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ABSTRACT,

The kinetics of the nucleation of internal crystallisation in somé
2O, Ca0, A1203, SiOz,

These investigations have shown that the mechanism of nucleation may be

glasses of the system Ha Can, have been investigated.
described as a series of re&ersible first and second order polymerisation
reactions from embryo nuclei whose concentration is a function of glass
composition and melt conditions. It has also been found that the transition
from sub-critical nuclel to critical nuclei may be regérded as a rate
determining step, particularly at low and high nucleation temperatures

and at long times for all temperatures. The activation energy for this
~step was found to be similar to that-governing viscous flow.

The importance of melt structure and dynamics in determining crystallisatic
 phenomena is demonstrated. In this respect infra-red spectroscopy provides
iuseful structural information concerning the glasses.,

It is inferred that the embryo nuclei aré~complex silicate of aluming-
éiiicate anions, possibly containing fluorine, the major role of fluorine
lying in the reduction of the activation energy for viscous flow =nd the
provision of suitable, easily crystallised molecular fragments, through
structural reorganisation of the glass,

’ Bvidence is presented showing that the mineral phaée fluor-xonotlite
Ca6 Sis _O17 ‘Fg\ occurs only in thése glasses which display volume
crystallisation.

Finally, no relationshin was found between the number of drovlets of
a second glassy phase (glass-in~-glass phase separation) and the number

of crystallisation centres in these glasses.



Who the hoard's door
with a key's power can unlock,

that guards the riddle against rune-guessers,

holds its heart close, hides it loyally with

cunning bonds?

(The Exeter Book)
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‘ Chapter 1

1.1. Introductory Remarks

Since early times when the first toolwmgking cultures
accidently used o¢bsidian \nodules for the production of implements;
glass, in one form or another, must have been a familiar material

to uankind.

Ths daté and placs of the discovéry of synthetic glass
must remain a mattsr for speculation although it was a recognissd
product in Egypt by about the middle of the third millennium B.C.
However, during this time glass objscts vere a rarity and obviously
regarded and treated as 1m1tat1ons of precious stones. No glaSS’vessels
have been found 1n Egypt earller than circa 1500 B.C, but by the
mid-fourteenth century B.C., Egyﬂ tian factories at El—Amarna, L1sht

Girob and elsewhere were producing glasses of-many klnds and colours.
During the second millennium some artlcles were shaped in clay moulds
and cold cuttlng was common, but the vast'maJorlty of glass vessels

_were fashloned by dipping a core of sand tied in a cloth hag into a
crucible of glass and modelling on a flat stons bench, Docoration
was by coloursd glass applique or painting.

Ths'matsrials of the Egyptian glass<makers Wsre quartz:sand;
calecium carbonats, natron (nativs sodium sssquicarbonate)'or plant ash;
and a typical eighteenth dynasty glass had ths following composition
55-65%810, 15~22%Nas0, 1~3%K,0 ,l3le%Ca.O,3—5%MgO,l':3% Aly04 and 1<3%

iron oxides.

Ths tschniques of glass-making wsrs rapidly disssminatsd and
during the succssding millsnia ths techniques of cutting; flamevpolishing
and a form of millefiori dscoration wsrs psrfected whilst ths centre
of fine—art glass working shiftsd from ths Nils to Phoenicia and back
again. The important technlque of glass*blow1ng was apparently
dlscovsred in Syria at the end of the flrst century B.C., and although
mould-blowing was practised at flrst free-tlowing was soon brought to
perfection in Roms. From that time all the important glass:making and

working techniques have continued substantially unchanged,
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Opaque, opalescent and opal glasses have been known for many
centuries. Although many Pre-Roman and Roman opaque glasses are
said to be so because of the presence of countless microscopic
bubbles, many ancient glasses were quite clear and free from bubbles
and materials such as Pb28b20T were delibergtely added as'opacifiers.
Moreover, an X-ray diffraction study of some opaque glasses by
Werner and Binson(l) has shown that fluoride opals weré being uséd
in China as early as the Tzang period (A.D. 618-707). This use of
CaF, preceeds its use in the West by several centuriés. Spch'matérials
were popular in art glassware of the 18th and 19th centuries with
factories such as W.H.B. and J. Richardson, Stevens and Williams; and
Sowerby's Ellison Glassworks producing béautifully uniform colouréd
and white opal products,although it is not clear that thé glassmakérs
appreciated any of the special physical propértiés whicﬁ wé havé comé

to expect of these materials.

However, during this period experiments wéré béing conductéd in
France and England into the‘naturg‘of igneous magmas and Ghinésé )
porcelain. Réaumur (2,3,4) saw that the secret of Chinese péré%lain
lay in its being a very fine—grainéd infusiblé matérial in a'vitréous
matrix. One of the methods which hé suggésted for achéiving this
effect was, in fact, the devitrification of ordinary glass. Tﬁis
topic must have a long history, possibly as long as that of glass’
itself, because devitrification occurs whenéver glass is heatéd at
a dull-red heat for about an hour. Glass—workérs in antiquity can
scarcely have failed to notice this change and must havé dismisséd
it as a mere peccadillo, for no well documented observation appéars
until 1763 when Lewis(5) reported that Casper Newmann had attributed
the porcelainous appearance of aglass rétort uséd for distilling

milk to the action of the milk and heat,

Réaumur producéd his pwkcélain by heating glass packéd in
refractory powder. By caréful control of the heat tréatment hé weas
able to producé a fine fibrous waré capable of striking sparks from
steel, cutting glass and résistant to attack by acid and alkaliné

liquors. William Lewis discovered that when Reaumur porcelain

QT‘ .
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was overannealed the fibrous nature of the material was lost and
was replaced by a mass of coarse crystals growing radially from
the surface leading to a weak, friable product. Despite the

praises of its properties Réaumur porcelain remained obscure and

the development of glass-ceramic materials stagnated.

During this century devitrification of glasses has received
new attention. This re newed interest has been due to the
realisation that controlled devitrification may lead to products
combining high mechanical strength and resistance to chemical attack
and thermal shock with the refractory properties of'more traditional
materials. Moreover, such materials would be amenable to the
well-proved manufacturing and forming techniques of the glass

industry.

In order to obtain such properties as the ebcve it was realised'
that the surface nucleated dev1tr1f1catlon of Réaumur' S'materlal
was not suitable and that the requ1s1te mechanlcal strength could’
only be obtained by inducing internally nucleated erystal growth.’
To this end many substances have been employed such as colloidal
metals, sulphides, metallic oxides'and, more peculiar to the study

in hand, several inorganic fluorides.

The efficient mineralising action of fluorides in "anhydroﬁs"
hydrothermal systems has been appreciated for many years and early work
on the opalising action of fluoride additions to glass melts has led
to the realisation that herein may lie a route to'viable glaSSvceramics
based on normal commercial glass compositions.

e g
'1.2. The physico—chemical behav1our of fluorlne in s1llcate-me1ts

It seems reasonable to preface a survey of fluoride glasses with
a consideration of the small amount of work concerned with the behaviour

of fluorine in silicate melts,

In general, there are three effects associated with the addition



of fluorine to silicate melts:
(1) lowering of melt visco ity
(2) depression of freezing point

(3) suppression of glass-forming tendencies on cooling.

Whether these effects are uniquely separable is somewhat open
to question but, nevertheless, they form a convenient basis for
classification,

(6)

P. Kozakeviddl has made the disﬁncﬁon' between acid and

basic melts in connection with these effects. An acid-melt is
considered tohone in which the ratio of silica to total alkali is
greater than one, a basic melt has a ratio of less than one,

Kozakev1tch found that additions of fluoride to basic melts depressed
thelr freezing points without a marked lowering of viscoSity whilst
equivalent additions to acid melts resulted in a great reduction in
melt viscosity without a decrease in freezing point, These observations
are supported by the work of Herty et al, Schwerin, Matsukawa Shiraishi
and Kumar et a1(7 12) Because F~ and 02 have similar radii C1.33X
and 1.328) it is argued that fluorine might well substitute for

oxygen in the silicate network. SucH a substitution would lead to
‘dead-end bonding, breaking up the silicate network. A mechanism of
this kind woudd tend to reduce the size of flow units and consequently
the viscosity. It is believed that the commonest structural unit in
basic melts is the silicate tetrahedron in an isolated state, it is
therefore obvious that the addition of depolymerising agents to such’
melts cannot cause a reduction in viscosity. Kozakevitch(6) proposes
such a mechanism whilst emphasising that fluorine-silicon covalent
bonding is not knawn to occur in the presence of silicon—oxygen bonding,

(13) support thls argument without, unfortunately,

(11,12)

Bockris and Lowe
adducing any experimental eV1dence of their own. Kumar et al
reported evidence for silicon-fluorine bonding from the infra-red
spectra of fluoride containing melts but a subsequent analysis of
these results by Mitchell showed that the absorption band so ascribed
in fact belonged to a v1bratlonal mode of the 81,0

~ ion, Bask and
Olander( 5)

277

investigated the system CaF2 3

-CaSi0. and explained the low visco'sity
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of the melts by the breaklng up of the strong electostatlc forces

in the cyclo-trisilicate complex anion (si Oh) by ion pairs

CaF added to these. Moreover, C. Brisi definitely excluded the

existence of calcium flucrosilicates in the partial systsm CaSiO3~CaF51F%L
It is thus clear that considerable controversy surrounds this

matter although there are considerations which 1éad to a-mechanism

somevhere between these two extremes. The propertles of fluorlne

in this respect are not unique and are displayed as well by phosphates(6)

In this case no fortuitous c01nc1dence of 1on1c 31zes can be invoked

to provide a mechanism and a more subtle depolymerlsatlon-mechanlsm

must be postulated.

1.3. Fluorine Containing Glasses.

"A method as claimed in claims 1 and 2: charastsrissd in tﬁat;
after the transformation of the mixturé of constitusnt materials
into & vitreous fused mass, obJects are formed from sald:mass
according to any method and means known in glass technology, and these
objects are, after solidification by cooling, subjected to ths heat
treatment giving rise to the crystallisation". This quots from g
successful patent application for a fluoride glass*csramic(IT)
establishes succinetly the reason for rsséarch in this fiéld. Tﬁéré
have been several investigations into glasses containing IIMridss
in the systenm Si02, A1 0 {qRQO but there seém to bé as many

273¢
explanations for the phenomena observed as there are investigators.

- Silvestovich and Rabinovich(ls) and'Vaisfsld and Rabinovich(lg)
observed opalescence in the abovs glassss which was ascribéd to crystals
of alkaline and alkaline earth fluorides and to glaSSvinvglass phass
separation. These observatlons are confirmed to some extent by the'
work of BanerJee(go) in the system NaF- SlO Na20 whereln the presence
of alkali-fluoride crystals was establlshed by X-ray dlffractlon
methods. Rothwell(21) also discovered simple fluorlde phases as the

(22, 23)
opacifier in simple ternary glass systems. However, Lungu and Popescu-~Has
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failea to observe these simple fluorides when working in more
complex glasses but found instead an x-ray diffraction pattern
indicative of a mica—like structure. These investigators also
observed the kinetics of crystallisation of these glasses; finding
complex kinetics comprising an induction period; a period of

linear growth, and an asymptotic approach to some 1imiting'value.
They concluded that the process involves the initial precipitation
of a fluoride or oxyfluoride lattice which serves as a nucleus '
for the growth of crystals increasingly free of fluorine, the
original lattice decomposing as this process proceeds. VYogel and
Rehfeld(Zh) discovered that the addition of small amounts of
fluorine to glasses in the system Na20-:8102 1ncreased the tendency
towards micro—heterogeneity and imply that subsequent
erystallisation may be catalysed at the droplet-matrix 1nterface thus
produced. Lyng(25) investigating crystallisation of glasses in the
,0~-Ca0-MgO-Al o3 Sio 59 discovered that at least 3wt7

of fluoride was reguired to induce volume nucleation, By a

system Na

combination of electron-microscopy and x-ray diffraction techniques
Lyng discovered that the crystallisation process 1nvolves the
formation of a suspended phase, high in fluoride, which crystalllses

to a simple or complex fluoride. lhis is followed by further
crystallisation of various silicates, mostly fluorine analogues

of hydrous layer minerals. Furthermore all the glasses investigated
displayed a microheterogeneous structure independent of fluorine
content, Mukherjee and Rogersmgtudied these phen hiftmena in the system
Na20,Ca0 A1203,Sio and found that the rate and number of nuclel formed
depended on the fluorine content of the glass, They also obseryved
that fluorine promotes the formation of a secondary glassy phase

which they concluded was the rate-controlling process. However: it
- 1s admitted here and in a further paper(27) that there is a great
disparity between the volume distribution of droplets in this metastable
liquid/liquid phase separation and the eventual number of crystal
growth centres, '

. .
[RURUNIROEEN

1.h4, Rationale for Present Work

The work to hand 1s an extension of the studies of

(26)

Mukherjee and Rogers into the nucleation processes involved
in the crystallisation of fluorine containing silicate glasses.

