundaries between them, via the bulk or along the surface. This gives tise to a
decrease of the centre-centre distance and to neck formation as shown. The shrinkage can then be
related to the diffusion coefficient in a variety of ways, depending on the diffusion mechanism. For
example the simple expression by Kingery and Berg ® suggests that for a bulk diffusion mechanism
the relative shrinkage is inversely proportional to the temperature and the cube of the average grain
size, and directly proportional to (time)?/5,

2. Phase transformations. Although many polymorphic changes occurring in pure ceramic
oxides are now thought to be shear or martensitic: in nature, diffusion-controlled phase changes are
still of considerable importance in multi-component systems. For example, the use of an alumina
coating on beryllia, as a protection against water vapour corrosion at elevated temperatures, has
been discussed by Reeve ®. At sufficiently high temperatures, the formation and growth of a
chrysoberyl reaction layer by inter-diffusion may limit the life of the coating.

A special case of phase transformation which involves chemical change is oxidation of
metals. In many cases, the reaction proceeds by the formation of an adherent oxide layer and
can then only proceed by transport of either oxygen or metal through the oxides. ~This diffusion
step is often rate-controlling and it can then be shown that the rate of increase in the thickness
of the oxide layer will be inversely proportional to the thickness * :

EL.L (1)

This leads to the well-known parabolic rate law:
x* = 2kt (2)

where x may be identified with the specific weight gain of the specimen. When more complicated
diffusion mechanisms are operative, logarithmic, linear or cubic rate laws can be derived.

3. Diffusion-controlled deformation processes. Unlike metals, ceramic oxides rarely show
any ductility at low temperatures (< Tp,/2) even as single crystals. The reason in general is that
resistance to dislocation movement is too great to allow significant slip to occur. Further, even
if slip can be activated at sufficiently elevated temperatures, polycrystalline ceramic oxides show
negligible slip ductility because the number of slip systems available never reaches the total of
five necessary to maintain grain boundary coherence in a random polycrystalline aggregate,

However, as the temperature is increased until significant self-diffusion can occur, deforma-
tion by creep takes place, and, at sufficiently high temperatures, this can lead to surprisingly large
strains. There would seem to be two main possibilities: diffusional creep and diffusion-controlled
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creep. In the case of diffusional creep the diffusion itself creates the strain. Because the
creation of a vacancy leads to an increase in the volume of a sample, a tensile stress will do
work during vacancy formation and a compressive stress will do work during vacancy loss.

Thus there will be an excess of vacancies over those at thermal equilibrium in regions of tensile
stress, and the reverse for regions of compression. This will create a net flux of vacancies from
tensile to compressive stress regions, that is, the specimen will elongate along the tensile axis.

During diffusion-controlled creep some other mechanism is responsible for the deformation,
but diffusion — that is, the formation and supply of vacancies — is the rate-controlling factor. For
metals several dislocation mechanisms and grain-boundary-sliding mechanisms of this kind have
been postulated.

For ceramic materials generally neither the creep data nor the diffusion data are suffic-
iently accurate to allow the various mechanisms to be unequivocally resolved.

Yet, until some fifteen years ago, the subject of diffusion in ceramic oxides was neglected.
There were a number of reasons for this:

1. Relatively high temperatures are required to study thermal diffusion in ceramics.
Assuming that chemical compatibility problems can be overcome, it is not hard to achieve
high temperatures, but to control and measure them precisely to within a few degrees over
an extended period of time is still an arduous task. For example, conventional thermo-
electric measurements can readily be made up to 1500 °C; thermocouples have just become
available up to about 2500 °C, but beyond that temperature a good deal of guesswork,
characteristic of radiative procedures, still prevails.

2. The physical and chemical quality of specimens leaves much to be desired. Besides
problems of stoichiometry, which are absent in metals, single oxide crystals are still
collectors’ items. They contain relatively large amounts of impurities introduced during
production, In polycrystalline specimens, which are hardly ever of theoretical density,
several diffusion mechanisms operate simultaneously and are hard to evaluate separately.

3. If cation diffusion can be estimated, such studies only produce half of the self-
diffusion picture. The absence of suitable oxygen radioisotopes necessitates the develop-
ment of unconventional tracer techniques to attain a complete solution to the self-diffusion
problem. Considerable doubt still exists about the validity of many oxygen diffusion data.

The first significant cation diffusion studies were published in 1949 by Moore * (Cu20)
and in the early fifties by Lindner and co-workers (CaO§ Fez0357, ZnO and spinels ) and
Reddington® (BaQ). The isotopic exchange method for the study of oxygen diffusion was
pioneered by Haul ** and co-workers in 1953,

In this paper we do not elaborate on the mathematics and physical fundamentals of the
classical diffusion theoty. Several textbooks'* cover the quantitative aspects and many excellent
reviews '? have appeared in recent years. We consider the mechanisms of diffusion and point to
the increased complexity of diffusion in ceramic oxides. A survey of the available literature seems
appropriate, but this will be done in rather general terms, looking for correlations in cation and anion
diffusion data. Because such correlation is not obvious we advocate the application of less common
techniques for studying diffusion with greater sensitivity and higher accuracy. Some of these methods
are reviewed.

2. DIFFUSION MECHANISMS

2.1 In Single Crystals

2.1.1 Volume diffusion

Some 90 per cent of papers devoted to the determination of diffusion parameters in metals as
well as oxides, explain quantitative data in terms of simple bulk diffusion mechanisms, in which a
migrating atom passes an enetgy barrier at the position of the activated complex before coming to rest
in its final position,
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Rarely, however, does one have the ideal lattice, even in a single crystal, where the
kinetics of migration are not complicated by contributions of dislocations, grain boundaries,
impurities and evaporation. In the ideal monatomic metal, lattice diffusion takes place via
the migration of vacancies or via interstitial positions in the lattice. These mechanisms have
all been adequately described in most previous reviews '2,

In ceramic oxides bulk diffusion also takes place by migration of point defects, but the
nature of the defects is more complicated because electrical neutrality must be maintained.
Ion vacancies are associated with the opposite ion vacancies (Schottky defects) or with their
own interstitials (Frenkel defects), all of which are mobile at elevated temperatures, Further-
more, cations which can exist in several oxidation states or can vary their coordination number
often give rise to non-stoichiometry, which must greatly affect diffusion rates, particularly those
for oxygen,

An example of the more complex diffusion paths for cations through an oxide lattice is
shown in Figure 2. In this rather naive physical picture the oxygen ions in a closest packed
hexagonal oxide lattice have been removed, to emphasize the void space in between. For
further clarity the voids are shown in an exploded fashion, assuming the ions to be hard spheres.

