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Abstract

Silicon dioxide and silicate glass films are formed on
silicon nitride and silicon carbide ceramics during
exposure to high-temperature oxidising atmospheres,
and oxygen transport through the film is potentially a
rate-controlling step. Recent published literature
concerning oxygen permeation and diffusion through
amorphous and crystalline silicon dioxide, and silicate
glasses, is reviewed. Data for diffusion coefficients are
collected to facilitate the assessment of probable
dominant  oxygen transport mechanisms, and
associated rates, under given sets of oxidation
conditions.

Bei der Auslagerung bei hohen Temperaturen und in
oxidierender Atmosphdre bilden sich auf Silizium-
nitrid- und Siliziumkarbid-Keramiken Glasfilme aus
Siliziumdioxid und Silikat. Der Sauerstofftransport
durch den Film ist hierbei mdglichlicherweise ein
geschwindigkeitsbestimmender Schritt. Die vor kur-
cem verdffentliche Literatur beziiglich der Sauerstoff-
permeation und der Sauerstoffdiffusion durch amor-
phes und kristallines Siliziumdioxid und durch
Silikatgliser wurde iiberarbeitet. Daten iiber Dif-
Susionskoeffizienten wurden gesammelt, um die wahr-
scheinlich dominierende Rolle der Sauerstoff-Trans-
port-Mechanismen und die damit verbundenen Ge-
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schwindigkeitskonstanten, bei verschiedenen vorgege-
benen Oxidationsbedingungen zuginglich zu machen.

Des films amorphes de dioxide de silicium et de verre
base de silice se forment sur des céramiques a base de
nitrure et de carbure de silicium aprés exposition
haute température dans des atmosphéres oxydantes,
et le transport doxygéne a travers le film est
potentiellement ['étape contrélant la vitesse. De la
littérature récemment publiée concernant la pénétra-
tion et la diffusion de l'oxygéne a travers du dioxide
de silicium amorphe ou cristallin et des verres a base de
silice est passée en revue. Des données en ce qui
concerne les coefficients de diffusion sont collectées
pour faciliter 'estimation des mécanismes dominants
probables du transport d'oxygeéne, ainsi que des taux
associés, sous une série de conditions d'oxydation
données.

1 Introduction

Silicon carbide and silicon nitride are, in common
with most metals, thermodynamically unstable with
respect to oxidation. The usefulness of ceramics
based on these materials at temperatures in the
range 1000 to 1600°C depends to a large extent,
therefore, on the development of a protective oxide
film. With pure materials oxidising in a clean,
oxygen-containing, environment the primary oxid-
ation product is silicon dioxide (together with
gaseous carbon dioxide or nitrogen), provided the
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oxygen partial pressure is greater than a critical
value related to the stability of silicon dioxide with
respect to dissociation:

At 1400°C, this pressure is of the order of
1073 bar.!2 At higher pressure a silicon dioxide
layer develops. The assumption is generally made
that the outwards diffusion of silicon through the
silicon dioxide, leading to oxidation at the silicate—
air interface, is of negligible significance, and that
oxygen diffuses inwards to cause oxidation at the
ceramic-silicon dioxide interface (the ‘passive’
oxidation reaction). Oxygen mobility in silicon
dioxide tends to be low; silicon dioxide films thus pro-
vide a good barrier to the passage of oxygen, and very
of possible oxidation rate-controlling processes.
Very broadly speaking, oxygen mobility in silicon
dioxide tends to be low; silicon dioxide films thus
provide a good barrier to the passage of oxygen, and
very useful lifetimes for components can be ob-
tained. Under ‘reducing’ conditions of low oxygen
potentials determined by equations based on eqn (1),
‘active’ oxidation with formation of the gaseous
silicon monoxide, Si0, occurs, and faster, kinetically
linear, oxidation can occur. This process will not be
considered in this review.

Silicon dioxide is a complex material; it has a large
number of crystallographic forms, many of which
readily undergo structural rearrangement. As an
‘acidic’ oxide it also forms a wide range of crystalline
silicates and silicate glasses. The oxidation products
of technical silicon carbide and silicon nitride
materials thus commonly consist of a mixture of
crystalline and vitrous silicon dioxide, and crys-
stalline or glassy silicates, depending on the compo-
sition of the starting material. The oxidation of a
typical silicon nitride could, depending on the
amount and nature of the sintering aid used, provide
mullite, enstatite and yttrium disilicate, together
with cristobalite or silica glass. Pure silicon nitride
and silicon carbide yield predominantly cristobalite
and silica glass. The mechanisms of oxidation of the
multiphase ceramics can also be complex, but a basic
assumption is that a degree of protection is provided
by a thin silicon dioxide layer at the ceramic—oxide
interface.3 > For this reason it is of interest to
examine published data relating to oxygen mobility
in silcon dioxide. Because of the almost inevitable
contamination (by impurities and sintering aids) of
oxidation systems this survey can be usefully
extended to include silicate glasses. Self-diffusion of
oxygen and metal cations in crystalline silicates is a
related subject but beyond the scope of this review.

Comprehensive data surveys have been published
on other simple and binary oxides,® ~ 7 minerals® and
glasses.®~°

2 Silicon Dioxide

2.1 The phases of silicon dioxide

Under 1 bar pressure, three crystalline forms of
silicon dioxide,!® quartz, tridymite and cristo-
balite, are stable. Each phase has a high-low
inversion between polymorphs, normally referred to
as «- and B-forms. Transformation temperatures are
shown schematically in Fig. 1.

The low-temperature inversions between the o-
and p-forms are rapid, involving only a slight
alteration to the crystal structure, whereas trans-
formations between major crystalline forms are
sluggish, since they require the breaking of bonds.
The conversion of tridymite or cristobalite to quartz
below 867°C is so slow that in practice it is never
seen. On cooling liquid silicon dioxide below 1710°C
crystallisation is not normally accomplished without
either long annealing times or the addition of
suitable stabilisers, so that silica glass is usually
produced. Table 1 gives crystallographic data for the
principal forms of silicon dioxide.

Silica glass and the three most common crystalline
forms of silicon dioxide are constructed from SiO,
tetrahedra with an oxygen atom at each corner and a
silicon atom at the centre. Each oxygen atom is
shared by two tetrahedra, giving an O-S-O bond
angle of ~109°. The interatomic distances are Si-O
(158 pm), O-O (260 pm) and Si-Si (320pm).'! The
differences between the phases arise from the
manner in which the tetrahedra are arranged, with a
variation in the Si-O-Si bond angle.

Quartz, the low-temperature phase, is stable up to
870°C. It has not been reported as an oxidation
product of silicon nitride or silicon carbide.