It is necessary to establish the validity of the standard equations



12.

of nucleation kinetics (vide infra) in the above Connection,
Rogers(27) has intimated some doubt as to their applicability

in glasses, It is further nécessary to éstablish the relationship

(if any) of métastable phase separation to subséquent crystallisation
behaviour and/or to establish a mechanism for the processes préééeding

observable crystallisation,

In general it is known that thé processés of nucléation and
growth can be separated according to their réspectivé efficiency at
a particular temperature. Tammhﬁaa) showed that tﬁé nucléation stép
is more efficient than crystal growth at some températuré bélow thé
temperature for maximum crystal growth., It is cléar tﬁen: that thé
kinetics of nucleation may be followed by forming nuclei at a low -
temperature and growing them to observable dimensions by subséquent
heat treatment at a higher temperature. This is the técﬁniqué whicﬂ
will be adopted to establish the kinetics of thé transformation.
It is hoped that structural information of the procéss nay bé obtained
through techniques to be described (vide infra) and by invéstigating
the kinetic effects of glass composition through varying tﬁé proportions

of the various batch components.
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Chapter 2

. Theoretical: and Experimental Aspects of the Structure of

Glasses and Melts.

2.1, Theoretical Studig;

Although,in the past, extrémé stancés were adoptéd
by workers seeking to describe the structuré of glassés, as
witnessed by the mutually exclusive network, crystallité and
vitron theories“izgaﬁ, the consensus of opinion now occupiés a
comfortable middle ground, This "tempering the wind to thé
shorn lamb" has been occasionéd by a moré sceptical éxamination
of the conclusions drawn from Warren's(h) xX~ray diffréction
studies, and the appreciation that a glass is a supércooléd =
liquid. This latter realisation leads to the conclusion that
those structural elements identified or postulated in tﬁe liquid
state may persist in the glass to which this-mélt was tﬁé

precursor.

- The investigations into the structurés of silicate-mélts
divide, conveniently, into a priori and a postériori approachés,
both leading to much the samé conclusions, It would bé well to
consider the a priori approachés prior to the éxpériméntally _

(5) established a purely statistical model of

derived models, Lacy
polymerisation and depolymerisation in silicate melts by

considering the mathematical probability that any parficular silicon atom
is surrounded by so many bridged and non<bridged oxygen atoms.
Unfortunately, this approach does not admit of any dépendéncé of
structure on temperature and seems to become extrémély involved for

even a simple binary mixture,

Following a suggestion by Richardson(6) that thé liqﬁid
silicates may contain an array of ions the distribution of which is
governed by considerations of chemical equilibria; Toop and Samis(j)
expressed the distribution in terms of an equilibrium constant

involving singly bonded and doubly bonded oxygen atoms and free oxygen



4

15

(8)

extended this work to enable specific conclusions to be drawn

ions. By limiting the discussion to‘basic melts Masson

concerning the concentrations of polyionic species. By considering

equilibria containing the Siohy— ion as follows

sio)* + sioyt" & sip0,6 +0?” | (%; 1)
b 6~ 2 8= a2 yon
Sig, * 51207 < 8130, +0 & )

ete.,

and making the assumption that the ion fraction of a silicate 1on
may be equated with its activity Masson was able to express the mole

fraction of the spec1es present as

: N(S|207) (SxO ) (S:O’f‘) etc.
hto ) | !

Such an approach leads to the calculation of metal oxide

activities in tinary systems which are in good agreement with
experiment, This approach is éxtendéd by adopting thé formalism—

of polymer distribution studles embodylng a stochastlc treatment
similar to that of Lacy(s) The results of these calculatlons are
also in good agreement with experlmentcg 10 ll). However, this
theory is only valid for binary melts in the basiec region although
it embodies features which would admit of furthér developmént albéit

at some cost in computational effort.,

(21 that

a silicate glass may be considered as a collection of polysilicates

These ideas lead, quite naturally; to the suggestion

held together by van der Waasls forces, These aggregate to form
different sizes and types of polysilicic acids (or salts] according
to the #ermal history of the glass. The consequences of such ideas

will be discussed later.
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2.2, Experimentally Dérived Models.

Techniques for the direct examination of polymeric
distributions in silicates by chraﬁiiographic separations are only
recently available(l3) and have yet to be applied in a systematic
way, but these techniques have already provided useful information
about the more easily fractionated phosphates(lh). It has thus
been experimentally established that the concentrations of pﬁosphaté
ionsimay pé related to one another by equilibrium products wﬁOSe

values are nearly independent of composition.

Thé greatést amount of information concérning mélt
structurés has béen obtained by classical studies of viscous flow .
and electrical conduction. When combined with,thérmodynamic dats
the results of these investigations confirm that thé mélts aré
ionic with small cations conferring electrical conduction and
large anions determining viscosity. An éxtensi?; séries of papérS'
by Bockris and co-workérs illustraté the methods and conclusions
involved(ES'n)l; and provide thé most exhaustivé colléction of dats
in this field. The distribution of anions as a function of composition

may be summarised as follows(22).

.« . ' .t v N\ i . . K
o . R - SN S O R NN X
~ - s SONCON Y NCENAETE. ~ N\
SR S N ER RN LN S A S R A A A R R

Composition. « «\ wy ¢ty ‘Dominant Anions,
: N A

N L 3
~ L N O T S S e

Y ——: \~.-\-~—\T\T\\\\‘\\-\\-<T\\¢\:(\
From 66% to 50% MQO? ) Polymerisatiog of siohh‘ anions to
. (O3Si~O~SiO3) = anjons and chains,
At sbout 50% M5O§ Ring formation occurs dye. to the increase
in chain length (810373\Y and CSiO3)5?
} - rings, ; .
From 50% to 33% MéOy Larger ring anions are formed,
. 6~ . 8< _ - .
At about 33%_M;0? . (516015) and (8180205 anions dominsate,
MyOf reduced below 33% Further ring polymerisation occurs,

It should be understood that these species are the dominant

anions in an idealised model. A short review of these topics has been

prepared by Knapp(23).
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If as shown above, the structure of melts and glasses are
determined by ionic equilibria a mechanism for the reduction
of viscosity by the addition of certain materials, notably
ﬂluorédes, is suggested. In equilibria such as

-
T

siohl‘“ + siohl“}—z 81,0, + 0%
it is clear that the ionicity of the melt with réspect to

silicon decreases as the reaction proceeds from left to right,

in that the propoxtion of ionic chargé per silicon atom in the

anion decreases. It is a well established principle of organic
reaction kinetics that an increase in the dieléctric constant of

the medium will favour the production of more hlghly charged

species. The intwduction of a metallic fluoride or 51mllar substance
would tend to increase tte= ionicity of the medium and hence the
dielectric constant. This would favour tﬁé production of smallér
anions and would result in a reduced viscogity without fhé'nééd for
direct nucleophilic attack on the silicon atoms. Tﬁé influéncé of
metal oxides can also be explained in this way, for, by thé

Law of Mass Action, an equilibrium described by

K

[N (Sion ]2
0T) Nsiof) !

must be displaced so that the 1ncrease in th

= is matched by a
decrease in Ng» ﬁ-,‘*’r and an increase in N_s I]'; *}' .
Si 0% Slh
’ ' N RN AT T T TR lk\\l\\\\\}\\
2.3 Infra-red spectroscopic studles of the v1treous state.

N AN N UL S N Wi N

A rational 1nterpretat10n of the propertles of SOlld substances
is hardly possible without a knowledge of their structure on a
molecular scale, The classical technique for such studies is

x-ray crystallography which has a long history in this context,
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On the other hand infra-red spectroscopy_has registered
numerous successes in different fields of physical chemistry in
a fundamentally different way to x-ray crystallography. The
x-ray pattern of a crystailine s0lid is determined primarily by
the existence of a regular lattice of molecules, whilst the
shape of the infra-red spectrum of the same solid is determined
by the masses of its atoms, the interatomic forces and molecular
geometry. Furthermore, x-ray crystallography is insensitive
to isomorphous substitution involving atoms of similar ionic radii
and atomic numbers which produce substantial alteration of tne
infra-red spectra, It is obvious from these considerations that, in
principle at least, infra-red spectroscopy is capable of supplying
structural information concerning glasses which is not avaiiable
through other, more traditional techniques.

The cations occurring in inorganic glass systems are generally

classified in three types.

1/ Network formers (e.g‘ Si,B GemAs) whose oxides have the cepacity
to form stable glasses on the1r own,

2/ Network modifiers (Ca,sr,Ba Na K) whose oxides are suSCeptlble
to reactlon with the network formers modlfylng the
properties of the glasses formed by these in a more or 1ess
profound manner, theSe changes generally corresponding to a
Weakenlng of the network,

3/ Intermediate oxides (Al Te Tl'Mg) which are 1ncapab1e of
forming a glass on their own, but which are capable of

entering isomorphically into the glass structure network.

Because infra—red spectra depend primarily upon nearestwneigﬁbour
interactions, studies in this field should, in principle, be
capable of establishing the local structure of glasses. ‘Unfortunately,
however, much controversy still attacﬁes to the theory of the lattice
dynamics of molecular crystals and the theory for simp%e iOnio lattices
is still in a parlous state. Thus it can be seen that; in the ’
absence of a reliable theory of the lattice dynamics of glasses,no
a priori predictions of the effects of various glass constituents
can be made. It is perhaps possibie that a closer examination of

the spectra of simple glasses and the comparison of these with the



spectra of crystalllne compounds of a 51m11ar nature may lead to
some clues as to the basis of a sound theoretical treatment of
the vibrational spectra of glasses. If the characteristic group
frequencies for various silicate structures can be determined it
may be possible to interpret the spectra in terms of matnematical
distributions of these frequencies and hence give structnralA

information in accord with modern theories of glass structure,

2.4, Experimental studies of the infra—-red spectra of glasses.

The studies that have been made can be broadly classified

under three headings.

(1) Comparative studles of the infra-red spectra of materials
correspondlng to deflnlte chem1ca1 composltlons in both the crystalllne
and vitreous states, One of the objectives of such research is to .
see whether or not the transition from the crystalline to the_vitreeus

state is accompanied by the retention of parts of the original structure.

(2) Studies of the tetrahedral coordination of certain elements

which can behave as both network formers and modifiers.

(3) -Studies of the distributions of network formers in glasses

containing several such elements,

EORERN \ ‘

1.2y LA41. The Structure of a g}ass correspondlng to 8. deflnlte chemlcal

e SONARNON N e

cog2051t10n.

a) Si0p and GeO,,

Vltreous silica has been exten51vely studi d(20 28). and the
authors agree on several points. '
C; {i)One can find in the spectrs of vitreous silica the same

bonds that are common to the diverse wvarieties of crystalline silicates.
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IZ  {ii) The width of these bands is not great which indicates a

relatively well ordered structure.

These results suggest a strong analogy between the structure

of vitreous silica and the crystalline forms of silica. The
findings of Florinskaya in this rie1a(29) diverge a 1itt1e from
the generally accepted-ideas. According to this author the
infra-red spectra of vitreous s111ca sometlmes give rlse to flne
details from which it is possible to prove the ex1stence of
erystallites of quartz, tridymite or cristobalite. However, certaln
of these details are represented by variations of transmr551on of
less than 1% which are not reproducible and which have not been
found by d¢her investigators working with a resolution at 1east
equal to that used by Florinskaya, However, it can be shown. that
when quartz is heated to a temperature sllghtly hlgher than its
melting point, the liquid obtained shows spectra similar to quartz,
and these fragments of structure are capable of*lasting for =1
relatively long time and at temperatures higher than the melting

point. Germania shows great 51mllar1t1es to SlO (26, 271

The theoretlcal treatmentsof such 5pectra have generally ;
been undertaken 1n terms of the spectra of crystalline 5111cates(29 33)
All of these have attempted the 1nterpretatlon by considering the -
basic Sth tetrahedron as a free entlty. Wadla and Ba:!.loomal(gSI
have attempted to introduce refinements of the Si0), unit linked to
fixed walls. All such treatments have met with a certain amount of
success, but, the absence of any really good agreement between theory

_and observation necessarily restricts the utility of such treatments.
b) Layer and chain structures.,

The case of vitreous silica is probably the most simple to
be encountered. For layer and chain silicates however: the intervention
of a positive ion such as K+, Nat or Caz} complicates the problem
by making several different kinds of structures possibie. In such a
case one must enquire as to whether the fundamental elements of the
erystalline sturcture are preserved 1n the vitreous state, Zarzycki
and Naudln(ET) have attempted to ansver this questlon by comparlng the

spectra of a series of 51mp1e glasses with the theoretical spectra



derived from the theory of Stepanov and Prima(33). This theory

does not take account of torsional vibrations and is thereby
limited to the region of fundamental frequencies (1200~900 cm™T)

which are more or less independent of deformation vibrations. In

the case of disilicates X 81205 and digermanates'XaGea.O5 (x = Li,Na!K;Rb,Cs)
in the v1tre9us state, the agreement between theoretical ad observed
spectra is relatively satisfactory, and it seems that remmants of

the characteristic sheets of the crystals persist in the corre5ponding

glass.

The case of metasilicates and metagermanates is less clear
for a number of reasons: the theoretical spectra are more complex
than for disilicates; the observed bands are much more broad and,
finally, the samples used contalned a fair amount of carbonate whlch
gave rise to spurious bands., The results in thls case; whilst not
excluding the presence of silicate chains, are ambiguous and are thus

not capable of deciding the problem either way.
¢) Other structures.

The case of alkali po]ysilicates is 'relatively simple. The
alkali metal ions with their small charge and 1arge atomic radii (apart
from Li) produce a small electrostatic field and therefore do not
greatly perturb the structure and vibrational frequencies of the
silicate skeleton. This approximation, however, is probably
insufficient when dealing with glasses containing more strongly

polarising ions.

