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• LUM~~~CENC OF Mn2+ IN GLASSES: A SPECTROSCOPIC 

E STUDY OF THE~ PHASE SEPARATIO~ 

by 

Pierre-Elie Ménassa r 

ABSTRACT 

. 
~~ A new approach for studying thermal phase separation 

. 2+' in: sodium' borosilicate glas~es us~ng Mn as a luminescent 

pro~e is investigated. Sevènty-oneO samples of glasses 

activated'by Mn
2+ inside and around the Na20oB203'Si02 

misci~ility gaps wer~,prepared. These samples were then phase 

separated,~Y dry thermal treatment. 

It is, shown that on,addition of MnO, the ternary 

Na20oB203·Si02 system behaved like other quaternary systems 
~ J , 

of the type'X20'MO-B203oSi02 (X = Na, Ki M = Mg, Ca, Ba, Zn) 0 

" l 
Scanning electron microscopy and X-ray microanalysis 

, , 

demonstrated that manganese concentrates preferentially in 

th~ boron-rich phaseo Th~s analysis, in cQnjunction with a 

comparison of Mn2+ emission spectra of unheated and heat

treated glasses shows'that the glasses are submicroscopically 

,phase separated when prepared. The decay-time analysis'of 

Mn
2+ luminescence indicates tbat the low energy emission'band 

arises from Mn2+ in the borôn-rich phase while th~'high energy 

emiss'iOIl is duè to Mn2+ in the silica-rich phase. The 

difference in the crystal field parameters obtained from the 

excitation spectra of the two emission bands shows that the 

high energy emis~iGn band is from Mn2+ in tetrahedral sites 

while the low energy ~mission band is from Mn2+. in' an 
-!''' ~. • 

octahedral .environment; 

, . 
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(LA LUMINESCENCE DU Mn 2+ DANS LES VERRES: UNE SONDE 

SPECTROSCOPIQUES SERVANT A L'ETUDE DÈS PHENOMENES DE DEMIXTION 

par 

Pierre-Elie Ménass~ 

\1 RESUME 

.... 

·Une.~ouvelle.méthOde d'étude des phénom~nes de t 
d~mixtion des borosili~ates de sodium vitreux, utilisant la 
luminescence du Mn2+, est examinée. Soixante et onze 

, , 2+ ' 
échantillons de verre activés au Mn ! l'intérieu~ et autour 

des. lacunes de miscibilité du Na20.B20 3 ,Si02 ~nt été préparés. 

Ces échantillons ont été trainés thermiquement ~ sec JUSqu'~ 
c d~mixtion. -$ • 

_ Il est montré qu'en ajo~nt.du MnO au sy~tème 
'- . ternaire Na20'B203 '-5i92, ce dernier se comportait comme des 

systèmes quaternaires du type X20'MO'B203,Si02 (X = Na, Ki 

M = Mg,> Ca, Ba, Zn). La microscopie électronique à balayage 

et la micro-analyse de rayons X montrent que le manganèse est, 

essentiellement, concentré dans la phase riche en borate. 

L'analyse PFécédente 'et la comparaison des spectres d'émission, .. 
'des échantillons sans traitement thermique avec ceux qui ont 

subi tune démixtion, montrent que les verres ,sont déjà"'"soUS-
, 

microscopiquement séparés, lors de leur formation, en deux 

phases non mis~ibles. L'étude des temps de déclin de la 

luminescence montre que les bandes d'émission à basse et à 

haute énergie proviennent respectivement du Mn2+ présent dans 

la phase riche en borate et de celle riche en silicate. La 

différence, entre l~s paramètres du champ cristallin obtenus~ 
" 

à par.tir des spectres d'excitation des deux bandes d'émission, 

t 1 b d ".. h t ~ . . t du Mn 2+ en mon re que a an e ct au e energle provlen 

coorditlation tetraédrique tandis que l'autre est associée au . 

Mn2+ en coordination octaédrique. 
" 
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GLOSSARY OF TECHNICAL TERMSt 

o 

1. BINARY SYSTEM. A system with two components. 

xix 

2. BINODAL CURVE. Curve showing compositions of two liquid 
phases in equilibrium. 

3. BOUNDARY LINE <CURVE). The intersection of adjoining 
liquidus surfaces in a ternary phase diagram. The 
area enc10sed ba a series of boundary lines is 
termed a PFimary pnase area. 

4. COMPONENTS (OF A SYSTEM). The smallest nurnber of 
independently variable chemical constituents 
necessary and sufficient to express the composition 
of each phase present in any state of equilibrium. 

~~ Zero and negative quantities of the components 
are permissible in expressing the composition of a 
phase. .... 

5. COMPOSITION (OR COMPATIBILITY) TRIANGLE. In the phase 
diagram of a condensed ternary system the three 
joins connecting the composition points of the 
three primary phases whose lïquidus surfaces meet 
at a point. 

6. CONDENSED SYS,TEM. One in which the vapor pressures of 
the.solid and liquid phases present are negligible 
or small i~ comparison to the atmospheii~ pressure. 

7. ÇONGRUENT MELTING POINT. At a specified pres.sure, the 
temperature at.which a solid substance changes to 
a 1iquid of identica1 chemica~ composition. 

8. CONJUGATE PHASE. One of the two phases in equilibriurn 
wi th each other defining a co~ode (see '( Il) ) . 

9. CON SOLUTE COMPONENT. That one which in sufficient 
amount causes homogenation of ewo other partially 
miscible components. 
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10. CONSOLUTE P9INT. Critical point at which two liq~ids 
, become miscible in all pro~ortions. 

\ 
11. CONODE (OR TIE LINE). For a parti'cular tempe rature , 

the straight line connec~ing the composit~ons of 
two (conjugate) phases in eqmilibrium wit~ each 
other. 

12. CRITlCAL TEMPERATURE. In a one component system, the 
unique temperature in which the .liquid and vapor 
phases become, identical. At the critical 
temperature the system passes from a heterogeneous 
state to a homogeneous phase. Above the critical 
temperature no lJ.quid phase can exist, however 
great the pressure . 

13. DEVITRIFICATION. The formation of crystàlline material 
from glass. 

14. EUTECTIC. A eutectic represents an invariant (unique 
temperature, pressure, cO,mposition) point for aU 
system at which the phase reaction on the addition 
or removal of heat results in an increase or • 

xx 

__ -"Q~crease, respectively, of the proportion,tof liquid 
to solid phases, without cha~ge of temperaturé. • 

~ u 

15. 

16. 

GLASS. In ceramic phase e~ilibria studies glass 
refers to supercooled iquid. ..."' 

HETEROGENEOUS EQUILIBRIUM. A system is heterogeneous 
and is in heterogeneous equilibrium wh en it 
consists of two or more homogeneous portions 
(phases) in equilibriurn with each other. 

17. HOMOGENEOUS EQUILIBRIUM. A syst~ is homogeneous and \ 
is in homogeneous equilibriuffi-When it consists 
of one phase and all processes or reactions 
occurring within it are in reversible equil.ibrium. 

18. INCONGRUENT MELTING POINT. At a speqified pressure the 
temperature at which one sol id phase transforms, 
into another solid phase plus a liquid phase bath 
of different chemical compositions than the 
orig~nal substance. 
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19. ISOPLETH. A line in a phase diagram of constant 
composition. 

20. ISOTHERM. In a ternary system the locus of aIl points 
on the ,liquidus of constant temperature. 

xxi 

ISOTHERMAL STUDY. The method of considering the changes 
occurring in a system in which the temperature 
variable is held constant an d the composition 
(or pressure) is varied. ~ 

JOIN. The region of a phase diagram representing aIl 
mixtures that can be f~ed from a given number 
of selected compositions~ A join may be binary 
(straight line), ternary (plane), ete., depending 
on the number of selected compositions, which need 
not be compounds. Each selected composition, 
however, must be incapable of formation from the 
others. ~ 

,23. LEVER RULE (OR CENTER OF GRAVITY PRINCIPLE). When a 
particular cmmposition separates into only tW9 
phases, the given composition and that of the two 
phases are colineari furthermore, the amounts of the 
two separated phases are inversely proportional' 
to their.;.distances from the give'n composition. 
Thus, in the adjacent figure, A and B represent 
the compositions of two phases formed from 
composition C: Amt. of A x length AC = Amt. of 
B x length BC or A/B = BC/AC. 

J[ lE li 

A C B 

24. LIQUIDUS. The locus of temperature-composition points 
representing the maximum solubility (saturation) 
of a solid phase in the liquid phase. In a binary 
system, it is a linei and in a ternary system, it 
is a surface, usually curved. At temperatures 
above the liquidus, the system is completely 
Itquid, and a point on the liquidus represents 
equilibrium oetween liquid and, in general, one 
crystalline phase (the primary one) . 
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25. METASTABLE PHASE. A phase exists metastably in a 
system if' it would not be present at final 
(thermodynamic) equilibrium, under unchanged 
conditions, and if the system is not approaching 
thérmodynamic equilibrium at an observable rate. 

26. MISCIBILITY GAP. Range of compositions separating 
into two phases (usdally two liquids). 

27. MONOTECTIC. Isothermal reversible reaction in a 
b'inary system in which a liquid on cooling, 
decomposes into a second liquid of a different 
~ornpositién and a solide 

28. PHASE. Any portion, including the wholê, of a system 
which is physically homog€neous wittlin itself 

xxii 

and bounded by a surface 50 that it is mechanically 
separable from any other'portions. "A separable 
portion need not form a continuous body, as for 
example, one liquid dispersed in another. 

A system composed of one phase is a homogeneous 
system; a system composed of more than one phase 
is heterogeneous. 

29. PHASE BOUNDARY CURVE. Curve separating areas of 
homogeneous compositions from heterogeneous ones 
(often coincident with a binodal curve). 

30. PLAIT POINT. The point on a binodal curve at which 
the tie, line becomes vanishingly short. 

31. PSEUDO SYSTEM~ It is frequently convenient or necessary 
tQ refer to portions of a binary or ternary, e~c" 
system which are not (true) subsystems (see (34». d 
in such instances the term pseudo binary, or 
pseudo ternary, etc. 1 is used. 

32. SOLID SOLUTION. A single crystalline phase which may 
be varied in composition within finite limits 
without the appearance of an additional phase. 
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33. SQLIDUS., The locus of temperature-composition points 
in a 'system at temperatures above which solid and 
liquid are in equilibrium and below which the 
system is complete1y so1id. In binary di·agrams 
without solid solutions, it is a straight 1ine, 
representing constant temperature, and with so1id 
solutions,' it is a curved line or combination of 
curved and straight lines. Likewise, in ternary 
systems, the solidus is represented by a fIat 
plane or a curved surface, respective1y. 

34. SUBSYSTEM. Any portion of a binary, ternary, etc. 
system which can be treated as an independent 
binary or ternary, etc. system. The selected 
substances designating the subsystem must be 
components for the subsystem (see (4». , 

35. TIE LINE. See CONODE (11). 

t From references 216, 217 and 248. 
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Science sans conscience n'est 

que ruine de l'ame. 

Rabelais 

CHAPTER 1 

INTRODUCTION 

1.1 PREFACE 

Liquid immiscibility in glass forming systems is a 

widespread phenomenon. Several reviews have been written 

. 1-10 on the subJect . While optical and electron micFoscoPy 

are the only direct methods used in observing separated 
.., 

phases, small angle X-ray scatte~ingll, physical property 

12 13 measurements and spectroscopy ,are sorne of the various 

indirect methods capable of detecting phase separation in 

glasses. 

One of the major problems facing the nuclear industry 
. 

is the permanent safe disposaI of radioactive waste arising 
1 

from nuclear processes in fission reactors. One possibility 

for the disposaI of reprocessed waste is dissolution in a 

glass (other possibilities are discussed in Ref. 14). After 

dissolution, these blocks would be contained in metal canisters 

and then stored in deep rock vaults (~l km). Among the 

glass compositions under study is the ternary Na2o-B203-Si021S,16 

This system, like many others l , has miscibility g~s (Fig. 1). 

That is, two distinct amorphous phases coexist within certain 

ranges of temperature and composition1 7- 20 . The temperature , 

and duration of heat ~reatment, as weIl as the composition of 

" . 
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these phases depends on the composition of the glass within 

the gap. The only plausible route for escape of radio- ~ 

nuclides, after disposal, is by ground water. Since the 
r 

~issolution behaviour of many glasses is affedted by phase 

21-25 separation , it is important ta understand this phenornenan 

- especially in the early stages - to control or avoid it. 
L 

One way of better ~nderstanding phase separation is to 

study its effect on a doping material by rneans of visible 

spectroscopy. Sorne atternpts have been made t0r,e ~ptical 

. 26-35. 27 34-41 ~"rhT 
absorpt~on or lum~nescent probes ' s~ 

morphological changes in glas sei. So far no paraI leI and 

comparative studies linking visible spectroscopy and 

electron microscopy have been made. Although the latter 

remains for the foreseeable future the most powerful tool 

for studying rnorphological changes in glasses, it is highly 

desirable to complement microscopy with a reliable spectro

scopie method. AlI of the above aspects contributed to the 

motivation for the present study. 

1.2 GLASSES, HISTORICAL AND LITERATURE REVIEWS . 

1. 2.1 The Dark Ages 

A detailed study of the history of glass may be 

found in Ref. 42. We- present here a concise summary of its 

contentsw The earliest evidence of glass manufacture cornes 

-f 
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from Egypt (sorne 2500 B.C.) and from Babylonia (sorne 2600 B.C.). 

Glasses belonging to this era were inhomogeneous' and coloured 

green or blue. It was not until the 6th century B.C. that 

glasses started to display sorne homogeneity. Glass markets 

flourished in the lst century B.C. with the discovery by 

the Syrians of glassblowing techniques. This century also 

saw the beginnings of glass as it is known today. Engraving 

was performed by the Italians in the lst century A.D. and 

was considered an art forro. At the same time glassroaking 

spread to northern Gaul and Britain, while in Egypt glass 

was commonly used for tableware. 

With the fall of the Roman Empire and the conquest 

of the whole Near East oy the ~rabs in the 7th century, the 

evolution of glassmak.ing was impregnated by Islam. In this 

period, the Egyptians invented lustre paintin'g 1 a technique 

which is not yet fully understood. Meanwhile in Syria two 

types of glasses, characteristic of two towns, flourished. 

One belonging to the town of Aleppo characterized by the 

use of thick enamels, the other belonging to Darnascus, 

notable for its small scale.figural decoration. The 12th ~ 

century saw the introduction of stained glass windows in 

European Gothie churches. One final note to mention about 

these Middle ages i5 the invention of the clear "Cristallo" 

glass by the Venetians. 

In the 16th century in Venice a special method to 
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prepare glasses was developed, known as the "façon de Venise". 

Among the glasses prepared by this method one finds the 

"latticinio", the "vetro di trina" and ice glass. The secret 

of the "façon de Venise" was weIl protected, and g~ss 

workers of the island of Murano were forbidden to leave 

Venice. Fortunately, near Genoa, at Altare, there existed 

a second glass centre. Its glass was impossible to 
o 

differentiate from the one prepared by the "façon de Venise". 

This second glass centre was not 90verned by the sarne 

restrictions as Venice. 'Thus, sorne Altarist and Venetian 

refugees spread the Italian art of glassmaking to the rest 

of Europe. It was in Eng1and in 1675 that Ravenscroft 

discovered 1ead glass. This glass was heavier and more 

durable but aiso siower to work than-the Venetian glass. In 

the 18th century a technique special to Bohemia emerged. 

It consisted of sandwiching , gold leaf between two 1ayers 

of glass forming beakers or goblets. Glassmaking was 

imported to the Arnerican continent as early as 1535 (in Pueblo 

Mexico). By the l8th century rnany glass houses appeared in 

the U.S. The most important were the Wistar's and the 

Steigel's. The beginning of the'~9th century gave birth, in 

the U.S., to international1y known glass manufacturers: 

Li~bey's, Pitkin's and Bakewell's. The motlern history of 

glass starts in the mid-19th ce~tury where exhibitions were 

he1d and glass objects were collected. This century also saw 
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the production of optically ~re"liable glass. This progress 
... 

waS made, possible thanks to the collaboration, in Jena, of 

great scie~tists 1ik€ Carl Zeiss, Ernst Abbe and Otto Schott. 

Durirrg aIl ~hese years- (from antiquity to the beginning of 
1 

the 19th cen~ury) glass science was based on trial and 

error, Withoht any soiid scientific basis. 

1.2.2 The Modern History 

It was not unti1 the 20th century that sorne aspects 

of the properties of glass were elucidated. If the modern' 

history of glass starts with the 20th century, then the 

number of innovations in glassmaking from 1900 until now 

'* outnumber by far what had been achieved in the previous 

4500 years. 

Among the first to adopt a scientific approach toward 

6 

the properties and possibilities of glass, was Michael Faraday. 6 

He deScrj,bed glass "rather as a solution of different substances 
, 43 

one in another than as a strong chemical compound" . He , .. 
also explained that the red colour of a gold ruby glass was 

44 due to small gold particles in the glass . Moreover, he 

studied the conductivity and electrolysis of various ~elted 

glasses 45 . Independently and in the same period Buff 

conducted similar research46 . In Jena'and around 1880, Otto 

Schott discovered what seventy years later was to become a 

major subject of modern glass research: phase separation. Il! 

1 
! 
1 
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He observed a "milky opacity" when P20S was added to a 

mixture of Si02 and B20 3 , and concluded that "phosphoric' 

glass salts are obviously-insoluble in a [borosilicatel melt 

as oil is in water,,47. In the same period and after a series 

of experiments, Warburg and Tegetmeie~48,49 concluded that 

the electrolysis of glass followed Faraday's Law. Diffusion, 

and exchange of silver ions for sodium ions were studied by 

Schulz 50 . Meanwhile, Tarnmann investigated the conditions 

for glass formation. He also did sorne work on the glass 

transition ~nd tried to relate this to crystallization 

rate and Viscosity51. The first systematic s~udies of 

1 52 
iffimiscibility in binary borate glasses were done by Guertler 

, and later on by Greig53 ,54 with binary silicates. 

In 1930 and with the availability of X-ray diffraction 

techniques, investigation of oxide glasses began in earnest. 

Two leading theories emerged, one favouring a crystallite 

mode.l 55 - 58 , the other \a random-network model 59-64. Later on 

the crystallite model was dropped in favour of the network 

model mainly on the basis of arguments proposed by Warren 

and co_workers 60 ,64-66. Warren noted the absence of small-, 

angle X-ray scattering from fused quartz. This indicated 

that if crystallites were present they roust be fused together 

by a material having the same density. These results were 
t 

\ 67 68 ~ 
confirmed later on by Weinbur~ and Levelut . This .. , 
technique is often used as proof of structural homogeneity 

( 
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. 69 70 of glass, although sorne authors express reservatlons ' . 

Their criticism is based on the fact that small-angle 

scattering from a liquid is less than that of an isolated 

mOlecule, due to the interference effects of molecules in 

liquids. Similarly, a reduction in low-angle scattering 

will occur for two neighbouring crystallites. Nonetheless, 

with the quasi-general acceptance of Warren's arguments, 

new expressions gained usage in glass science. Cations were 

classified as "network formers" or "network modifiers" and 

structu~al properties of glass were intensively studied. 

Early in the 1950's a new tool that revolutionized the whole 

glass science was discovered:" the electron microscope. 

1. 2.3 The Electron Microscope and the "Golden Age" of 

Glass Science 

The first to detect~~oheterOgeneitY in ~lass by 

electron microscopy was Slay~l and later prebus 72 . On the 

basis of their resul~s, as weIl as those of others73 ,74, g~ass 

scientists concluded that glass cannot be as homogeneous 

as stated by the random network theorists nor can it be as 
, 

.well organized as postulated by the crystallites group. 

Furthermore, systernatic' studies of berylliurn fluoride 
~ 

glasses7~-77 led to the conclusion that phase separation 
. . 

was inherent of the general structure~orming process. This 

subject was intensively covered in the 1960's and over 500 ." 