Tridymite is the most complex and least well
understood of the three crystalline phases and has a
number of crystallographic modifications. The
stable phase is the S-type (metastable below 867°C),
which has six modifications. The three low-
temperature S-type modifications (S, S, Sy;) are all
orthorhombic and differ only slightly from each
other, and are for convenience collectively referred
to as low or a-tridymite (x,, o,, o3). Likewise, the
three higher-temperature hexagonal forms (S;y, Sy,
Sy,) are commonly referred to as high or g-tridymite
(Bs, Bs, Bg)- There is also a metastable form (M-type),
with three minor modifications, which slowly
(appreciably above ~1000°C) transform to one of
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Fig. 1. ‘Stable’ phase relations of silicon dioxide.

the six modifications of the S-type. There is also a
short-lived unstable form (U-type). Tridymite slowly
transforms to cristobalite above 1470°C, but the
transformation to quartz below 867°C is not
observed.

Tridymite has the most open structure of the three
main crystalline forms with more than 50% void in
the unit cell. It is capable of taking up to 9mol%
of sodium ion into its structure.'®!'® Tridymite
shows variance with the normal rule that higher-
temperature stable polymorphs have the most open,

and lowest density, structures. ‘Chemically pure’
tridymite is never observed and it always appears to
contain a small amount of other oxides. A number of
investigators have thus claimed that tridymite is not
a true phase of silicon dioxide, but a solid solution of
silicon dioxide with other oxides.'* 1% In addition,
the direct conversion of quartz to cristobalite has
been observed at ~1050°C,'>-1® subsequently pro-
posed for the ‘quartz—cristobalite transformation’
temperature. Other workers, however, have presen-
ted evidence which appears to show increased

Table 1. Crystallography of silicon dioxide

Phase p Crystal symmetry and unit Si-0-Si Largest Percentage
(Mgm™3) cell dimensions ( pni) hond structural void
angle void in unit
() radius cell”
(pm)
2-Quartz 2:65 Rhombohedral, Z = 3, ¢« =490, ¢ = 539 144 — 381
f-Quartz 2:60 Hexagonal, Z =3, « =501, ¢ =547 146 100 40-8
3-Tridymite 2:27 Orthorhombic, Z =64, « =988, h = 1710, ¢ = 1630 140 — 54-1
f-Tridymite 2-30 Hexagonal, Z =4. ¢« =503, ¢ =822 — 130 517
2-Cristobalite 2:33 Tetragonal, Z =4, « =496, ¢ = 692 148 — 453
f-Cristobalite 2:21 Cubic, Z=8,a=712 152 170 48-4
Silica glass 220 — 120-180 . 57*
Mean = 144

“ Percentage void calculated on a basis of Si**, 02 and N*~ radii of 41, 140 and 170 pm, respectively.

?See Ref. 1.
Z = Number of SiO, units per unit cell.
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stability of tridymite with increasing purity, and
consequently it has been argued that tridymite is
indeed a true polymorph of silicon dioxide.’” 1°
Although there remains uncertainty over the nature
of tridymite, it appears clear that a mineraliser (such
as an alkali metal oxide) greatly assists its formation.

Cristobalite, the phase stable above 1470°C up to
the melting point at 1710°C, can exist (metastably)
below 1470°C. The low-temperature modification,
a-cristobalite, is tetragonal and rapidly converts to
the cubic p-form above 270°C. Polycrystalline
critobalite has a characteristic curved (‘fish-scale’)
fracture surface.?®2! As in tridymite, the crystal
structure is an open one with the atoms occupying
48:4% of the space in the f-form, and is capable of
taking up to 4mol% of sodium ion into its
structure.'® An unstable form of cristobalite is the
D-type with a disordered crystal structure, and
which usually forms as an intermediate phase during
transformation between polymorphs.

Liquid silicon dioxide normally forms silica glass
on cooling. Structural rigidity of a glass is associated
with a steady increase in viscosity with decreasing
temperature. On continuous cooling there is an
abrupt change in certain properties (notably the
specific volume) over a small temperature range.
This range is referred to as the glass transition
temperature 6,. For pure silica glass, 6,=1100-
1150°C.?? Above 0, the material is usually termed a
supercooled or glass-forming liquid; below this (b)
temperature it is termed a glass. This behaviour is
illustrated in Fig. 2.

Silica glass has been comprehensively re-
viewed.!?'12:23 The structure is usually described by
the ‘random network’ hypothesis?* which envisages
the random arrangement of tetrahedra formed by
the variation of the Si—-O-Si bond angle. This angle

Liquid
Supercooled
liquid
Q f
g Glass |
= |
—_— |
o ! !
Crystal JE
6 Bm
Temperatur c Fig. 3. Two-dimensional representation of the crystal structure
Fig. 2. Volume as a function of temperature for glass and of (a) crystalline SiO,; (b) silica glass, after Zachariasen;*
crystal forms. 0,=glass transition temperature; 6, = melting (c) sodium silicate glass, after Warren & Biscoe.”” @, Na™;

point. 0O, 0%7; e, Si*".
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Table 2. Classification of commercial silica glasses'?*

Type Production method Impurity
concentration
(ppm)
Metallic  Hydroxyl ion
I Electrical fusion of quartz 50-300 5-15
I Flame fusion of quartz <type I 100-500
1T Hydrolysis of SiCl, in <1 900-1 300
O, + H, flame (+~100C1)
1A% Hydrolysis of SiCl, in <1 <2
water vapour-free plasma (4 200-800Ch
flame

can vary from 120 to 180° with a mean value of 144°.
Thus, the three-dimensional structure lacks the
long-range order of a crystalline solid but possesses
the short-range order of the SiO, tetrahedra. Figure
3 gives a two-dimensional representation of crys-
talline and amorphous materials to illustrate this
model.

Commercially available silica glass is usually
classified according to its method of manufacture.
The system proposed by Bruckner!?? is summarised
in Table 2. Types I and II silica glasses are commonly
referred to as ‘natural silica’ because they are formed
from quartz, whereas types III and IV are called
‘synthetic silica’. Silica glass produced by the
oxidation of silicon is believed to differ from com-
mercial silica by having structural channels that
form parallel to the growth direction.?® 3¢ These
channels are similar to those along the c-axis in
B-quartz and B-tridymite,® and can act as fast dif-
fusion paths for molecular species.?’

2.2 Silicate glasses

The addition of one or more oxide components to
silica glass makes a significant difference to the
structure and properties of the material.3! Oxides, in
the context of glass formation, can broadly be
subdivided into three classes:

(i) Network formers which are essential to
development of the glass structure. By far the
most common is SiO,, but the class also
includes B,0;, GeO,, As,0; and P,0;.