Experimental studies concerning this aspect of the problem
are sadly lacking for the vitreous state) but such experimental
studies that have been undertaken for crystalline compounds seem to
confirm this point of view., In MhSiO3 it is possible to ?eplace nearly
25% of the Mn by Ca without changing the crystal struétpre‘?ﬁ?@ﬁ
or the chain structure of the Sloh tetrahedra. Nevertheless such
‘substltutlon leads to: relatively important changes in the 1nfra-red
spectrum although the crystal structure remains the same; therefore,

these changes must be due to a specific cation effect.

Because the theory does not take into account the interactions
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due to the cations,the comparisons between theory and observation
lo' se much of their meaning when applied to cations other than
the alkali metals. In even more complex silicate structures the
passage from the crystalline to the vitreous state is accompanied
by far more profound changes in the spectra and hence in the

structural elements.

In conclusion the published results show that thé structurés

of different glasses cannot be represented by a universal structuré

theory. For very simple glasses sgch as s1023<Na251 05 the transiion

from the crystal to the glass preserves certain aspects of the

crystal spectra and, from this it can bé déducéd that tﬁé glassés

so formed are in the same way analogous to the crystals from which

they arose. On the other hand the passage from the crystal to glass

for more complex silicates is accompanied by a more or less profound

change in structure. Even if such a glass contains certain ordered
"regions, the disposition of the atoms in these regions is véry probably

different to that in the crystal. As statéd earlier, thé structure of

a glass is better related to the melt from which it camé than to the

compounds which its stoichiometry suggests, and it is in this light

that an approach to interpretation should be undértaken.

et t Qg ERCSX

24.2. Studies of the tetrahedral coordlnatlon of certaln\elements

which can behave as both netwopE formers- and modlflgrs.

a. General Considerations.

The cation-oxygen vibrational frequencies of a cogrdinatéd group
AO,, depend on the co~ordination number n of the cation, and sévéral
authors have applied this relation to the determination of cation
co-ordination in glasses. However, thesé studiés have généralky béen
restricted to the so-called glass forming cations (B,Si G )l3hg5;ELt
and much less attention has been paid to the network modifiers. The
infra-red spéctra of solids of the type A ByO. can sometimés be
considered as the result of the vibrations of AOP and BOF
co-ordinated groups. In general, however, a given oxygen atom is bonded
to both A and B atoms, and thus there must be some interaction between the
vibrations of the AOp and BOr groups. Strictly speaking; thé'vibrations
are those of the whole unit cell, but in most cases a rigorous treatment

is unthinkable because of the mathematical complexity of
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such a treatment. If, however, vibrational interactions between

ACy and'Bﬁi.groups are ngligible or weak, it is possible to assign

the bands to either AQp or BO; groups, which are thus considered as
vibrating independently. This concept of separate or independent group
vibrations was put forward by Tarte J’, who found 1t to be fundamentally
" correct in a number of cases when the vibrational frequencles of the

AO}r and BOF groups are very dlfferent(38 39). However, he also
discovered that matters were compllcated when some of the vibrational
frequencies had similar values- in some cases the concept of separgte
vibrations was still found to be valld, in others severe v1bratlonal

interactions were observed,thus preventing the assignment of the bands

to a definite coordinated group.

The factors 1nfluenc1ng the vibrational frequencies of a
coordinated group AO; to which the above concept may be applied have

been found to be:—

The chemical nature and the valency state of the cation A
the value of the coordinatifi® number n,the"i solated" -or condensed"
state of the coordinated groups. The first factor requires no comment
apart from the fact that highly ionic bonds have no specific infra-red

frequencies and cannot be studied by these methods.

The influence of the coordination number n has first.been'
observed with typical network formers such as boron and germanium
.dgsﬂgiﬁlﬁ“ and with a few intermediate elements such as eluminium
;!}ﬁﬂﬁlLif.the vibrational frequencies being higher the smaller the

coordination number. This effect has been observed for a fairly
large number of cations {Fe I ,Ca,Mg,Zn, Co Ni’Fe Li}l‘UKT’\N
and so it seems that this variation of the vibrational frequencies

with coordination number is quite general.

The relation between vibrational frequencies and coordination
number 1s only an approximate one, first because there ls always
a more or less important influence of neighbouring groups and
also because of a additional effect, namely the isolated or condensed

nature of the coordinated groups under consideration,
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This effect is well known in silicates (in orthosilicates with
isolated SiOh tetrahedra, the strongest bands are generally observed
near 900-950 cm“l, in polysilicates with condensed tetrahedra, this

absorption is extended to much higher frequencies, 1100 em 1),

Thé exténsion towards higher frequénciés obsérvéd with
condensed groups is particularly important for octahedral coordination
and, for.certain cations at least, there 1is somé ovérlapping of tﬁé
absorption ranges of isolated tetrahedra and condénséd octahedra. .
Experimental studies on a number of différént structuresjigrfﬁJhavé
shown that, excépt for some cases of severe vibrational interactions,
the fréquencies of a given coordinated group aré genérally obsérvéd
in a limited spectral range which is not too broad and may be
considered as typical for the group under considération. ‘beeover;
the characteristic ranges for four—fold and six<fold coordination for
a given cation seldom overlap. This 1attér is an esséntial condition
for the applicability of thésé data to the détermination of coordination
numbers.,

b. Application to Vitreous Systems.

The expériméntal determination of a characteristic frequéncy
range 1s carried out on crystalline compounds of known structuré.
Thé transBrability of these data to vitréous systems is‘générally
taken for granted. However, certain considerations should bé taken
into account. The characteristic frequencies apply to co<ordinated
groups in widély different environménts and so it,séems plausiblé to
exténd them to glassy systems. This hovevér, is only -valid in thé
absénce of important vibrational couplings which can be cﬁéckéd for
in crystals but not in glasses. 'Furthérmore, the broadnéss of thé
infrawred bands in glassy substances may prevent reliable assignments,
particularly if two or moré bands are superimposéd in the same

spectral range and blended into an i11~defined absorption.
¢, Experimental studies on some glass systems.

Alumina<silica glasses have been found to have a moderately
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strong band near 800-~T00 cmfll(h3 hQ.. This has been assigned

to Ath tetrahedra in agreement with other experlmental data from
molar refractivity and x-ray fluorescence studies (hh hg The
spectra further suggest that A106 octahedra are missing or in

fairly low concentration,

Mﬁch the same effect has been observed for magnesia~silica
glasses where the change from a Na20-8i02 glass to a NaEO—MgO~Si02
glass is characterised by the appearance of a diffuse absorption in
the 600-550cm™1 range. Zinc-silica glasses are unfavourable for'
this kind of study because ZnOh tetrahedra absord malnLy in the
500-540 cm -1 range which is also the position of the most persistent
of all bands in silica glasses. Titanlum-silica glasses and
crystalline solids have also been studied (h6—h . together with

lithia glasses.

From this it can be seen that infra—red spectroscopy is able
to give direct, unequlvocal proof of the structural role of certaln
cations in glasses where these are tetrahedrally coordlnated. HoweVer,
the detecﬁlon of octehedral coordination in glasses is not easy for

several reasons:-

i) The characteristic frequency range is not so well defined as

in the case of tetrahedral coordination,

?ﬁ) These vibrations generally occur in the low frequency range

which is difficult to study for instrumental reasons,

r {jii)The bands corresponding to six~fold coordination haye a

fairly ionic character which means that their absorption

bands will be falrly diffuse.

AN AN Ny et ‘_r‘k-s N . NN \\ »\.\.\ N \..\ 5\‘ \.\§\
2,3, Studies of the dlstrlbutlons of network formers\ln lasses
s g oo

~. ~»\

containing more than one networ \former.

Two a priori possibilities concerning this can be env1saged
Vln the first the network formers are distributed through the glass
in a statistically random fashion, in the second the network formers
are gathered in "micelles" containing only one kind of iop, From the

point of view of infra-red studies the first case would lead to a
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much greater dispersion of fundamental frequencies than the second
because of the range of mixed vibrations of the type X-0-Y.

Of the glasses containing several network formers only borosilicate
glasses have been studied,from a structural point of view., It is
well established that suchfglasses exhibit a marked tendency towards
phase separation which is easily demonstrated With the aid of the
electron microscope(so) Comparison of the spectra of such glasses
with comparable, monophase glasses indicate that mixed vibrations

do not occur, However, it has been demonstrated(sli that the

diffuse bonds in high titanium glasses may. be due to depolymerisation
occasioned by the titanium rather than mixed vibrations, It lS

clear that infra-red spectra alone are incapsble of supplying definltive

evidence for phase separation.

~

NaY T NN

2.5. Further possibilities in infra—red spectroscopy.

It has been suggested gbove that, with care, the infra<red spectrs
of glasses may be interpreted in the light of theories concerning
the structure of melts. If a sufficient number of silicate minerals
were studied it should be possible to establish a set of group-vibrational
frequencies for the various structures involved in theisamejmanner as .
that adopted for the infra-red investigation of organic materials{
If proper care is exercised in the preparation of specimens and execution
of measurements a great deal of information can be extracted from the
spectrum of a mineral. However: the bands in some minerals and in all
glasses are difficult to observe using standard instruments. Furthermore,
the maximum absorption of any particular band does not‘give a measure
of the concentration of that resonating species for the intensity
of such a band depends rather on the transition probability for such
a resonance. The true measure of tne concentration is given by
the area under the curve minus certain corrections associated with
background absorbances. It is suggested that great improvements may be
7effected in the study of silicate mlnerals through the technique of
derivative infra-red spectroscopy(5253) _ whichermits the resolution
of overlapping bands and an accurate measarement of o;ptica'I denslty?
facilitating the 1dentification of polymeric SpECleS'ln the glass and

the establishment of their proportions, one to another ,
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Chanter 3

Nuclestion Theory

3,1, Some aspects of homogenecus nucleation theory

It has been stated esrlier that a glass may be considered, in many
ways, as a supercooled liquid, This is true insofar that the structure
of a glass would appear to be closer to that of a liquid than a crystalline
solidyand no structvral changes have been observed in association with the
glass transition, However, glasses show important thermodynamic deviations
from the behaviour of crystalline solids, liquids and supercooled liquids.,

A phase transformation from the liquid to the solid is accompanied
by an abrupt change in enthalpy and associated properties. This is referred
to as a first order phase transformation. When foreign bodies are excluded,
most liquids may be codoled below their characteristic freezing points.
This supercooling is not zccompanied by any abrupt changes in the trends
of thermodynemic properties as functions of temperature. Liguids which
are highly viscous at their freeziﬁg points, when supercoolsd, exhibit
a change in the trend of their thermodynamic functions, which, although
abrupt, is not so sharp as that associated with a standard phase transformation
In complex liquids this takes place over a characteristic range of temperature
rather that at a singular point, The region of temperature in which this
occurs is rather loosely called the glass transition temperature, Tg' \/illiams,

1
Landel and Ferry (1)

have explained this phenomenon in terms of a free
volume theory, the free volume becoming a very small characteristic
volume at or very near the glass transition temperature. When this hapnens
the motion of the atoms or molecules is no longer translational in a free
volume as in a liguid, but vibrational as in a crystzl, whilst the
orientational entropy is still characteristic of a liquid-type structure,
Because of this, relaxation times for the motions of molecules in a glass
become much longer than the durstion of most experiments, and phase
transformations proceed very slowly, Some idea of this may be obtained hy
considering the existence of natural glasses vhose ages are measured in
millions of years.

Thus, although a glass is energetically unstable with respect to

a crystal of the same composition and at the same temperature, it would ~

sppear that this metastability can be maintained indefinitely under the
éppropriate conditions of ambient temperaturs.

According to the formalism of classical thermodymanics the problem
of precipitating a new phase may be appronched in the following menaex
-,

Considsr the free energy of a system at constant temperature composed
of a liguid vhase of a substance plus a crystal of that substance, Tt is

well ¥novn thzt, under cornditions of superccoling, a plob of the free energy

of the total system agrinst crystal size will shov a maximm at scme value
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of the crystal size (the critical nuclens). From a thermodynamic standpoint,
crystals smaller than this afe unstable with respect to dissolution, whilst
for crystals larger than this critical size, the fluid phase surrounding
them is unstable with respect to freezing., An analogous situation arises
for the condensation of gaseous fluids, '

However, it was rescognised (3) that the metagtability of a supersaturated
phase is also a question of kinetics, ?his idea was nursued by Szilard (4]
and PFarkas (5) who arrived at a detailed Kinetic mechanism of homogeneous
nucleation in vanours which has served as a basis of all subsequent
developments, |

The mechanism involves a series of reversible additions of single

molecules m, 4o m, embryos which contain i molecules, This may be represented

‘by:=
m+ m E m, T
< 2
N
m2+~m o~ + ./tm

m, +m .
1 =
e

\ ) ' .
Other processes, such as the formation of a large embryo by the

i S

collision and union of two smaller embryos, or the fission of a large embryo,
or the simultaneous aggregation of single molecules, are excluded as being
too infrequent,

According to the conditions for the mechanical eguilibrium of a surface,
?here is a critical droplet size, m s which is‘in unstable equilibrium with
the medium. This is the critical nucleus, the formation of which constitutes
the bottleneck to the phase change. '

By imagining some mechanism which removes droplets above a certain size

(67)

and returns them s single molecnles, Volmer y Becker and Doring tel and

(8,10,11,12)

other workers were able to apply stendard thermodynamic fechninues

to the resulting steedy state, and derive the classicnl nucleation theorys .
These results wvere extended to single component condensed phases by
Turnbull and Fisher (1”

. At %2 o - ﬁ W%
o (5 2 e () 1
kT :

who derived for the steady-state nucleation rate, T

AG, is the activation energy for transport zcross the nucleus-linuid
interfnce
W* is the minimum work required to form a critical nucleus
r* is the radiﬁs of 'a critical nucleus

n is the numher of atoms or molecules per unit volvme of the precipitating
phase - ’

*

n* is.the number of smiface atoms of a critical nucleus
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- 0 is the interfacial energy between the particlé and the homogeneous medium
“Vo is the fundsmental Jump frequency
T-is the temperature in degrees Kelvin

k is the Boltzmann's constant.,

3.2, Criticism of the Classical Theory and its Application to Some Glass

Fundamental objections to the classical theories have been raised by

1
several =authors, notably Reissz {1LL;and Lothe and Pound (s

.» These aquestion
the validity of extrapolating macroscopic thermodynzmic properties such as
surface tension and volume free energy to small clusters, These criticisms
have been justified by modern- calculations of the properties of small
clusters, involving the determination of all the vibrational modes of the
"atoms in the clusters. These calculations,which can only be accomplished
by the use of a digital computer, have shown that small assemblages of
atoms are gualitatively unlike bulk crystals ‘15). .
The classical theoxry is relatively insensitive to the structure of the
liquid phase in question,in that it takes no account of the probable
existence of more or less stable clusters in the liquid,which may persist
over wide ranges of temperature, Instead it assumes that such clusters axe
formed by chance association., The probability of this is said to increase
markedly with increased supercooling’but in general, the fluid phase is
assumed to consist overwhelmingly of non-associated molecules., However, it

has been shown (17)

that , even very simple liquids,{such as liquid argovl,
may contain fairly large numbers of close-packed quasi-crystalline sitructures
outside their homogeneous nucleation ranges, .