There are 4 different types of voids. Triangular voids (shaded) occur in the planes of
closest approach of 3 oxygen ions; the cations must move through several triangles during a
diffusion jump. Two types of tetrahedral voids occur and these are mirror images of each other.
Octahedral voids in an hep lattice form open channels in the ¢ direction.

From this figure one can draw several conclusions about cation bulk diffusion in an hep
oxide:

1. Interstitialcy, in which an interstitial atom dislodges another atom at a normal lattice
site, is not a favoured mechanism because the required linear jump paths are usually obstructed.

2. Diffusion by the rotation of a ring of identical atoms, as is possible in monatomic
systems, is excluded in binary compounds.

-3. Diffusion by a vacancy mechanism is more complex than in monatomic systems and
does not take place in a linear fashion. The energy diagrams show several activated complexes

at the centres of the triangular voids.

Similar physical pictures can be drawn for other closest packed and more complicated
crystallographic arrangements, in order to derive conclusicns about bulk diffusion mechanisms.

2.1.2 Qther mechanisms

Simple bulk diffusion is often complicated by other more rapid transport processes.
Failure to acknowledge this fact could explain the breakdown of transport models for processes
such as sintering, creep and grain growth.

The brittle nature of most ceramic single crystals reflects the immobility of dislocations
which can act as high diffusivity ‘paths. . Dislocation densities can be quite substantial, and
as a consequence one observes a depression of the values for Q and D, in the Arthenius expres-
sion for the diffusion coefficient:

D =Dg exp (-Q/RT) . (3)

Zener ' elaborated on the range of values for D, for bulk self-diffusion and impurity diffusion by
an interstitial por vacancy mechanism in metals. He postulated that the energy of migration is
associated with lattice strain as the diffusing atom moves through the saddle point, and showed
that the entropy change AS for bulk diffusion is always positive., From the theory of reaction
rates ** it can be shown that: '



B, = N £ exp(As/R 4 1), (4)
where A is the jump distance, which is of the same order of magnitude as the lattice parameter,

@ is the Debye temperature, and k, h and R have their usual significance. For bulk diffusion

in ceramic oxides, that is, for positive values-of AS¢ D, should be greater than 10~% em?/sec.

When other rapid diffusion mechanisms are operative, such as pipe diffusion, the entropy change
becomes negative and substantially lower pre-exponentials are obtained. Harding ** used such
observations to criticize an alleged correlation between the activation energy for impurity diffusion
in MgO and the ratio of ionic radius to the polarizability of the impurity ion'®''". -He pointed to
values for Dy between. 10" and 107 ¢m?/ sec: at: low temperatures compared with values between
107 and 10 cm?/sec:at high temperatures, and warned against attributing toa much significance to
the values of the activation energies for impurity diffusion, when the pre-exponéntial values are
too low.

Dislocations in an ionic.crystal will further enhance bulk diffusion because of the electro-
static charge which.is commonly associated with them '®. Such fields are conducive to the forma-
tion of extrinsic defects which again will decrease apparent activation energies and increase
diffusion rates.

The presence of an impurity of higher valence than that of the cation will also have the
same effects as the presence of dislocations, but its contribution can often be estimated from
chemical analyses.

2.2 Polycrystalline Specimens

Unfortunately single. crystals of ceramic oxides are hard to obtain and many investiga-
tions on transport in these oxides have been carried out on polycrystalline specimens. These
studies are complicated by two main factors: diffusion along grain boundaries {(which are
regions of high disorder), and the effects of low density on mass transport.

Grain boundary diffusion in ceramic oxides'is not different in principle from the same
phenomenon in polycrystalline metals. It has received relatively little attention although its
contribution to transport-dependent processes such as creep and sintering is well realized..

5 The effects of grain boundaries on diffusion are clearly apparent in the penetration
profiles of tracers into inactive specimens, as shown for "Be into BeO in Figure 3. The
relative concentration of the Be tracer should vary directly as the square of the distance for
‘bulk.diffusion, but at some distance into the specimen it is proportional to the first power of
the penetration, a feature characteristic of diffusion along the grain boundaries v,

The effect on the temperature dependence of the diffusion coefficient is again a lowering
of both activation energy and pre-exponential (in Equation 3).

The effects of transport via grain boundaries are relatively small if diffusion is studied
at high temperatures as in the case of pipe diffusion. These effects can be further minimised
by .using pelycrystalline specimens with as large a grain size as possible, A useful empirical
criterion to remember is the observation that if the coefficient for diffusion-along grain boundaries
is significantly greater than that via the bulk (Say-Dg/Db > 10%), the grain size (r) should be at
least twice the average diffusicn length: ‘

@Dpe) 2 <i/y , (5)

in order to neglect diffusion via the boundaries. Several reviews on grain boundary diffusion in
metals are available . The basic theory is also applicable to diffusion in ceramic oxides.

Little effort has been made to study the effects of the relatively low densities of poly-
crystalline specimens on the diffusion process. Rarely is their density greater than 98 per cent
of theoretical. The usual range is 95 to 97 per cent and in some cases as low as 91 per cent.
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The possibility of migration via open channels with critical dimensions several orders of
magnitude larger than those of grain boundaries or dislocations has only been investigated
quantitatively for cation diffusion in low density beryllium oxide **. Figure 4 shows the
effects on the concentration profiles for the penetration of "Be into BeO as the density
decreased from near theoretical to 75 per cent, for constant conditions of time and annealing
temperature. It is clear that the contribution of a very rapid diffusion process through the
intergranular space is quite pronounced. The mechanism postulated depended on a number
of processes taking place simultaneously:

1. Evaporation — condensation,

2. Exchange equilibria between a vapour phase and the sintered surface,
3. Knudsen diffusion through the pores.

4. Volume diffusion into the matrix, away from the pores,

5. Diffusion aleng the surface of the grains.

No simple interpretation can be derived on theoretical grounds, but the geometry for this.rapid
diffusion process was not unlike that for migration via grain boundaries and a modified Fisher '*®
medel was applied to data with reasonable success. The derived diffusion coefficients are
shown in Figure 5. If one can accept the scatter of the data in the light of the simplifying
assumptions, the activation energy was found to be 139 % 20 kcal/mole. This is close to the
value ?! for the heat of sublimation of BeQ (150 +5 kcal/mole).

