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SCOPE AND CONTENTS:

A phenomenological scheme for ionic diffusion in
multicomponent silicates based on self diffusion data and the
Nernst-Planck equation has been formulated which is capable
of predicting the concentration profiles of mobile ions in
a diffusion couple with or without a fixed silicate anion
step discontinuity at the boundary. It is demonstrated
that the diffusion potential appearing within this formalism
is due entirely to a distributicn of self-generated dipol=s
and equivalently, that the well-known contradiction between
the electroneutrality constraint on real charges and the
non-zerc field predicted within the phenomenolcgical
formalism vanishes when it is reccgnized that the charge to
be entered into Pcisson'’s equation is the dipele charge.

The repcrted experimental diffusion profiles in
KZO-SrO—SiO2 and Nazo—CaO~Si02 glass couples have bheen

compared with the predictions of the model and the ayreement

(ii)



has been found to be good. Diffusion couples in the
KZO-CaO—SiO2 system were investigated by microprobe analysis
and the resulting concentration profiles were also found to
be in good agreement with predictions. It has been
demonstrated that while the quasi-binary (i.e., immobile
silicate anions) approximation is satisfactory for the
KZO-SrO—SiO2 system at low temperatures, it is unsatisfactory
for all other systems considered at low and high temperatures.
An extension of the phenomenclogical scheme to glass-
metal diffusion couples with interfacial electrochemical

reactions is given in Appendix A.
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CHAPTER I

INTRODUCTION

This study of silicate glasses was undertaken to
increase our understanding of the diffusion interactions and
mechanisms, the structure of silicates and the control of
technologically interesting processes such as slag-metal
reactions, glass-metal junctions and ion-exchangers.

Despite their great theoretical and technological
importance, studies of diffusion in silicates have not been
as extensive nor as precise as those in metallic systems.
While there exists a considerable amount of data on self or
tracer diffusion in glasses for the ions H, Li, Na, K, Rb,
Cs, Sr, Ca, O, Si, Pb and Al, these have not yet been widely
used in the analysis of diffusion in multicomponent
silicates. We note, however, that Cooper (1a) has>pioneered
in this direction by developing a phenomenological schemns
("the mobility model") in which the coefficients of the
equations for multicomponent silicate diffusion are expressed
in terms of the independently measured tracer diffusion
coefficients of the mobile species. This model has been

further developed by Varshneya and Cooper (lb). Lu and

Jin (2) have used similar equations from irreversible



thermodynamics to analyze a particular example of diffusion
in glasses.

It was anticipated that an extension of this
approach would lead to better understanding of the diffusion
potential and of the electrical coupling between the
diffusive fluxes in a silicate system. From such understanding
of diffusion processes in silicates, and with the considerable
wealth of knowledge already existing in the literature on
diffusion processes in metallic systems and on reaction
kinetics, we predict that early inroads will be made into
the complex and important problem of analysis of the kinetics

of slag-metal and glass—-metal systems.



CHAPTER ITI

THE STRUCTURE OF SILICATE MELTS - A LITERATURE REVIEW

2.1 Vitreous Silica

The study of the structure of vitreous silica, Sioz,
is fundamental to the understanding of silicates since SiO2
is the basic constituent of the multicomponent silicates.
The starting point in this study can be traced to

(3)

Zachariasen's postulate of a continuous random three-
dimensional network of SiO4 tetrahedra formed by union of
these tetrahedra at their corners.

Each tetrahedron (Fig. 1) has four oxygen atoms at
the corners covalently bonded to silicon at the centre.
Each oxygen is thus on the average shared by two tetrahedra,
with large interstices between networks. Bond energies
(energies required for dissociation) of the Si-O bonds are

(4)

about 105 k.cal/mole so that there aré very few

thermally activated bond ruptures. A structure with such
rigid bonds is consistent with high viscosities of silica
melts, the enormous increase in the viscosities of silica

melts during cooling and the difficulty of achieving

crystallization at normal cooling rates.