8 
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papers were written on this matter. Thus if the 1950's 

were considered as the "golden age" of metallurgica1 science, 

simi1arly the 1960's might also be considered as the "golden 

" f 1 . 78 age 0 9 ass sc~ence . Arnong the first in this "golden 

age" to present theoretical explanations of immiseibility 

were Cahn79, 80 and H;11ert81 • Th' h ' b d ~ ~s p enomenon was 0 serve 

in man y glass-forming oxides. Among the binary systems one 

finds the alkali borates t82 , the lithium and sodium silicates84-8~ 

the ~lkaline earth silicates53 ,54,87 and borates88 , Si02-820389, 

PbO-B20390-93, A1203-Si0294,95 and Ge0 2-Ge096 . Phase 

separation has also been reported for many ternary systems, 

including Na2o-B203-Si02l7-20 Nao-cao-Si02
97 ,98, Li 20-

B203-Si0299,100, Li20-A1203-Si02100, PbO-A1203-B20392, 

M90-AI203-Si02101, PbO-Ge02-Si02l02. Phase separation 

has also been reported in four-component systems by Hurnrnei 103 

104-107 and more reeently by Taylor and co-workers . They . 
describe in detail the topography of the miseibility gaps 

in sorne complex borosi1icate systems. 

The properties of glasses and phase separation have 

been intensive1y covered by several books and review articles. 

Further details on the subject 'may be found in Refs. 1-10. 

The theoretical aspects of immiscibility will be eovered 

later (cf. Chapter 2). Finally, the last dozen years have 

seen a rapid inerease in spectroscopie techniques useful for 

t Some authors83 question the existence of a subliquidus 
miscibility gap in the alkali borates except the lithium 
borate system. 



studying structural changes in ·glass. Among these techniques 

~ 108 - ,109-111 are E.S.R. , N.M.R. and Raman spectroscopy , 

X-ray m~croanalysisll2-l14 and finally visible spectroscopy 

(references cited in Section 1.1). 

1.3 GLASSES: VISIBLE SPECTROSCOPY 

Among the books and review articles available in 

the literature dealing with the origin of colours in 

glasses l3 ,115-l19 we discuss three which complement each 

other. Certainly the most complete qualitat~ve discussion 

of the subject was given by weyll15 in the early 1950's. 

It is still considered by many as the "Bible" of coloured 

glasses" A review article written by Bates l16 discusses 

the absorption spectra of transition-metal ion~ in glasses 

based on ligand-field theory. Finally, a book by Wong and 

":) 

13 Angell describes quantitatively aIl aspects of spectroscopy 

in glass including a broad section on visible spectroscopy. 

Visible spectroscopy invo1ves e1ectronic transitions 

with energies corresponding ta frequencies in the visible 

region of the electromagnetic spectrum. It can be further 

divided into three major parts: absorption, excitation 

and emission. 

1.3.1 Absorption 

Three distinct processes characterize the absorption 

10 
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of visible radiation in glassy materials: interion"c and 

intraionic transitio~s, and the existence of ca10ur centres. 

1.3.1.1 Interionic transitions 
t----------~-------------

Interionic transitions, aiso common1y ca11ed "charge 

transfer spectra" are those invo1ving the transition of 

an electron from an orbital located on an atom or an ion ta 

another orbital located on another atom or ion. In chalco-

genide glasses, transitions accur to a conduction band as 

opposed to a localizeq. orbital. When the transition occurs 

ta a localized single level, the absorption band,peaks in 

" the U.V.~having its tail in the visible region. It is the 

tail of the band that is responsible for the calouration 

of the ,glass. One of the most cornmon impuri ties in glasses 

is Fe3+. It is responsible for the green colouration ïn 

commercial bottles and éan affect glass colouration when 

present at concentrations as low as l ppm78 • Steele and 

Douglas 120 studied the spectra of iron in 'sodium ,silicate a~d 

borate glasses. 2+ 3+ . Their comparison wi th Fe and Fe absorpt~on 

spectra in aqueous solutions led them to the conclusion 

that\ Fe 2+ and Fe3+ co-existed in the glasses under study. 
" 

Thus'both ,ions are responsible for the charge-transfer band 

centred at aa . . 210 nm. 
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1.3.1.2 Intraionic transitions 

These occur within the central ion itself or 

within the ligand orbitals themselves. Transitions within , 
the ligand orbitals result in a redistribution of electrons 

on the ligand; these transitions are allowed and very intense. 

Transitions within the central ion are usually forbidden 

and weak but are responsible for the colour of various 

glasses. Transitions between the 3d levels are of special 

interest because they are sensitive to the ionls chemical 

environment and may therefore be used as indicators on the 

nature. of the environment. A good example is trivalent 

chromium, the absorption spectrum of which has been inter

preted in great detail in terms of ligand field theoryl16,117 

Recently, Bra~er and White12l studied the temperature 

dependence on, the absorption of cr3+ ions in silica" 

glasses. Further optical studies on trivalent chrofuium 
~. 

in a variety of glasses were carried out by Andrews and 

co-workers
122

. They concluded that the inhomogeneous broaden-

ing of the bands increases along the series phosphate < 
"" 

fluorophosphate ~ silicate < tellurite ~ fluorozirconate ~ 

phosphotungstate < borate, thus showing that the absorption 

spectrum of cr3+ in glass is sensitive'to its environment. 

1.3.1.3 Colour centres in glass 

12 

These centres are produced by high energy irradiation 

- -,- - -~---
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(usuallya 60co y-ray source). Ionizing radiation, on passing 
<J 

through matter, frees bound electrons. This produces both 

free electrons and positive holes. These are both relat~vely 

mobile at room temperature and travel through the material 

until they are trapped by a defect - an oxygen vacancy will 

trap an electron, an oXYgen ato~ a hole - or collide with 

each other and annihilate l23 . It is these species that 

colour irradiated glasses. Furthermore, the intensity of 

absorption bands is influenced by the metal alkali cation124 . 

The latter faeto~ was studied by Bishay125 He found that 

for the same radiation (2.2xI0 6 
R) increasing the alkali 

" 
content increases the absorbance of the band (centred at 

, 
ca. 625 nm). Thus, although colour centres in gla~s depend 

on different fact0rs (as stated above), they can still be 

induced by râdiation damage and contribute to colouring 

phenomena in glass. 

1. 3.2 Excitation 

Excitation spectra rely on those transitions which 

are responsible for the luminescence of glasses doped with 

certain activators. Excitation spectra may be measured conven

iently with the apparatus described in Section 3.4.3.3. The 

excitation spectrum obtained this way is directly related to the 

absorption "'Spectrum of the activator, but the measurement has 

sorne advaritages. If the activator has a high lurninosity, 
! 
l, 
1 
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excitation spectra may be obtained at very low activator 

concentrations, which do not give observable adsorption 

spectra. It is not important for the sarnple to be clear, 

i.e., to transmit light. This last is a serious problem 

in absorption particularly in the U.V. (v < 300 nm) where 

light is very easily scattered and the glass matrix starts to , 

absorba Figure 2 shows the. absorption , emission and 

excitation spectra (on a similar scale) of heat-treated 

sodium borosil~ate glass dop~d with uranium126 (batch 

composition lONa20 - 27B20 3 - 635i02 - 0.07U30 8). Finally, 

'. 
excitation spectra can demonstrate the occurrence of energy 

J ' 

transfer between fluorescent centres. Reisfeld.~nd Boehn127 , 

using excitation spectra showed that the energy absorbed 

by Sm3+ is transferred to Eu 3+ ions in phosphate glasses. . ' 

Their conclusion is based on the fact that the difference 

. . t . b 3+ S 3+ d E 3+ d ~n exc~ at~on etween Eu + m an u correspon s 

to strong lines in the sm3+ absorption spectrum. Of course 

excitation spectra can be obtained only from luminescent 

centres, which can be a serious limitation. 

1. 3.3 Emission 

Emission phenomena including both fluorescence 

and phosphorescence (or luminescence) result from 

radiative transitions f~om higher to lower states. 

Different processes may promote electrons from ground ta 

14 

». h 



, t: ) .. ,» , 
,/ 

~ 1 " 0 

, ! 
1 

·1 

~, 

1 

i 
1 

1 

'-

• ... -c 
:::l 

t-a ... ... -.D ... 
« 

H 

~$ 

Excitation 

• Absorption " '"', 
\ 

\ ;-, , ," \ , , \ 
\ , \ , , \ 

, 1 \ 

, " \ " \ \, \ 
, 1 \ 

{\ 
l , 
! 1 , , 
1 \ 

\ , \ ' .. ' , 

l ' , \ , , 
l' ,', 
1

. 1 ' 
\ 

. \ 

l' 1 \ i \ i \ 
! () \ i \ 1 .. 

. \ 1 \ 
! . ./ \ 

\ 
\ 
\ 
\ 
\ 

\ 
\ 

-~ 

\ .. .. '---

,1 

,1 
! 

./ '-.J \ 
/ \ .~ . 

. .~.' '. _._._._.~ ,. 
,\ 

l Q 
\ 

.200 300 400 
~(nm) 

, ~H- '1~,~! "....... " ~~ ,.,.~ __ ..,.,iI~<'\'t'-;:;l'~ ;l'''{,~..f ~4u~~,~;\~A~~~: 

'-l "'-.. 

1 
J 
1 

Observation wavelength 

for excitation 

, 
1 
l 
1 

Emi.slon 

1 

1 \ 
1 
1 
t 
1 , 

.. .. 
..... 1 41'" \\ 1 ,..\~' 

"r -' \, 
\ 
\ , 1 

1 
t 
1 
t 
1 
1 
1 
1 
1 , 

\\ 

500 

.. , .. .. 
"''''' 

600 

"' ..... -.. 

( 

Fig. 2: Excitation, absorption and emission spectra of an uranium doped sodium borosilicate 
glass (molar composition: lONa2o·27B203·63Si02) after 18 h at 600°C. 
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excited states. If the luminescent material is bombarded 

by electrons, the resulting emission is called cathodo-

luminescent. Electroluminescence' follows an excitation by 

an applied voltage. Irradiation by X-rays produces x-ray~~ 

luminescence. Chemiluminescence is the term used when the 

excitation is produced by a chemical reaction. Photo-

luminescence occurs when the luminescent material is 

16 

irradiated with electromagnetic radiation. We will be 

concerned with irradiation by U.V. or visible light. Martin128 

has w~itten a comprehensive review on this subject and its 1 , 
application to alkali halide crystals doped with ns 2 ions. 

A different approach dealing mainly with glassy materials 

is presented in the followi~~ection. 

1.4 FLUORESCENCE AND PHOSPHORESCENCE IN GLASSES 

Fluorescence refers usually to allowed transitions 

where absorption and emission processes are fast. Phos-

phorescence which occurs on a much longer time-scale 

'involves reemission of absorbed energy from levels for which 

transitions to the ground state are radiatively forbidden. 

This often results from the trapping of the excited electron 

in an 'electronic state having a different multiplicity than 

the ground state. Suc:h transitions are forbidden.,by ,spin 

selection rules. Weyl Ils classified luminescent centres 

in glasses into three categories~ 
1 

1 -------- ~.~-- ---~-_.~ 
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1. 4.1 Weyl Classification 

1.4.1.1 Glasses containing crystalline fluorescence centres 

This class consists of glasses containing small 

luminescent crystals introduced in the host materiat. These 

centres may be introduced mechanically or by precipitation 

from the glass during the cooling process or even by heat 

treatment (devitrification). Fluorescent enamels belong to 

this class. They were invented by sauvagé129 and Guntz 130 

in 1923. Fluorescent enamels found little application and 

were rapidly replaced by luminous paints. Fluorescence or 

phosphorescence in these enamels are those of the crystalline 

phase (i.e. glass does not participate 'in the process). We 

will not elaborate on this class which is of little interest 

in the present work. 
1 

j )--
1.4.1.2 ./Glasses co~taining energetica1ly-isolated atoms or 

(.----molecules ) 

Certain atoms or molecules may be incorporated in 

a glassy medium. If these atoms or mo1ecules are not 

strongly bound to their environment, they may be considered 

as energetically isolated. weyll15 describes metal atoms 
~ 

as "frozen in" metai vapoùr. Silver glasses are a good 
r 

example. Silver in glass may exist in different forms13l • ... -
Ag+ ions and (AgO)x crystals.which do not luminesce (the 

17 
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former ~s co~ourless while the latter impart a yellowish 

colour to the glass) and neutral AgO atoms which have an 

absorption band in the U.V. and a white-yellow fluorescence 

in the visib~e. 

Molecules too can be incorporated in glassy 

media. Glasse~ containing cadmium sulfide and cadmium 

selenide absorb in the ultraviolet and short-wave' visible 

, . th .. f dt' .- f d d' t' 132 Wl. em~ss~on 0 re 0 ~n rare ra l.a ~on . The 

introduction of organic molecules in a low temperature 

molecular glass has also been reported133 . Certainly the 

most important class of luminescent glasses are those 
\ 

containing fluorescent ions. 

1.4.1.3 Glasses containing fluorescent ions 

(i) Rare-earth ions 

The luminescence of rare-earth ions in glass 

has been extensively studied in recent years in view of 

potential applications as laser materials and solar 

converters134 and infrared-to-visible upconve~tors135. In 

rare-earth ions the electronic transitions occur within the 

4f electrons. These +ast are wéll shielded by the outer Sp 
~I 

18 

1 • 

and 5s electrons. Thbs one would not expect the luminescence 
1 

spectra of these ions to be rnuch affected by envixonrnental 

changes. Most of the rare-earth optical properties were 
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studied in term@ of quantum yield136 ,137, radiative lifetimes138, 

and fluorescence line-width parameters139 , which are 

important in laser applications. Despite the fact that the 

environment hasÎl~ttle effect on the absorpt~?n and emission 

spectra of rare-earth ions, successful attempts have been 

made usin9' spectroscopie observations to draw sorne conclusions 

h ' . f .' h" . . on t e symmetry s1tes 0 . rare-eart 10ns 1n glass. Th~s 1S 

possible because the transition energies are sharply defined; 

. 140 a concise review on this subject was written by Sn1tzer 

A new powerful technique first recognized by szabo141 and: 

applied by Riseberg142-l44 may b~ used to analyze the inhomo-

geneous broadening of the bands in a glassy medium'. This 

new technique is referred to as laser-induced fluorescence 

line-narrowing (FLN). If upon absorption the band is broad 

due to the distribution of absorbing ion sites, then by 

exciting with a narrow laser line, it is possible ta excite 

only a fraction or a homogéneous part corresponding to 

field-split energy-level separation (see Fig. 3). If the 

temperature is kept low enough the energy redistribution 

of the absorbed energy is slowed down and FLN is observed. 

A recent review article on the subject was presented by Yen145 • 

(ii) Uranium 

The strong luminescence from uranium-doped glasses 
o 

is due to' the U(VI) oxidation state, but only when present 

1 
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2+131 
as the uranyl group U02 Different bands are,present 

depending on glass composition1 46 . 115 " Weyl attributed the ' 

loss pf the lumi~escence, as a function of glass composition, 

2- 2-to th:_ formation of uranate groups U04 . or U20 7 which 

do not fluoresce. Furthermore, glasses containing the 
3- 3-glass-former as (B03 ) or (P04 ) structural units interfere 

less with uranium luminescence than those containin~Si04)4-
5- ' 146 and (B0 4 ) ;. groups. Moreover, Rodriguez and co-workers 

showed that substituting Na20 by K20 and increasing silica 

content in a lime silicate glass increases the intensity of 

uranium fluorescence. 

\ 
(iii) Transition-metal ions 

.;1 
Transition-metal ions may be dissolved in a gla~s 

-(at least in small amounts), thus they can be incorporated 

as part of the glass structure. Certain of these ions 

21 

will luminesce. We wtil be interested in the first transition-

metai series (3d series). Variations in the interatomic 

binding forces (changes in the network modifier cations) 

and their s~etry affects the emission of the activators .. 

Thus sorne information on the local structure around the 

transition-metal ion may be obtained. 

The fluorescence of pentavalent vanadium ion in 

silicate glasses has, been inyestigatedllS Ni2+ fluorescence 

in glasses has also been reportedl3 Glasses éontaining cu+ 
\.. 

( 



,. 

apsorb in the u.v. (238 nm) and fluoresce in the visible 

(500 nm). Parke and webb147 studied Cu+ -luminescence in 

calcium phosphate glasses. Based on the similarity between 

excitation and absorption spectra, ~hey concluded that 
~ 

absorption and emission occur between the sarne two levels. 

In recent years the luminescence of Cr3+ in glasses has been 

thoroU~hlY investigated12l ,122,148 Brawer and White12l 

studied the dependence of the emissian on the exciting 

Lunkin and co-workers148 
frequen~y in silicate glasses. 

investigated the luminescence of Cr3+ in sodium borosilicate 
~ 

glasses~ They observed a quenching of the luminescence when 

22 

the activator concentration was increased from 0.1 to 0.5 wt%. 

Furthermore, sarnples containing 0.1 wt% of the activatpr 

and heated for 6 h at 600°C had the sarne luminescence 

characteristics as thos~ unheated with 0.5 wt% of the 

activator. Moreover, studies of heat-treated glasses 
o 

dissolved in 0.25 N HCl showed that Cr20 3 concentrated 

in the sodium-and-baron rich phase. This conèentration-

quenching phenornenon has been observed by Andrews and 

co-workers122 in soda lime silicate, alurninum phosphate,\ -
fluorophosphate, and lithium aluminum borate glasses. Among 

the 3d transition elernents, certainly the luminescent glass 

activator that has been studied the most remains Mn
2+ to 

which we devote a section of its own. 

tKindly translated from Russian by Professor Alfred Taurins, 
McGill univer~ity, Department af Chemistry. 
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1. 4.2 Mn 2+ in Glasses 

S · th l k f d . b d 149 d ~nce e ear y wor 0 e Bo~s au ran an 

urbainl50 , the behaviour of Mn2+ as an activator in glasses 

and crystals has been thoroughly investigated. Luminescent 

studies of glaSse~ doped with Mn
2+ range from fluoro

beryllates29 ,34,35,38,39,15l,l52 to phosphates29 ,32,39,41,l5l-160 

silicates29 - 31 ,35,39,40,l51-l54,16l and borates30 ,39,l53,154,162. 

Mn
2 + l . . l f d d umJ.nescence ~n g ass ranges rom green to eep ra 

depending on the glass composition and on the activator _ 

concentration30 ,39,157. Although sorne authors 32 ,35 attribute 

this luminescence to the transitions 4Alg 4Eg(G) + 6Alg (S) 

(see Fig. 4), there is fair 
, 

agreement that the electronic transition 4T
1 

(4G) + 6Al (6 S ) 

is responsible for:both green and/or red luminescence. 

Unfortunately, sorne dispute 30 ,31,35,l57 still exists on 

the factors' affecting these frequencies. 

Based on the fact that co2+ and Mn
2+ have the 

, saroe' electric charge and approximately the saroe ionic 

radius, Linwood and wey1 30 compared glasses doped with Mrt2+ 

to their countèrparts doped with co2+ They found tha t 

whenever the glass composition favoured a tetrah~dral 

coordination for Co2+ (silic~te glasses) the Mn
2+ counter-

p~rt would luminesce green. Moreover, when an octahedral 

coordination for Co 2+ is favoured (in low-melting) 
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Fig. 4: Energy level diagram for a d 5 configuration (C/B = 5.43). 
The ground term 6A1 (6S) is not ~hown (from Ref. 154). 
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glasses i.e. borates,.phosphates), the corresponding Mn
2+ 

glass ~ould fluoresce red or orange. From these experiments, 

they conc1uded that the green emission was present whenever 

." Mn2+ played the role· of a network former (tetrahedliial 

coordination) whiIer; the brange/red ~ission. occurred when 

25 

Mn2+ occupied inter~titiàl positions (octahedral coordination) . 

Furtherrnore, they conducted a series of experiments monitoring 

the fluorescence as a function of the temperature. They 
t 

found that the green luminescence was 1ess inf1uenced than the 

red by changes in temperaturei these results were confirmed 

153 2+ later by Par«e . Thus the green emission cornes from Mn 

in a rather rigid network and is 1ess influenced by thermal 

vibration than by Mn
2+ in int,~irstitial 'positions (red 

eroission) . 

31 ' Turner and Eastman T'L1-rner' studie'd sïlicate glasses. 

doped with Mn 2+. 
. 

They did not find ariy·exper~menta1.evidence 

in decay time, rno1ar absorptivity, or correlation of 

luminescence and absorp~ion for a change in coordination 

number from four to six. 'Instead, based on 1wninescence 

quelèhing wi~h increasing Mn
2+ content, they suggested that 

the green luminescence was due t~ single ions and the red 

to pairs or h-igher groupings; That';ewou1d exp1ain the 

quenching of the green emission in favour of the red with 

increasing Mn2+ concentrati~n. Their view was strong1y 
v 157 

supported by Bohun and Polecha • The latter studied 
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phosphate glasses doped with Mn2+ and found two emission 

bands: one centred at àa. 510 nm and the other at ~a. 590 nm. 