These findings could be of significance in the interpretation of transport-dependent
properties such as sintering and grain growth, where migration other than via the bulk could
conceivably take place. Aitken?®?, using a similar model to that in Figure 1, found an activation
energy of approximately 150 kcal/mole.

Basically there is no difference in the application of Fick’s principles to migration 1n
the solid state, whether the medium consists of a metallic or a ceramic lattice. In its simplest
form diffusion through a homogeneous medium is described by a differential equation:

3C . pac , (6)
ot . :

. 2 2 92 . . ..
where A js Laplace’s operator, 9 /3x? + 0 /ay2 + /azz, -and the diffusion coefficient. D
can be a constant, or a function of any of the variables time t, concentration ¢, or the spatial
coordinates x,y, and z. The solutions of this equation, and consequently the interpretation of

experimental data, are decided by geometry and the mechanisms by which migration takes place.
Basic diffusion theory, however, has been covered adequately elsewhere: ?,

3. REVIEW OF LITERATURE DATA

Criticism of literature data in this review is.confined essentially to the problems of self.
diffusion.

Some 200 papers have appeared containing quantitative self-diffusion data in ceramic oxides.
Several reviews ** evaluate these data critically. We do.not elaborate exhaustively on individual
findings, but rather look for some general trends which may help to bring some system into a collec-
tion of apparently untelated data. The bibliography by Cumming and Harrop * is a useful summary
of the findings of many workers until 1965. * Although many papers have appeared since, the bibli-
ogrtaphy setves as a handbook. In the investigation of the existence of possible comrelations;
individual papers have to be consulted to evaluate data appropriately.

So far no empirical relations similar.to those found for.self-diffusion in metals have been .
pioposed to describe diffusion parameters in exides. A number of such relations as they apply to.
diffusion in metals are listed below:
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Q = 1.48x 107" T, eV (Ref. 25) (7)
= 34 T, kcal/mole (Ref. 25)

Q = 38 Tpkcal/mole (Ref. 26) (8)
log D (at melting point) = -7 (Ref. 27) o o ~(9)

= =0 for alkali halides (Ref. 28)

= =8 for substitutional impurity diffusion in metals (Ref. 11b)
Q = 0.64 Lg (Ref. 11b) (10}
Q = 16.5 Ly (Rei. 29) , (11)

where Ty, is the melting point in absolute degrees, Lg is the latent heat of sublimation and Ly, is
the latent heat of fusion.

None of the expressions for the activation energies seem tp have any foundation when
applied to cation diffusion in oxides. This is not entirely unexpected, For cation diffusion in
ceramic.oxides an equivalent for Equation 9 does not exist, and diffusivities vary over some 5
orders of magnitude between 10°*' and 10°° ¢m?/sec.

Structurally most metals fall within.fewertthan six well-defined classes; they are held
together by simple metallic bonds and nuclear dimensions can be accurately determined. Virtually
none of these conveniently ordered praperties apply to cations in oxides. Their diatomic character-
istics give rise to many more crystallographic arrangements, often further complicated by phase
changes below their melting point. We refer to these compounds as ionic, but realize that none
of them are entirely ionic. The degree of covalence varies considerably between oxides and is
hard to quantize. Consequently, polarization and nuclear dimensivns of the jons are equally
hard to estimate. With the subject as new as it is, an attempt to correlate the available data
seems premature. ‘

However, some correlation should be apparent in the diffusion behaviour of the common
ion in oxides. Figure G is a summary of oxygen diffusion data in hexagonal and cubic oxides.
Not all the data published ate shown, but the summary does serve some useful purpose by
suggesting the following generalizations:

1. - Oxygen diffusion coefficients at the melting points of the oxides seem to
fall in a broad band around 107 cm?/sec.

2. Activation energies for hexagonal oxides afe pregter than those for cubic.
oxides and these are greater than for tetragonal oxides:

Qhex > Qeub ~ Qtetr

These are by no means steadfast rules; there are many exceptions.

It is obvious, however, that one cannot be confident about the current published data when
attempting a serious corselation on diffusion in oxides, because:

(a) Much data has been obtained by indirect means. Sintering, creep and oxidation
mechanisms ate not sufficiently understood to derive accurate diffusion data. In sintering,
for example, it is mote than likely that transport mechanisms such as evaporation — condensation
and surface and grain boundaty diffusion obscure clear cut bulk migration models.

(b} Many of the published data show pre-exponentials which.are so.low that they cannot
be justified by the theory of atomic diffusion. In those cases rapid transport paths must be
operative. One outstanding example is the diffusion -of chromium in‘chromic oxides as shown

1
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in Table 1. Activation energies are correspondingly affected. Oxygen diffusion in Al,04
BeO*', PbO **, MgO *%, NiO*, Si0,* and Ti0,*® at temperatures well below the melting
point alse suggest rapid migration mechanisms.