(1) Network modifiers such as Na,0, K O, Li, O,
MgO, CaO and Y,0; which disrupt the
continuity of the glass structure by breaking
bonds with the formation of non-bridging
oxygens (as shown in Fig. 4(c)). Monovalent
ions will form one non-bridging oxygen per
cation, and divalent ions will form two non-
bridging oxygens. The cations are located in
interstices in the glass structure—the size of

the ion determining the size of the hole it can
ocupy. Smaller ions tend to have higher
mobilities than larger ions. According to the
random network theory?# the cations should
be distributed randomly and fairly homog-
eneously throughout the network. However,
evidence does exist to indicate that cations
may be grouped in pairs, and as clusters.32:33

(i) Intermediate oxides such as Al,O;, BeO,
TiO, and ZrO, which, although they cannot
in normal conditions form glasses by them-
selves, in some circumstances enter glass and
modify its structure. The replacement of Si**
by AI** requires an additional monovalent
(or fractional polyvalent) cation to occupy
an adjacent structural ‘hole’ to preserve
charge neutrality.

2.3 Phase transformations in silicon dioxide

The devitrification (crystallisation) of silica glass,
and the transformation of one silicon dioxide
phase to another have received much atten-
tion. 1013 719.34=41 Aq 4 general rule, phase trans-
formations are facilitated by the presence of liquids.
Transformation follows typical ‘C’-shaped kinetics
with the rate showing minima at the extremes of the
temperature stability field, and a maximum near the
middle. Tridymite formation is favoured by mono-
valent metalions3> 38 —Li* Na* and K *; divalent
ions favour cristobalite.>> The power of the minera-
liser to promote crystallisation is dependent on the
ionic radius in the order Li* >Na* >K™* (ionic
radii 78, 90 and 133 pm, respectively). Increasing
concentrations of alkali increase the transformation
rate, although a saturation limit is reached above
which increased concentration has no further effect.
D-Cristobalite is usually the first phase formed,
and is then redissolved in the liquid, from which
the stable silicon dioxide form subsequently
crystallises.!3-38 41

3 Oxygen Mobility in Silicon Dioxide, Amorphous
Silica and Silicate Glasses

3.1 Introduction
The mobility of an atom or molecule can be treated
in terms of Fick’s first law:

dc

J=-D— 2

i 2)
where J is the flux of a species diffusing through a
plane normal to the concentration gradient dC/dx,
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with a diffusion coefficient D. Diffusion is a
thermally activated process, and the diffusing species
must overcome an energy barrier. D is thus related to
temperature 7, by an Arrhenius-type equation:

D=D,T"exp < _I?I{P> 3)

where AH* is the activation enthalpy, D, the pre-
exponential constant or frequency factor, R the gas
constant, and n a temperature dependence exponent.
For simplicity, the pre-exponential 7T term is
normally ignored (n = 0), since, compared with the
exponential T term, it has only a small influence
on the mobility. Most diffusion data are presented
in terms of D, and AH*, so allowing the ready
calculation of mobilities at different temperatures.

For diffusion of a gas across a membrane of
thickness d, the flux is given by:

(P1—P2)
e @

where p, and p, are the vapour pressures on each
side of the membrane, p° is the standard pressure,
and P is a constant referred to as the permeability
constant. Permeation and diffusion, although re-
lated, are not the same process. Permeation is the
overall steady-state diffusional flow of solute across
a membrane driven by an external pressure gradient,
whereas diffusion is the internal movement of
individual atoms or molecular species from one
structural point to another. Assuming D to be
independent of concentration, permeation and
diffusion are related by the expression:

P=DS (3)

J=—P

where S'is the solubility of solute in the solvent (O, in
Si0, for example) under the conditions of the study.
For the purposes of this review, the term ‘perme-
ation’ will be used for the flow or ‘diffusion’ of a
molecular species through a material with little or no
chemical interaction with the lattice. The solubility
term S is thus the physical solubility. The term
‘diffusion’ will be used to mean the self-diffusion of
network oxygen.

3.2 Oxygen mobility in amorphous silicon dioxide
Species able to diffuse in silica glass can be
subdivided into three categories:

(a) Those which are inert, e.g. helium.

(b) Those which can disrupt the structure, e.g.
sodium ions.

(c) Those which can substitute into the struc-
tural network of a glass, e.g. aluminium ions.

In some cases it can be difficult to identify the
diffusion mechanism when the diffusing species
category is uncertain. As will be seen, the diffusion of
oxygen in silica glass can be fitted to categories (a) or
(c), depending on the nature of the oxygen species
and the conditions.

There are, in principle, two basic routes available
for oxygen migration in crystalline and amorphous
silica (and related silicate glasses):

(a) The channels of open space in the low
density structures, permitting permeation of
molecular oxygen by relying on the physical
solubility of oxygen in the solid.

(b) The network of bonded oxygens through
which structural oxygen self-diffusion can
occur by making use of what in a crystalline
structure would be identified as lattice
vacancies, or interstitial positions, and invol-
ving the breaking and reforming of bonds.

If the two oxygen transport processes operated
entirely independently, process rates would be rela-
tively easy to measure in terms of overall molecular
oxygen movement through the structure, or of
isotopic exchange with the network oxygens.
However, because silica and the silicate glasses can
dissolve appreciable quantities of molecular oxygen,
the two oxygen transport processes can, in principle,
become interlinked, and it has been proposed that
internal interchange between dissolved molecular
oxygen (acting in effect as an ‘interstitial’ defect) and
network oxygen can occur. This leads to a third
mechanism for oxygen transport, termed ‘interstit-
ialcy diffusion’. As a consequence it is necessary to
distinguish between the results of isotopic exchange
measurements carried out in the presence of gaseous
oxygen, and those carried out in the complete
absence of the gas phase. The three processes are
illustrated schematically in Fig. 4.

Published data for the diffusion of molecular and
atomic oxygen in silica glass?**?~*° are sum-
marised in the Appendix in Table Al and Fig. Al.

3.2.1 Permeation

Norton*? alone has reported values of D obtained
from measurements of the permeation of molecular
oxygen through silica glass. A mass spectrometer
was used to measure gas flow through the thin
membrane of a silica glass bulb. The rate of oxygen
permeation was measured directly to give Py, and
the diffusion coefficient D, (the diffusivity of
molecular oxygen through silica), calculated by the
lag-time method, where Dy is related to the time
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Fig. 4. Schematic representation of oxygen transport mechan-

isms in silica glass. 1, Molecular permeation through internal

channels; 2, exchange between network oxygen and network

vacancy; 3, interstitialcy diffusion: exchange between network

oxygen and molecular oxygen present either within the internal

channels, or at an external surface. O, @, Oxygen atoms; [,
oxygen vacancy; @, silicon atom.

taken to establish a steady flow of oxygen. Dy _over
950--1078°C fits the equation:

. -1
113;JTmol j|mzs_1 ©)

Dy =27 x 10‘8exp[

Using eqn (5), oxygen solubility at 1078°C was
determined to be 199x 107 *cm?® O,/cm?® SiO,.
Norton gives two values of the activation
enthalpy for permeation: 92kJmol ',*?* and
112kJmol~1.#2®* The value of the activation en-
thalpy for diffusion is similar to that of 131 kJ mol ™!
determined earlier by Barrer,*° from measurements
of gas flow rates obtained by recording the change of
pressure across a silica glass membrane.