In Fig.1l., (after Bern-l (17) ) a-c are solid-like structures wﬁiﬁh could
act as nucleation precursors, znd d-h are psevdo-nuclei which, because they
contain elements of five or seven-fold symmetry are unzble to lead to léng
range order. Structures such as a-c could serve as templates for the
imposition of regmlarity =nd, because they contain intermal lattice modes
for vibration, they will provide efficient energy absorbers for the
dissipation of the thermal energy of any moleculeg which may condense on
them, There is some evidence to support such a relationship between liquid

(1)

structure and homogeneous nucleation for water . Tor the purposzs of

comparison some silicate anion structures are shown in Fig 2, Hummel (1)

has calculated that the radius of a criticsl nucleus in a soda-limes-silica
glass is between 20 and 30 R.‘It is perfectly easy to envisage more or less
regular silicate sanions of this size, particularly in a glsss containing

Eal

aluminium. If such structvres should aquire further smz2ll anions snd sta¥ilisinge

cations they would eventually become small crystals,
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Furthermore, Turnbull and Fisher 3y dérived their theory for pure
single component liguids, using parameters which may be estimated in this
case, In many glass systems such parameters are difficult to obtain with
any degrre of certainty.

Even so,'qﬁantitative data sunporting homogeneous nucleation in glass

(19) -

have been obtained recently , and it has been found that in many cases

the temperature dependence of nucleation rate follows that predicted by
(20,21,22)

homogeneous nucleation theory y although it would appear that

the truly homogeneous macleation of crystallisation in glasses and polymers
is probebly rere (23,24)

. Classical homogeneous nucleation fequires the continuous initiﬁt;on
of embryo (pre-growth) nuclei. However, Lungu and Popescu-Has (25) héve ‘
showm that,'for severzl fluorine containing silicate glasses, fhe number
of crystallisation centres formed during heat treatment fails to increase
after a sufficient length of heat treatment. A similar phenomenon is observéd

for liquid-liquid phase separation in the sodea-line-silica system (ZBR. )

(27 (28}, studied the nucleation

Mukherjee and Mukherjee and Rosers
of ecrystallisation in soda-lime-silica-alumina glasses containing calcium
fluoride and discovered thet the rate of micleation as a function of
temperature followed that predicted by the classical theory. However,
unlike Lungu =2nd Popescn-Has(ZS) yihey did not investigmte the temporal
development of cr&stall@ﬁion centres in its totality., Instead, they
measured the number of nuclei formed in a stundard time at a particular
temperature. Such measurements do not permit'a comparison with the work

described in IZ§L

above and do not establish the homogeneous nature of
the nucleation with any certainty,

In all these cases, however, the observation of a temperature dependence
of nucleation rate which follows that of classical nucleation theory is not
sufficient to establish a homogeneous mechanism., In this context it should
be noted that, in the heterogencous nucleation of crystallisation in

polydecamethyleneterphthalate t23].

the heteroseneous nuclei have a
spectrum of activities resulting in a temperature dependence of nucleation
rate ,and an cventual temperatvwre dependence of nucleation density,

The high viscosity of glasses addsa further compliecation to the
application of the clossical nucleation theory. Pauling‘?u’ has stated
that, in second order continuvous transformations, the entropy changes
have been related, in meny systems, to the potential btarrier to rotztion.
These barriors are related to the energy brrriers governing viscosity. A
correlation between viscosity and crystel growth in glass has been known

(31,32]

for some time . Referring now to FWouation 2, it can be seen that

ZXG%, being related to viscosity, is usually highyso that W* must bhecome an
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extremely small quantity before detectable nucleation will occur, One way
in which this may be facilitated would be the esxistence of large regular
anions of the kind represented in Fig.2.

However, the number of these would tend to be established vnder conditions
of high fluidity, that is,in the melt. Such a situation would tend to
destroy the basis of the classical thedry. In other words, the high viscosity
of glass nakes the formation of nuclei by random fluctuations unlikely,
and, in consequence, homogeneous nucleation|as described by the classical
theories)an improbable process. '

‘3.3, A Simplified Avvrezch to Nucleation Kinetics.,

In the cases referred to above the experimentally observed temperature
dependence of nucleation rate can most easily be appreciated as a consequence
"of the Szilard and Farkas mechanism of Hquation 1, Consider then the set
of reactions described by the equations.

a +m e ——— aq i

al + m..:;::::: a2 A [3]

Here the ay represent nuclei of various sizes and m represents one
molecule of the condensing phase, As inferred earlier, these nuclei may be
large énions or other ordered regions within the glass, persisting from
above the glass transition. . '

If rate constants,.qk, are ascribed to the reactions from left to right
and rate constants,/gk, to the reactions from right to left, a series of
differential equations may be obtained whose solutions describe the rate
of appearance of nuclei of any size,

If these equations could be solved, and the functional dependence of the
o's and Z's on the nucleus size and the temperature were'understood, a clear
picture of the kinetics of nucleation and growth would arise.

Solutions to this problem have been obtained or at least shown to exist
(33,34) yut, unfortunately, the explicit solutions are difficult to use
because of their mathematical form, _

A simplification of the problem may be introduced by considering the
vroduction of a nucleus and ivs subsequent growth as sevarate stages., This
is often ohserved experimentally, buvt probably represents an inadequate
experimental time sciale rather than two distinet procasses,

Even so, the observation that a two-stage heat treatment is necessary

tc obtain volume as opposed to surface crystallisation,requires that the
embryo or germ nuclei require activation before they bhecome stable growth

nuclei, This indicates that there sre veculiar conditions 2ssociated with

the formation of growth mmelei and leads to the conclusion that the pre-growth
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nuclei must attain a certain size before they become stable growth muclei,
This corresponds to the 'critical size' of classical homogenecus nucleation
theory.
The classical thermodymamic explanation of critical nucleus size has
been outlined above., A possible statistical mechanical interpretation is
éontainmd in the work of Adam and Gibbs‘aﬂ .«These authcrs showv theoretically
that there is a limit to the size of the smallest region in 2 glass that can
undergo a transition to a new confisuration without a requisite simulianeous
configurationalk chonge on and outside its boundary, They caiculate that
below this size no rearrangement can make any contribuion to the configurational
“entropy of the glass, These calculations were made for substances which
show a sharp glass transition, It is to be expected that, in glasses with 2
transformation range, there will be a distribution of sijes of such regions,
Such a model would correspond conceptually to J.W, Gibbs' limit of stability&z,
The kinetic problem may be further simplified by adopting the susgestion
. due to Goodrich (3”'Ithat the flux of nuclei thrcugh the critical size may
be considered as the rate determining step., If this is so there is no need
to consider the rate at which embryo nuclei arrive at a sub-critical size,
Some justification for considering the sub-critical to critical
transformation as rate determining may be extracted from somevhet disparate

3 . ) .
(36) analyses data from varicus measurements of relaxation

gources, lMacedo
phenomena in glasses in terms of flow units trappe% in potential wells. He
calculates the radii of these wells to be about 44A, surprisingly close to
the values for the radius of a critical nucleus of QO-BOR obtained by
Hamme1!8! .,

Stevels (371

analyses the data from measurements of dielectric 1oss‘\

in glesses in terms of a potential-well model of glass structure, small
potential barriers governing local motion and very-much larger ones governing
long range transport. This picture is confirmed by the work of Bishop and
Bray {38)

the motional narrowing of the 7Li mclear-magnetic resonance absorption

on the diffusion of 7L'iions in a lithium borate glass, By cbserving

they showed thet two potential barriers govern the diffusional motion of
the ions, a small one governing movement within a limited range, whilst a
very much larger one governs long range diffusion,

By combining the ideas contained iﬂ33"3m above the following model
arises: -

It may be considered that within the body of the glass there may exist
groups of molecules or, large molecules of regular structure, or vemnonis
of some original crystalline structure, trappaed within potential wells, In
the first case the groups of molecules may underso resrr-ngements to

crystalline or nuesi-crystalline econfigurations, the rates of these reactions
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being governed by smali loc2l energy barriers. In all these cases the
by now crystalline regions are too small to contribute to the overall
entropy of the gystem and to do so must extend outside the potential
well, which extension, because of the large energy bvarrier governing
it, may be considepgd as the rate determining step.

(39 . made‘the assumption that nuclaation predursors were present

Avrami
in the melt, the number and sige of them being determined by melt conditions.

It seems likely, that for the precursors envisaged here, this assumption
!

would be correct or substantialy so. Furthermore, at low nucleation densities,

the nucleation precursors will be spatially sparatedsothat they will no%
interfere with one 2nother. Let the number per unit volume of these be N,

These grow rapidly by the addition of monomer units until they reach
such a size that one further monomer addition converts them to critical
nuclei, which are then assumed to become, by whatsoever means imagined,
observable growth nuclei,

At any time let the concentration of éub-critidal nuclei be Ag, Let
the concentration of critical nuclei (i.e. observable growth nuclei) be
Ac. Let the concentration of monomer units bhe M,

The reaction can be written ag

By * M =S oA (4]

Let the rate constant for the forward reation be K and for the reverse K?

The rate of appesrance of critical nuclei will be given by (at constant

temperature). \
dhe = WMA . - KA (5]

dt ' T

where t ig the time .

If the reaction is stopped at scme time and the critical nuclei
present are grown to observ:ble dimensions a2t scme tempersture outside
the nuclaation range, 211 the growth nuclei present at the time and
temperature of the nucleation stese will beccme obzervable nuclei and,
in this kind of experiment, there will be no need to consider the »emoval
of critical nuclei from the expression above. In other words, no growth
of critical nuclei may take place within the nucleation range. Thisg
approximation will be true if the rate of growth within  +he nucleation
range is very snmall,

It was assumed above that the total number of nucleation precuraors
was determined solely by the melt conditions, If therefore, the nucleation
temnerature is substantially lower than the liquidus temperature or the
tenperature at which these singularities arise, no new nucleation nrecursors
will be injected into the syatem,

ow the rate of appenrance of eriticel nuciei must be aqual to the
rate of dissappesrance cof sub-critical nuclei, This is imporisnt for the

_ boundary conditions ©f the problem.

ot~

. e rge e

. e s
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dAs = =dA ) [6]

et em—

at dt

Differentiating [5] with respect to time and assuming M to be constant,

2
a“a
g T W Lxan (7]
dt dt T
Substituting for di. from (6]
dt '
%4 '
c o QA -K,dA.  [8]
dte dt dt

The assumption of M = constant will be substantially correct if the
concentration of monomers in the immediate vicinity of a nucleus is large,

Ther=fore we may write

KM = Kl [9]
° 2
°o A b k) M w0 [20]
%7 T

This is a second order linear dlfferentlal eaunation with conq+ant coefficients
which has a solution of the form

A = exp (mt) [11]

Then ¢ i
: m® exp (mt) + m(K +k,) exp (mt) o [12]
[12] is a solution of [11] when m is a root of :

| n® +m (K, + K) =0 [13]
'(the auxilinry equation)
o m=0 " ‘ [14]

% o

oM = - (Kl + Kg)
Hence: =

’

Ay =P+ Qoxp - (K + k)b [15]

Vhere P and @ are arbitrary constants which arise in the same way as congtants

of integration, Let the houndary conditions te, for the sake of simplicity,

t = 0, AC = 0 ' [16]

t 00 A =N

This assumes thst all the nucleation precursors are sub-crltlcal and approximatel
monodiperse. Substitution in [16] gives
P=N [17]
Q=N _
to give Ay = - N exp - (ky + X,) ® [18]
The form of this relatlonshlnlrof the klnd shown in Fig,3. However,

nucloatlon/tlme relationships of the~k1nd shown in Fig,5, are often ohserved,
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The regicn 0B has been called the 'induction period' and attempts heve been
made to explain its existence as a consequence of the slow rate of.establishment
of the steady-state condition of classical nucleation theory. These aftempts
have generslly involved considerations of the diffusion of incoming monomer

units Mﬂ).