Their absorption spectrum showed a band at 1.45 ~m (6900 cm- 1) 

which corres~onds approximately to the value of 

A = 6800 cm- l (1.47 ~m) chosen by Bates and others31 ,116 in 
? ' 

fitting the Tanabé Sugano diagram for a d S configuration. 

Fur~hermore, they did not find any absorption band at ~a. 

3.3 ~m (3070 cm- l ) corresponding to At = ~ Ao' They concluded 

that the band at 1.45 um determines the value of the crystal 

field strength fer octahedral Mn2+. Moreov~, the failure 

to observe an absorption band at 3.3 ~m argues against 
2+ 11 

tetrahedral Mn • Thus, the two emissions (green and red) 

occur with Mn2+ in an~octah~d~ coordination. Based on 

their absorption data and on the fact 'that luminescence 

quenching of the green emission occurs w~th 5 mol% MnO, they 

concluded that the green emission was due te single ions and 

the red to- dimers or higher groupings. 
, 35 . 

Lunter and co-workers ,propose a different 

explanation 'for ,the origins of these bands. They studied 

fluoroberylla~e, phosphate and ~ilicate glasses activated t 

with Mn2+. They observed ~ dependence of the emission on 

Mn2+ concentration. In potassium cadmium silicate glasses doped 

with up to 5 .wt% of MnO, two b.smds are present: one is 
! 

relatively narrow, aentred around 522 nm, and another is 

tIf' 4() or 50 wt% MnO in a. glass can be 'called an "activator". 
The activator l~vel will be discussed in detail in Chapter 4 . 

...L..::-_-~-~~'_------- .- . - - 9" - -~ 
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very broad suggesting the presence of two overlapping narrower 

2+ bands centred around 634 and 658 nm. By increasing Mn 

concentration (30 wt% only one band centred at aa. 

710 nm remains. concluded that the 522 rom band 

was due to the tran ition 4Al 4E (G) 7 6A19 (s) while the 
4 4 6 ,-/ g g 

T2g (G), T1g(G) + Alg(S) transitions were responsible for 

the 634 and 658 nm bands. Their assignment is based mainly 

th f t th t . . 2+ " on e ac a ~ncreas~ng Mn. concentrat~on ~ncreases 

the probability of non-radiative transitions frorn the 

4 4 4 4 
Alg Eg(G) to T2g (G) and to the T1g(G). 

Parke, Watson and webb158 studied the fluorescence 

decay time of Mn2+ i~ phosph~te glasses. They found it 

to be exponential in sorne glasses ~nd non-exponential in 

others, d~pe?ding on the glass composition and on MnO 

concentration. The decay times they found ranged from 2.1 

ms in manganese phosphate glasses to 25 ms in sodium 

manganese phosphate glasses. Other authors studied Mn
2 + 

luminescent decay time in glasses3l,~O and also found it to 

be non-exponential. This suggests the presence of different 

1 . t 159 
um~nescent cen res . 

As one can see from the preceding discussion, one 

uncontroversial fact about Mn2+ in glasses rernains: the 

luminepcence is sensitive to both its environment and its 

concentration. 

.. 
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1.5 RECENT RESULTS AND STATEMENT OF THE PROBLl!:M . 

1.~l Recent Resul ts 

1.5.1.1 Sodium borosilicate glasses 

Liquid immiscibility in g1ass-forming systems 

has been thorough1y investigated. A recent review on the 

subject is given by TomozawalO . The sodium borosilicate 

system pas received particularly close tt t' 17,18-20,163-167 a en ~on • , 

A1though the boundary,of the rniscibi1ity gap has been fairly 

we1l established, sorne uncertainty remains about the location 

of the tie_lines17 ,19,20,163,164. 

1.5.1.2 Optical properties of doped sodium borosi1icate 

glasses 

The use of activators and their spectral properties 

to study mor~?ological chan~es in glasses has been rare26 , 112 ,148. 

Ehrt, Reiss and voge1112 studied sorne sodium 

2+ borosilicate glasses doped with Co . Using transmission 

electron microscopy and X-ray microanalysis, they showed that 

upon phase separation CoO was mainly concentrated in the 

borate rich phase. Their chemical analysis of separated 

phases gave 98% of CoO present in the borate rich phase. 

Their interpretation of optical absorption spectra by ligand

field theory led to the, conclusion that co2+ in sodium 

borosilicate glasses exists in 6-fold and 4-fold coordination. 

Le. ~ ______ .. _---_~ ____ _ 

, 

l , 



Furthermore, from the calculated Racah parameters they 

deduced that th~ CO-O bond in these sodium borosilicate , 
\ 

glasses has an important covalent character. 

T k · 26 di h oyu ~ stu ed p ase separation of sodium 

borosilicate glasses by means of optical absorption of the 
1 Ît 

vanadyl ion. Based on a molecular orbital interpretation of 

his absorption data, the author concluded ~hat the glass 

is separated into a Si02 ·phase and a Na20-B'203 phase from 

the start (i.e. when the glass is formed). Furthermore, 

he suggested that phase separation of sodium borosilicate 

glasses caused by heat treatment is due to the development 

of the separated phases originally existing in the g~ass. 

148 Lunkin and co-workers studied the spectral and 

luminescent properties of Cr 3+ ions in sodium borosilicate 

glasses. Their work emphasized the effect 0t heat treatment 

on the immediate structural surroundings of the activator. 

From their absorpt_io~and luminescence data the y concluded 
- -~ 

h C 3+. ' . d' b . l . t 1 . t at.r 10ns ~n so 1um orOSl 1ca e g asses are ln an 

octahedr~l coordination and that, u~on heat treatment, Cr3+ 

concentrates in the sodium-and-boron rich phase. 

1 

t This paper was kindly translated from Japanese by Dr. Keiko 
Oyama-Gannon. 
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1. 5.2 Statement of the ?roblem 

Il 

Liquid· immiscibility in glass forrning systems and ---
optical properties of ions in glasses have both been studied 

separately for Many years (references cited earlier). 

112 However, with the exception of the work by Ehrt et al. , 

systematic comparative studies linking the morphological 

changes involved in phase separation with changes in the 

optical properties of d~ chromophores are lacking. 

The primary motivation for the present work was the hope that 

such a complementary_ investigation could provide insights 

30 

into the nature of the phase separation phenomenon which could 

not be gleaned from either ~tud7 alone. Morphological 

studies by the available techniques, e.g. electron microscopy 

and related methods,~are inherently limited to the spacial 

resolution of the instrument (~ 10 nm), while the spectro-

scopie properties of a probe chromophore are determined 

largely by the Drumediate environment of that species, i.e. 

its n~bours' within about ten a~gstroms. However, 

the-addition of even small amount~ of activator May 

significantly alter the behaviour of the glass system, and 

hence the n~ed for the par~'+l~l morphological study. 

1 ~ The cho1~e of the glass-activator system for the 
\ 

1 

present work was 'dictated by the requirement of having a 

system in which the morphology of the glass alone and the , . 
spectroscopy of the activator (at. least in other similar 

,. , 

> 

.' 
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glasses) were both reasonabl,Y weIl understood. For this 

reason the sodium borosilicate system was nearly ideal because 

its immiscibility boundaries have been thoroughly studied 
,r 

and are fairly weIl establishedI7 ,18. The choice of Mn 2+ 

as an activator was based,on the sensitivity of its 

luminescence on its environment in glasses. Both the emission 

and the luminescent decay times are sensitive to the glass 

composition and the MnO concentration30 ,39,158. 

For this investigation, selected samples (doped 

with different levels of MnO) were prepared with compositions 

inside and around the immiscibility boundaries of the 

Na 20·B20 3 ·Si02 system. Morphological studies were conductetl 
, 

using scanning electron microscopy and X-ray microanalysis. 

Parallel optical studies were carried out using excitatio~ 

and luminescence spectroscopy as weIl as decay-time analysis. 

Apart from the aforementioned general considerations, 

the present study also addresses the following particular 

points. No work has yet appeared on the luminescence, 

excitation and decay-times of Mn 2+ in sodium borosilicate 

glasses. In addition, the ·assignments of the two emission 

bands of Mn2+ 1.' n other 1 '1.1' d ub h g asses are st1 1.n 0 t, nor as 

the Mn
2+ energy level diagram in these glasses been established·. 

The effect,of MnO doping level on ~he process of phase 

separation and its implications on the position of the 

immiscibility boundaries and on the possible rotation of the 

f 
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tie-lines of sod1~ borosil1cate glasses have not yet been 

1nvestigated at all. Finally, the part1t1oning of Mn
2+ 

between the two phases in the phase separated sodium 

borosilicate glasses 15 not yet known. 
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CHAPTER 2 

TJ::IEORETlCAL 

2.1 GLASS FORMATION 

2.1.1 Definition 

The definition of a glass as taken from Webster's 

dictionary is "Glass: a hard, brittle substance, usually 

transparent or translucent, made by fusing silicates with 

soda or potash, lime and sornetimes, various metallic oxides: 

the mol ten mass is cooled rapidly to prevent crystallization ,,168 . 

This definition agrees with the more scientific definition 

of a glass given by the ASTM standards for glass: "gla'ss 

is an inorganic product of fusion which has been cooled 

to a rigid condition' without crystallization" 250. Two 

objections to the previo~s definitions of glasses may be 

formulated. The first one is that it is not necessary to 

cool from the liquid state té prepare a glass. Glasses can 
169' be formed by vapor deposition onto a cold substrate , 

dehydration170 , and eleétro deposition96 The second objection 

is thqt the definition is restricted to inorganic substances. 

In the technical li,terature, sorne glassy organic polyrners 

are called glassesl7l . Based on the previous,considerations 

it seerns more appropriate to adopt this general definition 

of a, glass: "glass is an X-ray amorphous solid which 

._._~_.'--~-. ~._----'~--'-' 
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exhibits the glass transitiont ,,172. The word "amorphous" is 

derived from the Greek language and refers- to a material with .~ 

no long-range order, i.e. no regularity in molecular arrange-

ment is present on a scale larg~r than a few tLmes the size 

of these molecular groups. A material is sa id to be solid 

if it does not flow when subjected te sma11 forces. More 

quantitatively the viscosity value chosen for distinguishing 

solids from fluids i8 1015 poise§ For comparison the 

viscosity 'of air is 10- 4 poise, that of iubricating oil is 

l poise173 and that of glycerin at Qoe is 121.10 poise222 

Often T is taken as the temperature at which the viscosity 
9 

. 1 t 1013 . ~s equa 0 po~se. 

2.1. 2 Under What Conditions Can A Glass Be Formed? 

2.1.2.1 General considerations 

A liquid may be transfermed into a solid via two 

processes. A discontinuous one leading to crystallization 

and a continuous one leading to an amorphous solid or 

vitreous state. Most substances, except helium, may exist in 

an amorphous forme ~urnbull173 discussed whether a material 

below its melting point is more stable in its glassy or 

crystalline forme He did not find any a ppiopi eviden~ that 

t"That phenomenon in which a solid amorphous phase exhibits 
with changing temperature a more or less sudden change in the 
derivative thermodyn~ic properties such as heat capacity 
and expansion coefficient, from crystal-like to liquid-like 
values. The temperat~re of the transition is calleq the 
glass (transition) temperature and denoted Tg • n 172 ~ 

§l poise = 10-1 Ns m-2 • 

" 
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the most stable state of a substance at low tempe rature is 

crystalline, but based on experimental evidence it is found 

that" the most stable forms of pure substances are crystalline. 

Therefore, if glass is to be formed crystallization must be 

avoided. Whether or not this is possible is determined by 

a number of factors mainly cooling rates, crystallization 

constants·, nucleation frequency and growth rate of crystals 

. th 1 dl' . d l7 4 
~n e supercoo e 1qU~ 

wagstaffl75 stuqied the rate of crystallization 

of cristobalite t as a funct~on of temperature. He found that 

upon cooling molten silica below the freezing point, 1734°C, 

the rate of crystallization increases to reach a maximum 

at l674°C and then decreases steadily until it reaches 900°C. 

At this temperature the rate of crystallization becomes 50 

slow that the amount of crystalline material formed (even 

after keeping the tempera ture const'ant for a long period of 

time) is negligible. Therefore, if glass is to be formed, 

rnolten silica must be cooled rapidly to below 900°C. The 

rate of crystallization of a liquid at a temperature T is 

~91~en by the following equation§ from Ref. 78: 

" 

u = (l) 

tCristobalite is a high-ternperature crystalli~e form of Si02 " 

§Equations (1), (2) and (3) will be derived in a following 
section. 
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where T is the me1ting point, n is the viscosity of the m 

1iquid, ~ is a distance on the order of a lattice spacing 

and L is the heat of fusion at the melting temperature. The 

maximum crystallization ve10city ±n cm/s of sorne glas's 
, _7 175 

forroing 1iquids are: vitreous sili~ Si02 2.2x10 

vitreous ge'rmania Ge02 
-6 176 

4.2x10 phosphorous pentoxide 

36 

-7 177 
P20S 1.Sx10 , sodium disilicate Na 20.2Si02 

_4 178 ,179 
1.5xlO , 

potassium disi1icate K20.2Si02 
-4 180 

3.6x10 , barium diborate 
-4 182 

and lead d~borate PbO.2B 20 3 1.9xlO . 
- -3 181 

BaO ',2B 2Ql 4. 3xlO 
~ ... 

On the average the maximum rate of crysta11ization is roughly 
, 

10-4 cm/s. A simple ca1culation shows that' to prevent the 

growth of crystals larger than 100 Â, liquids must be 

quenched in 10-2 s. If one is to avoid the growth of crystals 

1arger than 10 Â it is necessary to cool the glass through 

the maximum range of crysta11ization in 1ess th an 10-3 s. 

This is a re1atively short time, nonetheless all the materials 

ci ted previou,sly are easi1y cooled to the g1assy state. 
f' .. < ~ 1; 

Therefore other factors seem to interfere in slowing bu1k 

crystallization. The rate of a homogeneous crystal nucleation 

fro~ a liquid is 78 : 

l w* K exp(RT) 
'. -

(2) 

K is specified bf the model and its depend~nce on temperature 

is neg1ected, W* 1s the work needed to forro a critical nucleus. 

! 

j 
j 
l 
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w* may be expressed by the following equation 

W* = 

'/ ,,, 

where y is thè interfacial tension, V is the molar volume 

(3 ) 

of the liquid, Tm is the melting temperature, L is the heat 

of fusion and êlT is equal. to T -T. The principal resistance m 

to nucleation cornes from the interfacial t~nsion y. 

Equations (2) and (3) are valià for homogeneous nuc1eation, 

usually this is not the case and nucleation is heterogeneous. 

It may start on impurities or on the vessel walls. These 

impurities,lower y. In condensed systems the nucleat~on rate 

rnay be limited by molecular rearrangement. One way to view 

this transport limitation is to multiply equation (2) by 

a factor which is inversely proportional to T~ (average time 

for a rearrangement 6f a molecular position) ~ The latter 

is roughly prop~rtiona1 to{the viscosity173. The Fulcher 

equation183 describes fairly weIl the viscosities of sorne 

1 f . l' 'd 184-186 g ass- orm1ng 1qU1 s : 

n = A eXP(T_~ ) 
o 

(4) 

wherè A, b and Te are constants which de pend on the material 

37 
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and T is the actual temperature. It may be seen from equation 

(4) that the viscosity will increase rapidly with falling 

temperatures if b » T or if T + T when b i5 small. But o 

even by taking into consideration this transpor"t limitation 

187 ' 
terrn, Turnbull and Cohen showed that a low nucleation rate 

cannot explain glass formation' -in sorne glass-forming liquids 

h h . d . I t b 1117 3. . suc as t ose c~te prev~ous y. La er Turn u , ~n a 
1 

paper entitled "Under What Conditions Can A Glass Be Formed?", 

discussed conditions for'bypassing crystal1ization. He 

concluded that for a liquid with a low viscosity, nucleation 

must be suppressed for crystallization to be bypassed. 

2.1.2.2 Oxide systems 

zachariassen59 studied the atomic arrangement in 
-------_.- -

, oxide glasses. He conc1uded that if a glass is to be forrned, 

the material should be able to form ;;ln extended three-

dimensiona1 molecular network, lacking periodicity, but having 
cV 

an energy comparable to that of the crystal1ine forme From 

these considerations he set up four rules for oxide systems 

to forro a glass. These are: 

(1) An oxygen is' linked to not more_ t.han two atoms A. 
,r 

(2) The'ri~er of oxygen atoms surrounding atoms A 

must be small. 

( 3) The oxygen polyhedra share co,rners wi th each 

other-, not edges or faces. 

1 • 

.p 
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(4) At least three corners in each oxyg~n polyhedron 

must be shared. 

Oxides of the typé A2 0 or AO (A is a metal atom) 

do not satisfy these requirements. The rules (1), (3) and 

(4) are satisfied by oxides of the form Ai03 (~f the oxygen 

atoms form triangles around each atom ~), A02 é),nd !'-20S (if 

the oxygen atoms form tetrahedra around each atoro A). Rule 

(2) apparently excludes higher coordination. Furthermore, 
, 

he concluded that t~ following oxides may .occur in vi treous 

forms: B20 3 , S10 2 , Geo 2 , P20 S' AS 20 S '· P20 3 , AS 2 0 3 , Sb2()3' 

V 20S' Sb20 S ' Nb20 S and Ta20 S' Later Stanworth
188 

proposed 

three conditions for oxides to forro glasses: 

(1) The cation ~alence must be three or greater. 

(2) The tenden9Y to glass formation increases with 

decreasing cation size. 

(3) The electronegat~vity should be between about 

1.5 and 2.1 on Pauling's scale. 

One final note on this subject is to try to relate 

Zachar.iassen J: rules with crystallization r~tes as described 

in the previous section. The ariterion that the energy of 

the gl!lss be' comparable with its crystalline forro suggests 

o a lower heat of fusion for a glass former as compared to , 

th h i Il .. l t: l 78 
~ er c em ca y s~m~ ar ma er~a s • It can be seen from 

equation (1) and equation (2) that a lower heat ,of fusion 

:i.mplies lower rates of nucleat:i.on, and crystallization. Further-

j 
1 

f 
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more a relatively difficult viscous flow explains the 

criterion that the oxides forro an extended three-dimensional 

network (because of the breaking of primary b~nds) . 
'f~ ~ 

unfortun~lY, Zachariassen's rules can only be applied to 

oxides. They are not able to predict glass formation in 
______ "'" • ..,~ ~ .. _ J ~ ./ i 

organic liquids. 

; 

2.2 PHASE SEPARATION 

2.2.1 
f) 

Stable Immiscibil1ty 
.. 

.. 
;. 

When liquid separation occurs at temperatures above 
D 

the liquidus, it is referred to as stable immiscibility., 

AlI systems showing stable immiscibiTity in a region above 

and adjoining the liquidus have a region of rnetastable 

immi~cibility below 'the liqUidus7 as shown in Fig. Sa. A 

glass made by cooling melts from above o~ within the region 

of stable immiscibility has either a strongly milky appearance 

or a layer~d structureS. Thus stable immisclbl1ity ls a 

barrier to single-phase glass formation. Figure Sa shows 

a binary phase diagram with bath stable and metastable two-

" liquid lmmiscibility regions. In this case the liquidus has 

a horizontal part corresponding to the invariant (monotectic) 

temperature (separating the stable reglon from the meta

stable one), at whic~ two liquids and one solid, B, co-existe 
<>, • 

PbO.B203
90 ,93, is a g~od éxa~Ple of a system exhibiting such 

behaviour. Thermadynamically, the system can exist as two 

-- - - - -, - -"'~ .... _-- ,..-~ ~ -- ~ "'"""'--~ 
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Fig. 5: 

.. .. metastable .a 
cs two Itquids .. .. 
ca. J e 1 .. 1 
i- l 

1 

a+/J 
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A Composition 

(b) 

Liquld L 
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.a " " Il 1 
a 1 \ . 1 ... t " 

~CD 1 . '\ a. , metastable , 
E « 1 

liquida 1 1 two 1 \ 
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A Composifion 

Binary phase diagrams shawing: 
(a) Stable and me~astable immiscibility; ( 
(h) Met~st~ble immiscibility (fram Ref. 5). 
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liquids for an unlimited length of time (i.e. the two Liquids 

comprise an equilibrium phase assemblage). On the other 

hand in the metastable region glasses evolve toward the more 

stable crystalline phase(s). This evolution can be stopped 

by quenching the glass rapidly below its glass transition 

temperature, thus leading to a kinetically stable phase. 