Oxygen is generally believed to permeate through
silica glass as the molecular species O,.°1-%2 Several
workers*345:33755 have reported a linear pressure
dependence for oxygen diffusion, implying that O, is
the diffusing species and not monoatomic oxygen
vacancies or ions, the concentrations of which are
not linearly dependent on p,. The activation
enthalpy of ~110kJmol™! would be low for a
mechanism involving bond breaking. This view is
broadly supported by the use of 130 as a tracer to
follow oxygen migration through silica films formed
by 10 oxidation of silicon,*°-5¢ ~¢! showing a high
concentration of 80 at the Si-SiO, interface but a
low concentration of tracer in the bulk of the oxide,
as shown schematically in Fig. 5. This implies a low
level of exchange between the permeating O, and the
lattice oxygen, again suggesting a molecular perme-
ation process. At 1300°C, however, 20 tracer is
more evenly distributed throughout the oxide,’” as a
result of appreciable exchange between network and
interstitial O,.*® The dominant migration mechan-
ism thus changes with temperature, an expected

gas St

phase

180 Concentration

Depth

Fig. 5. Schematic representation of '80 tracer diffusion profile
across a SiO, film, initially grown using !°0,, then '80,.

feature of processes with different activation en-
thalpies. Tracer studies generally show a high level of
oxygen exchange close to the oxide-atmosphere
interface. This can be explained if it is assumed that
oxygen exchange occurs more readily where there
are broken Si—O bonds, the concentration of which
at the external surface is clearly higher than that
within the internal diffusion channels.

It has been assumed that the activation enthalpy
for permeation in silica glass is proportional to the
strain energy Sy required to deform the diffusion
channels by stretching the bonds sufficiently to
accommodate an incompressible molecule.®? On
this basis, the strain energy Sg is given by the
equation:

Sg = 8nGrp(r — rp)? (7)

where G is the elastic modulus of the glass, rp the
radius of the diffusion channel and r the radius of the
diffusing molecule. Thus the square root of the
activation enthalpy should be proportional to the
radius of the molecule. Figure 6 shows AH*'/? as a
function of r for data for molecular (or atomic)
diffusion through silica glass over the temperature
range 700-1200°C. The straight line fit for these data
indicated good agreement with this model. Extra-
polating to zero enthalpy gives a diffusion channel
diameter of 85pm. A value of 110pm has been
determined by incorporating a pre-exponential T
term in eqn (3).93

3.2.2 Oxygen self-diffusion in the absence of gaseous
oxygen

In the absence of a suitable radio-isotope tracer, self-
diffusion measurements make use of the stable
isotopes, 1’0 or (more commonly) 30, with the
amount and distribution of oxygen tracer followed
by mass spectrography, SIMS, or by means of
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Fig. 6. AH*''? as a function of molecular diameter for gas
permeation through silica glass.

nuclear reactions. Because of the, at least theoretical,
possibility of interchange between molecular oxygen
and network oxygen, measurements of oxygen self-
diffusion in the absence of dissolved molecular
oxygen become important. Mikkelsen*® has used
SIMS to profile the extent of oxygen self-diffusion
between two thin (~150nm) silicon dioxide films
formed by chemical deposition from the reaction of
N, O and silane, one of which was enriched with 20
tracer. Diffusion was thus carried out under
conditions preventing access of gaseous oxygen to
the films. D} is given by:

*
D0(1200~1400“C)

=26 X 10‘4exp|:

—450kJmol™ '] , _,
RT :|m s (8)

It may be significant that this activation enthalpy
value is close to that of the Si-O bond energy
(440kJ mol 1)

3.2.3 Oxygen self-diffusion involving gaseous oxygen
exchange

Network oxygen self-diffusion has been most
frequently studied by the method of heterogeneous
isotope exchange. The silica specimen is surrounded
by oxygen enriched with the isotopic tracer and the
degree of isotope exchange is measured. If the
migration of gas to the solid—gas interface and
subsequent exchange at the interface are assumed to
be fast, the rate-controlling process is the inter-
diffusion of 80 and *®O within the Si-O network;
and diffusion rates can be determined.

A number of workers report data for the self-
diffusion of network oxygen D} by this
method.??**3~47 The most reliable data are gener-
ally considered to be those of Williams,*> Muehlen-

bachs & Schaeffer,?? Yinnon*® and Kalen et al.*”
The first three are expressed, respectively, by the
following equations:

*
DO(850—1250"C)

[ — 121 kJmol !
=21x10"13exp RTmo }mz st 9
D3(850~1250“C)
[ —82:5kJmol !
=44 x 10" Sexp 8 RTmo }mzs'1 (10)
D3(70671018°C)
- -1
=21 x 10~ exp lllmeOl :|mzs‘1 1)

Other data**** are considered to be unreliable
because of phase boundary effects between the
material and the atmosphere, and because of the
short times over which diffusion was allowed to take
place.22:45:53

Kalen et al*” used SIMS to profile 180 tracer
diffusion and assumed two independent diffusion
processes—network and interstitial. For network
diffusion D§ is given by:

*
DO(800—1200"C)

_ -1
= 554 x 10713 exp[ 143 k] mol

RT

:|m2 s™! (12)

Figure A1l in the Appendix shows that this equation
gives values for D¥ of the same order as that of
Mikkelsen*® for network oxygen diffusion in the
absence of interstitial O, (in spite of a different
activation enthalpy). Muehlenbachs & Schaeffer’s??
diffusivity value at 1012°C, which does not fit their
own eqn (9), is consistent with eqn (12). Muehlen-
bachs & Schaeffer suggested that the value at
1012°C did not fit their eqn (9) because, unlike their
other datum points, it was below the glass-transition
temperature (6,). However, it has been suggested by
Kalen et al.*” that at this temperature Muelenbachs
& Schaeffer might not have achieved significant
exchange between the network and the interstitial
oxygen (although other workers apparently had
little problem at lower temperatures) and that they
were measuring the network diffusivity as given in
eqn (11).