In the present context this would manifest itself in the
concentration of monomers M not heing a constant, This would result in a
more comnlexs form of Equation [8] which may well have solutions of thé form
of Fig.5, This situation could alsc be the result of a distribution of
‘nuckation precursor sizes, resulting in more complex boundary conditions,
Furthermore, the complete solution of the set of the differential eguations
arising from the reaction sequence [3] has this form (see for example Ree,
Ree, Ree and Eyring (1)), If this had to be considered it would mean that the
sub-critical to critical transformation could no longer he considered as
rate determing’meaning that either the reations between the nucleation
precurser and monomer units are intrinsically slow because of large energy
barriers, or that the monomer ywmits have to diffuse into the nucleation site
at a very early stare in the nucleation process.
Rearranging [%8] and taking logarithms,
S in(W - A0) = TIaN - (K] + K )t [19]
This is the equation of a straight line as illustrated in Fig.4. A similar
plot for Fig 5. becomes straight at long times (Fig.6). .
The two rate constants may be extracted fron [19] by measuring the initial

rate,for, from [5] .

e - xw [20]

at .
at t= 0, AC=O, AS=N

I 3 - v = .
Now, if ¥; = A oxp (fl) ard K, = B exp (2
AR ' AT

where R is the gag constant, T is the zbsolvte tempersture and . . i

A and B are constants, the activation energies E,and EZ ray he obtained. The

1
pre-exponential terms A and B are composed of various quantities, in particular,
the partition functionsfor the reagent molecules and the activated complex

(52}, 14 the solid state these partition functions will be, =Imost entirely,
the vibrational partition functions of the porticipating molecules, The

problem of nuclestion kinetics then develves on the caleculation of the reote

constants K, 2nd K2 for the simple case and the rate censtants for o1l the

1

steps in th; comnletz solution, "nfortunstely, little progress has heen ade

in the calcoulation of rrte constants for the most simple renctions (k) .
Comparison with theemuation of Turnbull and Wisher (¥quation 2) shows

that the €lasgical treaitment alsc views the sub-critical to critical transition

as rate determining through the use of tha factors W* and A5z, Hovever,

the classical theory impocses the further restriction that this step is aleo 21
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equilibrium, In this treatment such a condition would require that:-

dAc = constant [21]
dat
If this were so ’
2 ‘ B
dh -0 [22]
at?
and
K dA ‘
s = K2 dAC - [23]
at dt

which is obviously less general than Eguation [7].

Nucleation following the model develop ed above would be heterogeneous
insofar that the primitive nucleation precursors do not represent the overall
composition of the glass but, homogeneous in that they require activation in
order that they may become stable grpwth nuclei, Without further information
concerning the nature of these it would notappear fruitful to enquire into
their genesis and energetics in a theoretical manner but rather experimentally
to see if they exist and under what constraints,

Finaliy there remains the operational distinction between the nucleation

and crystallisation temperature ranges. When this is observed in a pure

system it probably represents the reduced stability of a small erystal compared
with a large one at the same temperature., However, in a complex system
containing persistent embryo nuclei, considerable rearrangerent or
fractionation may bhe required for crystallisation to proceed, processes
which may require long range diffusion, breaking of chemical bonds, or hoth.

In such a case crystallisation would obviouslyoceur very slovwly at low
temperatures. The upper cut~off in detectable nucleation rate would agéin
correspond to the decrease in stability of a micro-crystal due to the

. . . {16
violence of surface vibrational modes 16} .
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Key to Figures 1 and 2.

Crystal nuclei and pseudo-nuclei built from equidistant

or quasiequidistant molecules,

Crystal nuclei%mxc,are precursors to long range order

and may therefore act as nucleation embryos.

Figg;e 2,

a).

b)
c)
d)
&)

f)

Some silicate anion structures,

. 6~ .
81309 ion

.8~ .
slholz ion

. 6- .
516015
Si80é08“ ion

- 6_' .
S:.9021 ion

an aluminosilicate jon of the type found in

zeolites,
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Chapter b

Experimental Techniques and Results

4,1. Materials

Silica was supplied by Thermal Syndicate Ltd. in the
form of pure quartz powder of 99,9% purity. Water was removed
by heating in a platinum crucible at about 1000°C for several

hours.

Alumina was Hopkin and Williams Analar Gradé firéd in a
muffle furnace for sevéral hours. Lime and soda were addéd to thé
batch in the form of Analar calc1um and sodium carbonates. Thé
calcium fluoride used was B. D H. extra«pure grade of 99.9% purlty.
All these materials were dried for several days at about 150 c.
The batch materials were storéd ovér magnésium perchloraté in &

. desic{cator. Care was taken to éliminaté Watér as much as possibdble
so as to avoid fluorine loss through reactions such as
- N o

2F + H20 + 2HF + 0

L KO TS "~\\\\

4,2, Glass preparatlon

......

Glasses were prepared by heating the constituents in 70cm3
platinum crucibles in resistance heated muffle furnaces at 1400°¢.
The furnaces were equipped with "Crusilite" furnace rods and

temperature control to b 10°C was obtained by inertial control,

The glasses were crushed and remeltéd threé timés in ordér
to ensure homogeneity, the calcium fluoridé being added in tﬁé fina;
remelting (which was of a standard 1 hr duration) in order to further
minimise volatilisation losses. The crushing was effectéd in a
tungsten carbide percussiop mortar, fragments of iron béing removed

with a strong magnet. After the final remelting the glass was poured
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onto a large brass plate and allowed to cool in the air.

The glass block so obtained was sawn into small pieces of

between .5 and 1 cc in volume.

4.3. Heat treatment procedure.

The specimens were heated in "Kanthal" wound horizontal tube
furnaces having constant temperature zones of about 6 cms in length.
The samples were held in alumina boats llned with ceramlc wool,
connected to alumina or mullite tubes of about 1 cm external dlameter
vhich served as handles and channels for the mtroduction of chromel—alumel
thermocouples. These latter rested against the samples and were used
to measure sample termperature in conjunction with either a Tinsley or |
Cambridge slide-wire potentiometer., Temperature control to within v 5°C
was achieved by the use of either "Eurotherm" SOlld state controllers:
or a combination of the "Ether "Mini" controller in conJunctlon with a
15 amp Mullard OTH series thyristor bank. The senslng element 1n both
.cases was a Pt/Pt-13%Rh thermocouple located in the constant temperature
zone of the furnace, '

The heat treatment schedule was a two stage one as indicated'
in Chapter 1. Nuclei were grown for a series of tlmes at a
particular temperature and developed for a standard period at a hlgher:
crystalllsatlon temperature. For a particular serles of glasses the
duration and temperature of the crystallisation treatment were standard,
The choice of crystallisation temperature was determined in an ad<hoc
fashion to attempt a compromise resulting in the minimum of volume
crystallisation and substantial surface crystallisation. The

nucleation range was determined empirically and was glways assumed, in

the first instance, to lie at some «=mSEEsi™temperature below that

used for crystallisation.

The furnaces were set at the required temperature and, with the
boats inside, were allowed to equilibrate for at least a day. Glass
samples were placed in a boat at the temperature chosen for nucleation

and, at the end of a chosen period, transferred from the nucleation
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furnace to a'boat maintained at the crystallisation temperature and

placed in that furnace for the requisite time,

4.4, Optical Microscopy and Sample Preparation

The heat treated samples were sawn in half using a diamond saw,
The sawn side of one half was ground flat on a diamond weel snd then
polished on a rotating lap with grade 1800 and 600 carbonundum paper,
the sample being washed at each stage. The sample was drled and
cemented to a clean glass slide with 'Lakeside' cement the polished
side being in contact with the slide, The sample was then ground and
polished as described above until a section of thickness 20H6O'm1crons
was obtained. The samples were examined under the 0pt1ca1 microsc0pe arranged
for phase-contrast in polarised light, with or without crossed Nicol

prisms.

4.5, Counting Procedure

In those glasses Where 1nterna1 nucleation of crystallisation had
occurred, bifrefringent structures were observed (1nd1cat1ng the presence
of crystalline material) of spherulitic or near—spherulitic type. These
structutes were counted using a modification of a technique descr1bed by
Hilliard, (1) —= = o= = = fii:y\;Q]. The expected number of
particles with centres lying w1th1n a slice of thlckness t,is X t per
unit area. In addition, images will be observed due to particles with
centres lying outside the slice., The number of such images will be the
same as the number of 1ntersections occurrlng on a two—d1mens1ona1 plane
through the structures; namely N K where K is the mean distance betWeen_EZ;;iT;T—
tangent planes to a particle averaged over all particles i,e, the mean particle
diameter. TFor, K finite fields of view there will be an edge effect arising

-from the presence of elements from particles whose centres lie ontside the
lateral boundaries of the field. On_average halfl the images extending
beyond the edges of the field will have originated from centres within

the field,

N, o= I+ (W/2)}A,

NA is number of particles per unit area.



N" is the number of images lying wholly within the field
of area A and N' the number of images intersected by the
edges of the field. The total number of particles per unit

volume 1s given by

(t+K)

when the slice thickness is comparablé to thé particlé diametér

and the volume fraction of the particles is small, thé numbér of

images lost through overlap is small, This was the casé in most

of the glasses studied,

The slice thicknéss was determined by taking thé average of sevéral
measurements of the slidé thickness and subtracting this from thé
average of several méasurements of the thicknéss of the slidé and
sample, Thé Lakesidé cement formed a layer of about 2 microns depth
wﬁich was néglected The measurements were made u51ng a direct readlng:

digital mlcrometer, calibrated to read in micronms.

Thé areas of thé fields of view of the mic;oscopé objectivés wéré ’
determinéd by measuring the diametér of the field of viéw-with a stage
micrometer, The particle diamétérs wére détérmined using an eyepiéce
graticulé calibrated against thé stage micrometer and the_magnification
of the objective being uséd. Counts of particle nunber were made ovér

the entire area of the sample, at least 10 separate counts being made,

The number of partlcles per cm3 determlned in this way was

found to be subject to an error of between ¥59 and f15%,

T LT
4,6, Technlque for Electron Mlcroscqu

-~

Samples were mounted in Bakelite embedding resin and the

surface was prepared by:<

(1) Grinding on a rotating lap with .grade 180C and 600

carborundum papers.

(2) The polishing was completed on a cloth covered lap
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with successively finer grades of diamond paste, finishing with

1 micron paste.

(3) The sample was then cleaned in an ultrasonic bath and

etched for 5 to 10 seconds in .5% HF.

(4) Ccarbon replicas of the surface were made and shadoved

with platinum,

4,7. Technique for Scanning Electron Microscopy.

Samples were fractured and the fracture surfaces were
etched with .5% HF for 5 to 10 seconds and cleaned ultrasonically. The
dry specimens were mounted on aluminium stubs with 'Durofix' and coated

with aluminium or gold,

RN W

4.8, Technlgue for Infra-Red Szectroscogx

Samples were crushed in a '"Torrington' tungsten carbide
percussion mortar until the powder passed through 8 350-mesh sieve,
Tungsten carbide was used in preference to agate as this latter has &
strong infra-red spectrum and tungsten carbide has none. About 50 mght

of this powder was taken and ground to dryness under acetone following

W

P N

<

the technique of Tuddenham and Lyon (‘ Y= Tl T“:.:,T;-::;,e_

R -~

This powder was slurried with acetone and passed through an E,M; l.
"Micromesh" of 2 micron aperture. The acetone was evaporated and

the powder mixed with about 200 ng % of B.D.H, spectroscopic grade KBr,
and formed into a clear disc under vacuum and pressure. The spectra
were recorded onahGrubbeParson:s'Spectremaster'Infrafred Spectrometer

in the double beam mode through the interval 5-25 microns.
4,9. Results _

The premelt compositions of the glasses are given in Table 1,
These are divided in four groups according ® the compositional

influence being investigated, A1l the glasses are based on the

Mukherjee and Rogers Base Glass 1 oomposition, (), e v
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The glasses of group one were designed to investigate the influence
of alumina on crystallisation kinetics. All the glasses were

clear and stable except for 1.0 and 1.1 which were opalescent.

The glasses of group 2 and 3 were designed to investigate the
influence of fluoride content at 5 and 10 weight percent of soda
respectively, All glasses were stable and clear except for 2.5 and
3.T which were opalescent and showed fluoride gall. Glasses of
series 4 were designed to investigate the influence of the
soda/lime ration on a glass with a constant fluoride content.

All these glasses were stable and clear.

The glasses were heat treated as in section L, 3 and thelr
nucleatlon kineties characterised as descrlbed above, All the glasses
which could be internally crystalllsed exhibited a time dependence of
nucleation corresponding to either of the cases described in~Chapter 3.
Figures T and 8 are typical nucleation curves and should be compared

with their archetypes in Figures 3 and 5 ;trﬁ**s“‘“%NQ:TZMETZ:_~“£U

«««««« T === = eeXT 17 70 T It was assumed that all
the glasses obeyed Equation 18 Chap. 3 at sufficlently long times,
As such, plots of log (N-A)vs t were made for all the- crystallising
glasses where N is the maximum number of spherulites developed A is
the number of spherulites developed at any timeil' Figure 9 shows
that this assumption is indeed true, especlally at high temperatures.
The curves should be compared to Figure 6 of Chapter 3. This shows that,
in general, the glasses obey the more complicated kinetlc law.- These
plots are shown in Figs. 9-15, 27-34, 43-k6, It can be seen that
some of these plots do not pass through N at t‘— 0. This_is taken as
indicating that some nucleation has taken place during the crystallisation
treatment and not that the maximum number of nuclei is dependent on the

nucleation temperature.