2.2.2 

2.2.2.1 

Metastable Immiscibility 

Experime~tal evidence 

Metastable immiscibility is defined as liquid 
/, 

separation which occ~rs at subliquidus temperatures. We 

will be,concerned with complete subliquidus imm~scibility 
. 

of the type shown ïn Fig. Sb. An S-shaped liquidus, as 

shown in Fig. Sb, is generally an indication of metastable 

immisèi~ility. This phenomenon is by far more important 

-than the previous one (stable immiscibility). Metastable 
<J' 

immiscibility finds many applièations in the glass industry: 

® Vycor and Pyre~ glasses are two of them. 

The easiest experimental method to spot metast~ble 

'phase sepa.ration is to heat treat a sample at a given 

te~perature for a certain period of tirne t ,and to quickly, 

quench ~he heated sample to room temperature, and ,observe the 

op~lescence., ~ The latter ls in general an indication of phase 

"' _~~"'''''--'::i~ t· . / 
The time of heat treatment for phase-separation to oeeur 

- usually depends on the temperature and the composition of the 
glass. A complete aeeount of experimental procedures dealing 
with sodium borosilicate glasses is given indsection 3.3.2. 

- . ..... .. 1 _ s ... a;:::c'R 
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Fig:. 6: 

( 
Electron micrographs of phase separated glasses. 
la) Molar composition: 6.B7Na20·4B.60B203·44.52Si02, 

heat treated at 695°C for 16 h. ~tching time: 
20S/H20. 

Ch) Molar composition: 2.40Na20·34.43B203-63.18Si02, 
heat treated at 695°C for 16 h. Etching time: 
15s;O.5% HF. 

-
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separation, but care is necessary because crystallization 

too produces opalescence t . Becau~e of the rapidity of the 
1 
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quenching very litt1e structural rea~rangement occurs. Further 

examination by e1ectron microscopy is needed to de termine 

the extent of phase separation as weIl as the nature of the 

phases. Figure 6 shows electr6n micrographs'of phase-

separated sodium borosilicate glasses. In Fig. 6a, the 

fracture surface was etched by water for 20s (to enhance 

distinction between the phases, due to their different etch . ' 

rates) while 'Fig,. 6b shows a larger volume· fraction of 

silicate; this latter sarnp1e was etched in 0.5% HF for lOs. 

Both samples were heated for 16 h at 695°C. 

2.2.2.2 Thermodynamic considerations 

Various theoretica1 attempts have been made to 

exp1ain immiscibili ty boundarie's in glasses 64 , 85 , 88,189-198 

-and reviews on the subject rnay be found in Refs. 5, 10 and 78. 

The fo1lowing discussion is in part based on the cited' 
~ 

references. Two views have been proposed, one based on thermo

dynamic princip1es85 ,190,192,193,197, the other on crystal 

·chernistry64,88,189. Figure 7a shows the Gibbs energy of two 

miscible components A and B as a function of composition. 

With decreasing ternperature, the single phase separates into 

tcfY~tallization can often be recognized visua11y sinee it is 
frequent1y localized on the glass surface, or is unevenly 
distributed within the glass • .. 

, " 
l ' 
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two phases as shown in Fig. 7b. The molar Gibbs energr,of 

mixing ~Gm controlling the tendency,of a glass to separate 

into two phases is given by equation (5) from Ref. 192: 

~G = G ' - G 
m homogeneous heterogeneous (5) 

where Ghomogeneous and Gheterogeneous are the Gibbsenergies 

of single-phase and two-phase mixtures. The terrn ~Gm ma~ be 

expressed as a functioh of the entropy ~Sm and the enthalpy 
'\ . 
~Hm of mixing by: 

~G = ~H - T~S m m m 
(6 ) 

For condensed systems it is assumed that the enthalpy change 

~Hm is equal to the energy change âEm192; ;hus equation (6) 

becomes: 

= 

For a regula~ binary solution consisting of tWQ 

components, A and B, the entropy,of mixing is given by .., 
equation (8), from Ref. 103: 

= 

(7) 

(8) 

'J 
~ 
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where XA and Xa are mole fraction~ of components A and Band 

XA + XB = 1. The total energy of the system can be calcu1ated 

from bond energies of nearest neighbours on the assumption. 
J 

that the binding energy is not a function of composition 

or temperature78 . 'In\ a solution containing A and B molecules 

each having Z nearest neighbours, one can average ZXA 
mo1ecules of A and ZXB mo1ecules of B around any moleèu1e in 

the system. Let c be the total concentration of molec~les 

in the solution then zxiC/2 will be ,the number of A-A pairs 
, . 

per un~ t volume and similar1y ZxB
2c/2 ~he nUmber of B~B pairs, 

! ~ 

,the n~er of,A-B pairs will b~ ZXAXBc. The total energy, 

E, per unit volume may be expressed by: 

E = 

where -EA, -Es and -EAB are the respective energies of A-A 

bonds, B-B bonds and A-B bonds. Keeping in mind that 

(9) 

XA'+ XB = 1 expressio~ (9) may be rewritten in the following 

wB:Y: 

E = (10) 

,It may be seenfrom equation (10) that the first two terms 

in the Qrackets are the energies of pure A and B"thus the 
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energy of mixing will be: 

LlE = m (11) 

If E~ > '(BA +EB) /2 then ~Em is always negative and the' two 

components are completely miscible (Fig. 7a). llE will be m 

positive for values of EAB < (EA+EB)/2, belowa certain 

temperature the mixture. will separate into two phases (this 

case is shown in Fig. 7b). Although this model is helpful 

in,discussing sorne metallic systems199 , it is unreal~stic 

when dealing with silicate solutions. ·Charlesl97 proposes 

a'different model for silicate solutions. He considered the 

m:i'xing units as being bridging and non-bridging oxygen ions . 
'" 

Here, "bridg1ng" oxygens refer to those linked to two 

silicons and "non-bridging" oxygens to those linked to one 

silicon atom. Furthe~ore, it i5 supposed that non-bridging 
1 

oxygen ions occur in pairs. From these considerations Charles 

deduced the entropy of mixing to be: 

= (12~ 

Even though this expression is more realistic than expression 

(8), there is no direct exper~mental support Éor it 7~. , 

A different approach,dealing with crystal ~hemistry 
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and based on the cation field-strength (charge/radius) was 

64 88 189 " . proposed ." to exp1a~n immiscibility. On one hand 

miscibi1ity is favored when the network fo~er ions bond with 

all availab1e oxygen in the melt; immiscibility, on the other 

hand, is favoured in compositions not al10wing cation~ such 

+ ++ as Na or Ca to achieve their favoured,coordination with non-

bridging oxygen ions. Improved mutual coordination of non-

bridging oxygen ions and cations can then be achieved if 

clusters rich in these ions are formed. These clusters could 

reach such ,proportions that two liquid phases would be formed. 

The number of non-bridging oxygens being somewhat limited and 

cations being generally surrounded by several non-bridging . ' 

oxygen ions, it is necess~ry for a non-bridging oxygen to be 

bonded to more than one cation. The condition that two cations 

be bonded to the sbme oxygen delineates the cation rich limit 

of v the Itfiscibility ga~ •. This last can be calculated by 

est~ating a. cation concentration corresponding to the cation-

oxygen-cation bond length. Final1y, these calculations do not 
~ 

lnvolve any entropy terms, thus the.limiting composition 

referred to previousfy is valid for OOK only. However, it 

seems that ~elow the glass tran'sition temperature, the 

mis'cibility gap does n'ot widen by muchlO • 

2.3 KINETICS OF PHASE SEPARATION , 

" When a homogeneous glass, wi~h a composition inside 

a miscibility gap, ia held at a certain temperature, it starts 

- • "t'. 
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to separate into two phases. Two mechanisms ,may be: responsib1e 
( 

for this phenomenon, one is nuc1eation and growth, the sécond 
( , 

is spinoda1 decompositi6n. These mechanisms are c10se1y 

re1ated to the Gibbs énergy as may be seen from Figs. Sa and 

ab. The spinoda1 1ine dividing the uns table region from 

the metastable one is defined as the locus of points for 

which: 

= o (l3 ) 

In the unstab1e t regipn, corresponding to the negative second 

deri~ative of the Gibbs energy of mixing with respect to 

compos~tion, phase separation occurs by a spinoda1 mechanism. 
t 

Whi1e in the metastab1e region, corresponding to a positive 

second, derivative,of the Gibbs energy of mixing with,respect 

to composition, phase separation oceurs by nucleation and 

growth, (Fig. 8a). 

2.3.1 theory of Nucleation~d Growth 

. The probabi1ity of formation of an embryo of a 

second phase by fluctuation from a liquid is 78 

tIn this case, "metastable" and "unstab1e" refer to the 
stability of a single liquid towards phase separation, as 
opposed to the nmetastable miscibility gap", which refers 
to the stability of' the,two-liquid assemblage towards 
èrystallizatio11'. • 
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( 14) 

where Wr is the reversible work done on the surroundings, k 

is the Boltzman constant and T is the absolute temperature. 

Thus the rate of formation l of a growing crystalline nucleus 

will be proportional to the probabi1ity of forming a critical 

nucleus: 
. , 

l w' = ,K exp (kT) . ., (15 ) 

where K is" supposed to be independent of tempe rature and 

composition and w* i5 the work done in forrn,ing the cri tical 

nucleus and i5 given by equation (16) from Ref. 200: 

, 1 

w* = 

, ;.. 

where y is the interfacial tension, r* the radius of the 

criticàl ' nucleus. ,is 'given by: 

1 r* = 

., 
replacing expression (17) in equatio~ (16) yie1d~: 

(16 ) 

(17 ) 

(18) 

, 

~ 1 ," 

~ 

1 
f 
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where ~p is the pressure diff~ren~e between the inside of 

the nucleus and _the outside and is approximately equal to: 

I.lP ~.L~ VT!....(Tm -T) "-
m 
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(19) 

where T is the me1ting temperature, L is the heat of fusion m ~ 

and v i8 the mo1ar volume of the 1iquid. o 

Equat,lbn' (16,) i8 va1id for homogeneous nuc1ea tion 
, 

only. In practice nuc1eation is rarely homogeneous, but 

takes place on the vessel wa1ls or on impurity partic1es " 
, 

thus,10wering ,the interfacia1 tension by a factor ~ < 1. 

Recombining equation (18) and equation (19) gives: 

W* = 

, 

3n2 ('1' -T) 2 
rn 

Flu<?tuations can be limited by viscou.à f1ow, 

especia11y in condensed systems like,q1asses: Taking in~o 

con!;lideration this trmsport term, equation (15) becomes: 

l 

Co 

(20) 

(21) 

, , \ 

where Q ~s th~ ,act~yatio~ energy\~~r the transport process ~nd 

KI is _ assumed 'to he in!e~en~e,nt 'of temperatur~. ,Two opposing 

• 0 

, 

l 
1 
.I 

1 
j 

1 
~ 

- - ---- ~-------" 
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factors e~ist in equati9n (2lb one beià~*, the werk done 

in formin~~.critical nucleus, ~hich becomes larger at 

hiqher temperatures due to'the fact that.ÀP gets smaller, 

thus resulting in' an increase of.nucleation rate ~ith higher 

~emperatures. T~e oth~rj.'f\te~.,is--'>the activation :~nergy 
for the transport process ~"~hich becomes slo~er~qt lower 

temperatures, thus decreasing the nucleation rate. The . 
b\lanCe of these two opposing forces results in a 

maximum nucLeatien rate at a given temperature (Fig. 9), . , 

Once the critical size is reached, the nuclei can grow by 
(l • 

peat treatment. The frequency of jumping from liquid to 

crystal fs: 

1 
' ... ,f 
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v o exp(~) P2) 

'where v 0 i5 sorne vibrati~~al .frequency of the molecule ana 
/0 

',Q 1s t.he "activation free energy" required· to cross the 

interface between liquid ~and crystal. The frequency of 

jumping from crystal te liquid is: 
\ . 

" 

" . 
, . . 

wbore AG. vAP (v, and AP have b,en·defined earlier). Th$ 
~ ". , , .. 

" l • , .r> ~ r ' 

velo,:i.ty of cî&Y-_tallilation w1.11 bè: 
-:---- -~' 

t. 
" 

't 
.,: .. ; 

r 
. \ 1 

./ 

(23) 
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(24) 

'l1le quantity À represents the -thickness of the transition layer ~ liqu:i.d 

and crystal.. Replac.ing expressioos (22) and (23) in equa.tian (24) yields: 

u = (25) 

4' 

Bere also, because of the two compe~ing faèt~rs Q and AG, 

a maximum growth rate is o~served at a temperature which is 

generally differe6t fram the one at which 'the maximum 

crystallization rate is observed (Fig. 9). Finally, by 

supposing that the diffusion coefficient in the liquid is 

"equal to: 

,'> 

D = 

1 

and that 0 i5 also equal 'to (Stokes-Einstei~ relation): 

D 
.. 

kT 
= 3'ITnÀ 

EquatioI! (25) may he rewritten ln the following way: 

u = l-!xp (AG/kT) kT 

31\'A 2n 

~ .. 

(26) 

1 

( 27) 

( 28) 

1 
! 
1 

, 
J 

1 , 
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j 
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AlI the above quantities have been previously defined. If-· 

~G/kT ia smal1, the exponential may be expanded and equation 

(28) becomes similar to equation (1). 

2.3.2 Experimental bbservation of Nucleation and Growth 

• 1 

Nucleation an~ growth studies of silica-rich 
"... ...~ 

particles in a soda lime silicate glass, l3Na2o·llC~O.76Si02' 

were made by Hamme197 • He measured both nucleation(,-and 

growth rates, using electron micrographs and showed that 
\ 

a constant nucleation rate was obtained only af~er a period 

of time. Hammel compared his experimental values with 

theory by calculating the quantities in equation (21). The 

critical radius, r*, was measured by holding a sample 

containingO silica-rich particles in a temperature gradient 

and observing the temperature at which the size of the. 
-..... 

particles remained constant. At thïs temperature the radius 

of the particles was considered to be the critical ~~dius r*. 

At lower temp~~atures, r* was determined by extrapolating 

the plot of T versus l/r*. The term !:J.p was calculated. from 
_, JI/ 

miscibili,ty gap data ass\Dlling the validi ty of the Lums'den 

solution mOde1201 • A -vàlue of 4.6 ergs cm-2 for Y was then 

derived fran equation ~l7). The term 60 ·-94.5 kcal 

'" 
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mole 'was obtained from Frank's diffusion controlled growth 

202 theory Finally K1 was calculat7d from an equation 

qerived by ~urnbul1203. A11 the quantities'needed to 

ca1cu1ate nuc1eation rates from equation (21) were available. 

The ca1culated values of nuc1eation rat~s agreed féJ:irly 
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well with the experimental ones. Although it is not certain , 

that the diffusion controlled growth theory by Frank can 

be applied to Hammel's experiments, one can conclude that 

phase separation in this system probably follows the 

homogeneous nucleation pracess. 

2.3.3 Theory of Spinodal Decomposition 

1-

An alternative to the nucleation and growth 

mechanism for phase separation is decornposition by a spinoda1 

mechanism. In this mechahism there is no nucl~ation of the 

second pha~e composition. T~ansformations occur by a 

continuous change of growing phases. with their extent being 

constant. N comprehensive approach to this theory'was 

proposed by Hillert204 and cahn20? A concise ' description 

of Cahn's analysis ~s presented here., 

The Gibbs ,energy ~f the inhornogeneous sys~ern is 

given byt: " 

(29 ) 

. 
t Cahn WJed Helmholtz: free energy. However, at 1 atm pressure 
in condena~d 8~8tema the differance between aelmholtz free 

, energy and Gibbs energy ca'n he neqJecte4. 
• ' , .'. , l:ll 

.. 

t· 
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Where g(c) is the Gibbs energy of a unit volume of homogeneous 

materîal of composition ~I K (Vc) 2 the first term of an 

eXpansion representing the increase in Gibbs energy due to 

a gradient of composition and K a positive 

the gradient energy coefficient. Assuming 
t 

volume is independent of compos"ition, the't 

expanded around the average compositi~n 

and ~eeping in mind that: 

.. 

C : o 

quantity called 

that the molar 

g (c) may be 

The Gibbs energy difference per unit volume betwëen the 
, 

homogeneous sol~tion and one w~t~ compos~tion fluctuation 

may be written as: 

6G 

Introducing a one-dimen~ional composition modula ion of 

amplit1;lde A and wavenumber 8 (,8 = 2'11' /~ ) . 

c" 

( 31) 

(32) 
1! 

1 

~ 
"l , 
f • 
1. . , 
! 

1 

} 
j 

.l-
1 
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c-c = A cos eX 
. 0 

(33) , 

in equation (32) yi~lds: 

" 

6G V = (34) 

, .. 

From equatiôn (34) ·it May be seen that if a2g/3c2 > 0, then 

the solution is stab~e with respect to infinitesimal sinusoidal 
) " 

2 2 p. 

, fluctuations of all wavenumbers. If a g/ac < 0, then the .. 
solution i8 unstable with respect ta infinitesimal sinusoidal 

(; 

fluctuation of wavenumbers less than ec (critical value of a) 
given by:, 

, . (35) 

(36) 

A kinetic expression of the initial stages of phase separation 
.. 

by a spihodal mechanism roay be Qbtained by so~vinq a diffusion 
, ., ~"j) ~ 

equation in which the thermodynamic factors ~re inclw:ied. 

This yielàs~or the t1me-dependent amplituae at a ttme t of 

• ... 

. , 
1 
} 
~ , 

1 
.; 

t 

J 
f , 
; 
l 
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a given component with a wavenumber a: 

Solving this equation with the initial condition being 

t == Ogives 
f 

A(B,t) = A(Br:O)exp(R(B)t] 

where A(B,'O) i8 the amplitude of the initial com~osition 
fluctuation and R(S> 18 the amplitude factor giv~n by: 

R(S) = 

61 

(37) 

(38)" 

(39) 

The quantity M ià a -mobility related to the inte,rdiffusion . 

coeff,icient 0 by: 

... 
M = o . - (40) 

'II • ~ -

J;/t; may be seen fram equation (38) that an amplitude of' ,_ 

rOSit:iOI1 f~ctu.:tion ~itl) a "';vén....ber S .changes 

Ixponent~ally with time~ this change beinq q()verned by R(f~). 

n~the-~pinodal reqion, RU~) is positiv~ for wavenumbers less, 

. , 
.~ _ .. _" ____ ~_--"-___L'_~~ ___ • _________ ,_.~_ •• 
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th an (3c and the maximum amplific'ation oocurs at am = Bcl Iï 

(Fig. 10). This particular wavenumber will g~ow at ~he 

fastest rate. Considering only this wavenumber Cahn o~ained 

interconnected phases by computer mixing the sinusoida~ ---. 
composit.ion fluctuation in 'three dimensions 206 Further 

details on spinodal decomposition may be f6und in Refs. 

207-211. 

< 

2.3.4 Experimental Observation of Spinodal DeCOmeO$itiôn 

. 
Ca~ 1 s theory was t,ested 'Dy small-angle X-ray .. 

scattering (SA;t'S)': This "technique is very convenient for 
. { 

investigating~ the early stage kine~ics in the unstab1e 

regiOn2l,2., The diffracted in~ensity l (h,t) is proportional 

to IA(B,t) 1
2 where 'A(S,t) is thè amplitude of the Fourier 

'component of wavenumber B at tlme t (equation 38) and~ 

h ::;: 4'!T/À sin, e, e being- the scattering angle and À the wave-. 

length (h is the scattering vector in reciprocal space). 

°Thus ~ny change in the amplitude in spinodal decomposition 

can be studi.ed by following the -'Sca~tered intensity. 

ldentifying the scatte;ing vector with (3 yi:elds: 

l ( B , t) = l (8 ,0) exp [2It ( B) t] ( 41) 

where l(B,O) 19 the sG:atterlng intensity At. t = 0 correspond

From equation (4~) R(S' can . lng to the wa~eJ).~r B - 2'!T 1 ~. 
! ... 