Si atom

O O atom

Fig. 1l: Two SiO4 tetrahedra with a common oxygen bond



This random network model of fused silica has been

supported by X-ray studies, notably those of Warren and

Loring (Sa), Warren (Sb), Biscoe and Warren (5¢) and
Mackenzie and White (6a). These studies yield the following
interatomic distances:

Si—-0 = 1.60 * 0.05 A°

Si—Si = 3.0 * 0.05 A° Mackenzie and White (6a)

00 = 2.65 *+ 0.05 A°

with a distribution of the Si-0-Si bond angle between 120°

and 180° and a maximum of the distribution at about 144°.
Many properties of vitreous silica calculated from

the random network model are in agreement with experiment.

(7)

For example, Bell and Dean have shown that the spectrum
of atomic vibrations as measured by infrared absorption,
Raman emission and inelastiq neutron scattering is
consistent with the random network model. However, it has
been suggested that rather than a completely random
distribution of the tetrahedra, there may be some short
range order over a few tetrahedra. This short range order

is the basis of the "crystallite theory" (8)

of silica in
which very small crystalline regions are supposed to be
connected by disordered materials. However, experiments
imply that such ordered regions are not very large (generally

less than 100 A° long) so the random network model of vitreous

silica has been accepted by most workers in this field.



2.2 Silicate Melts

2.2.1 Comments on the various models

The Zachariasen random network model (3) of vitreous
silica is fundamental to nearly all the models of silicate
structure; indeed all these models consider the effect of
metal oxide addition on the silica structure. Although
there are inumerable theories and models of the silicate
structure, we shall review only those that have been
instrumental in furthering our understanding.

Nearly all the models are qualitative, and the few
that attempt to be quantitative are based on weak
assumptions which limit their applicability o narrow ranges

of composition (e.g., Toop and Samis (17), and Masson (21’)

All the models are speculative and no direct confirmation
has been obtained with such techniques as X-ray diffraction
and/or chromatography. 'The only supporting evidence is,
therefore, indirect. The one feature of these melts which
has been firmly established is their ionic nature. This has
been achieved through measurements of electrical

conductivity (9).

2.2.2 The random network model (3,4,6b)

Starting from the Zachariasen random network model

of fused silica, the approach to silicate structure has been



to consider the chemical effect of addition of a metal
oxide. The addition of certain metal oxides (network
modifiers) such as Na20 to the fused pure silica is
conjectured to result in a break-up (depolymerisation) of
the 3-dimensional network by a bond rupture of the type:
L1 | ] | wa' l
—-S$i—-0-Si—0—-Si— + Na,0 - —Si—0—-Si—0 0O —Si—
T : T Na© |
(see also Fig. 2) with the metal ions located in the
interstices of the network near the ionized (non-bridging)
oxygen, forming dipoles (Na+ 0 ) whose moments depend on the

(10)

cation radius. Myuller postulates that the interaction
of the M+O_ dipoles thus formed leads to the formation of
quadrupoles (Fig. 3) and structural groups of the form
Si03/20_ Na+. The bond strengths between the dipoles, i.e.,
between the modifying cation and its associated oxygen
(non-bridging oxygen) are much lower than between the Si and
O, the bond between the former being ionic whereas the
latter is mainly covalent.

Zachariasen (3,4,6b) divided all cations that

participate in glass formation into three groups:

(1) Network formers, such as Si, B and P. These have
coordination numbers 3 or 4.
(2) Network modifiers, such as Na, K, Li, Sr, Cs, Ca and

Ba which have coordination numbers of 6.
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(3) Intermediates, such as Al, Pb, Fe, Ti, Mg and Zn with
coordination numbers of 4 to 6. These can act in the
same way as (l) or (2) depending on their concentration

in the glass.

It has been shown by Ermolenko (11)

that a rigid
classification of cations into network formers and modifiers
is not possible since certain metals generally regarded as
network modifiers (e.g., Ca, Ba and Cr) at low concentrations
become network formers at high concentrations. We note also
that H+ also acts as a network modifier so that in fused

silica containing H,O (water) impurities depolymerisation

2
reactions lead to the formation of (OH) anions.