Activation enthalpies for the network self-
diffusion process determined by isotope exchange
experiments (85-121kJmol~!) are thus broadly
similar to the value for molecular diffusion
(113 kJFmol 1), suggesting a related transport mech-
anism. D§ has also been found to be linearly
dependent on the oxygen partial pressure.*> On this
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basis, and as the activation enthalpy is much smaller
than the Si-O bond energy, Schaeffer®® has pro-
posed an ‘interstitialcy diffusion’ mechanism,
requiring the presence of O,, for the self-diffusion of
oxygen in silica glass. Oxygen self-diffusion was
assumed to proceed by the exchange of network
oxygen with interstitially dissolved O,; that is,
molecular oxygen acts as an interstitial defect or
‘carrier’ for the network oxygen*3:%*°5 (mech-
anism 3 of Fig. 4). Additional evidence for this
mechanism comes from data?’->3:¢4 which appear to
confirm an equation of Haul & Dumbgen,*?
showing a link between Dy, and Dg:

Dof’oz = Dgco (13)

Further support for the validity of this model is
provided by the work of Deal & Grove,>® who have
derived an expression for the parabolic rate constant
for silicon oxidation by molecular oxygen as a
function of the diffusion coefficient for oxygen in the
developing oxide film:

Co,
Cs

kp=2D (14)

From eqn (13) this gives®*
kp = 2D% (15)

This relationship is confirmed by direct comparisons
of measured kp and D} values®® provided the
thermally grown silicon dioxide films have reached
‘thick’ film dimensions (> pm). For ‘thin’ films of nm
dimension linear kinetics are seen, because of
ordering in the oxide structure. Values of DX
obtained using eqn (14) are about three times larger
than those measured by Norton;*? this is normally
explained by assuming that oxygen diffusion occurs
preferentially along structural channels in the silicon
dioxide film.2” However, Cawley et al.°° point out
that if the ‘interstitialcy diffusion’ mechanism
applied to silica glass, the 80 concentration in
tracer diffusion studies would be significant
throughout the oxide and not seen merely at the gas—
solid interface, as is the case, at least in the lower-
temperature region. They conclude that eqn (13) is
not valid, and that experimental evidence that
supports it is merely coincidental. It has also been
argued®® that because of 130« %0 exchange at or
near to the gas—oxide interface, the concentration of
'80, (and '®0!°0) in the permeating O, is very
much smaller than the concentration of 80, at the
oxide. Thus, '80 exchange with the network oxygen
1s negligible and below the detection limit of SIMS.

An empirical method for comparing independ-
ently determined kinetic data is to plot the logarithm
of the pre-exponential factor as a function of the

activation energy. Such treatment has arisen from
the observation that for a range of data the pre-
exponential factor tends to increase with increasing
activation enthalpies. Data arising from the same
mechanism tend to lie on a straight line. This relation
is known as the compensation law (Meyer—Neldel
rule or isokinetic effect)®®:®” and is expressed:

InDy=aAH*+ (16)

where o and f§ are constants. A number of thermally
activated processes obey this law, such as conductiv-
ity in semiconductors,®® heterogeneously catalysed
reactions®® and diffusion in solids and
glasses.®”%° =73 Figure 7 shows the good agreement
with the compensation law of permeation-assisted
oxygen self-diffusion in silica glass, but suggests that
differences in mechanisms exist for pure network
self-diffusion (Kalen et al.*” and Mikkelsen*®), and
for pure permeation.*?

3.3 Oxygen mobility in crystalline silicon dioxide

Most work on the mobility of oxygen in crystalline
forms of silicon dioxide has involved studies of
hydrothermal diffusion in mineral quartz.”4~7’
However, there are some data from heterogeneous
isotope exchange experiments for oxygen self-
diffusion in quartz using '80 tracer under
‘dry” conditions; the activation enthalpies of
230kJmol™ '** and 195kJ mol = ! 7® are much larger
than the values for silica glass. An activation
enthalpy of 195kJmol~' has been determined for
oxygen self-diffusion in tridymite.”® There are no
data for oxygen exchange in cristobalite, but four
widely differing values obtained from oxidation
studies on silicon carbide and silicon nitride powder
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Fig. 7. log D, as a function of AH* for oxygen diffusion in silica

glass. @, O, permeation after Norton;*?** W, self-diffusion

after Kalen er al*” and Mikkelsen;*® A, network diffusion at
SiO,-Si and SiO,-gas interfaces after Cawley & Boyce *®
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have been published, where the reaction rate was
assumed to be controlled by oxygen diffusion
through a protective cristobalite layer.”®~8' Doubt
exists over the validity of these results because no
account was taken of preferential diffusion along
polycrystalline cristobalite grain boundaries, or of
powder purity.

Oxygen diffusion data for crystalline silicon
dioxide are summarised in the Appendix in Table A2
and Fig. A2. Although there is much scatter, it is
clear that the rates of diffusion of oxygen in
crystalline silicon dioxide are slower than in silica
glass. The similarity in the densities of silica glass, -
tridymite and p-cristobalite (2:20, 2:30 and
221 Mgm ™2, respectively) indicates similar open
structures. Hence it seems reasonable to suppose
that similar oxygen transport mechanisms exist for
these materials, with rates modified by slight
structural variations. As discussed in Section 2.2,
silica glass is composed of rings with varying
numbers of SiQ, tetrahedral components. Migra-
tion of molecular oxygen will occur preferentially
through the larger seven-, eight-, nine-, etc., mem-
bered rings. Cristobalite and tridymite contain
similar rings, but each ring has only six-member
units. Thus, the diffusion channels in crystalline
silicon dioxide are smaller in size than the mean of
those in silica glass, and the energy barriers for
migration in crystalline silicon dioxide would be
expected to be larger. No comparative work has
been carried out using oxygen, but helium and
neon®2%3 have been found to permeate under com-
parable conditions through tridymite and cristobalite
at slower rates than through silica glass; activation
enthalpies for crystalline silicon dioxide are approxi-
mately twice those of silica glass. Since the solubility
and permeation rate of neon in cristobalite are so
small (virtually undetectable),?? it is unlikely that
molecular oxygen will have an appreciable perme-
ation rate.

Gas pressure dependences have not been reported
for oxygen diffusion in crystalline silicon dioxide; if
molecular oxygen were the migrating species, then a
linear dependence of rate on pressure would be
expected because it is solubility controlled.

3.4 Oxygen mobility in silicate glasses and liquids
This subject must differentiate not only between
permeation and self-diffusion, but also between
migration taking place within a glass (the tempera-
ture below 6,) and in a liquid (above 6,).

3.4.1 Permeation in glasses (below 6,)
Gas mobility is dependent on the size of the diffusing
species and the accessible free volume in the glass.®*

Thus gas mobility is controlled not only by the
concentration of network formers or modifiers, but
also by the effect of these on the glass structure. No
work has been published on the effect of oxide
additions to silica glass on oxygen permeation:
however, the helium permeation rate increases with
increasing R-O-R’ bond length (R=Si0}",
R’ =TiO3;~, for example),®%8 and thus with
increasing effective diameter of the permeation
channel path; a similar effect would be expected for
oxygen.