" AIt 

~ ______ . __ l_ 
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be eva1uated by rneasuring I(S,t) as a function,of time of 

heat treatment. Nei1son213 measured the effect of heat 

treatment on the scat~ered intensity in 12.6 Na20 • 87.4 Si02 

and 13.2 Na20 • 86.8 Si02 glasses. • The tirnes of hea-ç treat

ment ranged frdfu 0 ta 4, h and the heating ~emperatures from 

4S0'to 650°C. The plot o~ the scattered intensity ve~8U8 

the s~attering angle for t~e 12.6 Na 20 glass showed a common 

cross-over pOintt corresponding to a particu1ar S (at least 

for heat tre~tment up to l h). MoreovE!'r, there is a 

particular wavelength that grows the fastest. These results 
" 

are consistent with Cahn's predicti9n of spinodal decompos

ition. No common cross-over P9int was detected for the 
, 

13.2 Na20 glass (even in the .eaz;:lystages of heat tr~atment). 

Nei1son conc1uded that nuc1eation and growth is probably 

responsib1e for the phase sepat:ati~h. in the' 13. 2 Na~O glass, 

• whi1e the 12.6 Na20 glass undergoes'spinodal decomposition. 
. '214 ' 

Sriniv~san at aL. studied the, time evolution 

of volume fraction of the minot p~ase in~n alumina doped 

sodium borosilicate g~:::; inside ~~bility, gap. 'They 
l' 

claimed that a distinction cou1d ge made between the two 

mecha~sms of phase separation (i.e. nucleation and qrowth 

-' 

and spinodal decomposition). T~eir assumption was based on 

the fact that for spinodal decomp?sition the volume fraction 

of the,minor phase decreases irtitially with heat treatment, 

t The cross-over poi~t comes from the fact that R(B) - 0 for a~ 
partlcular wavenumber and i9 po~1tive for B ~ Be and neqative 
for B > S~. 
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whereas for nuc1eation and growth it increases. It is not 

clear if 2°C can distin~uish between the two,mechanis~s of 

phase separation. Furthermor~, etching conditions influence 
, 

volume fraction determination by replica electron micro-' 

groscopy98. 

Recent1y Tomozawa2lS attri~uted the graduaI change 

in chemical durability (HF etch rate or HC1 leaching rate) , 
• Il 

and viscosity ?f heat treated sodium borqsilicate (600°C) to . 
graduaI comp?sition variation of separated phases. Thus he, 

" 

coneluded t~ phase ~eparat1on i~ t~.ese glaS,Ses whèn heated 

at low temperatures (60nOC), takes place by spinôdal 
, . 

decomposi'tion. The main pOints of this section are 

summarized in Table 1 which lists the major differences 

between the two mechanisms of phase separation. 

, .~ 

2.4 , INTEREBETATION OF DIAGRAMS 

2.4.1 B inary Sys tems 

Books and reviews on the interpretation- of phase 

, l ' diagr~s, may 'he fo~d in Refs.,' 1, and; 216-218., Figure Il 

o 
" 

shows,a typical phase diagram for a binary oXide'sy~tem with 
, 

a two-liquid region. - , ~ , ,The line KR, , which pass~s thrpu~~ the . 
two' riquid raglon is an lsopleth. ~ollowin9 tbis 1ine of 

\ " '" (, 

co~stant bulk composition, different ch~ges in the phases 

OÇè,ur' whi,ch ,are described in ,the followlng paragraphe 
, 1 

i , 
--- .. ~ --
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Table I t 

\ 
Difference between nucleation and growth and spinodal 

l' 

mechanlsms during'isothermal phase separation. 
J 

J 

Nucleation and growth . ' 

Invar'iance of second-phase 
composition to time at 
constant temperature 

Interface between phases. 
ls always same'degree of 
sharpnes~ during growth· 

t " Tendency for random 
distributions of particle 
sizes a~d positions in 
matrix 

.. 
Tendency .for s~paration 
of ~econd-pba~e ~ph,rical 
partlcles with lowt?, 
connectivity 

" 
t ~ 
From Ref. :_210.' 

, 
" . 

1 -, 

, '. 

( 
Spinodal decomposition 

Continuous, variation of 
both extremes in 
composition with t.ime until 
equilibrium compositions 
are Feached 

Interface between phases 
in1tially is v~ry diffu~e, 
eVè?tually sharpens ~ 

Regularity of second
phase distribution in size 
and 'position character
ized by a geomettic 
spacinq 

.\ 

Tendenay for separatic;m ' 
of sêcond-phà~è, . 
nqn~spherieal partic~es 

with hiqh oonnectivity' .' . 

, 
-1 
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Above the temperature TK the two· comp01'\~nts are 

miscibl,e in ..aIl proport,ions _ 'On cooling along KK l, .. the mel t 

begins to separa te into two liquids', LI ,and L'2" at TK • At 

Tl a melt of bul~ compositio~ ~ i~ _ formedo of fWO liql;lid.s ' 

LI and t 2 of respective compositions al and a 2 • The amounts 

of which are givep' br, ~he lever 'rule: 

= 
. a-a 

L - 1 
. 2-~-, 2 l . , 

l, 

i " \ • • .:> 

On, further cooling the coWposit:.ions Of.r>Ll and L 2 alter along 
! 

tpeo"'inuniscibili.tyboundary K-al-b1 and ~-a2-b2' Fespectiv~ly. 

At T2 (monotectic temperature) and ~hen the fir~ crystal of 

A has forme~ t, the amounfzs of the" two li.quids 1?1 and b 2 in 

equilibriunr 'with scüid A· are: 

Liquid b 2 

b-b . l . 
=0 b -b 
. J 2 l 

. 1 
,At this point tl}e temperature remains constànt while ',heat 

J 

is remo\red' from the' 'system' and solid A is .forméd. at the"""-
~ 1" .... • • ~ ~ , 'J • ' • 

. expense o~ liquid :bi- 'Wh;en th~, l~st d,r.op .o~ li~~d. b.2 , h:as' 

èry~~~lii~ed~ ,~ ,s~l.id 'A 1.s ~ ,~<l}1~libri~, "'i~h 'E!- ~iqü.~·c:I b1.§ :~,. , 
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Again the amounts'present are given.by the lever rule: 

'Liquid b
l 

= 
b -b 3 Solid A 

~Upon further cooling the percentage of liquid b l decreases 

as so{id A crystallizes. At T
3 

(eutectic temperature) 

crystallization of solid B starts and the amounts of the 

phases present at maximum heat content are: 

Liquid b l = 
c -c 3 

solfd A = 
c-c 

2 
c 3-c2 

When crystallization is complete at minimum heat content the 

ainount of the two solid phases A and B are: 

Solid A = 
c-c l c -c 

Solid B == 3 c 3-cl 

Finally, the line connecting the two co-existing l~d 
phases LI and j!z--is called a conode or a tie-line (a2 a al' 

Fig. 11). This iine is isothermal and parallel to the 

comp9siti?n axis (in binary systems). On going from Tl to 

TK this tie-line decreases in length and transfo~s to a 

point K ,at T
K

• 'T
K 

is called the consolute temperature and, 

.~ 

" 
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the corresponding point K i5 the consolute composition. 

At this point the composition of the two liquids Ll and L 2 

is identical. 

2.4.2 Ternary Systems 

The compositions of a ternary mixture for a given 

tanperature and pressure can be represented by triangular exx>rdinates 

(Fig.~12.2 and 12.3). The -total composition of the three 

components is 100%. This restriction reduces the dimensions 

by one. Each side of the triangle may b~ considèred to be a 

binary system and the letters A, Band C represent pure 

components. These triangles a\e u~~aily equilateral and 

each side is divided into 100 pàts with 10 subdivisions 

70 

(Fig. 12.3). The composition at point ~ (Fig. 12.2) represents 
. 

a binary mixture of 40% A and 60% Ci that at point S 55% A 

and 45% B~ and that at point ~ 65% C and 35% B. Any point 

inside the triangle is composed of a mixture of A, Band C. 

One method$ of estimating the amounts of the mixture for a 

particular point (P for example , Fig. 12.2) is to draw 

perpendiculars to the three sides of the triangle. The 

length of each perpendicular represents the relative amount 

of the camponent represented by the apex opposite ta the side 

to which the perpendicular' was drawn. Thus point P is a 

ternary mixture "of 50% C, 20% Band 30% A. A more convenien~ 

method of estimating the r~lative composition of a ternary 

\. 
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mixture is to construct para11els to the three sides ofVthe 

'triânq1e (point X, Fig. 12.3). The 1enqth CE represents -. ~ 
45% of A in X, the 1ength AF 35% of C and the 1ength of FE 

o 
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20% of B. The same procèdure cou1d be app1ied to the other two 

sides and wou1d yie1d the same resu1ts. 
, 

Temperatures can bè represented'by a perpendicular 

to the triangu1ar composition section (Fig. 12.1) and phase 

boundary isotherms by contours within such a triangular 

composition diagram (Figs. ,1 and 14) • 

-----
2.4.3 Quaternary Systems 

A quaternary system is usu~11y r~pr~sented by a 

triangu1ar prism (F'ig. 13.1) or a regil1ar tetrahedron t 

(Fig. 13.2), the former being more convenient when on1y sma11 

quantities of the fourth component are under study. Each 

edge of the. prism or the tetrahedron represents a binary 

system, and each fac'e a ternary system. Any point' inside 

the tetrahedron or the prism represents a quaternary mixture 

of components Ar Br C and D. A simp1~fied representation 
• 

of ~aternary systems is obtained by considering pseudo 

binary systems (Figs. 13.3 and 13.4). Such systems are 

obtained by drawing a cross-section through one face of the 

prism or tetrahedron. The join AE represents a fixed 

ratio of C/S. The corresponding pseudo binary systems 

(~) . ,(Figs. 13.3 and 13.4) represent phase diagrams for a fixed 

+For a glven temperature and pressure. 
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ratio of two components C and B while the remaining amoun~s 

of A and 0 change. The re~ative amount of the four 

" components at point P (Fig. 13.3) may be expressed as a 

function of A, D and the mixture (B+C). The percentage 

of 0 = HB/OB x 100; that of A = GH/DB x 100; and that of "-. 

(B+C) = DG/DB x 100. Thus any quaternary system may be 
. t 

represented in two dimensions as a pseudo binary system. 

------2.5 SODIUM BOROSILICATE GLASSES 

2.5.1 Phase Oiagrams 

Phase separation in sodi~borosiliéate glasses 

has been thoroughly studied17- 20 ,163-167,2l9. The topography 

of the,miscibility gap in this system is generally fairly weIl 

establlshed. Two versions of the immiscibility perimeters 

have been published, one by Haller et aZ. 17 (Fig. 1) and 

the other by Galakhov and Alekseeva18 (Fig. 14). Haller's 

phase diagram i5 drawn on ,a weight b,asis_ while Galakhov',$ 
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is on a molar' basis . However, some,_se-rious discrepancies exist 

163 between ~h~ two phase diagrams . In Haller's version the 

700°C miscibility gap is a dome adjoining the binary 

"~203'Si02 system, while in Galakhov's version it is an 

elongated ~ome running roughly parallel to the B20 3 'Si02 

'binary. Further diÏferences are found in the extent 

tAlthOU9h the pseudo-binary system can represent all overall 
compositions in a section of a quaternary system, in general it 
cannat represent·the compositions of the individual phases (i.e. 
tie-lines do not, in qeneral, lie within the pseudo-binary plane). 
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of the overlap between the 1mmisc1b11ity area close to the 
~, 

binary Na20·Si02 side. Finally, even if one converts mole' 

ta weighti and br1ngs the two phase diagrams to the same 

basis, some minor differences still exist in tne network 

former ends of the isotherms. The two versions agree on 

the general form of the immiscibility boundaries, that ts 

elongated domes one inside another with. the lowest immisci-

bility tempetature belonging ~o the 'largest dome. 
~ 

2.5.2 Tie-Lines (br Conodes) 

.2~5.2.1 Derinition . ' 

"For a particular temperatu~e, the straight line 

connecting the compositions of two (conjugate) phases in 

equilibri~ with each othe~ .. 216. Thus any compositJ.o~ on' 

a 'particular tie-line of an isotherm consists of two phases 
, ( . 

with compositions ~epresented by the 'ends of the tie-line.' 

.Furthermore, the amounts of the two phases are given,by 

the lever rule. 

2.5.2.2 DeteI'lJ\ina tion 

Sèvéral att~mpts were.made to d~termlne ~he tie-

linéS in sodium borosilicate glasses. 
1 

19 ,Srlnivasan et al. 

examined the volume ,fraction of separated phases by electron 
... . ~ , 

microscopy. However, this method ls subject tQ large error 

\,' 
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, ' 

due ta variations of etçh~ng conditions 98 • Another technique 
L 

is to use an electron microprobe analyzer162 , 163: Thus the' ' 
" .... . 
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compOsition of the phases can be determined directly (assuming 

large separated particles ~ l ~m). Chemical analysis of the 

220 solvent after leaching the phase separated glasses has 

alsq been used. Since ,direct ana1ysis of phases is general1y 

not fea~ib1e, the.most reliabl~ method appears to be the 

determination of th~ gl~ss-transition temperature of ·phase

separated glasses. AlI composition along one tie-line when 

melted will separa te into identical phases. Thus, a line of 
, . 

equal ptoperties of any separable phase must cOincide with 
• b 

,the appropriate tie-1ine. Based on the ~act tha~ the glass 

transition' temperature T ois det'ermined sole1y by one of 
., ,'g 

the "separated phases and is independent of, its volume 
221 . .' 20 \ 

fraction ,Maturin and' Streltsina '" estimated' the positions 

of, the tie'-lines in the ternary' sodium boros'ilicate system. 

One of' their tie-lines correspoAding to T = 400°C is 
o g 

, ..... 
shown in F~g. 31. 

'2.6 /_ LUMINESCENCE AND RELATED PHENOMENA 
1 

2.6.1 , IntJjOduction' ... ,.... 

t -
A free ion with a dS ele~tronic configuration gives 

. 6 
risEillito terms whose separation from .. the ground s~ate ( S) , 

depenqs on the two electron repulsion parameters (Racah 

, , 



o 
parameters) B and C. The electrostatic perturbation caused 

by -~~stal field further splits these terms24 9". As the 

ratfô of the qrystal field strenqth (~> to the inter

electron interaction ua> increases, this crys~al field , 

splitting increases, giving rise to the energy level diagram. 
" 

For a'point charge model, the magriitude of the splitting 

within the field depends on thé symmetry of the field 

(~ctahedral or tetrahedral) surrounding the central ion. 

F · d S f . . (2+) . f or a con ~gurat~on - Mn , the sarne terms ar1se or 

both fields yielding identical energy level.diagrams for , . 
either symmetry~, Although the energy level diagrams are 

the same for both symmetries, the crystal field parameter 

At f~ tetrahedral symmetry can be related quantitatively 

to the crystal field parameter Ôo for octaheqral symmetry by: 

= ! ~. 
9 0 

(41 .. ) 

This relation assumes all ligands have equal point charge~ 

d . d' f hl' 244 . 4 h an are equ1. l.stant rom t e centra 1. on F~gure s ows 

the energy level diagram of a d S configuration at a given 

" C/a. 

, 
\ 

\ 

\ 
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~.6.2 Absorption 

Electronic transitions t from the ground state 

(6All ~ one of the excited levels of Fig. 4 are qoverned 

by the following selection rules: the spin selection rule 

forbidding transitions between states of different rnultiplicity, 

and symmetry selection rules which in Oh forbid transitions 

-between states of the same p~rity (i.e. Laporte selection 
" 

rul'e, g -1+- g and u 1- u). Spin-orbit coupling, spin 

exchange'or superexchange (~ia oxygen ions) ~ay relax the 

,spin selection rule while vibronic coupling can help over-

come the Laporte selection rule. Thus forb~dden transitions 

can still be ob$erved but are genérally orders of magnitude 

weaker than allowed transit:i:ons. 'Since d-d transitions 

of a given d S ion in an octahedral site are forb1dden by 
... 
'" bath selàction rules while those of the same ion in a 

tetrahedral site are only spin forbidden, one would expe~t 
• " 1 

hiqher absorption intensities iSom the tetrahe~ral ions 

th an from the 6cta~edral ones. This is indeed the case, and 
. " 

Binqham and parkelS4 reported that Mn 2+ in sodium sili:,cate ... 

79 

glasses (tetrahedral environment) has an extinction coeff,icient 

three tues that of Mn2+ in sodium borate glasses (octahedral 

environmentl • 

+Wè aré int!ested in those transi~io~S which occur by an 
electric di ole process. Transitions May also occur by 
maqnetic d pole or electric quadrupole processes but ar~ 
orders of qnitude weaker in intensity. 

) 

J ' 
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2.6.3 Luminescence ' , 

The.'ë1bf\Orption of a quantum of light 'w1th a 
\ 0 

frequency correspdndiing to th~, energy separa tiQn between any 

given excited state and the ground state of Fi:g. 4 causes 

that particular excited state to be populated. There are 

two processes which compete to depopulate that excited "state: 

radiationless processes whereby the excited state lOSéS ito 

excess energy through means other than the emission of 

..light (usually as heat), and radiative processes by which 

the excited state emits 'phOltons to dissipate its excess 

energy. Oepending on the pos,ition of the' populated state 
~ . , 

wi th respect to other lower exci ted ~t~ tes and to the ground (, 
" , 

~ 

state, one of the tW'o processes May prevai!.. If for example 

the 4Ti. (0) level of ~ig. 4 is populated it will prol:S'ably. 

lose its energy non-radiatively by cascading to the 4Tl (G) 
, 

leve!. From that level the excess of energy May then be 

lost by a radia tiyê 'prqces s . Al though this scheme is likely 

~~ -cccur i t is not a general rule. For example radiative 

emission from the 4T:2 (G) to th~ 6A:l lS) level has been 

reported by Medlin~43 in anhydrite activa~ with Mn2+. 

ct 

In condensed phases, the width of emission (or absorp-. 
<> 

tion) bands is due to the slope, of the enerqy parameter of, thi:! 

state (E/B) with re,spect to the crys~l field ,par~eter. (6/B) 

and to fluctuations of 6./B in the part,icular environment. In 
. . 
crystals t~e~e fluctuations (6./B) are du~ pr:imarily to lattice 

. ' 

, . -'.! • 

.. 
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vibrations, and the b~oadening is temperature dependent ... 

'because more lattice vibrations are excited at higher 

temperature. Howeve:, in glasses the broadenin~ due to the . . 
random nature Qf the envirqnment (and -hence the large spread 

of crystal fields) is larger than that due to vibrations, 

therefore little temperature dependence of the emisslon (or 

absorption) is expected. 

The intensity of the luminescence is related to 

the concentration of the activator. By increasing the 

activator 'concentration, the intensity May initial-ly increase 

until a "cri tlcal value ls reached and then decrease beyond 

this value. This phenomenon, known as concentration quenching 

results from an increase in non-radiative energy dissipation 

at the expense of the radiative process. Higher concentrations 

of activator increase the probability of energy transfer 

(of the excitation energy) to impurities (such as Fe3+ ions 

in the glass) which can th~n act as trapping sinks that 

dissipate ,the excitation energy non-radiatively as heat. 

2.6.4 Excitation 

The .crystal field strength 6. can be determined 

by fittinq absorption data to the corresponding ~ner9y.level 

diagram. A value of a/B ls estlmated fram these dlagrams 

and 6. èan then be calcul~ted. Unfortunately, the 

ab~orpt~on ~pectra of certain glass compositions doped w~th 
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MnO are weak and poorly resolved154 . Furthermore, in phase 
, , 

separated glasses right is badly scattered and absorption 

spectroscopy i\ imp~ssible. Excitation spectroscopy is an 

alternative, the advantages of which have been previously 

discussed (Section 1.3.2). 