The slope, I, was obtained from the linear portions of these
graphs and, from ‘Equation 18 Chap 3, equated to H(K + K, ) if the
induction period, OB, in Fig. 5 is ignored for the glasses obeying

‘:t\\ i

this type of law, it can be assumed that, from.Bquation:20::. Chap 3,

aa = NK, .at t = 0.
dt
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Consequently, the initial slopes, subject to the provisions above,

were determined from graphs of A vs t +thus giving values of X

1
Since T = _(Kl + Kz) g K; may bhe Aétéfﬁiﬁéa.
. A Ky = A exp (i'fl) ’ é2A=Bexp (%iéj>“

RT T

—_— L

where E, and E are the activation energies in calories |
LN,

T is the absolute temperature
R is the universal gas constant.

This is true when X, and X, are in units of nuclei per cmdl: per second.

2
Thus a plot ofigéfﬁfgainstll should give a straight line of slope E

1
RT

S r— ' - - —
Knowing hl,El and T, the pre-exponential A can be caleulated

A T
Plots of log K1 Vs <1 and log K2 vs o~y 3
2,303 RT 2.303 RT

are shown in figures 17-22, 35-38, 47-k8,

Most of these are very good straight lines. From these lines values
of the activation energies and preexponential factors were obtained

and plotted as functions of composition,

- These properties zre displesyed in

 Figs., 23-24, h1-l2; 52-53.

Summaries of the main bands observed in the spectra are given in

§igs. 60-63 as functions of composition.
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“Table 1
W

Series 1 Glasses. Starting Compositions Wt#%

Glass Number CaF, Na0 Ca0 Al sio,  Al.

2 72 273
1.0 T 5 26 0 . 62 0
1.1 T 5 26 1 61 .79
1.2 T 5 26 2 60 1,06
1.3 T 5 26 3 59 © 1,59
1.4 T 5 26 L 58 2,12
1.5 7 5 26 5 571 2.65
1.7 T 5 26 T 5 3.71
iaﬁi; é

Series 2 Glasses, Starting Compositions Wt%

Glass Number CaF. Na.0 Ca0 AL.0. Si0O F

2 2 23 2
2.1 2 5 31T 55 .96
2.2 Y 5 29 T 55 1,30
2,3 6 5 21 7T 55 2,88
2,4 8 5 25 T 55  3.8L
5 23 T 55 4,80

2.5 10



Series 3 Glasses. Starting Compositions Wtj%

Glass Number

3.0
3.1
3.2
-7 3.3
3.b
3.5
3.6
3.7

Series 4 Glasses, Starting Compositions wt%

Glass number

4.0
4,1
4,2
by
4.6

54

Table 3

CaF

o o1 DO

10
12
1k

R

Table k4
—m“

CaF2

eI IEES R R

Na O

10
10
10
10
10
10
10
10

Na, 0

2

o & v O

12

Ca0

28

.26

23
22
20
18
16
1k

Ca0

31
29
27
23
19

AC BV IRV BV B Y IS AN

A1,0

e e

Si0

57
57
57
57
57
57
57
57

5i0

55
55
55
55
55

.96
1.30
2.88
3.8k
}.80
5.76
6.72

Na

1.48
2.86
5.7T1
8.55
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Table 5 Example of counting technique and computation.
Showing typical microscopic observations.
Glass 2:3,3 hrs at 706°C and .5 hrs at 879°C.

Thickness of slide + Section cm”, Thicknéss of slide em':
.1595 .1556
+1595 .1559
1595 1567
.1596 1565
.1595 . <1555

Spherulite Diameter x 3.9 x 1073 cm{ Area of the Field of View.

1.8 1.8
1.9 1.6
2.0 2.1 : 1.288 x 10™3cm?
2.0 1.7
1.0 1.5
Number of Spherulites Lying Number of Sphérulités
Completely Within Field of View. Intersécted by Field Boundary.
0 8 0 0 2
0 17 0 0 3
1 6 15 1 0 5
1 1k 8 1 5 2
o L 0 5 0

If t is the average slice thickness,'f the average particlé
diameter, N' the average number of particles lying completely
within the field of view and N" the average number of particles
intersected by the boundary of the field of view, with A the fiéld

area, the number of particles per unit volume,.Ny, is given by

NVA= (N' + N"/2)
Alt + K).
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Key to figures.

Plot of sphefulite number A, against nucleation time

j,in hours for glass 1.l. Nucleation temperature 642 I 2%.
Plot of spherulite number‘A, against nucleation timé
ﬁiinvhours for glass 1.7. Nucleation temperature 662.0% 1%.
27-34, 43-46. Plots of log (N-A) against nucleation time;QL
in hours for all glasses. A is the number of spherulites

at any time and N is the eventual maximum number of
spherulites.

Series 1 glasses. Nucleation temperatures:-
A,642%, B,663°C, ¢,684%°c, p,707.8%,
E,727.4°C. Crystallisation 1 hour at 863,8°C.

Glass 1.0.
Glass 1.1.
Glass 1.2.

Glass 1.3.
Glass 1.k,
Glass 1.5.
Glass 1.7.

Figs. 27-3k4 Series 2 and 3 glasses.

Series 2 nucleation temperatures:-—

4,593.9°¢, B,530.9°C, ¢,706.9°C,

D,767.5°C. Crystallisation .5 hrs at 878.8°C,



Series 3 nucleation temps:—

A,504.1%, B,551.2%, ¢,607.0°C, D,663.1°C
E,706.3°C, F,745.8%, ¢.815.0°C,
Crystallisation .5 hrs at 91k.5°C.

Fig. 27 Glass 2.4 and 2.3
Fig. 28 Glass 2.5

Fig. 29 Glass 3.3

Fig. 30 Glass 3.2

Fig. 31-32 Glass 3.k

Fig. 33-34 Glass 3.5

Fig. 43-46 Series 4 glasses. Nucleation temperatures:—

A,603.8°C, B,659.5%, c,665.3°C, D,703.6°C
E,T40.5°C, F,809.9°C, Crystallisation .5 hrs.
at 917.2°C.

Fig. 43 Glass 4.1
Fig. b4 Glass bL.2
Fig. 45 Glass L.k
Fig. 46 Glass 4.6

Figs. 16-22, 35-38 and 47 and 48 show the Xarlatlon of——Eggm;—_:;;T;;;z;_—

(see text) with nucleation temperature vs BT

Fig. 16. Glass 1.0.

Fig. 17. Glass 1.1.
Fig. 18. Glass 1.2.
Fig. 19. Glass 1.3.
Fig. 20. Glass 1.h.
Fig. 21. Glass 1.5.
Fig. 22. Glass 1.7.
Fig. 35. Glass 3.3.
Fig. 36. Glass 2.5.
Fig. 37. Glass 3.5.
Fig. 38. Glass 3.bh.
Fig. 47. Glass 4.4 and Glass 4.6.
Fig. L48. Glass 4.2.
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Fig. 23. The variation of the activation energy for nucleation

as a function of the aluminium to total alkali ratio.
Series 1 glasses.

Fig. 24. The variation of the pre—exponential factors as a
function of aluminium content. Series 1 glasses.

Fig. 25. The variation of the maximum number of nuclel as a
function of dluminium content. Series 1 glasses.

Fig. 26. The maximum degree of crystallisation after 1 hour
at 863.8°C as a function of aluminium content.
Series 1 glasses.

Fig. 39. ?he variation of the maximum number of nuclel as a

function of fluoride content. Series 2 and 3 glasses.

Fig. 40. The maximum degree of crystallinity after .5 hrs at
900°C as a function of fluorine content. Series 2 and 3
glasses,

Fig. k1. The activation energy for nucleation as a function of

fluorine content. Series 2 and 3 glasses.
Fig. k42. The pre-exponential factors as a function of fluorine
content, Series 2 and 3 glasses.
Fig. 50. The maximum number of nuclei as a function of sodium
‘ content. Series U4 glasses.
Fig. 51. The maximum degree of crystallinity as a function
of sodium content after .5 hrs at 917°C. Series 4 glasses.
Fig. 52. The activation energy for the nucleation process as a
function of sodium content, Series 4 glasses.
Fig. 53. The pre—exponential factor as a function of -sodium content.

Series U glasses.

Fig. 5h. The influence of melting time of the nucleation kinetics
of glass 1.h4.

Fig. 55. The influence of melting time on glass 1.1.

Fig. 56. The influence of melting time on glass 3.3,

Fig. 5T. The influence of melting time on glass 3.k.

Fig. 58 A.B. The influence of melting time on glass k.2,

Fig. 59. The influence of melting time on glass 4.6.

Fig. 60. A. The infra-red spectrum of glass 1.0.

B. Glass 1.0 after 6 hours at T15°C
C. Glass 1.0. after 4 hours at T07.8°C and 1 hour at
864°¢.



Fig.

Fig.

Fig.

Fig.

Fig.
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Fig.
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61

62

63

an

65

66

67

68
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D. Glass 1.0 after 10 days at 900°C.

A. The infra-red spectrum of Glass 1.l.

B. Glass 1.1 after 5 hours at 684°C and 1 hour at 864°C.
C. Glass 1.7 after 6 hours at T08°C and 1 hr at 864°C.
D. Glass 1.7 after 10 days at 900°C

E. Glass 1.5 after 6 hrs at T15°C

A, Infra-red spectrum of glass 2.1.
B. Glass 2.1. after 6 hrs at T15°C
C. Glass 2.k

D. Glass 2.l after 6 hrs at T15°C
E. Glass 2.5.

F. Glass 2.5 after 6 hrs at T15°C

A. Infra-red spectrum of Glass 3.3
B. Glass 3.3 after 10 days at 900°C
C. Glass 3.7

D. Glass 3.7 after 10 days at 900°C

A. Infra red spectrum of Glass U4.1.
B. Glass 4.1 after 6 hours at T15°C

C. Glass L.2,
D. Glass 4.2 after 6 hrs at T15°C
E. Glass 4.6

F. Glass 4.6 after 6 hrs at T15°C
G. Cryolite.

The main infra-red bands as a function of aluminium content.
Series 1l glasses.

The main infra-red bands as a function of fluoride content
at 5 wt% soda. Series 2 glasses.

The ﬁain infra-red bands as a function of fluorine content
at 10 wt% Soda. Series 3 glasses.

The main infra-red bands-as a function of soda-content.

Series 4 glasses.
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Chapter$ -

Discussion and Elucidation of Results.

Before discussing the results obtained it would be well
to point out that tha kinetic equationilderived in Chapter 3
ﬁEﬁé complex equation” and experimental results cannot be fitted
to v it" " by the normal methods of rsgression analysis. The correct
curve fitting procsdurss involvs arduous and léngthy calculations
and cannot rsadily be accomplishsd without the aid of a digital
computer. As a consequence gf this tha log (N-A) plots were
sstimated. Because this undoubtsdly intfoduced large errors into
the caloulation of I, no attampt was made towards a ragression
analysis for tha plots of rate constant against temperature.
A crude chsck, howsvsr, shows that the final érrors in the activation
snsrgies and preexponéntial factors ars at best about 10% and at .
worst 30-40%. It is hoped that this deficiéncy will be rectified

in due course,

5.1. Phase s;paratlon and Q;ystalllsatlon

LOEn SHi S o 4

Ev1dence of phase separatlon was found in all the glasses
prepared as shown-by Plateslﬂ**ZB). However, glasses 2.1, 2.2,
3.0,3.1, and 4,0 could not be induced to crystallisa intsrnally
undsr any conditions. Thsrefors it can be concluded that although
phass separation may be a necessary condition for nucleation it is
certalnly not a sufficient condlplon. Furthermore, the scanning
electron mlcrographs Plates(ZSLS)' show spherulltlc structures l
growing in extensive flelds of droplet like structures and Blatesﬁm32&1) -
show bundles of needle-like crystals growing straight through droplets.

' These picturas show, quite dramatically, the anormous disparity between
the extent of phase separation and the number of effectivs
crystallisation centres. Ths‘suggestion that soma of these droplets
and not others may initiata crystallisation begs the question, for,
without indicating some dsfinitive, demonstrable characteristic of
such droplets, nothing is tharaby added to our knowledge of the

process,
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Indeed, calculations of the number of droplets from electron micrographs
show/! that for glass 1,1, the number‘of dronlets developed after lhx at
620°C is about 10'! per cnd compared with a maximum number of nuclei of 104
per cm3; for glass 1,5, 10” droplets and 105 nuclei; for glasss 1,7., 1010
droplets and 104 nuclei per cm?. This means that, if the droplets are

7

precursors to crystallisation, only one droplet in lO6 or 10" is effective
in this role, This does not seem to be a sufficiently good correlation to
establish such a scheme as a suitable nucleaticn mechanism.

Therefore, it is reasonable to conclude that, in this part of this
glass system, there is no evidence to suppd¢ a nucleation mechanism
‘causally related to phase separation, . '

5.2+, The Kinetics of Nucleation

Although the general character of the nucleation has been described
in Chapter 4 it is necessary to amplify some points. .