The effect of Na,O and K,0 additions on helium
permeation in silica glass has also been studied.®”-88
The Na* and K™* cations are located in the
interstices (Fig. 3), which form the diffusion chan-
nels. Gas permeation is affected in two ways: firstly,
the diffusing gas molecule must go round the
obstructing ion, so increasing the diffusion path
length; secondly the free volume for permeation is
reduced. Both factors would result in slower
permeation rates (indeed, permeation rates may be
reduced to the extent that the contribution made by
oxygen self-diffusion to the overall oxygen transport
process becomes dominant).

3.4.2 Self-difusion in glasses (below 0,)
Self-diffusion coefficients for oxygeninsilicate glasses
(that is, at temperatures below the glass transition
temperature) have been determined using similar
techniques to those used for permeation-assisted
self-diffusion in silica glass. Much of the work has
concentrated on soda-lime-silica (SiO,—~Ca(O-Na,0)
glasses and the 40Si0,-40Ca0-20Al,0, slag com-
position, but a wide range of other glasses has been
studied. The low activation enthalpies seen have led
to the suggestion that the diffusion mechanism is
unlikely to involve viscous flow or bond breaking,
and that diffusion of molecular oxygen occurs.®%-%°
An alternative mechanism involving ‘quenched in’
defects in the glass has been proposed,®! for which a
low pre-exponential factor is considered to indicate
a small defect population, and a low activation
enthalpy a low energy barrier to movement. The
migration energy AH, is calculated from the
expression:®?2

AH, = 8mi*v? 17
where m is the mass of the diffusing atom, A the
mean jump distance, and v the vibrational frequency

of a particle in a potential well. v, given by
Lindemann’s equation,®® was originally determined

for crystals:
[ T
v="b A—Vf?? (18)
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where T is the glass transition temperature, A the
atomic mass and V', the atomic volume, and b (a
constant)=2-8 x 10'?2s 'm~! K~ V2. The values of
AH,, calculated from this model are in fair agree-
ment with those determined experimentally.

3.4.3 Oxygen mobility in silicate liquids (above 0,)
Oxygen migrates through a liquid silicate relatively
quickly, and the mechanism is modelled as that of a
molecule moving through channels in the liquid. The
self-diffusion of oxygen in liquids is less well-
understood and several mechanisms have been
proposed. The first widely used theory is based on
the Stokes’ equation:

1

B=—
onry

(19)

where B is the mobility of a hard spherical atom or
ion of radius r moving in a continuous medium of
viscosity #. Using the Nernst-Einstein equation:

D= BkT (20)

where k is the Boltzmann constant, and 7T the

thermodynamic temperature, gives the Stokes—

Einstein equation relating D and #:
kT
6

(21)

This model works well for simple liquids and molten
salts, but for diffusion in silicate liquids gives ionic
radii orders of magnitude too small.”*

A similar approach has been used by Eyring and
coworkers®3-9¢ assuming a simple liquid having
crystal-like structure. Viscous flow and self-diffusion
result from atoms jumping from one site to a hole, as
illustrated in Fig. 8. The movement of the small
sphere A (oxygen ion) of radius /, through a distance
nr, where r is the diameter of the large ion B (silicate
anion), results in the transport of the B ion to the left,
and gives:

kT
iy
for the self-diffusion coeflicient of the small ion.
Diffusivities calculated from this model for a
number of silicate liquids are in good agreement
with the experimentally determined values.?-*# In
some cases, eqn (21) more accurately describes
silicate melt diffusion if a larger diffusing ion than
0" (V,=92x1073"m?3), such as SiO}~ (V,=
1-1 x 10~ 28 m?3),is assumed.®” Schreiber et al.®® have
argued that some deviations from Eyring’s model
can be attributed to the wrong mechanism being
assumed. If the measured diffusion rates are much

D (22)

7 ~N
\

\ /

N -

Fig. 8. Silicate glass diffusion model, after Eyring.®*-°¢
higher than predicted it is likely that oxygen
permeation through channels in the melt structure is
occurring. Schaeffer has proposed that molecular
oxygen permeation can assist oxygen self-diffusion
in silicate glasses, in much the same as was proposed
for silica glass.'®® Most workers consider oxygen
permeation in liquid silicates to be by the molecule
0,.°27 1% Doremus,'°? however, observed that
permeation rates in liquids were much higher than in
silica glass provided O, dissociates into atomic
oxygen (a smaller species), which diffuses at a higher
rate.

An alternative mechanism has been proposed on
the basis of work with liquid K ,0-Si0,,”® for which
an observed pg!/? diffusion dependence was inter-
preted as implying a vacancy mechanism at non-
bridging oxygen sites, described schematically:

I |

O O
—O—Sli—O‘ 4 ’Sli—0~ =
0 o
Non-b|ridging Oxylgen l
oxygen vacancy 9] o)

I I
—O—S|i‘ T ’O—Sli—O—

o
Oxygen Non-bridging
vacancy oxygen

There is, however, disagreement in the literature as
to the pressure dependence of oxygen diffusion
in silicate liquids. A pressure dependence of pg?
has been determined for calcium aluminoborate
liquids;'°? other investigations of soda-lime-silica
glasses have shown no oxygen pressure dependence **

4 Conclusions

The relevance of these data to the oxidation of
silicon-based ceramics such as silicon carbide and
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silicon nitride, in as far as the reaction rate is
controlled at least partially by the migration of
oxygen through a silica or silicate film, now remains
to be assessed.

Oxidation requires the presence of an adequately
high oxygen potential at the non-oxide interface.
How this potential is maintained is not important,
but the fastest oxygen transport process through the
silica (or silicate) film at oxidation temperature in
order to maintain the oxygen potential will be the
one linked kinetically to the rate-controlling step. It
is clear, as Fig. Al shows, that over a wide
temperature band oxygen migrates faster through
non-crystalline silica as molecular oxygen, than by
network self-diffusion. Although self-diffusion in
silica glass appears to be greatly enhanced by
dissolved molecular oxygen, the pure permeation
process at temperatures of interest (900-1300°C) is
still the fastest. The permeation rates of molecular
oxygen through the crystalline forms of silicon
dioxide have apparently not been measured; on the

6/°C

logig (D /m2s1)

06 10 14 18
kK /T
(a)

basis of a simple comparison of the self-diffusion
coefficients for oxygen in the crystalline and
amorphous forms of silica, the rate of oxygen
transport by permeation might be expected, on
balance, to be faster than by self-diffusion, and
probably slower than that of oxygen permeation in
amorphous silica. It is clear, however, that chemical
purity is an important factor influencing oxygen self-
diffusion and permeation.