In sodium borosilicate glasses Mn2+ l~inescence 

consists of a high energy band be1ieved to originate from 

~2+ in tetrahedral sites and a l~w energy one believed to 
, 

arise from Mn 2+ in an octahedral environment ft~is will be 

discussed in further detail in Chapter 4). It is possible 

to measure the transitions of Mn
2+ in each of the two sites 

by using the correspondin~ission band to measure the 

• excitation spectrum. Bihgharn and Parkel54 measured the 

excitation spectra of divalent manganese in calcium borate 

and sodium borate gla~ses. They reported that the 

excitation spectra of these doped glasses correlated weIl 

with their corresponding (weak) âbsorption spectra. In 
dt' 

the present work excitation spectroscopy is used to locate 

the corresponding absorp~ion bands. 
1 

2.6.5 Energy Level Diagrams 

Two approaches are commonly used to calculate . 
the energy level diagrams for a dn configuration. The weak 

field Bcheme of orgel246 and the strong field approximation 

of Tanabê .and sugano245 " Both calèulations give equivalent 'J 
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results. The fOllowing method of calculat~on is from 

Ref. 154 and is used in Section 4.5 to calculate the energy 

diagram of Mn2+ in sodium borosilicate glasses. 

The weak field matrices of the quartet levels 

of a ds configuration are given by: .. 

lOB + SC 

22B + 7C 

4E (4 G,4D) 

---- 4D 

4D [l7B + .SC 
4G '0 lOB : scI 

--
4Tl(4G,~p,4p) 

4p ~p 4G 
4" 

P 228 + 7C 0 -0.441226 

4' p. 0, 7B + ~C· -0.894446 

4
G

" -O.44722A -O. ~9444A lOB + SC : 

J 

'C , 

1 
,j 

~ 

f 
f 
i 
i , 
1 

1 
\ 
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4T2 (4G, 40, 4F) 

4
F 4G 40 

4F 22B + 7C -0.65466l1 -0.755916 

4G -O. 6546611 lOB + 5C 0 

40 -O. 75S9ll1 0 l7B + SC 

Since the 4E levels are independent of the field 

strength (6), they give rise to narrow excitation bands 

which are thus relatively easy to assigne The levels differ 

in energy by 7B so B can be determinea directly from the 

excitation spectrum. 'the 4E (4G) level lies lOB + C, . .above 

the ground state, so knowing B, C may be calculated. With 

the values of Band C, the two 4TI and 4T2 matrices can be 

solved (diagonalized) for various values of 6 and hence 

the energy level diagram is ootained. 

2.6.6 Luminescent Oecay-Time 

2.6.6.1 Introduct ion . 

The decrease with time of thè nUmber of emitted 

~hotons from an excited state is xelated to the Einstein 

spontaneous transitiop probability by: 

(42) 

84 
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where dNi/dt is the rate of change with time of the 

number of ions (or atoms) ~n a given excited state and Ni 
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is the nuIDber of ions in that state. Integrating expression 

(42) with the initial condition that at time t = 0, Ni = No 

yields: 

= 

Expression (43) rnay be rewri tten as: 

N (t) = 
'-A t 

N e fi 
o 

The spontaneous transition probability Aft is relatéd to 
247' the radiative lifetime t of the transition by : 

, 
Replacing expression (45) in eguation (44)'yields: 

, 
N Ct;) = -t/l' Ne' o 

Since the intensity of the luminescence varies as the 

n~r of ions in the exeited state expression (46) may be 

rewritten as: 

( 43) 

(44) 

(45) 

r 1 -

~- '_ .: .. 71 . ') 

.. 
ri :. ' .. "7~."'''''' -." J.~./.~-<-
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I(t) = (47) 

If the emitting activators are in different environments 

then l Ct) will equa1: 

l (t) 
-t/T

O 
-t/T -t/t 

le' +Ie l+ Ie 2 
012 + ••• ( 48) = 

A decrease in decay time T may resul t fr~/increasing 

--------------activator concentrations. Different phenomena may be 

responsib1e for this behaviour. A higher actiyator level 

"can fapi1itate transfer of excitation energy from a Mn
2+ ion 

to a sink (impurity) that can tr~p the excitation and 

eventually dissipate it as heat. This' leads to a non

radiative decay (which is usually very fast) thus shortening 

tpe observed radiative decay-time. Another reason for a 

decrease of t in the case of spin forbidd~ 

that spin e~change or superexchang~ betwee} 

transitions is 

neighbouring 

ions is enhanced at'increased activator levels, these processes 

help to overcome the spin selection rule. 

2.6.6.2 Analysis 

Non-exponential decay in glasses activated with 

'Mn031 ,40,158 and Cr 0 122 has been reported. Sueh behav.iour 2 3 

is nct surprising sinee ~lass has a random network leadin9 

,f . ' 
'. 

1. 

1 
1 
1 

f 
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to a random distribution of envirorunents for the erni tting 

species. Thus to compare different non-exponential decay-

curves, a quantity inherent to these decay-curves must be 

defined. Andrews et aZ. 122 studying the radiative lifetimes 

'of Cr3+ in glasses de'fined an average decay as: 

co 
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't ,= J ~ l (t) dt/fI (t) dt ( 49) 
o o 

\ 
where I(~ is the experimental decay-eurve. T of expression 

(49) is ad~ually the averag'e tiine t of a distribution l (t) . 
\ , 

Thus it would perhaps be appropriate to refer to this 
\ 
\- -parame ter as \t rather than T. It is interesting te CDnsider this 

\ , 

parameter for \ingle exponential. In this case let) is 

equal to: J .. 

; 
i, 

& \ 
\ 

\ l (t) 

Replacing expre,ssion (50) in equation (49) ,a~d di~iding by 

Io yields: 

00 00, 

t =- J t ,'e -tï't' dt/ J e -t/'t' dt' 
o 0 

Inteqrating expression (51) by parts gives: 

, " , 

(50) 

" 

! 
,1 

1 . 
i 
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(52) 

The limit of the first term in the numerator is zero while 

the limit of the second term is t 2 . The limit of the J 

denominator is t. Thus for a single exponential decay-

curve expression (49) yields: 

t = t 
1 
J 

\ 

(53 ) 

And for t~is special case the average time t is indeed the 

decay time t. Although the quantity t defi'ned in this way 

does not represent the usual average (T) of the decay-times 

in a multi-component decay, it is a useful parameter for 

comparing different decay-cur.ves. J, 

For calculation purposes 1 equation' (49) \was 

necessarily approximated br a discret,e expression and the 
\ 

s~ation was carriea out over a f~nite interval [1.25 ms, 

27.5 ms]~ The lower bound~ry of which ~as chosen as close 

as possible to zero and the upper one as far as the 

experimental data permitted. ' Alth~ugh this introduces 

an unavoidable error in the calculated value of t, it is 

reasonable t-o suppose this would be a systematic one as long ~ 

as the integrating interval was the sarne for all.experimental 

curves. In other words, the error introduced by performing 

1 
f l, 
1 
1 
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a finite summa~ion should not affect the aompapison between 

different decay-curves. The integration was .carried out 
(, 

using Simpson's discrete approximationf . 

." ,~ 

.' 

o 

" 

t TèXas Instrument, Model TIS9, built-in program, Lubboch, 
,ITexas. 
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CHAPTER 3 

EXPERIMENTAL 

3.1 SAMPLE PREPARATION 

A large number of sodium borosilicate glass 

samples were prepared in 5-6 g bâtches, with compositions 

lying in and near the miscibility gap as determined by 
17 . Haller e~ aZ. (weight percent) and by Galakhov and 

Alekseeva18 (mole percent). As mentione& in Section 2.5.1 

sorne' discrepancie's e~is:t between the two phase diagrams. 
, . 

Glass compositions t. were init'ially selected on the basis 

'of the tie-line orientation proposed by Haller et at. 17 • 

Subsequent work led us to believe that Mazurin and 

Streltsina20 offer a more accurate representation of the 

tie-lines,' and later glas~ compositions were selected on 

the basis of their work20 • 

Analytical reagent grade materials (Fisher 
, 

Chemicals) were used. The different chemicals were weighed 

-2 'using a Mettler analytical balance (10 mg precision) . 

However, due to the volatilization of the materi~ls at high 

temperatures and/or their water content223 ,224, a correction 

tThese samples were kindly prepared by D.G. OWen, Atdmic 
Energy of Canada Ltd., Pinawa, Manitoba. '. .... 
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was made to the weighed startinq batches, on the basis of 

weight losses of the pure components, and chemical analyses 

of previously-prepared glasses. A typical yield at l300°C 

ls shown in Table II. 

Table II 

Sodium Borosilicate Starting Material and Yield at l300°C ... 

starting Material Yield After Glass Formation 

1 

Si02 :l mole 

'For glasses having a high silica content (above 

60 mol%) a melting temperatuie of 1400 0 C was required to 

bbtain a macroscopica11y homogeneous product. In these 

cases, the quantity of sodium carbonate starting material 

91 

was raised by 10%', to compensate for increasèd vo1atilizatiof!,. 

Finally, MnO was introduced by adding manganese sulfate 

(MnS04 ·H20) or manganous acetate (Mn(C2H3
Q2)·4H20) ~o the 

mixtures. The acetate genera11y gave better products, as 
- 1 

indicated by less intense discolouration, perhaps because 

decomposition of the,anion provided a reduclng environment in , 

the melt thus inhibiting oxidation of' Mn2+ te Mn3+.. 'flle mixtm::es 
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4' 
were then transferred to 95Pt-SAu crucibles (10 cm3 eapacity). 

Batches were sintered, at 1000°C for 1/2 hour, using a rapid

heating electric furnace t . Temperature was controlled by 

a Pt V. S. 1?t-Rh thermocouple. The mixtures were then fused 

at l200 0 C for 1 h before air e601ing them to room temperature. 
~~. 

The products were then erushed~ with a tungsten carbide 

lined baIl mill (IV 10 minutes), and returned eo the erucibles. 

Carbon powder (0.035 g), acting as a redueing agent, was 

then added either by sprinkling on the surface of the batch 

or by mixing. Better quality glasses were obtàined 

when the carbon was sprinkled, sinee a carbon residue 

remained after me1ting when it was rnixed with the batch. 
; 

The materials were then remelted at 1200°C§ for l h. 

The samples were th en quenched by dipping the cr~cible into 

water without,irnmersing the glass. Prepared glasses were 

,eut with an electric saw. They were then cleaned "by 

immersion in acetone in an u1trasonic bat~. 

3.2 SCANNING ELECTRON MICROSCOPE' 

3.12.1 
~l Il 

Introduction and Basic Principles 

The scanning electron microscope (SEM) was proposed 

by Knol1225 as ea~y as 1935. The first commercial one'was 

TModel ISOOA, CM Mfg. and Machine Co., Bloomfield, ~J. 
§ In high silicate glasses ~ third me-1t at 1400 o C, was. required 
to obtain a homogeneous glass. For such s~ples~ carbon 
was added only before the third melt. ~ 

./ \ 

.. 
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developed in 1965 by Stewart and snellin~26 usîng an 

227 electron detector proposed by Everhart and Thornley 

Figu~e 15 Shows~the block diagram oe a SEM. The SEM used 

in this work was one of the first on the mark~tt, 

although the basic principles are the sarne for almost aIl 

SEM's228-233, the followinq-description(applies specifically 

to this one. 

Electrons from a gun (a hairpin tungsten filament) . \ 

'" are accelerated to an energy between 1 and 30 kV. These· 

electrons pass through thr~e magnetic lenses and three spray 

apertures. The first two lenses act as con~d.ensers and the 

t~ird as an object\ve. The condensers demagfiify the image 

of the gun cross-over and the spray apertur.s remove stray 

electrons. Furthermore, a final aperture after the objective 

reduces the final solid angle of the beam. TheO objective 
1 

bri~gs the electron bearo to fceus af the specimen surfac~ 

A number of electromagnetic coils p aced above the objective 

control the p'osition of' the beam on the sarnple.~ The ,bearn 
o 

/ is 'scanned on the specimen in an X-y grià'pattern. The 

signa,l driving the beam is used to scan the cathode-ray . 

tube CCRT) in the sarne X-Y pattern so as 'to produee a similar 

but larger raster on the viewing screen. Magnifieation 

Ln SEM 1s defined as the ratio V:S, whère V and S are the 

~ia1s of the image en the viewing scœen and the region scanned, 

t Mark II Stereosean, Kent-Cambridge Scientific, Ine., Morton 
Grove, Ill. 

93 

.. 

-



" ~t;~~It':'o!_I"I!l"_t"'I!'JlI!SJi'll.Jle"""'_"_".s_S!(_~l!i""'._u~tJt'"""""'if"""I:'I_I!._,,_Jl);"""$ l_tA ....... "_. __ .-.. t:...,...!' .... ··_~t ....... t ..... b$4 ..,.1;. H'~l~U"""""""'~1,",,'t1'. # 11' t'iIr~'~.~Pet<-<*tl~~tl'i1'1'l'.j~"",,~~,,~ __ 

1 

,0 

o 

'\ 

Spray 
apirtur. 

1 
1. 

~-r~ 
1 
1 

~~rr~ 
1 

_1-

electron 
.gun 

1 
Mag n 

Focussing 
(enses 

objective 

control 

o 

'1 

~l ap= _ ....... --t~_> 
..-I ...... ~ .,. 

coUector 

" 
,<, .~ 

, l, 

f 

.' 

I
/{"", ",Fig. 15·: 

O '. " 
J .. ,~ ~ ... . . /" 

'jo, . '/ 
, " ';/ '; 

• ~ f ~ ~ ~ 

. / 
, ' 

/' v ~ .. , ~ " 

,.. ~ .)~ '1,: • " 

. , . 
, . , ' 

. ( l 
" Vacuum sy •• em, 

. 
.... 

Viewino 
tube 

<. 
t. ' t 

, ~ ; 1.- ~ 

J J" - • 
,~~ r ~ ~ 

- ,~ 

, .. . 
... 10 ' • 

, , ,-

Block diagrazp of a SEM; Modified after Ref. 231." 

. .. 

94 

• b 

" ' 

" 

., 
l 

, ,1 



,/, 

o 

. 
x 

/ 95' 

respective1y_ ,Actual1y there are two screens: one with a long 

pe~sistence'Phosphor for viewing areas under study and one 
.-

with a short persistence phosphor for taking pictures. 

3 _,2.2 Types of SignaIs Available 

When a specimen is bombarded by e1ectrons, 

different effects occur (Fig. 16). The most important are 

the production of X-rays, Auger 6,lectrons, light, back": 

scattered electrons and secondary e1ectrons. Depending on 

the detector used, the microscope is said to be operating 

in a certain mode. Two modes are of 1nterest in this wqrki ~ 

the emissive mode and the X-ray microana1ysis mode. ..--

3.2.2.1 .The emissive mode 

The ?etictor used in the emissive mode was 

developed by Everhart and Thorn1ey~27 (Fi~. 17). ,It detects -

secondary e1ectrons (energy 3-5 ev) which are attracted , , .' 
to~ard a F~raday cage he1d at a positive potentiàl (~ +250 V) . 

c-... ~ 

O~e inside the cage, they are' accelerated t6ward a 

scintillator, by a potentia1 of 12 kV. The 1ight pr?duced 

(upon striking the scintillator) proceeds through a perspex 

light guide to a photo-multiplier tube (PMT) situated out-· 
! , 

side the vacuum chambeE. Th~ current produced by the PMT 
, 

controls the brightness on the CRT and thus the image is 

-formed by differen~"contras~s. 

/ 
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3.2.2.2 Energy dispersive analysis of X-rays (EDAXt ). 

X-ray production 

Electron beam-solid interactions lead to the 

production of X-rays by two different processes. The first 

process, resulting from ~ore scattering, leads to the form-

ation of a continuous spectrum of X-ray energies from zero 

.up to the energy of the incident electron beam. The second, 

98 

resulting from inner shell ionization, leads to the formation 

of the characteristic spectrum. The continuum is subtracted 

from the characteristic in the. spectral manipulation. 

The EDAX detector is a lithiurn-drifted silicon 

crystal with a beryllium window. Figure 18 shows the 

schernatic of an energy-dispersive spectrometer. X-ray signaIs 

are transformed ta charge pulses 'by the bias applied to the detector 

then to voltage pulses by the preamplifier. The signal is 

then afuplified and fed to a multichannel analyzer (MCA) where 

the pulses are sorted by voltage. They are then displayed on 

a CRT. 

spot. 

above. 

The sample can be analyz~~ in three different ways: 

(i) Spot analysis 

c 
The electron beam is focused and held on one single 

~ 

The generated X-rays a~e processed in the way··described 

The spectrum of aIl th~ detected elements is viewed 

'tMOde1 SOLA, EDAX International, Inc., Prairie View, Ill. 
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on ~he CRT screen. The spectrum obtained is usually stored 

in the MCA memory. The electron beam is then moved to 

another spot and another spectrum is obtained. The energiss 

or the bands as weIl as their intensities may be compared 

by simultaneously viewing the two s'-peetra. 'One can also 

print the position of the peaks as weIl ~s their intensities. 

The scale on the screen rnay be expanded for better cornparison 

of twa,superimposed peaks. 'The count is dane for a fixed 

time (generally 100 s is eno~gh}. A ch art (usually 
" . ~ provided by the manufacturer) gives aIl the characteristic 

energy lines. . " 

(ii) Line scan 

The focused electron' beam is scanned along ~'-ilne- '~~_. -- ...... 

(X or Y direction). In this mode the detector window is . 

set to analyze only a certain characteristic X-ray energy. 

The final signal seen on a micrograph is superirnposed with 

a trace of the scanned line and a background scan. The 

latter confirms that the signal is not due to any topograph-

ical feat ures • 

, 
1 

(iii) Mapping 

The electron beam i9 scanned on the" spec~en in 

an X-Y grid pattern. The detector i8 set up to detect the 
. 

characteristic X-ray energy of interest. The domain~ 

" ' 
o.' 

~'I ______________ ~_~~,_. __ ~~ê,_';:,_'_' ••• '___ 
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analyzed should be large enough and their concentration above 

," . 
the noise level (usually 4 wt% is enough for a good mapp~ng). 

Here also a background mapping is required to ensure that 
o 

the patterns observed are not due to any topographical 

effects. Every tirne a characteristic X-ray is detectec1 a 

bright spot appears on the CRT. The superimposition of all 

the spots form the image. 

3.2.3 Major Factors Affecting the Resolving Power of SEM 

"The resolution
4

'bf SEM is the smallest distance 

between two separate features of the specimen which permits 

these features to be reliably distinguished in the 

. image,,2i9 • Whire this definition lacks precision it 

emphasizes the dependence of resolution on both the u specimen 

and the instl;iument. 

Emissi ve mode .. 
S:E'0t size and tle:E'th of field 

The resolving power of SEM cannot be better than 

the diarneter of the electron beam spot size. Furthermore, when 

the incident beam strikes the sampIe, the electrons are 

scattered within the sample thus making the effective area, 

from which the secondary electrons are cOllected, larger 

than the physical size of the beam. MoreoveF' the penetration 

. . ' 

1 
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of the beam inside the sample depends on the accelerating 

vol tage and the nature of the specimen. It would be very 

real:.istic to put the beam size between 10 and 20 nm and 

the" resolut'ion typically ~ times the beam diameter
2 

30 . 

~stigm~tism and aberrations 

102 

Astigmatism is the result of asymmetry in the pole 

pieces of the objective. This will gïve an elliptical final 

spot. This d'efect cart be minimized by ensuring that the 

final aperture is maintained clean. 

Aberrations can be divided in two groups: 

spherical and chromatic. Chromatic aberration is due to the 

energy spread of the electrons. The focal length of the 

object~ve is shorter for electrons of lower energy. This 

produces a blurred electron spot. This type of aberration 

is mainly due to change in the accelerating voltage-TIl 

the electron gun and to current-variation in the electro-

magnet;i.c lenses. Spherical ,aberration is the' major factor 

limiting the electron beam diameter. Electrons passing 
, . 

through the axis of the lens até brought to focus in a 
"'

different plane than those off the axis. This defect cannot 
, 

be avoided but is. minimized by ensuring that the final 

aperture (Fig. 15) ,is set to give a sma11 final 'solid 
", 

angle. 

, ; 
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Charging on' specimen and nojjse 

If the sample to be studied is a non-èonducting 

sample, cOated wit~ a conductive materiql to 

avoid any tatie charging on thè specimen. Even in 

so doin~, pne cann t entirely eliminate this effect. 
\ 

Because the image is time-resolved, a distortion is pbserved 

only in the final image. 

The main source of noise in SEM operating in the 

emissive mode is caused by the secondary electrons produced 

by baekscattered primaries. This unwanted background 

.affects the contrast and therefore the resolution. 