The random network model assumes that the network
splitting and the incorporation of the modifier cations into
the interstices of the network take place in a completely
random manner (Fig. 4). Thus as the metal oxide content of
the silicate melt is increased the bond rupture continues
statistically until at the orthosilicate composition,
corresponding to 66 mole% metal oxide, the network is
completely broken down and discrete Si04_ anions exist with
few free oxygen ions. This manifests itself as a lowering
of the viscosity as the metal oxide content of the melt
increases. Above 66 mole% metal oxide, the network concept
loses its meaning since no network exists in the system;

only the metal cations and the Sioi' and 02— anions can be

imagined to exist.



Fig. 4:

Randomly distributed modifier cations in a

random 3-Dimensional network of an oxide glass
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11

The entities existing at different metal oxide

contents of the melt are summarized as follows:

Pure silica s Continuous 3-D network of SiO4
tetrahedra with a small degree of
thermal bond-breaking.

0-33 mole% metal oxide: Essentially a 3-D network of
SiO4 tetrahedra with the number
of broken bonds equal to the
number of added O atoms from M20;
end of 3-D boundary at 33%.
33 mole% metal oxide: "Infinite" 2-D sheets of Si04
tetrahedra; M’ ions and 0~ ions
between sheets.

33-50 mole% metal oxide: Region of sheets and some chains

of tetrahedra.

50 mole% metal oxide: Chains of infinite length.
50-60 mole% metal oxide: Chains of decreasing length.
66 mole% metal oxide: sioi".

The structural changes envisaged above by this model
are not all compatible with experimental results. For
example, on the basis of this model, one would expect very
large changes in the heat of activation for viscous flow in
the composition range of 33 to 66 mole% metal oxide since

the size and shape of the kinetic unit (the jumping entities)



12

is supposed to undergo a radical change - sheets are broken
into chains and discrete ions. Yet the observed change (12)
in the heat of activation over this range is only 25%. On
the other hand while the observed change in the energy of
activation between the composition 0-10% metal oxide is very
dramatic (a change of about 200%), with an abrupt change
around the 10% metal oxide (Fig. 5), the network model fails
- to predict such changes. Similar changes were also observed
in other physical properties of binary silicate melts such

as density and thermal expansivity (13,14)

(Fig. 6). Thus
it appears that the random network theory, while providing a
good basis for an understanding of the fused silica structure,
is only extendable to binary silicates containing less than
about 10 mole% metal oxide.

The fact that one can visualise an infinite number
of ways of linking together SiO4 tetrahedra has led to a
number of alternate models for the binary silicate melts.
In most of these models the central theme concerns the

arrangements of the SiO4 tetrahedra which give predictions

consistent with experimental results.
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Fig. 5: The variation of the energy of activation for

viscous flow in a binary Na20—5102 melt as a
function of the mole$% Na20 (after Bockris et al.(lz))
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2.2.3 Discrete polyanion models

2.2.3.1 The Bockris, Mackenzie and Kitchener model (4,6b,12)

- To explain the abrupt changes of the physical

properties of silicates in the composition interval of

(4,6b,12)

10-20 mole$% metal oxide, Bockris et al. postulated

the presence of discrete polyions such as (Si309)6_ and
(Si4012)8_ in silicate melts in place of the 3-D network
and infinite chains of the random network model. The

existence of these anions was suggested by the fact that

certain minerals such as wollastonite, CaSiO, and pyrophyllite,

3
: ; . 6- . 8-
A12814010(0H)2 are known to contain 81609 and 814012.

Starting from the orthosilicate composition (66 mole%
metal oxide), it is conjectured in this model that the
reduction of the metal oxide content of the binary silicate

melt leads to a series of polymerisations of the tetrahedral

Sioi monomers. For example, the dimer Sizos_ will be

obtained by:

. 4= . 4- 3- ; . 3= 2-
SlO4 + SlO4 - 0381—0—8103 + 0 .