There are only few published data for the
permeation of molecular oxygen through silicate
glasses at temperatures below 0,. Partial blocking of
the permeation channels by network modifying
cations to the large O, (242 pm) molecules might btie
expected, possibly favouring migration of oxygen by
network self-diffusion. Data suggest, however, that
molecular permeation is still by far the fastest
process. There is little if any discontinuity between
the broad band of diffusion coefficient values
measured for permeation in silicate materials above
the glass transition temperatures and those below.
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F’ig. 9 Sgrpmary of literature oxygen diffusion behaviour in silicon dioxide and silica-based glasses. (a) Oxygen diffusion in silicon
dioxide, silicate glasses and glass-forming liquids. (b) Oxygen diffusion in silicon dioxide, silicate glasses and liquids—broad overview of
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Network oxygen self-diffusion in the silicate glasses
is slower by several orders of magnitude than
permeation. At higher temperatures the migration of
oxygen through the liquid silicates by any route is
very fast, because of the presence of high concen-
trations of ‘network defects’. Compositional effects
appear now to become more significant and some
overlap of data for permeation and network
diffusion is seen, though on balance permeation is
still faster, though with some reservations regarding
interpretation of data based on doubts about the
oxygen pressure dependence. This subject clearly
needs more investigation. The marked influence of
bond breaking is seen in comparisons of permeation
data for amorphous silicon dioxide and the liquid
silicates. The weakening of the Si—O bonds with
incorporation of the network modifying metal
oxides is associated also with other physical and
chemical changes, such as the lowering of viscosity
and increased chemical reactivity generally.

It is clear that the transport of oxygen through a
silica or silicate film on a silicon-based ceramic such
as silicon carbide or silicon nitride occurs most
rapidly as molecular oxygen. Conversion of a
potentially protective silica film to a glassy or liquid
silicate by reaction with gas-borne impurity metal
oxides or salts, or with metal oxide diffusing
outwards from the intergranular regions of a multi-
phase material, would be expected to lead to an
increase in oxygen permeation rate by five or more
orders of magnitude. For all these reasons the
oxidative corrosion of silicon-based ceramics in the
presence of silicate-forming components or fluxes
becomes a very fast reaction indeed.
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Appendix: Oxygen Mobility Data

Presented here are Tables A1-A4 and Figs A1-A4
showing published diffusion data for oxygen and
cations of interest in this study. The data have

largely been assembled using Chemical Abstracts
and Diffusion and Defect Data.

Notation

cnqg Composition not quoted
Hy Denotes experiments conducted in presence

of significant amounts of water/hydrothermal
conditions

Gl  Glass—temperature below T,

Me Melt/liquid—temperature above T,

SC  Single crystal

Method (for details see appropriate references from

the data tables)

BC From the rate of contraction of gas bubbles in
a melt

CE Capillary effusion

CR Capillary reservoir

EG Gas-solid exchange, mass spectrometric ana-
lysis of gas

ES  Gas-solid exchange, mass spectrometric ana-
lysis of solid

GP Gas permeation

NP Oxygen profiling by a nuclear reaction

OC Deduced from the kinetics of silicon carbide

oxidation

ON Deduced from the kinetics of silicon nitride
oxidation

OS Deduced from the kinetics of the oxidation of
silicon

OT Optical transmittance

PC Deduced from the change of pressure of
diffusing gas

RB Rutherford back-scattered spectroscopy

RK Redox kinetics

SP  Oxygen profiling by SIMS

TG Thermogravimetric analysis

UA Ultraviolet absorption on oxidation of re-
duced oxide
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Table Al. Oxygen transport data in amorphous silicon dioxide
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Number on Material 0 Dq AH? Method Remarks Refs
Fig. Al 0 (m*s™Y) (kJmol™1)
Amorphous silica
0, diffusion/permeation
— 680-944 — 131 GP — 50
1 — 950-1078 27 x 1078 113 GP Docpoz 42
2 e 1050 D=97x10"13 — UA — 103
3 Thermally grown 700 D=1x10"23 — 0S — 56
4 Thermally grown 960 D=21x10"13 — 0s — 60
5 Thermally grown 1000 D=23x10"" — (O Docpo, 55
6 Thermally grown 1000 D=4x10"" — oS — 57
7 CVD silica 800-1 000 222 x107° 83 oS — 104
8 Spin-on silica
films 800-1 000 33x10°° 60 oS — 104
Thermally grown
and sputtered
films 800-1 000 — 113 oS — 104
9 Thermally grown 9001200 275x107° 280 oS Si0,-0, 48
SP interface
10 Thermally grown 900-1 200 1-333x 10711 241 oS Si-Si0, 48
SP interface
Thermally grown — — 210 (0N 20 nm layer 28
Thermally grown — — 120 oS ~120nm 28
Thermally grown — — 90 oS 300 nm 28
Permeation-assisted self-diffusion
11 Type | 900-1 200 43x10710 230 EG - 43
12 — 925-1225 1-51 x 1076 298 EG — 44
13 — 850-1250 210x 10713 121 EG — 45
14 — 1012 D=23x10"2 — EG — 22
15 Type 11 1150-1430 44 x 10713 82’5 ES — 22
16 — 706-1018 213 x 10714 111 NP — 46
17 Thermally grown 800-1 200 554 x 10713 143 Sp — 47
Self-diffusion
18 CvD 1200-1 400 26x1074 450 SP Thin film 49
6 /°C
5 100 100 900 , 700 600
- T T T T T T
-0k /2 4
~ 12t T 1
kg .
NG TAN © 4
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6T 2 6 ]
Q ]5\ S
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Fig. Al. Oxygen transport in amorphous silicon dioxide.
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Table A2. Oxygen transport data in crystalline silicon dioxide
Number on Material 0 D, AH?} Method Remarks Refs
Fig. A2 (°C) (m?*s™1) (kJmol™ 1)
Quartz
Self-diffusion by 80 gas/exchange
20 B-c 667 D=41x10"16 — NP SC 105
21 B-1 (1070) 667 D=81x10"18 — NP SC 105
22 B 870-1180 111 x 10714 195 NP SC 78
23 B 1010-1220 37x10713 230 EG — 43
Tridymite
Self-diffusion
30 — 1070-1280 I'1x10°13 195 NP — 78
Cristobalite
Oxidation
35 SiC 1000-1 400 46x1073 430 oC — 79
36 Powdered Si;N, 800-1300 661 x 10712 187 ON — 80
37 Partially sintered
Si;N, 800-1 300 457 x 10716 221 ON — 80
38 Powdered SiC 1100-1 350 384 x 10717 61'5 ocC — 81
6/°C
1400 1100 . 900 800 700
16T 2
i 21" 7
. 1B .
b o] * 3% ]
~ '20 { 23 0 h
Q ]
o 22 } -
% 2
S - -
24 | .
L 7 4
-26
06 07 08 09 10 M
kK /T
Fig. A2. Oxygen transport in crystalline silicon dioxide.
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Table A3. Oxygen diffusion data for silicate glasses and liquids
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Number Composition Gl/Me 0 Do AH} Method  Remarks Refs