No glasses could be induced to crystallise internally without a two-
stage heat treatment., If the nuclei had been traditionzl heterogeneities
this would have been unnecessary, This implies that the nuclei are homogeneous,
which implic=tion is strengthened by the observation that the number of .
nuclei for each glass is a strong function of composition.(Figs, 25,39,50).
' The variation in the maximums number of nuclei with nucleation tempersture
is almost always within the expesrimental erxrror for any determination and ,
in consequence, the experimenis are not accurate enough to decide whether.
the maximum number of nuclei is a function of nucleation temperature.

If it is so0 it would seem to be a weak function of temper:zture but,
even so, it would appear that the maximum number of nuclei is primarily a
function of compositiond possibly melt conditions as sﬁggested in Chepter
3.

- The mechanism proposed of nucleus growth by reversible steps is supnorted

by the observation that in all glasses the overall rate of reation rises with
increasing nucleation temperature, passes throusgh a maximum and falls at

high temperatures (e.g. figs. 9-15)



Thé géneral, qualitativé validity of thé kinétic mechanisn détailed

in Chapter 3 has been demonstratéd in Chapter 4 for a2ll the glassés
" which displayéd volume, as opposed to surface nucleation, '
Unfortunatéxy, quantitative predictions from the theory of

Absolute Reaction Rates, are difficult if not impossiblé to obtain.,
Activation energies have only been derived for thé simplést procésses
and, even in thése cases, the calculation of the partition function for
the activated complex has presented somé difficulty. Although thé

exact relationship of thérmodynamic activities and statistical méchanical
partition functions is obscuré such a relation presumably éxists and such
activities could in fact be used in kinetic equationms. Howévér, it is
difficult to conceive a moré difficult system in which to méasure
activities than a silicaté glass. The quantitative wlidity of thé
" equations obtained in Chapter 3 must thérefore bé judged on thé

reasonableness of the parameters obtained by their application,

Thé significancé of the prévéxponential terms shown in
Figs. 2L4,42,53 is ‘not clear both for the reasons outlined in the
beginning of this cﬁaptér and bécause the mathématical analysis of
Equations 18{"?1737Vof.0haptér 3 is not yet completé, however; a clue
to their s1gn1flcance will be given later in thls discourse, The
activation energy thus stands out as the most easily discussed parameter
determined in this work, The compositional varistions of thglactivatlon
enérgiés for the forward and réversé reactions are illustrated in
Figs. 23,11,52,

The range of varlatlon and the absolute‘values of the activation
energles illustrated in Flgure 50 for increasing soda content should

be compared to the activation energies for viscous flow found by
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Bockris( ) ) a range

of activation energy of 135 Kcals/mole at 0% Na,0 to 50 Kcals
2

who found, for the binary system NaaO-Slo

at 15 mole % Na20. Similarly Fig. 41 shows a variation of

activation energy for increasing fluoride content which is in

(2)

although comparison is not easy because of the great difference in

fair agreement with an activation energy calculated from Bills

compositions being studied. Furthermore, the complex relationship
between activation energy and alumina content is closely analogous

to the complex relationship betWeen alumina content and'v1scos1ty
found by Kozakev1tch(3). There is therefore, nothing 1ncon51stent
between these results and the suggestion made in Chapter 3 that

the activation energy discovered might bear a close-relationship to
the activation energy for viscous flow. This conflrms the
conclusions of Keyworth( ) regarding the activation energies for
erystal growth in glasses containing chromium oxide, These energles
were derived from a version of the Avrami treatment of phase changes,
.and the equivalence;ggpthés treatment and that derived in Chapter 3

- isEhsE suggested’ (Rcf?Q Chap3]J

2

These results, however, are at considerable variance to
the activation_energy of 22 Kcals per‘mole found by Mukherjee and Rogerscs)
for similar glasses. However no relationship is really to be expected.
in the light of the theoretical approach outlined here and the value
obtained 1n(5) probably represents an effective activation energy
related to the difference in activation energy for the forward gnd
reverse reactions.

MNAN YN YT
5.3. The‘probable nature of the-nucleus.

v

P

Although the noture and mechanism of the process preceeding
crystallisation can be explained as shown above, the kinetic arguments
are incapable of supplying information concerning the structural aspects

of the transformation,

In Chapter L it was stated that the maximnm number of nuclei
was,most probably, a function of glass composition and melting
temperature only. With this in mind the relationships are represented
in Figs. 25,39,50, Thisrdependence is particularly complex in the

AR Nty st

case of aluminium(ﬁgeZM* although the general trend is upward.
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The variation with respect to fluorine content is particularly
interesting (Fig. 39). The discontinuities in the otherwise

smooth curves (full lines) are quite unreasonable and continuation

of the lines to 0% fluorine shows, quite clearly, that nuclei exist
il the absence of fluorine. . This can only be explained if it is
assumed that the nuclei do not consist of simple alkali halides.

This can be explained, partially, by reference to wﬂates 1-20

which show the variation of crystal-growth hablt as functlons of
composition. Plates 1-T7 show that the structure of the 'spherulltes'
becomes more open as the percentage of alumlna 1n the glass 1s
increased. Plates 8-10 and 11-14 show that the texture of the spherulltes
becomes finer and the spherulites become more complete as the fluoride
concentration increases. Plates 15 and 16 indicate that as the
fluoride content 1s further increased the texture becomes more open
again. The {Plates 17-20 indicate that the spherulites become:more

complete and then more open again as the soda-content is increased,

These morphological changes can be understood by reference

to the study of the morphology of spherulitic growth in poplypopylene
'QG 71 It has been found that an increase in the concentrat1on of
impurities (sterioirregular molecules or molecules of loW'molecular werht)
results in spherulites with an increasingly open texture. The
non-crystallisable components are rejected by the growing crystal fronts
and concentrate along the sides of the growing crystal, Tne presence-
of alumina in a glass will result in the formation of 1arge,‘irregular
aluminosilicate ions which would act as impurities in this sense, Tnis
would account for the changes in morphology shoWn 1n Plates 1-T.
Fluoride additions to silicates are known to reduce the s1zes of the
silicate anions. This will result in a decrease in the concentretlon
of large anions and the predicted morphological changes can be seen in
Plates 8-10 and 11-1h. However, jlates 15 and 16 show that a further
reduction in the size of the anions results in the second type of
impurity merfjoned above and a consequent decrease in the perfection of
spherulites. The addition of soda has a similar effect on the anion
distribution of silicates and the effects on spherulite morphology
_ (Plates 17-20) closely follow those observed for fluoride additions.
Plots of maximum crystallinity, obtained by multiplying the volume
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of a typical spherulite by the maximum number of nuclei developed

(Pigs 26,40,51), if taken as an indication of 'monomer' concentration,
confirm these observations. The discontinuities in Fig. 39 are
therefore due to the lack of suitable crystallisable species and not to

the lack of suitable nuclei.

The crystallisation behaviour of glasses containing increasing
amounts of alumina provides a clue to the probable nature of the
nuclei. Thé non-random nature of the variation in nucleus number
shown by all glass comp051tions rules out the p0551b111ty of heterogeneous
nucleation. The nuclei have been shown to exist, at a reduced number,
in the absence of fluorine and in consequencethe nuclei cannot be

simple alkali fluorides.

It is probable that increasing the aluminium content of a silicate
glass increases the proportion of 1arge silicate of aluminosilicate
anions. The general increase in nucleation number with alumina shown
'in Fig. 25 indicates that the embryo nuclel are probably complex
silicate or aluminosilicate anions.hhThe other compositional-variations

observed and the low number of embryos found are not inconsistent with

the implications of the theoretical studies of Bockri s( )"Massoncg)
and Lacy(lo) indicating that large anions should be present in-very
low concentration at this soit of composition. Any geometric restraints

w111 tend to reduce this small number even further, and it is easy to
envisage a final concentration of suitable embryos of around 10‘18

molar.

5.4. Infra-red spectra

Sample spectra are given in figures 60<6h, It can be seen’ that
the spectra are composed of between 5 and T bands in the region of 8<ll
microns and 1 or 2 microns bands in the 13 micron region, The positions
of these bands are summarised as functions of composition 1n Tlgs 6568,
One very clear point emerges from an examination of Figs, 62 63, 66 and 67T,
no new bands are observed on the introduction of fluorine, Tt may,

therefore be concluded that no silicon to fluorine or aluminium to
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fluorine bonding occurs in these glasses. The reduction of
viscocity due to fluorine must be due to a displacement of the
equilibria controlling the melt.structure towards the production
of smaller units and to a sharpening of the molecular weight
distributions in the melt. Unfortunately it is not possible to
derive the relative proportions of thezesonating species in

the glass because of the overlap of the bands., It is hOped that

the application of the technique of derivative spectroscopy, 1)

mentloned in Chapter 2, may overcome this delclequ.

§>\ - L e .-~,’- - - -
TR o B _-'%T::??lwv. _____—.s.__:,caﬂ

T—

The discernable bands may be ascribed follow1ng Saksena“zl/
and Launer(l” “y to the following species, in descerdlngorder of

wavelengthj

8.5-9 microns silicate ring,
8.8 -~ 9.5 microns silicate chain,
9.3 = 9.8 microns silicate ring.
9.5 ~ 10,1 microns silicate chain,
10.0 - 10.3 microns silicate ring.

12,8 - 13.2 microns silicate ring.

The remaining three bands at 10.1-10.6, 10,2~11.2 and
13 to 13.5 may be ascribed to resonancesinvolvinggaluminium in

a zeolitic or feldspar structure, The positions of these bgnds

are subject to complex alteration with changing composition and

illustrate the unpredictable nature of envirommental influences in

infra~red spectra. However, if the position of the highest frequency

(i.e., lowest wavelength) band as a function of composition is compared

to the plots of pre-exponential factors against composition (Figs. Eh/hE 531
it can be seen that a close similarity of form exists. This may be
coln01dental but such a similarity can be explained if it is

remembered that the preexponential factor contains a term due to

the v1brational partition function of the spec1es taklng part in the
reaction and the highest frequency mode would be expected to make the

greatest contribution.
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A tentative connection between the bandwidth at\8<10
microns and overall crystallisation behav1our can be seen by
comparlng Fig. 64 with Fig. 51, It can be seen that the narroWest
band-width corresponds to the maximum crystallisation and vice-versa,
This demonstrates that the relative structural diversity in a glass
determines the crystallisation characteristics of that glass in
that greater structural diversity 1eads to broad spectral bands on
the one hand and low total crystallinity on the other.

Reference to Figs 60 to 64 and Figs 40 and 51 shows tﬁat:
in general, those glasses which crystallise readily display & narrowing
of the spectral bands on heating in the nucleation'range whilst
those which do not crystalllse show a broadening. The broken lines
in Figs. 65 and 66 show the effect of a nucleation heat treatment
on the hlghest frequency band, it will be notlced that this moves
to shorter wavelengths, which, according to Saksena"zl’ is 1ndlcat1ve
of increasing catenation. It would appear then, that 31llcate rings
of some description are 1nvolved in the nucleation process, -
Figures 60 and 63 howeVer, show that on crystallisation the 13 mlcron
band almost completely dis”appears. This is inconsistent with the
crystallisation of species containing a silicate ring, all of whicﬁ
have thls band. However, the explanation may lie in a suggestion of
MukherJee and Rogers(ﬁj] that the primary crystallisation may 1nvolve
fluor-zonot 1ite Ca6816017 o* This would have a double chain etructure
containing important elements of ring symmetry and could arise by a
rearrangement of primitive rings in the glass: this accounting for
the disappearance of the characteristic ring band at 13 microns.,
Unfortunately, the infra-red spectrum of xonotlite Ca68i6017(0H)2

has not been reported.

5.5. Thermal Hlstory Effects
The great influence of melt structure and dynamics on the

behaviour of the glass is well 1llustrated by the 1nf1uence of
melt condltlons on nucleation klnetlcs. Flgs. 54 to 59 illustrate
the influence of increasing the melting time for seVeral glass
compositions. Invariably the increase in melting time results in

an increase in the "induction" period, This induction period has been

”
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explained in Chapter 3 as arising from the non—uniform

distribution of monomers around the nucleus sites. A very short
induction_period is Que to a very large concentration of "monomers"
around the embryo and the results above'would indiecate that this
concentration is very much reduced when the glass is melted for a
long time, either through a. polymerlsation—depolymerisatlon
relationship or by the diffusion of monomer units away from the
embryo., Both of these mechanisms would be consistent with the
establishment of conditions closer to the equilibrium -configuration
of the melt. The one surprising result is that for the glass heated
for 1 hr at 1450°C (Fig 54) which shows that heating at a higné;
temperature results in an increase of monomer concentration around
the nucleus coupled with an increase.in nucleation number. This is
not expected and can possibly be explained by the onset of platinum
dissolution in the glass melt, This may give rise to large ‘
heterogeneous nuclei, a large particle would 'see' a greater
concentration of monomers. In general however, the results are expllcable
as reasonable consequences of melt disequilibrium and confirm the

importance of melt dynamics for glass crystallisation.

o S. BMiscellaneous Considerations.