As the metal oxide content is progressively reduced, the next

silicate entity after the dimer will be the trimer

o)

_ _ | _ _
+ siod™ 5 3 o3s:'L—o—s|i—o—Sio§ + 02

3= . I
0351—0—8103

o)
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(2n+2)
3n+1l

appearing. This general formula for linear chains was

and so on; with polymers of the general formula SinO

noted to be inapplicable near 50 mole? metal oxide and

below, since the formula diverges:

0 _ 3n+l _
5T < 3 when . = 3
A P when n-> o ,

which implies infinite chains at the exact composition, and

becomes meaningless for <50 mole% metal oxide (i.e.,

3n+1l

for n an integer).
On the basis of experimental results, Bockris et al.
conjectured that ring anions would be formed at about
50 mole% metal oxide by a linking up of network anion chains.
Further structural changes between 50 and 30 mole% metal
oxide could then be understoocd on the basis of these si3og‘
and Si4O§; ring systems. At 33 mole% metal oxide composition
polymers Si60§; and Sig g;,

dimerisation of the ring anions SiBOg" and Si40

postulated as arising from

12"

conjectured to exist. As the metal oxide content is then

were

continuously reduced, further polymerisation of the rings is
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presumed; thus at 25 mole% metal oxide, the six-membered
ring, having the formula SigOgi and consisting of three rings
polymerized together is generated.

Ring stability was expected to decrease with the
increase of size corresponding to the increasing proportion
of Sioz. The silicate polyanions which correspond to
compositions near the 10 mole% composition are so large that
- they become unstable and rearrangement to the random 3-D
network of silica occurs with the physical properties of
silicate melts undergoing abrupt changes.

The various silicate entities postulated by the model
at different silicate compositions are illustrated in Fig. 7,

and summarised as follows:

Pure silica

Continuous 3-D networks of Sio4

tetrahedra with some thermal bond-

breaking and a fraction of SiO2
molecules.

0-10 mole% metal oxide : A SiO4 network with the number of
broken bonds approximately equal
to number of added O atoms (from
the metal oxide), having a frac-
tion of SiO4 entities and radicals
containing M+.

10-33 mole% metal oxide : Discrete silicate polyanions
based on a six-membered ring

. 6-
816015.
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Sig 057 ION
(e)

@Sillcon O Oxygen

Fig. 7: Examples of discrete silicate anions postulated

in-high silica silicate melts (after Bockris et

al. (12))
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33-55 mole% metal oxide : A mixture of discrete polyanions

. 6- . 6=
based on 51309 and 516015 or
. 8- . 8-
514012 and 818020' _
(2n+2)

55-66 mole% metal oxide : Chains of general form San3n+l 7

. 6-
such as 51207 .

4- 2=

66-100 mole% metal oxide: SiO4 and O anions.

Although this model can rationalise the ébrupt
changes in the physical properties of silicate melts at
10 mole% metal oxide composition there is no known
theoretical reason why a particular anicn entity must exist
at any composition (except perhaps the Sioz_ at the
orthosilicate composition). Furthermore, the model cannot
account for such phenomena as phase separation or the

(15)

results of electron microscope studies of the pores

and extracts obtained by acid leaching* of alkali silicate
glasses which showed extensive microheterogeneity of
structure. The size of regions of heterogeneity ranged from

10 to over 1000 A°, and was found to depend on (1) heat

» The leaching process is essentially an ion-exchange
process, and involves the exchange of the alkali-metal
ion by #t, thus:

| |
—si-oNa' + B » —si-0u" + Nat .

Thus sodium disilicate for example goes tc disilicic acid

H251205.
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treatment, (2) concentration of metal oxide, (3) field
strength of the modifier cation, and (4) method of glass
preparation.

Despite its weakness, the discrete-polyanion model
of Bockris and co-workers was a major advance over the
network model in providing a more consistent qualitative
account of the observed changes in the physical properties
~of silicate melts; and indeed the silicate entities
suggested are based on the re<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>