Cutrent trends in the determination of diffusion parameters in ceramic oxides are con-
centrated on improving the experimental approach. Specimens require better characterizatian
and methods are needed which are more sensitive than the tracer lapping technique for cations
and mass spectrometry of atmospheres for oxygen diffusion. In the next sections we therefore
elaborate on some of the more promising techniques which could be applied to a quantitative
study of diffusion in oxides,

4, EXPERIMENTAL DETERMINATIONS

The determination of cation diffusion parameters in ceramic oxides is popular, while
reliable information on oxygen diffusion is restricted because of the limited and rather cumber-
some techniques that are available to study the penetration of oxygen. The large range of radio-
isotopes, even those of relatively short half lives, make tracer lapping experiments very attractive
This standard technique is extremely popular and has been reviewed on many occasions ',

In this paper we restrict ourselves to the less common methods involving the use of radio-
tracers in which, because of the relatively small sensitivity that can be obtained from grinding
ceramic specimens compared with metals, accurate removal of thin layers from the specimen is
not a criterion. The minimum thickness of layers that can be removed accurately from the brittle
and inert ceramic specimen is at least an order of magnitude larger than that for most metals.
Consequently the minimum average diffusion length, (2 Dt)*, must be at least 15 to 20 um in
ceramics compared with often less than 1 um in metals. In practice this means working at higher
temperatures and for longer times.

As pointed out,the problems of control at higher temperatures give rise to greater errors
in the derived parameters. If the uncertainty in temperature is A, then the probable etror in the
diffusion coefficient* is:

By = by (12)

For Ap =0.5 per cent at 1500 °K and an activation of 100 kcal/mole, Ay 2 17 per cent, a fluctuation
of +8°at 1500 °K over a period of several weeks is not excessive, During the determination of
diffusion coefficients by lapping procedures, these considerations set the lower limit at about

10°*? to 10°" ecm?/sec. :

4.1 Cation Diffusion

4.1.1 Molten salt exchange method

Savitsky’s method *! of isotope transfer from a molten salt seems well suited for the deter-
mination of cation diffusion coefficients in ceramic oxides when only very small single crystals
are available. A sensitivity of 10™® cm?/sec is claimed for metals and since the method does not
involve any destructive analysis of the specimen, such as lapping, there is no reason why this
sensitivity cannot be achieved with ceramic oxides. An inactive oxide specimen is suspended in
a molten salt with a common cation. The salt is spiked with an appropriate isotope and if one can
assume perfect compatibility, and a virtually instantaneous exchange at the ceramic surface, then
the increase in activity will be proportional to the square root of time:

2d
1-L_ 28 & (13)
I, {m '
where I is the activity after an anneal lasti.ng t seconds, I, is the activity adsorbed on the surface
and d the thickness of this adsorbed layer. If the exchange is rapid, I, can be detemined and d
is postulated to be the interatomic distance.



4.1.2 The “‘imprint!’ method

When a thin tracer deposit on one side of the ceramic diffuses into the specimen the con-
centration (activity) at any depth can be obtained from the Gaussian solution of the diffusion
equation:

Clxt) = a0 exp ("") . | (1)
(’ﬂDt)% 4Dt

where Mg is the amount of tracer deposited. When x = { this becomes:

Mo .1 (15)

(mDy* %

COr) =

Thus if M, remains constant the surface activity should be inversely proportional to the square

root of time. However in order to obtain a diffusion coefficient from the slope of such a curve it
is essential to know the relation between concentration and the count rate of the tracet, as well
as the absorption coefficient of the ceramic for the particular type of radiation, This information
can be obtained by standard radiochemical procedures.

The determination of the absorptive properties can be avoided if an exchange equilibrium
is established tapidly between the ceramic surface and an aqueous solution of the cation.

The exchange, for example, between an aqueous solution of a "Be tracer and an inactive
highly sintered BeO specimen has been found to be a convenient method of depositing tracer
activity on the ceramic compact **. It has since been found that this method also applies to
depositing 7Be on Al,04 **. Very little information is available on the exchange between highly
sintered ceramics and aqueous solutions, but there is no reason to believe that such exchange
does not take place in many of these instances. The exchange reaction under appropriate con-
ditions of pH and concentration is reversible. This technique can be applied to ‘fingerprint’
active surfaces of a ceramic specimen and makes it possible to use the so-called ‘imprint’
method ** on ceramics, with the possibility of determining diffusion coefficients as low as
107* em?/sec in substantially shorter annealing times.

4.1.3 Methods based on the absorption of radiation

Methods based on the absorptive properties of the ceramic for soft nuclear radiation can
be adapted to avoid the lack of sensitivity inherent in the tather rough lapping procedures. If
a layer of the cation tracer is deposited on one side of a specimen of thickness [, as shown
Figure 7, then as diffusion proceeds the activity measured at Side 1 will decrease and that on
Side 2 will increase. The change in activity on both sides will depend on the tracer diffusion
rates and the absotptive properties of the medium.

Gainotti and Zecchina ** measured the relative increase in activity on Side 2 as a function
of time and this is given by: :

5 - exp uﬁnt){erf[ — (uD* | +erf (uDO%Y (16)

2

(4Dt)%

whete p is the absorption coefficient of the medium for the measured radiation. For sufficiently
short times when (u?Dt)¥% << 1 and with the thickness £ such that 1/(4Dt) % > 3 th‘is approximates
to; '

I Dt \#
2o s (—t) + WDt (17)
| Ui

from which D can be obtained if @ is known.
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If the tracer emits both ¥ and f rays, advantage can be taken of the difference between
the relatively large value of g and the value of 1, **. It is then not necessary to work with
thin specimens, and it can be shown, by measuring the decrease of both 3 and ¥ activity with
time, that: '

15(t) Ly (t)
Ig(0) [/ I,(0)

= exp (,,uﬁ’ Dt) {1 —erf [ (D)%)} | : (18)

where I5(t) is the B activity at the surface after an anneal lasting t seconds, and I3(0) this value
at the beginning of the experiment. The significance of the other symbols is obvious.

For monochromatic radiation” 4 can be determined experimentally by applying the exponential
decay of the activity with depth:

I{x)
= = - . 1
10) exp (— Hx) (19)

This method can be cumbersome if the radiation exhibits a complex spectrum of encrgies,

Zhukhovitzky ** showed that it was not essential to know the absorption characteristics
if one counted both sides of the specimen at time intervals. He showed by solving Fick’s law
that;

fn (I—l——-:——l-g-) = fn K — mt , (20)

I, +1,

where K is an expression containing absorptivity and diffusivity parameters, which do not have to
be known in this simple linear expression in t, and

2
m ~1T.E_}_3’. (21)

from which D can be determined.