on (mol%) (¢C) (m?*s™ Y (kd mol™")
Fig. A3

O, permeation

Si0,-A1,0;-B,0,;,—-Ca0O

41 28:6-16:8-9-8—44-8 Me 1260 D=37x10"1 — RK — 106
Si0,-Al,0;-Ba0Q-Sb,0,

42 cnq Me 1 000-1 300 54 %1077 100 BC — 108
Si0,-Al,0,;,-Ca0

43 42-3-12-45-4525 Me 1372-1535 373 x 10! 360 CE 170 tracer 108

44 42-3-12-45-45-25 Me 1372-1535 469 x 10! 360 CE 18Q tracer 108

45 65-10-25 Me 1000-1450 45x 1074 142 GP — 101

46 40-15-45 Me 1 000-1450 45x 1074 136 GP — 101
Si0,-Al1,0,-SrO-TiO,

40 39-2-30-29 Gl 630-830 284 x 1073 154 oT — 108
Si0,-As,0,-Ca0-Na,0-Sb,0,

47 cnq Me 1396-1473 42x1073 220 BC — 92
SiO,-Li,0-Na,O-Ti0,-Zr0, + 1%B,0,, La,0;, MgO

48 56-12-3-17-11 Me 1 050-1250 66 x 103 388 RK — 99
Borosilicate + As,0O,

49 cnq Me 1 000-1 300 32x107° 130 BC — 1074
MgO.Ca0.28i0,, diopside

50 — Me 1425-1550 542 x 10* 330 EC — 110
SiO,-PbO

51 30-70 Me 1000-1450 83x107% 110 GP — 101

52 20-80 Me 1 000-1450 83x 1074 105 GP e 101

53 10-50 Me 1000-1450 83x 1074 100 GP — 101
Si0,-PbO-FeO

54 12->83-<5 Me 1000-1250 21x1073 502 GP — 101

55 12->83-<5 Me 1250-1450 83x 1074 105 GP — 101

“Calculated by [102].
6 /°C

logyo (D /m?s)

1600 1300 1000 800 700 600

e i A

0-6 08 10 12

kK /T

Fig. A3. Molecular oxygen self-diffusion in silicate glasses and

glass-forming liquids.
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Table Ad. Oxygen self-diffusion data for silicate glasses and liquids
Number Composition Gl/Me 0 D, AH? Method  Remarks Refs
on (mol%) (°C) (m?s™Y) (kJmol™ 1)
Fig. A4
Oxygen self-diffusion
Si0,-Al,0,—Ca0
60 42-3-12:4-453 Gl 765-845 749 x 1077 255 EG — 111
61 41:7-13-3-450 Gl 625-830 279 x 1077 245 EG — 103
70 42:3-12:4-453 Me 1320-1540 92x10°3 257 — — 112
7 42-3-124-453 Me 1320-1540 1-§x 1073 227 EG — 113
72 42:3-12:4-453 Me 1370-1520 4x 10710 410 ES — 114
Si0,~Al,0;-Ca0O-MgO
73 50-9-25-16 Me 1297-1475 135x 1073 200 EG — 97
74 50-13-5-25-11-5 Me 1388-1476 129 x 107¢ 180 EG — 97
Si0,-CaO
75 44-56 Me 1550-1 650 15 %103 408 CE — 115
76 634-36'6 Me 1600 D*=31x10"" — NP — 116
77 583417 Me 1600 D*=58x10"1! — NP — 116
78 53-3-46-7 Me 1600 D*=88x 107! — NP — 116
79 48:3-517 Me 1600 D*=116x10"!! — NP — 116
Si0,-Ca0-Na,O
62 ~T2-~12-~16 Gl 460-525 2x 107! 278 EG — 11
80 ~T72-~12-~16 Me 8001470 79x10"¢ 186 EG — 117
81 ~T2-~12-~16 Me 800-1470 45x%x10°¢ 162 EG — 112
82 711-12-1-16:1 Me 800-1470 12x10°¢ 153 EG — 112
Si0,-Ca0-Fe,0,
83 54-8-31-6-13-6 Me 1350-1550 D,,s50=115x10"8 106 TG — 118
84 51:0-29-4-19-6 Me 1350-1550  Dj450=17x1078 556 TG — 118
85 454-46-3-8-3 Me 1350-1550 Dj450=185%x10"8 — TG — 118
86 43-0-43-5-135 Me 1350-1550  Dy,50=24x107% 46:0 TG — 118
87 40-2-40-3-19-5 Me 1350-1550  Dj450=32x10"8 573 TG — 118
88 30:9-49-7-194 Me 1350-1550  Dj450=39x 1078 485 TG — 118
89 7-1-55-8-37-1 Me 1350-1550 Dj450=104%x107" — TG — 118
Ca0.Mg0.28i0,, diopside
90 — Me 1293 D*=91x10"¢ 260 SP — 119
91 — Me 1396-1473 164 x 1074 260 EG — 97
Si0,-Ca0-MgO-Na,0
63 71-5-9-3-6-1-13-1 Gl 290-580 91x10717 57-8 NP — 90
92 71-5-9-3-6-1-131 Me 700-1083 63x10°° 208 NP — 90
SiO0,-Na,0
64 86:9-13-1 Gl 550-700 5x10°14 100 EG — 120
93 80-5-19-5 Me 1061-1395 24 %1073 192 EG — 112
8i0,-K,0
94 82:5-17'5 Me 750-1 000 40x10°3 266 EG — 98
95 73-6-26-4 Me 700-1 000 24x1073 199 EG — 98
96 72:4-276 Me 820-902 17 x 1073 250 EG D*ocpo, 121
Si0,-K,0-PbO
65 53-4-8-7-33-0 Gl 275-425 1x10714 50 ES — 91
97 53-4-8-7-33-0 Me 578-678 32 x 10% 300 EG D*ocpo, 122
Si0,-K,0-SrO
66 71-1-151-13-8 Gl 295-580 93x 10717 506 NP — 90
67 71:1-15-1-13-8 Gl 327-600 1x 10716 42 NP — 89
98 71-1-15-1-13.8 Me ~600-727 76 x 101° 498 NP — 89
99 71-1-15-1-13-8 Me 680-1121 85x%x10°% 219 NP — 90
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Fig. Ad. Oxygen self-diffusion in silicate glasses and glass-

forming liquids.
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