3.2.3.2 EDAX mode 

'Resolution in the EDAX mode performing a spot 

analysis (spectral resolution) is definèd as the full' 

,wi~th at half maximum peak intensity (FWHM). However, 

this definition no longer holds when an X-ray mapping 

or a l1ne scan are performed (spatial resolution)" Rather 

than d1scussing resolution itself it would be more 

appropriàte; in a qualitative analysis, to comment on D 

the detection limit of the instrument. When sampling 

over a wide energy interval (spot analysis) a ehara'eter

istie energy peak i5 dete~ted if the peak to baekgroùnd 

ratio is high enough. usually 4 wt% of an element 

l;' 
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Q 

wi th atomic number ~ lIt gives a peak to background ratio 

of three. Furthermore, if domains are to be examined they 

must be large enough (IV 1 l1m across) since the intensity of 

X-rays produced is determined by electron beam scattering 

and penetration rather than by the beam diameter. Therefore, 

are as below 1 }.lm in diameter cannot be successfully analyzed. 

Moreover, the beam diameter is increased in size (by changing 

the spray apertures) to allow an optimum count rate (bet~een 

2000 and 3.000 over the whole range). When performing a 

1ine scan the island under study must be separated (to avoid 

any interaction) from other particles by at least 1 l1m. The 

sarne remarks apply also for X-ray mapping. 

3.2 •. 4 Specimen Preparation 

One of the great advantages of SEM is that 

- ..::.._-~ ----specimens can be _ examined_ with little or no preparation 

(compared to TEM where extremely thin samples are needed) • 

Therefore, bulk samples éan be studied as long as they do 
,.' 

not exceed the maximum specimen size suggested by the 

manufacturer' (12 mm in diameter) • 

Phase-separated glass samp1es were etched in two 

different ways to enhance distinction between the phases, 
. 98 

due to their different etch rates : with water (5 or 20 s) 

for x-ray microanalysis or with 0.5% HF (10 or 15 s) for SEM. 

o 

t'Elements with Z < Il cannot be detected because their X-ray 
photons are absorbed .by the beryllium window of the detector. 
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The samp-1es were then glued to specimen ho1ders (aluminum 
.-. 

·stubs) with a 'conductive carbRn paint (Aquadag). The 

specimens were~ sputtered with a thin layer of gold 

105 

(200 Â) '- to avoid charging problems when dea1ing with 

insu1ating samp1es - in an ionized argon atmosphere (0.1' Torr) • 

They were then transfer~ed to the specimen chamber of the 

SEM. 

Finally, the optical column was evacuated in 

stages by rotary and diffusion pumps, to an operating pressure 

of 10-5 - 10-6 Torr. 

3. 3 BEAT TREATMENT 

3.3.1 

1 
1 

Ovens and Temperature Çontrollers 

A cy1indrical oven was used for thermal treatment 

J '. experiments. The heating ele~ (nichromet , R = 52 n) is 

wound on a ceramic tube havin~~ outside diameter of 7.07 cm 

and an inside diameter of ~:14 cm. With good insu1ation, 

/ 

() 

temperatures of 1000°C ar~ eas~y reached. The ceramic 
. 

bore-can accommo~ate a q~artz tu~e, thus a110wing control of 

th~amPle atmosphe;-e. , -'Dry nitrogen was used in most 

experiments. The oven' is powered by a single phase silicon 
-'''- - / " ." § 

control1ep rectifier! (SCR) power package. The latter 
1 

uses a separate 240/ V 1ine capable of delivering a current 

~Kind1y provided by the Physics D~artment of 
McGi1l Un~versity. ) 

§ Mode1 LNl-2430 Halmar E1e'ctronfcs, Inc., Columbus, Ohio: 

-, ' 
, ' ~ 
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of 30 A. A controller t (using a Pt vs 10% Pt-Rh thermo, 
couple having its junction placed at the hottest point) 

controls the oven power supply. Since the control 1er has 

a linear set-point potentiometer for temperature ranges, 

counter settings do not agree with temperature over the 

entire range. A second thermocouple (chromel vs alumel), 

with one junction "l?laced near the sample and the reference 

in ice, measures the temperature. To avoLd any unwanted 

junctions, thermocouple alloy wire§ was used as an extension 

wire to connect thermocouple sensors to the instrumenation; 

or:,he accuracy of the measurements with this arrangement i5 

typically ± 1°C at 700°C. 

3.3.2 Clearing Temperature Determ~nation 

The oven was heated gradually to the required 

temperature. Samples, placed in pl~tinum. boats (typically 

0.81 cm3 ) were introduced in the quartz tube. The latter 

'was pumped down and then flushed with nitrogen. This 

" procedure was.repeated 4 or 5 times to ensure a ,nitrogen 

atmosphere inside the tube which was then intraduced into 
ff the oven. After the heating time was elapsed , the sarnples 

, . 
were quenched as fast as possible ta Ioom temperatu~e. - They 

tElectromax III model 6435 Leeds and Northurp Company, North 
Wales, PA. 

§ AlI thermocouple materials are from "Omega 'Engineering, Ine. If 
Stamford, CT. 

ffHeating periods ranged from 15 min (above 900°C) up to 10 
days (at 600°C). 

- ,-
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w~re then.vi~uall~ examined for phasè separ~tion (cloudy . . 

appearance). If the samples were pha'Se separated', we could 
ç. 

-------con,clude that the heating temperature T was below the clear-

ing temperat~re ~c •. S~ples with the same composition were 

then subjected to successive heating, at T:1 , T2 , T3 , .0_' Tn 

~ith AT = IODC, until the quenched samples appeared clear. 

A h . h h . ( h t t at pOl.nt, t e eatl.ng temperature Tn was above Tc and t e 

clearing temperature was' determined by Tc = (T l+T) /2 + SoC. n- n 

On the other hand if upon the first heat treatment the 

samples were clear, t~e oven -ternperature was lowered by 0 

decrements of lOoC, 'until phase separation was observeq. 

Although visual examination was usually adequate for clearing 
• 

temperature determination, selected samples were also 
. 

examined by SEM. This,is because long heat treatment 

periods could crystallize the glass surface, giving the 

glass an opaque or opalescent appea:ç-ance. In such cases a 
; 

"confirmation of phase sep~ratian by SEM was recommended. 

Bet~een sam~s the piàtinurn" boats were cleaned with a 

concentrated solution of HF. 

3. 4 LUMINESCENCE 

,3.4.1 Sample Prep~ration 

Samples (typical,ly 1 mm x 0.4 mm. x O. 8 mm)' were 

poli shed manually' with silicon càrbide sandpaper '(240, 32Q, 
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, 
400 and 600 grit) ,ând then with diamond compound (3,000 mesh 

equivalent) • Polishing movement was done in a figure eigl1t· 

pa~tern. This movement gives fIat surfaces-because the 

pressure bn the sample is equally distributed over the' 

whole polished face.~ Samples· having two faces poliShed 

at right angles were then cleaned with .. a solution of carbon 
~> 

tetrachloride.. They were then glued t to a sample holder. 

The latter could be rnoved up or down, backward or, forw.ard 

and fropl right to left. 

3 .. 4.2 Light Sources 

3.4.2.1 Xenon arc 

\ 

A high-pressure xenon ciiu~C'§ (1000 W) was used, as a· 
wide bartd light source. Its spectral irradiance is fairly 

smooth except for a small region near 465 nm (Fig.. 19).. It . . 
is ,a practical, high.-intensity light source (20 l.lw/cm2._~ 
at 50 cm, in the visible) that allows the selection of .any , " 

, 

1-..._. 'wav~length over a large spectral range. 

; 
1 • 

3.4.2.2 ,N.itroge~· la§ler " 

. ' 
The nitrogen laser 'is a p'raétical e)(citation sourcè 

for Mn2+ in glasses.. The Mn2+ a;bsorption spectrum 'in spdi~. 

1-~um base, Life SaveJ;s L,td., Ontario, Canada. ' 

. §.xodel C-60-S0 Oriel Optics 'çorp?rati:'on, Stall\ford, Conn. 
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borosilicate glasses has. i ~s high energy absèrption band centred at 

355 nm. Therefore, the ernitted light of the N2 laser 

(337.1 nm) excites'the shoulder of the high energy absorption 

ba~d. A commercial nitrogen lasert (capable of delivering 

flashes of 68 ~J when operating at 18 kV with a frequency 

f '20 H ) dB' h ' ., f 2+ o z was use. ecause t e em1SS1on 0 Mn cornes 

from the lowest energy level, it was necessary (for the 

purpose of comp~rison) to have a pulsed ~ight ~ource capable 

of exciting the lowest energy level of Mn2+ (420 nm). For 

this pu;pose a dye laser§ was used. 

3.4.2.3 Dye laser 

~he dye laser components (Fig. 20) are mainly_two 

mirrors Ml and M2 (M2 ,being a semi reflective mirror), one 

dye cell C and a spectrosil BIens L. The dye cell C and 

the lens L can move backwards and forwards on a small 

optical bench (rail). Two screws SI and S2 fix the position 

of Land C on the rail. Three small screws behind the 
.1 

mirrors can tilt them upward or downward and from le ft to 

right. Furthermore, the distance of the mirrors to the dye 

cell can be changed. The two tupes Tl and T2 are used to 

fifl the cell wi th the appropriate dye or to circl,llate the 

latter in order to avoid any overheating. Final1y, three 

. tMod~l LNIOO Photochemical Research Associates Inc., London, 
Ontario, Canada. 

§Designed in our laborat~ry, the necessary pieces were made 
br Mr. F. Kluck, machine shop, Chemistry Department, McGill 
University. 
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screws 53' S4 and S5 control the position of the whole dye 

laser with respect to the incident beam. The latter, 

focused by L, strikes C (Fig. 2l), the dye lases and' the 

emitted light follows path I. The rays refle~e~ by Ml 

cross C and follow path II. Part of the rays follow path 

III while the other part is reflected by M
2

,,; crosses C aqain 

and so on until good light amplificatÏon is obtained. A 

part of the amplified ~ight follows Path III and 50 on. 

A nurober of ~rganic dyes lase in the 420 nm region 
.-

(when pumped by a N
2 

laser). Among them are Bis'-MSB234 , 235 

Carbostyril 124236 , ~opop237-239 and finally Coumarin 120240 • 

The most convenient dye with ~ts lasing band centered at 

aa. 420 nm and having a relatively low t~hold i5 Popop 

• '\il 

Sci~tillation grade Popop 
\ 

(Kodak Chemicals) was dissolved in spectroscopie-grade 
J ,~'''" 

toluene (Popop concentration 3.4lxlO-4 M). Before being 

fi11ed the dye cell was rinsed twice with the solution. 

A monoehromator was set to measure the lasing wavelength. 

It was found to be between 411 nm and 428 nrn, with a peak 

at 419 run. 
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3.4.-3 Experimental Arrangement 

3.4.3.1 Fluorescence 

Figure f2 shows the experimental arrangement used 

in luminescence emission spectroscopy. The exciting light 

obtained from a 1000 W Xe arc is filtered by a water filter . , 
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(mainly to remove high intensity I .. R. generated by the Xe 

~rc) and focused on a monochromatort . Two band-pass filters, 

FI and F2' decrease the spectral range of the exciting 

light to the area of interest (ca. 420 nm). The mono-

-~~hromator select~ a particular wavelength which is focused 

on the sample by L2 . The emitted light is collected at 
, 
right angle by L3 and focused on the slits of a spectro-

meter§ by L4' Two U.V. c~t-off filters e1iminate unwanted 

stray light reflected b~he sample. A photomultiplier 

tube (PMT)~, powered ~ a high voltage power supplytt, 

transforms the ligh0gnal into ,an electrica1 signal. The 

latter is then transmitted to a preamplifier. After 

amplification the signal is recorded on a strip chart-

tModel 27180 Bausch and Lomb Opte Co., Rochester, N.Y. 

§Model 1702 Spex Industries Inc., Metuchen, N.J. 

fThree PMT's were used: 
1. EMI 9558Q8 (response from 200 to 850 nm) EMI Gencom Inc., 

Plainview, N. Y. 
2. Hamamatsu multialkali R928 (response from 180 to 950 nm) • 
3. Hamamatsu GaAs R943-02 (response from ~~O ta 920 nm). 

Hamamatsu Corporation, Middlesex, N.J. 

tTHewlett Packhard, mOdel 6516 A, Berkeley Heights, N.J. 
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. t 
record~r. When low-temperature measurements were required, 

the sample was mounted in a cryostat§ (for more details 

on the cryostat consult Ref. 128). Various optical 

elements were shielded with cardboard and covered with 

black clotho Furthermore, the experiments were done in 

a dimly lit room. Atl ,~hese precautions were necessary 

in order.to eliminate ~ll possible sources of stray light. 

The sarne precautions apply for the different experimental 

arrangements (decay time and excitation). 

3.4.3.2 De-cay time 

Most of the contents of his paragraph have been 

extensively coveredl28 . We present a concise 

description of the experimental set-up. Exciting light 

from a pulsed source is focused on the sample by LI (Fig. 23). 

A filter, Fl' eliminates the stray light coming from the 

source. The emitted light from the sample is collected at 

,right angles by L3' and th en filtered by F3 and F4 . A PMT 

transforms the col~ected light to an electrical signal. 

The latter is amplified and fed te a transient digitizer ff 

The signal is then transferred te a computer'time averagertt 

tMoseley 710113 Hewlett Packhard/Meseley Division, Pasadena, 
California. 

§oxford Instruments Model CF-IOO, Annapolis r MD. , 

~Biomation model 6l0B, Cupertino, California. ~ 
ttCAT model CI024 Varian Associates, Palo Alto, California. 
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<CAT). The"latter will store and average a certain numb~r 

of spectra. This procedure irnproves the signal to noise 

ratio. Finally, the signal is recordeq on a strip chart 

recorder. A~ oscillosc6pet coupled to the biomation allows 
, r .-the viewing of each spectrum transmitted by the biomation 

. to the CAT. 

3.4.3.3 Excitation 

Figure 24 shows the experimental arrangement of 

the apparatus for recording excitation' spectra. The 

exciting light from the Xe arc is filtered by a water 

fil~~r and focused on the slits of a monochromator. The 
1 

scanning device of the latter' .has a potentiometer attached 
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4 " 
to ib via a cogwheel. The potentiometer drives the X axis 

of an X-y recorder§. Any change in the monochromator 

setting will change (in synchronism) the penIs 

position on the X axis of the recorder. The exciting beam 

coming out of tbe monochrornatôr is split in two by a quartz 

window, W. Approximately 10% of the intensity,is used as 

a reference and processed by a PMT to a divider. The rest 

of the intensity (90%) is used to excite the sample. The 

emitted light is collected as âescribed previously (af. 

Section 3.4.3.1). The signal coming out of the spectrometerls 

tTektronix model 475A, Beav>erton, Oregon. 

§Model 2000 Omnigraphic Houston Instrument, Austin, Texas. 
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~MT i5 fed to a divider. The latter divides the sam~le's 

signal by the reference signal. This dividing procedure 

was necessary because the Xe arc has ,spikes ih tne 465 mm 

region (Fig. 19). These spikes contribute to unwanted 

bands (Fig. 25). Finally the signal corning out ,of the 

divider is used to drive the Y axis of the recorder. 

3.,4.4 Lenses and Filters 

121 

AlI the lenses used in tl}ese experirnen~s were made. 

~ --';-from 'spectrosf'L B and have a diam.~ter of 50 mm and a focal!) 

length of 50 or 75 mm~ The filters used were made by 

<:) " ,.co~inq! (C), Mèlles-GriotS (M) or Balzers~ (B). Balzers 

t • 

and Melles-Griot filters are interference band-pass filters. 

Their pasri~---are-;espec~o and la nm. The 

f~llowing table summarizes the differ~~t fi:Iters u~è jn 

------. --different arrangements. 

. , 
1 
1 

. \ '. 

1 
- 1 

---. " 

. . ' . -

tcorning Glass 
§MelJ,.es-Griot, 
f 

Works, Corning, N.Y. 
Irvine, califbrnia. 

Balzers, Toronto, Ontario. 
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Chapter 4 

,. RESULTS AND DISCUSSI0N 

MANGANESE (II t A SPECTROSCOPIC PROBE 

Introduction 
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Although Mn
2+ luminescence in glasses has been 

wide:ly"studied (cf. Chapter 1) 1 so.far no work on the optical 
2.:+ properties of Mn' in sodium borosilicate glasses has come 

to our attention. Bingham and parke154 studied the 

fluorescence spectra of sodium borate and sodium silicate 

doped w1th Mn 2+. Theyoreported that sodium borate glasses 

exhibit only red fluorescence, while only the green is present 

in the silicate. Thu~~ne might expect both red and gr~en 

:emissions from- Mn2+ in sodium borosilicat~ "glasses. This 
, 

indeed proves to,be the case. In other typ~s, of g1asses 

sorne authors30 , 39,15 7 pescribe the colours of t.he two' 

characteristic Mn2+ emissions as varying fro~ green te dark 

red. In the prese~t work these two bands will be iabelled H 

band (for high energy "green" band) and the L band (the low 
. 

energy '"redIt band)._ Tlüs avoids the difficulties inherent 

" in using colours to describe bands, especially when there 

are shifts which can send a~gree~ band ~nto the rê4 region 

of the spectrum. 
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4.1.2 Dependence of Mn 2+ Luminescence Spectra on MnO 

Concentration 

A glass of the consolute composition in the sodium 
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b9rosilica~e system (molar composition 6.3Na20.23B20 3 ·70.7Si02) 

'was chosen for this study'. The sarnples prepared had MnO 

concentrations ranging from 0.02 wt% to 5.33 wt% (Table IV) . 

Luminescence spectra were obtained by excitation at 355 or 

120 nm, both of which correspond to strong absorption bands 

of Mn2+ in silicate and borate glasses162 For a given 

sample the sarne luminescence spectrum was obtained with either 

excitation wavelength, but the-420 nrn excitation gave more 
r-' 

intense luminescence. Two bands (H and L) were ~resent in the 

emission spectra ,Olf these .samples as shown in 'Fig~ 26. As 
~ ~ a 

the canceneration of MnO was' increased (0.02 wt~ to 5.33 wt%) 

the H band shifted from 550 ta 608 nm while the L band 

shifted from 630 ta 655 nm. The relative heights of the two 
" 

bands (H/L) also changed with increasing MnO concentration: 

from 2.14 (MnO = 0.02 wt%) to 0.45 (MnO = 5~33 wt%), these 

results are summarized in Table IV. 

It·~s clear that Mn2+ lurnin~scence depends~an the 

activator level and that increasing the'Mn2+ concentration 

leads to quench.ing <::if the H band lurninescel1t intensity . 

relative to tnat of the L band (the H ban&being nearly 
, 

èompletely quenched when the MnO concentration reaches ca. 

5 ~t%). 
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Table IV: Band Positions and Relative .Heights (H/L) as a 

J 

FunctiQ~ of MnO Concentration (Conso1ute POint, 
\ 

Mo1ar Composition : 

. 
aJ'band Sample Weight% L band Relative Height 

MnO (nrn) . (nm) H/L , 

, . . . 
MnCON-5 0.02 ~50 630 2.14 . 
MnCON-4 0.04 550 630 2.08 ., 

" 
MnCON-3 0.09 55.8 630 1.81 

MnBS-2B 0.18 ··577 633 1.28 
.. , . 

MnCON-2 0.35 580 635 1.28 i . . 

MnCON-1 0.89 600 640 0.94 
. , 

MnBS-2C 0.89 600 640 ..__________(lA ~ . 

f--' ....--~ 
~. , . 

MnBS-2D 1.78 608 0.76 

- .....--------------- , - . . , 
MnBS-2E 5.33 " 608 655 0.45 

The doping materia1 in MnCON-1 ~ 5 was introduced as MnS04 'H20, 

whi1e in, MnBS-2B + 2E it was introduced as Mn20 3 • No 

'difference in the luminescence spectra of MnCON-1 and 

MnBS-2C was found. Excitation wave1ength = 420 nm. 
1 
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4.1.3 The Choice of MnO Doping ~eve1 

From the preceding. discussion, there is an, MnO 

concentration dependence for both the band peak positions and' 

for their relative heights (H/L). The H band is more 

sensitive to the concentration of MnO than is the L band 

(Table IV). T? best ?tilize these spectral changes for 

studying the glass, an optimum doping level should be 

determined. This optimum level will result from a balance 

between the shift and the dependence of H/L on concentration: 

Figure 27 shows how the mo~t sensitive concentration range 

~ was established. The left-hand scale of Fig. 27 gives the-

dependence of the position of the H band on MnO concentration 

whi1e the right-hand scale gives the r~lative heights (H/L) 

as a function of MnO concentration. Thus concentrations near 

the intersection of these two curves in the figure (~ 0.2 to 

0.6 0 wt%) will be optimal from the point of view of maximizing 

the spectral variations with respect to any morphological 

changes in the glass that would affect the Mn2+ concentrations. 