These methods have not been applied to ceramic oxides, but they show great promise in the
investigation of transport in oxide layers connected with corrosion of metals. Thin specimens can
be obtained by chemically stripping the metal. The thickness of the specimen depends largely on
two conditions, namely the energy of the measured radiation and the thickness of the tracer deposit,
Fora 1 um deposit of a 0.5 MeV [ emitter, £ should be between 30 and 100 fm.

The difficulties of preparing thin specimens have been avoided in another method by
Zhukhovitzky * based on the absorptive properties of the medium, where semi-infinite geometry
is assumed. However the determination of activity at infinite time by homogenizing a specimen
is at least very cumbersome and long annealing times are required. These methods have been
reviewed recently *,

4.1.4 Isotope effects

One of the most powerful methods of establishing the diffusion mechanism in a particular
migration problem is to study the rates at which different isotopes of an appropriate element diffuse
under identical conditions %2,

For most applications the assumption that the tracer diffusion coefficient is identical to
the atomic diffusion coefficient is valid to within the experimental errors involved in the inter-
pretation of tracer diffusion data. Atomic diffusion by any mechanism is a perfectly random event,
However, the probability that a labelled atom will move in a particular direction is cotrelated to
previous jumps and is not entirely random, if kinetics of order greater than unity are involved as
shown in the monatomic system in Figure 8. In ceramic oxides actual jumps are more complicated

but the statistical inferences are the same, As indicated before, only vacancy and interstitial’
mechanisms need be considered here.
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Kinetically an interstitial jump is a first order rate process. The labelled atom in a and b
has an equal ptobability of jumping in any of the 4 directions indicated. The process is perfectly
random; there is no differeace between atomic and tracer diffusion. In thevacancy mechanism,
however, the kinetics are of higher order if the jumping atom is a labelled one. That is, the move-
ment of the tracer depends on the concentrations of labelled atoms and of vacancies. For atomic
diffusion by vacancy drift the concentration of atoms is so great that migration is a function of
vacancy concentration only. After the jump shown in ¢ has taken place the probability that the
labelled atom in d jumps back to its original position is far greater than moyvement in any other
direction even in the presence of other vacancies nearby. The tracer diffusion coefficient is
smaller than the atomic diffusion coefficient. If we define

o= .2 ) (22)

then for a particular crystal sttucture this correlation factor can be derived by comparing the stat-
istical jump ptobabilities of the labelled atoms with those of the host atoms. For vacancy diffusion
in an hep lattice Mullen*® showed f to be 0.783, and in fcc and bec lattices LeClaire '® used

f =0.7815 and 0.7215 respectively. Compaan and Haven*® calculated f for a number of ionic crystals.
For a direct interstitial mechanism f = 1 as is shown in Figures 8a and 8b.

Schoen ®* related the diffusion rates of two isotopes of the same element in a host medium to
their mass ratio by the simple equation;:

3o - [E]

Thus by determining the diffusion coefficients of the isotopes simultaneously, f can be obtained
and sbme pertinent conclusions drawn about possible diffusion mechanisms.

Using the tracer lapping method for an experiment such as the above in which one detemmines
the activity of both isotopes at any depth x after a diffusion anneal, it is simple to-show that the
logarithm of the activities must be proportienal to the square of the penetration distance:

| « [ Zﬁ't- :I (24)

Thus, for the ratio of activities of the isotopes,

I 2 Jﬁl 7 1 . .
fn 22 = p . B )4 A (23)
® Io 41: 1D1 Dg}
where A is a constant. Hence
R PR 11(9.1.-1) : (26)
12 D:Z :

It is thus unnecessaty to know the dep-th of penetration accurately. By simply plotting on a log-log
scale the ratio of the activities of each lsotope versus that of one of them, the term D3/Dy — 1 can
be obtained and { determined, :

The critesion for a successful experimental determination is the choice of suitable isotopes,
and the following paints must be considered.

1. Their radiations must be different enough to allow individual determination. Thus ¥
counting for one and S8 counting for the other;, or spectrometry of the radiation energetics, or even
half-life determinations can all be used.

2. The half-lives of the isotopes must be long enough to allow adequate time for a diffusion
anneal, A reasonable profile is obtained when the average diffusion length is approximately
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25 microns { = (2Dt)V’). If the diffusion coefficient is 10™ cm?/sec, the anneal needs to last 1 hour.
If D =10"" em?/ sec, the anneal is spread over 5 weeks. Allowing for handling of the isotope
and analysis of the specimen it is reasonable to put the half-life of the isotope at least equal to
the annealing time. Thus, in the examples above, the half-life should be at.least 1 hour for the
very fast diffusion or 35 days at the slower rates.

3, The difference in mass between the isotopes must be sufficient to give measurably
different diffusion rates. The value of (my/m)* ~ 1 should be at least 0.020 for reasonable sensi-
tivity,

In Table 2 we suggest a number of isotopes that can be used to advantage in determining
mechanisms for self-diffusion or solute diffusion in ceramic oxides, a field which is wide open for
cxtensive investigation, The table has been drawn up on the basis of the 3 considerations above.
The isotopes shown are readily available. Only the system “Be/!"Be is being investigated to
determine the self-diffusion mechanism in BeQ and of impurity diffusion in AlLQOj and MgO.

Elements with a widespread spectrum of inactive, naturally occurring isotopes are of par-
ticular interest. On irradiation of natural tin, for example, one obtains a range of the most useful
isotopes from mass number 113 to 125, and these can be applied without separation in an isotope
effect experiment, Natural zirc and calcium are other examples that can be used to advantage.