An examination of Figs. 25;26;52,53;65 and 68 will reyeal
several minima in the properties illustrated. These minima alvways
correspond to an alumina to soda ratio of about 1. This behayiour
has been observed for several properties, (reﬁractive index, dens1ty,

(1h)

infra red absorption) in aluminosilicate glasses containing llthia

(15)

present glass compositions are much greater than those observed in

potassia and soda(16) However the changes 1nvolved with the

(14415) andf 16, The authors referred to have ascribed these discontinuitles
to.the appearance of A106 octahedra at alumina to soda ratios greater
than one, Tarte has shown(17) that the infra red absorption bands for
condensed (i.e. catenated) octahedra should occur at lh.Y'to 20 microns
and 19 to 25 microns for isolated octahedra., However: the spectra in
Figs. 60 and 61 do not reveal any bands in this region., TFurthermore

this suggestion does not explain the other changes in the spectra,

Figs, 65 and 68 show that all the main bands shift to higher frequencies

-~
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at this point. It las been stated before that such a shift is

indicative of a tendency towards polymerisation. Figs. 25 and 26

show the effects of such a catenation reaction on the crystallisation
behaviour of the glasses. The dramatic decrease ip the maximumA
crystallisation of the glass and thé 1éss marked decreasé in tﬁe upward
trend for the number of nuclei are indicativé of a major rearrangémént

of the glass structure at this point. This would séém to show that

the general phenomenon is assoclated with the removal of a chain:bréaking
component from the glass which can only bé soda. Thé compositional
invariance of this point shows that the phenomenon involvés soda

and alumina only. The compound LiAlOQ_is known to éxist and iﬁ is
suggested that the observations detailed above may indicate the formation
of an unstable compound or complex corresponding to thé stochlometry
NaAlOz. The existence of this would dépend on the_stochiométry péing
approached and it would be imagined not to exist outside a2 limited
compositional variation. This would account for the apparént, temporary,
removal of sodium from its network breaking rolé. Thé instability

of the compound would preclude its use as a nucléating agept. Tﬁé ‘
nature of this complex and its unusual, vitreous, énvironmgnt‘could
account for the differencé bétweén its main vibrational frequenciés
(980-950cm™1) and those computed by Tarte(IT) -
tetrahedra,

for condensed Ath
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5.7+ Z=ray Diffraction Data.

The x-ray powder patterns of some representative glasses and some
reférence minerals are contained in the Appvendix,

The powder patterns of most of the glasses are very complex and cannot
be explained in terms of any one mineral. On the contrary most of the
patterns have the appearance of more or less complex mixtures.

The glasses whose patterns are represented on page 131 all disvlayed
both volume and surface crystallisation under the conditions indicated.

The most persistent phase in all these glasses appears to be related to
xonotlite, Cag Sig Oy, (OH), and, if so, must be the fluorine containing
analogue Caj_Si5 Oj7 F,. However, the match is by no means perfect. This

is to be expected from the x-ray diffraction patterns of caleio-chondrodite
and calcio-fluor-chodrodite (pagel3i., Cag (Siob‘)z(ou)z‘ and CaS(SiOh)zF'z)
vhich show that the substitution of fluorine for the hydroxyl radical does
not result in a simple shift in d-spacing, If allowance is made for this

and the presence of extra reflections, as indicated in the above comparison,
the match.1s seen to be réasonable; Calcium fluoride may also be identified
in these glasses, hut, all the reflections from this compound 2re also
contained in the proposed pattern for fluor-xonotiite. The possible presence
of cuspidine, CaLSiZO7 FZ' and Ca2 Sin'F& is also indicated, and, for

the glasses containing aluminium, pseudo-wollastonite, albite and cristobalite,
arguing the existence of complex solid-solution series. Comparison of .
these results with the x-ray patterns of the same glasses heated for
prolonged periods at high temperatures (pnge1§i) displays the general
stability of these pheses and the appesarance of a new phase, devitrite.

The glasses which did not display volume crystallisation (pageléjj
did not contain any detectable amounts of fluor-xonotlite, This shows
th;t flour-xonotlite is probably the nucleating phase, or that it is
specifically nucleated within the glass. Xonotlite is composed of a double
pyroxene chain and contains pseudo-rings, in accordsnce with the spectroscipic
evidence givenabove,

In view of the unpredictable nature of the consequences for the x-ray
diffraction pattern of a hydrous-gsilicate mineral of fluorine substituvtion
and the generally complex assemblages of phases within these glasses, the
conclusions presented above are tentative and, in some part, speculative,
With such complex patterns and the somewhat facile device of explaining
differences between reference and observed natterns as the result of
flvorine substitution in normally hydrqgs minerals, it is difficult to
avoid the danger of establishing the presence of what is thought to be

present rather than that which is present.
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CHAPTER 6

Conclusions and Suggestions for Further Work

6.1. Conclusions

Despite the deficiencies in the treatment of the
experimental results it is clear that the nucleation mechanism
can be described by a series of reversible first and second order

reactions

i g + M g—>a
‘ o =3 1

| a, +m

1 —a, etc,

(ao, 811 Ay being embryos of various sizes, and.m reprosenting
‘one nolecule of monomer), wherse the trensition from a sub-criticnl 4o
| a eritical nucleus is the rate determining step, This approximation was
ifound to be good at low and high temperatures snd a® long times for all

_ | |

_temperatures,

The number of embryos for each glass was shown to be a function
of melt conditions and composition, and it has been suggested that these
embryos may consist of large, complex silicate or alumino silicate anions.
Infra-red spectra of the glasses can be interpreted as arising from a
complex mixture of polymeric species and distinct structural elements
can be thus identified. The investigation of changes in spectra and
spherulite morphology have shown that fluoride additions result in changes
in the distribution of the various polymeric species in the glass. These
changes result in a reduction of the degree of disordér in thé glass
and facilitate crystallisation by imposing a more solid-like structure

on the glass.

The activation energies for nucleation have been found to
bear a close relationship to the activation energies for viscous

flow in other, analogous, Systems. This is consistent with the role

N
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of fluorine as a network breaker and fluoride additions facilitate
nucleation by reducing the average size of the flow unit in the

glass and consequently, the activation energy for viscous flow.

No bands have been identified in the infra-red spectra which
can be assigned to either Si-F or Al-F bonding. Fluorine must,
therefore, displace the melt equilibria towards the production of
smaller silicate an ions by a mass action or electrostatic éffect.
This suggestion is closer to the conclusion of Baak and Olander

(V=T — - - DT ) and Bills (2) e e N

e T A'*ﬁ\than to that of Kozakev1tch( ) - Lo ~ LR

Electron microscopic examination has shown that there is no relationship
between phase separation and nucleation in these glasses. Proof has
been presented that suitable embryos exist in the glass in the absence
of fluoride thus making it unlikely that the precipitation of a

simple fluoride phase is the step initiating crystallisation.

The importance of melt structure and équilibria.for crystallisation
brocesses in glasses has been further demonstrated by;the influence of
melt history on nucleation kineties. A tentative connection between
pre-exponential factors calculated for the nucleation process and
the positions of an absorption band in the infra-red spectra has béen
made. This, together with other spectroscopic evidence suggests that
the primary crystallisation may involve a double pyroxene chain as in

xonotlite, in accordance with the observations of Mukherjee and Rogeré"l

- - - oo e “@!-“w/
E:Hﬁ ,_— - = X

p— —

A discontinuity in properties for these glasses and other
aluminosilicate glasses at an alumina to soda ratio of 1 has been
explained by the temporary formation of a compound or complex
corresponding to a stochiometry of NaAlOé analogous to the known compound

L1A102.

Finally, it is suggested that the theoretical treatmént outlined
in these pages represents a considerable advance on the classical
nucleation theories normally used to explain nucleation phenomena in
glasses. ?he theory makes the minimum nﬁmber of assumptions and provides
a reasonable mechanism for phase transformations in general. The theory

also provides a reasonable definition of a critical nucleus
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which does not rely on problematical considerations of the
mechanical equilibria of surfaces., Furthermore the theory is
capable of considerable development and, even in its present

form, expléins the appearance of the "induction period".

. . N C
6.2. Suggestions for. Further Work

It is clear that the necessary regression analyses must
be undertaken in order to establish accurate values for the parameters

involved in this transition.

The relationship between viscosity and crystallisation is not
certain. It is therefore suggested that the activation energies for

viscous flow must be determined for the glasses studied here,

Thé mathématical analysis of thé tﬁéory nust bé complétéd
and the théory must be éxpandéd so that it can be appliéd to otﬁér
systems. A great deal of work is obviously réquiréd concérning thé
lattice dynamics and other properties of small assémblagés of atoms,

Infra réd spéctroscoPy has proved itsélf to bé a valuablé>
tool for the investigation of glass structuré. Howevér; tﬁé corréct
applicatiop of the technique requi;és thé establishmént of a large

body of the data concerning the spectra of silicates and silicfous

__polymers.

Thé rélationship bétweén bandwidth and crystsllisation needs
further invéstigation and the changes in the positions of spectral bands
on nucléation neéd codification and explanation. It is also nécéssary
that the rélative proportions of the résonating spéciés must be
determined most probably by thé application of the téchniques of
ge;ivativé spectroscopy (Ref 11 Chap 5), Th:e lattér is probably the

cluie to the successful application of infra-red spectroscopy to glasses

and an attempt in this direction is most essential,

The establishment of the nucleation and crystallisation
ranges presented some difficulty and it is suggested that these
ranges may be better determined, in future work, by the use of a gradient

furnace or by differential thermal analysis,
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Difficulty was also experienced due to inhomogeneity in
the glasses, The homogenisation process used is unsatisfactory

and must be replaced.
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Egy to Plates

(all transmitted light)

Glass 1.0 crystallisation after 1 hr at 708°C
and 1 hour at 864°C. Plain polarised light x 32,
Glass 1.1, Crystallisation after .5 hrs at 72700
and 1 hour at 864. Polarised light x 80.

Glass 1.2. 1 hour at 708° and 1 hour at 86L°C
Polarised light x 80. ° p
Glass 1.3. 5 hours at 708°C and 1 hour at 864°¢C
Polarised light x 320.

Glass 1.4, 5 hours at 684°C ana 1 ﬁour at 864°C
Polarised light x 504,

Glass 1.5 .5 hours at 708°C- 1 hr at 8614°C,
Polarised light x 320.

Glass 1.7 .5 hours at 708°C 1 hour at 86L4°C
Polarised light x 320,

Glass 2.3 4 hrs at 706°C, 5 hrs at 879°C
Polariséd light X 320,

Glass 2.k, 5 hrs at 706°C, .5 hrs at 879°C.
Polariséd light x 320, ’

Glass 2.5, 5 hrs at 706°C, .5 hrs at 879°¢,
Crossed polars x 320.

Glass 3.2. b hrs at 706°C, .5 hrs at 915°C.
Polarised light x 320. )

Glass 3.3. 5 hrs at .706°C, 5 nrs at 915°C,
Polarised light x 320. .

Glass 3.4. .5 hrs at 607°C, .5 hrs at 915°C,
Polarised light x 80.

Glass 3.5. 3 hrs at 706°C, .5 hrs at 915°C
Polariséd light x 80.

Glass 3.6. 3 hrs at.505°C, .5 hrs at 915°%C
Polarised light x 320.

Glass 3.7. .5 hrs at 505°C, .5 hrs at 915°C.
Polarised light x 320.

Glass L.1. L hrs at 7h1°cf .5 hrs at 915°C.
Polarised light x 320.

Glass k.2, 5 hrs at 78 C, ,5 hrs at 917°C,
Polariséd light x 50k,

Glass bk.h, b hrs at 660°C, .5 nrs at 917°C,
Polarised light x 320.

- '.t--'-'.



Plate 20,
Plate 21,
Plate 22,

Plate 23.

Plate 24,

-Platé 25.
Platé 26,
Plgté 27.
Plate 28.

Plat e 29 .

Plate 30.
Plate Lk,
Plate L5,

Platé k6,

Platé k7,

Plate L8.

Glass
Phase
Phasé
Phasé
Phase
Phasé
Phasé
Phase

Phase

120.

k.6 .5 nhrs at 660°C, .5 hrs at 917°C
Polarised light x 80.
separation in glass 1,0, 11,500 X.

separation
separation
\
separation
separation
separation

separation

separation

in glass

in glass

in glass

in glass

in glass

in glass

in glass

- ’ !
1.1 after 1 hour at 620°C, 10,000X.

1.5 after 1 hour at 720°C, 10,000X,

1.7+ 5,500%.

3.0 21,500X.

3,7 after 1 hour at 6éo°c. 21/300%;
k.0, 5;3oox.

k1. 5,700X,

Droplets and crystals .in glass 1.0 after L hrs at 603°¢

- and 1 hour at 864°¢, 2,400%X,

Detail of Plate 29, 6,000X.

Detail from plate 43, T7,450X,

A8 for plate 43, 1,4O0X.

Surface crystallisation in glass 1.l after 5 hrs at
708°C and 1 hr at 864°C. 2,300X,

As in plate 46. 2,300X,

As for plate 46 but the glass was melted for 4 hrs
at 1400°C instead of 1 hr, 2;3oox;
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Appendix

This appendix contains X-ray powder diffraqtion patterns of some
representative glasses- and some re=ference crystalline phases.,

The x-ray photographs from which the glass patterms were derived
were taken on a Guinier de Wolff focusing x-ray camera using Cu Ko
radiation at 30 K\ﬂ and 20 mA, with exposure times of 2.5 to 3.5 hours.

) The positions of the obser&ed reflections are plotted as values
“of 26°, The relative intensities of the reflections, I/To, were estimated
visually, - .
The powder patterns for the reference crystalline phases were

obtained from the A.S.T.,M, Index and aie similarly represented.
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