4,1.5 Chemical diffusion

The phenomenon of chemical diffusion in ceramic oxides is another problem which has
received relatively little attention; and yet an understanding of the processes that take place
when two solids, either or both being a ceramic oxide, are in contact with one another at elevated
temperatuses, is of great practical importance. Oxidation of metals is essentially determinied by
chemical diffusion processes, particularly in the oxide layer. The petformance of ceramic coatings
on nuclear fuels is greatly influenced by mass transport at the interface, complicated by the effects
of neutron irradiation. The general practice of influencing sintering and grain growth by the empirical .
addition of other oxides is based on assumptions of rapid homogenizing of the contacted phases by
chemical diffusion either at the interface or in the bulk, )

The complications in chemical diffusion are due to two ifinate conditions: the diffusion
coefficients are not constants, but increase as concentration increases, and the diffusion of selid
A into B usually takes place at a fate different from that of B into A , which results in a net
flux of matter. This flux can be measured quantitatively by marking the initial interface, as in the
experiments by Smiegelskas and Kirkendall **, in such a way that it can be located after the diffusion
anneal. To find the diffusion coefficient of each component as a function of concentration,the Matano-
Boltzmann graphical method ** can be applied, shown in Figure 9. The diffusion coefficient is not
- constant and Fick’s second law must therefore be written:

¢ 2 (pde |
¢ ™ 3= (D ax) : (27)

which has a unique solution if we introduce the variable A = xt™%. It is then simple to show that
any concentration

T & l .
D(c) = - L A [} . (28)
(C) 2 'ac dc .
The term OA/Oc is the gradient of the curve where the concentration is ¢ » and the integral is the area
under the curve. Solutions are available ** to apply this method in the regions of extremely high and
low concentrations, where gradients and areas under the curve have little meaning. )

This chemical diffusion coefficient can be related to the individual coefficients D. and D
by means of the equations formulated by Darken % who showed that if the molar volume of the solid
solution is constant, '
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D(c) = DX, +DgX, (30)
and V = (Dg— Dj) 9Xp , (31)
Jx

where X, and X are the mole fractions of A and B and V is the velocity with which the marked
plane has travelled during the anneal. Having measured D(c) with respect to the marked plane by the
Matano-Boltzmann method, and knowing the profiles of A and B and the distance this plane has
travelled, these simultaneous equations can be solved.

With metals, Kirkendall shifts are studied by placing idert metal wires or fine-grained alumina
at the interface. At the high temperatures where diffusion rates become measurable,.it is not easy to
find markers compatible with the ceramic oxides. This fact and the limited amount of information on
phase diagrams of ceramics may account for the virtual lack of quantitative chemical diffusion data.

Holt and Condit 57 have recently suggested that if oxygen diffusion in the two ceramic oxides
is negligible compared with their cation diffusion, an 180y interface can be detected by proton activa-
tion and autoradiography as shown in Figure 10. This method is discussed in detail under oxygen
diffusion. A diffusion couple with an %0 layer in between is made by hot pressing at a temperature
well below that for the proposed diffusion anneal. Half of such a specimen is annealed and the other
half used to locate the original interface precisely. Both halves are cut at a low angle and the fresh
surfaces itradiated in a proton accelerator, where

o (p,)°F (32)

The 8F, which has a short half-life (112 mins), is a positron emitter which can readily be detected
by autoradiography. The interface can thus be detected in both the annealed and blank specimens.
To determine the cation concentration gradient, electron microprobe analysis can be used or even
radiochemical methods if either specimen A or B was initially uniformly active.

Corrosion of metals is an extreme case of chemical diffusion, where, in addition to the solid-
solid interface, the processes at the solid-gas interface are also important. The movement of a
market, originally deposited on the metal, as shown in Figure 11, may decide whether cation or anion
diffusion through the oxide is the rate-determining process. The marker is usually an isotope of the
metal being studied, but any tracer which does not interfere with the migration through the oxide can
be used. If oxidation rates are determined by the rate at which the cation moves through the oxide,
the tracer will essentially remain at the metal-oxide interface. However, if corrosion takes place by
an oxygen diffusion mechanism the tracer will be displaced from the metal and remain at the oxide-gas
interface,

The presence of a source of radiation under an oxide layer opens the possibility of using
the absorptive properties of the radiation for the study of corrosion in terms of transport properties.
The work by Cox and Roy®®, based on a method developed by Ollerhead et al. 5 and of Condit and
Holt °, could end the stalemate which seems to have been reached in cotrosion by weight gain and
metallography studies.

Cox and Roy *® applied ® spectrometry to the determination of the energy and number of
o particles emitted in the reaction;

170(31‘!&,0'.)160 (33)

which has a Q value of 16 MeV. Specimens oxidized alternately in 0 and 0 atmo spheres have
an 70 gradient, When bombarded with about 5 MeV %He ions, the energy of the emitted « particle
depends entirely on the length of the path through the oxide layer. The energy loss of energetic
secondary particles in accelerator reactions, which is caused by the stopping power of a compound,
can be calculated quite accurately ®*. The number of @ particles in this known specirum of energies
can therefore be translated into a 7O concentration gradient from which diffusion parameters and
mechanisms can be obtained. Applying this procedure to the oxidation of zirconium, Cox and Roy
came to the conclusion that oxygen migration via boundaries and other rapid diffusion paths in the
oxide layer is rate-determining and that oxygen bulk diffusion is too low to be detectable. From
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their data it can be shown that this method has a sensitivity of better than 1075 cm?/sec for anneals
lasting only a few hours. The proposed analytical method seems rather extravagant; the expensive

*He ion source has the advantage of giving ¢ particles of very high energy, but it does so also with
B0 (Q = 12,509, see Table 3) which is considerably cheaper than !"0. )

The method by Condit and Holt ° makes it possible to investigate an earlier and pethaps more
critical stage in the corrosion process, namely the initial growth of the oxide film immediately after
nucleation. Cox's activation method is sensitive for oxide layers from about 5 x 10° A to about 5 pm,
and Condit’s method is applicable for deposits from a few monolayers to about 103 1 .

The marker used is *®Th, a 1.9 year @ emitter, with short-lived decay products. Instead of
measuring the ¢ radiation of the decaying nuclide, Condit and Holt collected the recoiling radium
daughter on a plate above the specimen. The range calculations for these relatively low energy recoil
nuclei ate very cumbersome and depend on parameters which are not accurately known. Friedlander
and Kennedy °* suggest empirical relations from which an approximate range can be calculated. For
**4Ra, the recoil energy Ep, is calculated from Ej , the energy of the @ decay of ***Th (5.42 MeV):

MRB ERa = MOCEOZ ] . (34)
where My is the mass of the o particle (y) and Mg, that of the radium nuclens. (E,_ 6 =97 keV). To
calculate, say, the range Ry, in zirconium (Z = 40, M = 91), one first obtains the proton range in
zirconium (r,,) from the empirical relation **:

Lz

ra

= 0.90 +0.0275 Z +(0.06 ~ 0.0086 Z) log (35)

Ra
MRa ’
where r_ is the range in air of a proton of energy Eg,./Mg,, which can be obtained from the tables

or graphs. The proton energy equivalent is 4.3 x 10? eV, and its range about 102 mg/cm? (Ref. 62,
Figure: 7-2); 1;, ® 0.751, =7.5 x 10"® mg/ cm®. Furthermore the value of R,, is related to r,. by:

MRa
Roe = 3 T - (36)
The value of z, which is the charge on the recoiling radium ion, is not exactly known, For the
initial value of Ex, a value of 4 to'5 is not unreasonable. Hence all recoil will be stopped within
a layer of about 1000 & ; this is 2 to 3 times as high as the value experimentally determined by’
Condit®®, 'Small corrections are required to apply such calculations to oxides but these are insig-
nificant compared with the approximations implied.

4.2 Methods for Studying Oxygen Diffusion

4.2.1 Mass spectrometric methods

Of the four active oxygen isotopes, 50 has the longest bhalf life, 2.1 minutes. Methods for
detecting oxygen transport are therefore all based on the detection of the stable isotopes 170 and
180, which have a low abundance compared with 0. One either monitors the atmo sphere (enriched
in Y0 or '0), in which a specimen is being heated, by mass spectrometry, or determines the 170 or
180 gradient after the anneal by making use of some characteristic nuclear property of the less
abundant isotopes ( 0 ~ 0.037 per cent and %0 ~ 0,20 per cent),

Several mass-spectrometric determinations for oxygen diffusion coefficients in ceramic oxides
have been carried out. The 80,/ 180, peak is measured as a function of time and it is assumed that
diffusion is the rate-determining step in the depletion of the enriched atmosphere. The data are
processed by quite standard procedures (see for example Haul et al. ® or Holt *). The disadvantages
of this method are:

(i) Thedata obtained do not reveal the diffusion mechanisms, Even in powdeted single
crystals of ceramic oxides one must anticipate the presence of rapid diffusion paths
such as dislocations.
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(ii) The diffusion step is not necessarily rate-determining. In fact, the source of B0 is
extremely important in this regard. Exchange between O; and BeO % for example is
very slow while that between CO; and BeO is considerably faster. Austerman®®
resolved these problems by lapping his specimens after an anneal in an enariched
atmosphere,and determining the '80/'°0 ratio in the grindings by vacuum fusion
and mass spectrometry. However, the sensitivity of this method is considerably
smaller. :

4.2.2 Methods based on activation of oxygen isotopes

Currently several methods are being developed and these are based on the nuclear properties
of the oxygen isotopes. After an anneal with a source enriched in 70 or 80, the concentration gradients
of these stable isotopes in the specimen are obtaired and the specimen is then irradidted by nuclear
particles of an appropriate energy. The concentration of the product nucleus, or the emission of
secondaty particles can be correlated with the original isotopic concentration in the specimens, from
which a profile is then deduced.

Table 3 is a list of the most important nuclear reactions of 160, Table 4 gives those for 170,
and Table 5 those for 0. Reactions with '°0 are useful for oxygen diffusion in metals, while those
for 70 and O can be applied in studying ceramic oxides. These data were obtained from a publica-
tion by Ajzenberg et al.*”. The Q value is the energy release of the particular reaction, not the
threshold energy. Neither is it an indication of the cross section. It is the minimum energy of the
patticle accelerator required for the reaction. Thus if a 3 MeV positive particle accelerator is
available, all reactions with Q < — 3 MeV cannot be used.

Two procedures are used, .depending on whether (i) the product nucleus after activation is
radioactive, or (ii) the recoiling secondary particle has sufficient energy to emerge from the oxide.

In the first case the half life must be sufficiently long to permit detection. This restricts
the choice to C, a 5.76 x 10° year soft S emitter, and 18F a 112 minute positron emitter with a
0.51 MeV <y . The first is only formed in peutron activation which is not favoured in these analyses.
Neatly all elements give active product nuclei on neutron activation and this interferes with the
radio chemical analysis of **C. Furthermore secondary reactions due to tecoil protons, deuterons,
and so on, cannot be avoided. In this category only the 150 (p,n) ¥F and 70 (d,n) '®F reactions,
which have reasonable cross-sections, have been investigated®” LR

In the second case the recoilitig particle can be analysed during the activation process,
this is similar to the method by Ollerhead et al. *° described above. The choice of useful reactions
in this group is considerably greater, particularly if one does not tely on the absorption properties
of the emitted particle to reveal the depth of penetration by spectrometry. By 'cutting a wedge across
the profile and allowing the ion beam to scan the exposed surface, a count of the particles of a known
energy can be related to the concentration of the oxygen isotope. The reaction "0 (p,@)!>N has been
used to study oxygen diffusion in quattz 79,71 However, there are usually several interfering reactions
either in the specimen or with materials in the path between specimen and detector. Low count rates
are a further disadvantage for such in-situ measurements. Specimens have to be counted for relatively
long petiods (5 — 15 minutes at each spot) and this demands great stability in the control of beam
current and energy. Accelerators must become far more sophisticated to achieve these ideal con-
ditions.

The proton activation reaction 'O (p,n)I8F has been developed quantitatively by the authors ™*
to study oxygen diffusion in polycrystalline beryllium oxide. This technique was first used by Condit®
who produced autoradiographs from the positron activity of the I8F, as an illustration of grain boundary
diffusion in MgO crystals. Similar studi¢s have since been done by McKenzie *® and Doeffler ™.

The method 7? is illustrated schematically in Figute 12, - Beryllium oxide compacts were
annealed in contact with a source of 20, which was either BeO, or COy, enriched in 180, The
sutface was then ground at a small angle such that the (0 concentration gradient within the sample
was exposed.
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This surface was irradiated with protons from a 3 MeV Van de Graaff linear accelerator,
this machine having the advantage that irradiation conditions are reproducible and stable. The
beam energy was calibrated from the '®0 (p,n) *8F resonance priot to each experiment by measuring
the neutron yiéld from an enriched Zr( 180), target, and was found to be reproducible to within * 15 keV,
The proton beam current was automatically controlled to within a few per cent, and the integrated
current recorded for each irradiation. The target assembly was constructed to ensure uniform irradia-
tion of the BeO sutface, by oscillation of the sample in the proton beam. Typical operating conditions

Were: proton current 2 us at 2.75 McV, integrated proton current 3000 4 coulomb, pressure 10°* to 10"°mm
Hg.

The short-lived 7y activity was: allowed to decay before proceeding with.autoradiegraphic expos-
ures. The images produced were then examined by means of a microphotometer, from which image
density profiles similar to those in Figure 13 were obtained. The response of the film used was found
to be closely described by the Beer-Lambert law. However, it was necessary to correct the profiles
for broadening due to the range of the 0,635 MeV positrons, and the microphotometer slit width.

The results obtained were analysed on the assumption that the activity of %0 at the surface
was effectively constant during the anneal. Diffusion coefficients were calculated from the ‘appro-
priate solution to Fick’s Law for these boundary conditions, and the results at 1400, 1500, and 1900°C
are illustrated in Figure 14, for comparison with the previcus values obtained by Austerman®® and
Holt %, - Austerman’s data were also obtained for polycrystalline compacts and appear to be in reason-
able agreement with this work, '

5. SUMMARY.

Diffusion mechanisms in ceramic oxtides have been discussed and the data available in the
literature reviewed. A simple correlation for cation self-diffusion in-oxides, based on structural
considerations, is not likely to eventuate. For oxygen self-diffusion, however, a correlation should
be possible. Some regularity in activation energies in hexagonal, cubic and tetragonal oxides and in
the value of diffusion coefficients at the melting point is sugge sted.

Experimental techniques in the past have been restricted to conventional methods used in

the study of diffusion in metals. Greater sensitivity is requited as well as better characterization
of the materials used. Less common methods for the study of diffusion in oxides have been reviewed.
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TABLE 1

DIFFUSION OF CHROMIUM IN CHROMIC OXIDE

- Dg(em?/sec) Q (kcal/mole) Reference
4x10° 100 9
0.137 61,1 10
4,3 x 10°® 22 11
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NUCLEAR REACTIONS OF OXYGEN—-16

Reacrion Q Value Reaction Q Value
160 (v ,n) 150 —15.655 10 (a,7y )?Ne 4.753
(7, PY°N -12.113 (®,n)1Ne ~12.158
(y, BN -25.020 (¢,p)°F -8.119
(v, a)’c —7.148 (¢,pn)'8F * -18.533
(v, na)'c —25.870 (¢,0)'F -19.217
(v, 40) ~14.429 (¢, *He)"0 -16.436
160 (d,7y )18F* 7.538 %0 (p,y)V'F 4.984
(d,n}V'F ~1,631 (p,n)16F ~16.41
(d,p)!70 1.919 (p,2p)"N -12.113
(d,t)!%0 ~9.396 (p,d) 0 —13.428
(d, 3He}!SN ~56.619 (p, *He) N —-15.235
(d, )N 3.116 (p, ) 1N -5.208
150 (n,¥ )"0 4.146 150 (®He,n)18Ne -2.966
(n,2n)150 —~15.655 ( ®He,p)'8F * 2.045
(n,p)'*N ~9.619° (®He,d)'7F —4.898
(n,d)IN -9.884 CHe,t)'°F -15.61
(n,0)""N ~14:470 (*He, )"0 4.923
(n,3He) M4C * ~14.607
(n,®0)13¢ -2.203
190 (t,n) 18F = 1.280
(t,p)180 3.730
(t,d)170 -2.113
(¢, *He)'*N ~10.384
(t,0) 1SN 7,700




TABLE 4
NUCLEAR REACTIONS OF OXYGEN-17

Reaction ) Value (MeV)
70 (n,p)''N 27.93
(n, ) C* 1.825
70 (p,¥)°F * 5.619
(p,n)"F -3.550
(p, )0 -1.919
(p,t) 0 =11.316
(p, & )**N 1,197
170 (d,n)'®F * 3.392
(d,p)**o 5.842
(d,)*%0 2.113
(d, )N 9,812
(d,’Hé)'’N -8,271
170 (t,0)'°F 7.548
(e,p)°0 3.542
Y70 (3He,)'%0 16.432
(3He,d)'®F # 0.125
(*He,0)'’F ~2.785
(*He;p)"°F 8.313
(*He,n)’Ne 4,274
o (a,0)? Ne 0.608
(¢,p)*°F -5.659
(a,d)°F ~10.038
(o, )18 F* —14.194




TABLE 5

NUCLEAR REACTIONS OF OXYGEN-18

Reaction Q Value (MeV) Reaction Q Value (MeV)
50 (y ,p)'N _15.99 %o (t,0)*F 6.085
(¢,d)%0 -2.301
0 (n,y 0 3.958 (e, )N 3.82
(n,d)'"N ~13.77
(n,6)°N —13.349 80 (*He,n)*’Ne 13.117
(*He,p)*F 6.850
150 (p. v )IOF 7 964 (*He,d)"’F 2.470
(p,n)*F * ~2.450 (sl-le,t.)wF * —1.685
(p.d)""0 —5.842 (*He, )"0 12.509
(p,)'°0 -3,730
(p, "He)'*N ~14.114 80 (@0 'Ne -0.705
(p, )N 3.970 - (a,d)*°F ~11.501
(a,0)*°F ~11.849
180 (d,n)!%F 5.737 (e, He) %0 -16.620
(d,p)"%0 1.731
d,n'% -1.810
(d, *He)'N -10.50
(d,) N 5.737
(d, 20)'8F * ~4.67
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FIGURE 1. SINTERING MODEL ACCORDING TO KINGERY
AND BERG




FIGURE 2. EXPLODED VIEW OF INTERIONIC SPACE IN A CLOSEST
PACKED HEXAGONAL OXIDE LATTICE
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