4.1.4 Dependende of Mn2+ Luminescence Spectra on Glass 

Compositïon ' 

Samples with compositions along the 650°C isotherm 

17 of the miscibility gap (see Fig. 28) were prepared for this 

study because they allow large variations in glass 

compositions (Table V). Based on previous considerations, 
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Table V: Glass Compositions, (in weight percent) of the Sampl"es 

Shawn in Figure 28. 

, Compos i tion Weight% 

Sample 

Na20 B20
3 

Si02 

MnBS-20 4.19 58.88 36.93 

MnBS-21 8.00 60 •. 00 32.00 

MnBS-22 11.00 57.00 32.00 , . 

MnBS-23 12.18 49.90 37.92 

MnBS-24 12.18 39.92 47.90 
, 

MnBS-25 12.18 29.94 57.88 
, 

The samples MnBS-20 + 25 have 0.27 weight% MnO which was 
introduced in the glass as Mns.o4 ·H20~ 

~, the MnO doping level was fixed at 0.27 wt%. Here also, two 

bands (H and L) were observed (under 420 nrn excitation). The 

high energy band centred at 593 nm (MnBS-20) shifted ta 

553 nm (MnBS-25) while the low energy band shifted from 

638 nm (MnBS-20) to 627 nm (MnBS-25). These results are 

summarized in Table VI. 

Figure 29 shows the emissian spectra of three selected 

samples along the 650°C isotherm, shawing that increasing 

the silica corîtent shifts the H band toward higher energies 

and enhances its intensity. Thus we conclude that the Mn
2+ 

, 
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Table VI: Band Positions as a Function of ~lass Cèrnpos i tion 

,20 to 25 (ftWO = 0.27 wt%). 

0 

Sample " R band, (nm) L band (nrn) 

, , 
, 

,MnBS-~O 
. 

593 638 
, . 

MnBS-21 593 638 

MnBS-22 593 635 

MnBS-23 588 635 

MnBS-24 570' 
, 

630 . 
• 

MnBS-25 553 'p 627 

. 
Excitation wave length: 420 nrn •. 

luminescence (for a given MnO concentration) depends on the 

glass compost tion . 

4.2 MORPHOLOGICAL STUDY OF SAMPLES ALONG ONE TIE-LINE 

OF THE 7QOoC ISOTHERM 

Introduction 

From the previous discussion (Section 4.1) it 1s 

clear that Mn2+ luminescence in sodium borosi1icate glasses 

depends on both the concentration of the activator for a . 

g1ven glass composition and on the composition of the glass 

for a particular activator level. To study the effect of 

?hase separation on Mn2+ luminescence, the nature and 

' .. 
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approximate composit,ion of the separated phases must bè 

known. Tie-lines provide the meanS-:?:UCh .stuci"ies., Indeed, 

an~ glass composition within the two-ph se'region bounded 

by a particular isotherm will, upon ap opriate heat-

treatment, separate into two phases with compositions given 

by the ends of its tie-line. The relative amounts of the 

two phases may be found from the lever rule (Section 2.5.2). 

Fiqure 30 shows one of th~ tie-lines of the 700°C isotherm20 • 

Let, for example, point C represent the total glass 

çomposition, and let the ratio CB/CA = 1/4. At 700°C the 

glass will be composed of two phases, one of composition A, 

the other of composition B, their volume fraction being 

. A/B = 20/80. Considering a doped glass, if Mn 2+ remains 
~-

0' 

uniformly distributed after phase separation, the luminescen~e 

spectrum of C, after heat-treatment, should be a composite 
/ 

of ,the two different spectra A and B in the 'l;'atio 20/80. 

If, on the other hand MnO concentrates in the boron-ri ch 

phase t upon heat treatrnent as in 'he case for ~nol05 and 

coOll2 in sodium borosilicate glasses, an effective increase 

in Mn 2+ concentration will result~ For example at 700°C 

the 'nolar concentration of MnO (originally 1%) will becare: 1% x 100 = 5% 
20 

in the boron-rich phase of the phase separated sample. The luminescence 

tSince tie-lines cross -the miscibility gap at a small angle to 
the -B203' 5.i02 axis, the phase composi tiens are conveniently 
describeq as boron-rich .and silica-rich. Note that sodium 
(like many other network modifiers 9 ,105) tends to concentrate 
in the boron-rich phase. 

/1 
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spectrum of C shou1d tberefore b'e the same cas one wi th f ive 

times the concentration of MnO and with the composition 

corresponding to tha t'of the boron-rich end Qf the tie-linè. 

Thus, both cases should result in an observable change in 

, the fluorescence spectrum upon· phase sepa;:.c:t tion . 

4.2.2 . Glass Composition and MnO Concentration 

One of the 'aims of this work was to study micro-

135 

structural changes in glasses. We therefore, undertook a 

careful morpho1ogical examinat~on of MnO-doped,glasses needed 

for the spectroscopie study. 

'Ten glass composïtions {Table VII} were selected 

al'ong one tie-line of the 700°C isotherrn' ,(Fig. ~l) as 

determined by Mazurin and Streltsina40. Two MnO doping 

levels were chosen: O. 4 weight~ (MnBS-30AC4 -+ MnBS;::,39AC4) 

~nd 0.6 weight% (MnBS-30 + MnBS-39). Four different glass 

compositions, two at each ~nd of the tie-line jglasses 30 

and 32, glasses 37 and 39) were doped with different, levels 

of MnO (Table VIII). Since a correction was made to the 

weighed starting ba tches (Section 3. 1) 1 i t ,was necessary 

to' verify the glass compositions. The analysis was done by 

t atomic absorption spectroscopy Five sarnples were selected . 
for this purpose. The results of the analyses agree fairly 

weIl with th~ expected glass cornpo~:;itions (Table IX). 

t . 
The analyses were kindly per;orined by B. Sanipelli, Atomic 
Energy of Canada L~~., Pinawa, Manitoba. 
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. . 

", ~le VII: ~lass Compositions Along the 7eOoC Isotherm 

(Figure 31:).,' .' 
-

.:.:...--. <> 

- ...",.--- Molar Composition 

Samp1e 
, 

- . 
Na20 B20 3 , Si0

2 

-

MnBS-30 . 
MnBS-30AC4 7.99 52.06 39.94 

, 
MnBS-31 .. 
MnBS-31AC4 7.43 50.28 42.29 

MnBS-32 ~ 

MnBS-32AC4 6.87 48.60 44'.52 . 
, . . 

MnBS-33 n . 

MnBS-33AC4 6.25 46.53 47.22 

MnBS-34 
, a , 

.~ 

MnBS-34AC4 4.51 41.00 '54.49 . 
MnBS-35 
MnBS-35AC4 3.79 38.77 

'0 

57.44 

MnBS-36 
36.59# MnBS-36AC4 . 3.09 60.31 

MnBS-37 . 
MnBS-37AC4 2.40 34.43 63.18 ,'-

-
MnBS-38 
MnBS-38AC4 1.70 32.17 6,6.1'3 

MnBS-39 ~ 

MnBS-39AC4 1.01 29.96 69.03 
-

The' samp1~s MnBS-30 ~ 39 have 0.6 weight% MDO which was 
introduced in ~he glass as MnS0 4 ·H20. 

, 

The samp1es MnBS-30AC4 ~ 39ÂC4 have 0.4 weight% MnO which was 
introduced in th~ glass as Mn (CH 3COO) 2' 4H20." 

• 1 

, 

• 

l' 

• t 

1 
i' 
1 
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Tab~é VIII 

Weight% 
.MnO 

~ 

-
0.0 

O.~ . 
• 

0,.2 
. 

0 .. 3 '---l' 

0.4 

0.6 . 
- '. 

0.8 

1.0 . 

- '2.0 . 
4.0 . 
6.0 

Gl~es 30, .32, 37 and 3.9 (Molar Composition' 

Giv~A in Table XVII) With Different MnO 
" , 

Doping Levels. 

\ 

MnBS-30 
. 32 37 39 

" , 

'. . 
ACQ ACQ ACQ ACO 

- - ÀCI -. . , . .. ~ 

- - ,AC2 AC2 
, 

Ac3 ' AC3 1 . . - -. 
~ 

\ - : .. 
J 

\ 
"-AC4 AC4 • AC4 AC4 

" 

\ AC6' A~6 . - AC6 AC6 
-' , 

, . 
\ - • - 1 

ACa ACB , : 0 

. 
ACIO AC10 ACIQ 1 -

" 
~ ù 

AC20 AC20 - .... 

AC40 AC40 - . -
AC60 AC60 1 - -

" 

1'38 

, 

. ' 
-
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Table IX: ~alysis Report of Mn-Doped sodi~ Boroai1icate 

G1asses. 

-. Composition 1 weight% , observed/calculated 

Sample 

" 5i02 B.î°3 Na 20 MnO 
\ ,. 

, ~ < 

MnBS-39AC4 64.6/65.88 31.4/33.13 0.9/0.99 0.4/0.4 
" 

MnBS-32AC60 37.5/41.23 48.6/52.14 6.3/6.56 5.4/6.0 
> 

MnBS-30ACO 35.9/.36 :81 56.3/55.59 7.8/1.60 -
. 

MnBS-37ACl.O 60.2/59.86 . 35.3/37,-79 1.7/2.,34 1-.0/1. 0 . 
-

MnBS-37ACO 61.0/59.86 ~~.4/37.79 1.7/2.34 -
, 

The precisi9n on the'measureme~ts i5 5%. l ' 

4.2.3 Microstruct~rà1 Study 

4.,2.3.1 Clearing temperature 

'" 

-. 139 

-. 

Recently, Kawamoto~ Clemens ~~d Tomozawa241 stud~ed 

the effect of Mo0 3 ~~ phase separation of SOQium borosi1icate 

glasses. ~hey concluded that the addition of srna11 amounts 

of M00 3 widen the miscibility gap of the system and raise 

the immiscibi1ity temperature by 18°C for each mo1% added. 

It was'therefore necessary to determine at the outset 

'.' -whether the addition of small amounts of l1n0 also affects 

the process of phase' separation, or the position of the 

1 

" ! 
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immiscibility qoundary of the sodium borosilicate system. 

To do this, the respect~ve clearing temperatures of,samples 

a,t the ends of the tie-line (g1asses 30, 32, 37 and '39) 

with different MnO content were determined (Table X) 

140 

\ following the procedures described previously (Section 3.3.2) •• 

The clèaring temperatures (Tc) of the undoped samples were' 

found to be more consistent with the 700°C rniscibility gap 

of Galakhov and Alekseeval8 , than that of Haller et al. 17 • 

Upon doping with MnO, the clearing temperature increased 

steadily (Fig. 32). For low silica content (glasses 30 and 

32) the increase was linear (at least up to 2.0 weight% of 

MnO) and the critical immiscibility temperature ~ncreased 

by approximately l4°C for each weight% MnO added. At the 

other end of the tie-line where the s~lica content was high 

(glasses 37 and 39) the increase in Tc was steep and non

linear. Even the 'addition, of very srnal1 amounts of MnO 

_ (O.2 weight%) in glass 39 raised T by 140 0 e r c . S ince the Mll6 

has such a 'substantial effect on Tc' we need to consider 

~the .topography of the rniscibility gap within the quaternary 

system, Na20'MnO'B 20 3 'Si02 (Fig. 33). Taylor and co-workersl05,l~7 

described in detail the topography of sorne related quaternary 

~ystems. They reported that the rniscibility gaps in a 

sys~em of the 'type X20.MO· (B 20 3 + Si02 ) , where X is an 

alkali ion and M a metal ion, ch~nge slightly when the 
1 

fixed weight ratio of Si02 : B20 3 varies from one ta five. 

F,urthermore; a small one liquid region (the extent of which 
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1 LI Q \11 

Quaternary miscibility gaps for a fixed ratio of 
Si02:B2 0 3 in a system ot the type X20-MO· (B203+Si02) , 

T S > T 4 > T3 > T2 > Tl-
(al General representation (from Ref. 107). 
Cb) Expansion of the one liquid region adjacent ' 

to the tB20 3+SiÇ2) corner ,(from Ref. 242)_ 
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depends on the ratio of Si02 : B20 3 ) exists adjacent ta the 

(B
2

0
3 

+8i02 ) corner (Fig. 34)., For glass es 37 and 39 
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the weight ratio of Si02 :B20 3 is approximately two, placing 

these samples within the limits of validity of the quaternary 

miscibility gaps as determined by Taylor et at. 104 ,105,107. 
l , 

The rapid increase of Tc with increasing MnO content for 

these low-sodium compositions is consistent with the 

topography of the miscibility gaps in ather systems of the 

type X
2
0·MO.B

2
0

3
·Si0

2
, as determined by'Taylar et aZ. 105,107 

To understand the behaviour of MnO-doped sodium 

borosilicate glasses a general description of the isotherms 

is needed. Rather than estirnating the isotherrns for a 

fixed' ~a/o of 8i0 2 :B 20 3 , it is more approprïate 

delineayfe the perimeter of the isatherms for the 

here ta 

cross-

section which intersects the Na20.B 2 0 3 '8i0
2 

face of the 

quaternary phase diagram along the tie-line of interest. 

4.2.3.2 E~timation of the isotherms 

The clearing temperatures of glasses 33, 34, 35 

and 36 with 0.4 and 0.6 weight% MnO were deterrnined (Table XI-). 

The locus of the 1Satherrns, as delineated by the data of 

Tables X and XI, 1s rather complex' (Fig. 35). 

The 800 o è isotherm was above the 750°C (i.e. at 

higher MnO concentration for fixed Na 20'B 20 3 'Si02 compositions), 

reflecting the enhancement of immiscibility by MnO. The 720°C. 
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Table X: Clearing Temperatures (T ) of Glasses 30, 32, 37 and 39 (Figure 31) With . c 
Different MnO Doping Leve1s.' 

ç 

~ 0 

~ Concentration MnO (Weight%) 

Glass No. 
, 

0.00 0;10 0.20 0.30 0.40 0.60 O. ao 1.00 

. 
No. 30 694°C - - 695°C - 70S,oC - 70S Oc 

No. 32 705°C - - 710°C - - - 730°C 

-
No. 37 7lSoc 72SoC 743°C - 771'°C 782°C 80SoC 86SoC 

No. 39 <60SoC - 74Soc - 885°C' - j -. 
--_.,_ .. --- - ------ -~--

The precision on the measurements is Tc ~ SoC. 

\, 

~ ----.-
.--

.. 
" 

, , 

------

" 

Ct 

-----

2.00 

71SoC 

740°C 
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'Table XI: Clearing Temperatures (Tc) ~f fl~sses 33, 34, J5 
, . 

andfl 36 Doped with 0.4 and 0.6 Weight%. MnO • 

. . 
& ~ 

. 
Concentration HoO (Weight%) ,J 

Glass No. , 

0.40 0.60 
. 

, 

, No. 33 720°C 725°C 
0 

No. 34 . 735°C 740°C -
No • 35 735°C . 745 oC . 
No. 36 740°C 755°C 0 

t 

The precision on the measurements is Tc ± 5°C. 

~therm is tangent to the tie-line at glass 35 and continues 

at very low MnO content adjoining glasses 37, 38 and 39. 

At lower temperatures than 720°C, the one-liquid region is 
• 

divided into two portions as represented in Fig. 35 

(al though these two portions are not entirely separate when 

represented on a full four-component diagram, see Ref. 107) • 
.. 

Thus, one 700°C isotherm is approximately .parallel to the 

HoO axis, intersecting the tie-line axis near composition 

31, and a second 700°C isotherm delin~ates a minute one-liquid 

region at the lower left corner of the diagram (Fig." 35). -

Thus, the s~stem was açtually found to behave like 

othe~ quaternary systems of the type X20-MO"B 20 3 "Si02 " 

• 
\ 
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Fi~ure 35 ts the portion of the larger dia gram shown in 

Fig. 36. The part of the x ~xis between glass composition 

31 and 38 represents the tie-line at 700°C of the tern~ry 

Na2o.B203·SiO~ system. On addition of MnO this tie-line 

rotates ,following the trend described in Fig. 36 and aIsé 

twists out of the plane to sorne e~tent. At ca. 40 wt% MnO 

and 0% Na20 the tie-line becomes coincident with the ternary 

:mO'B203 'Si02 system. ·The tie-liIle' chosen for this work 

. ~as spe~ific to the ternary Na 20·B20 3 ·Si02 system. Since 

it was not clear what effect the addition of different 

doping levels of MnO would have on this conode (i.e. it may 

rotate) it was necessary to verify the tie-,line. One way 

. 
to study the micrographs of MnO-doped phase separated 

g1asses along the presumed tie-line. 
1 

4.2.4 Tie-Line Verification 

Any glass çomposition along bhe tie-line ~ill, 

upon appropriate heat-treatment" separate 'into two phases 

(the amounts of which are given by the' lever rule) with 
. 

compositions represented by the ends of the tie-line (Section 

2.5.2). One end is boron-ri ch (glass composition 31) and 

the other is silica-rich (glass composition.39). If the 

tie-line orientation does not change substantially on.MnO 

addition, one would expect upon phase q separation, a gradual' 

, " 
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20 pm 

Scanning electron micro'graphs of MnO-doped tO. 6 wt%J 
samp1es along the tie-1ine (Fig. 31). (AlI 
micrographs in this figure are of HF-etched, 
fresh1y fractured surfaces). (A) Glass composition,' 
31 after 6 h at 70aoC', (B) Glass composition 33 '; 
after 6 h at 708°e, (C) Glass composition 34 after 
12 h at 700°C, and (D) Glass 'composition 35 after 
12 h at 700°C . 
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Fi~ • .37 (continued) : 

(El, Glass c_omposi tion 
(Fl Glass compos:ttion 
(G) 'Glass composition 
(H) Glass canposi tion 
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36 after 16 h at 695°C, 
37 after 16 h at 710°C, 
38 after 16 h at 708°C, 
39 after 16 h' at 708°C. 

". " 
li' 

. \ 

/'-' ~ ..... ~-- . , 
• t _, ~ 

" 
4" .... t 

1 l, 
\ 

, 
" • 
l 
i ;,. 

1 .. 

i 
1 
~ 

J,. 
1 
1 
1 
1 

î 
j, 

1 

~ 
! 

~ 
---



~ " , 

. 111"1,1 il. t.&;;::aeus. d __ Jil!h&~j!,!I(@.ii!IiJIIIII.jj""~!I!""~!liI<JJit"_~"*'" ')(0(10' '(41 i _~J;,,*.I!%A.U~1ll'4ii$l!$I!"*"*~·~w, 

o 

j 

1 • 

"" change in the re1at~ve amounts ,of th~ tWG phases (B-r~ch 

,>and Si-rich) on going from glass composition 31 to glass 

composition 39. 
" 

Figure 37 shows some sCànning e1ectron micrographs 

of MnO-doped (0.6 weight%) phase-separated samples along .. ' 
the tie-line of Fig. 31. Figure 37A (glass comphsition 31) 

shows a boron-rich matrix with few silica-rich particles. 

Figure 37B shows an increase in' the volume fraction of the 
. ,. 

Silica-rich particles (2-10 ~m) leading to an interconnected 

microstructure t . Glass composition 34 lies approximately 

. in the middle of the tie-line implying two coexisting phases 

in equal amounts (Fig. 37C). Glass composition 35 is closer 

to the Si-rich end of the tie-line than to the B-rich end. 

Th~s is shown in the 'micrograph of Fig. 370 where the glass 

matrix is silica-rich with large holes (~ 10 ~m) of boron-

154 -< 

, 

rich phase. Between compositions 36 and 39, the more viscous 

silica-rich phase is continuous, with dispersed silica-

poor holes a few tenths of a micrometer in diameter (Figs. 

37E to 3'H). The smaller scale of phase separation here is 

presumed t·o be due to the hi-ghe~ viscosi ty of the initial 

glasses, which are very low in alkali content « 3.1% Na20) • 

. ,The progressive change in the microstructure on going from 

glass 31 to 39 is consistent with the tie-line orientation 
!'; 

of Mazurin and Streltsina20 • It can therefore be concluded 

fTh~ morphology of glass composition 32 will be examined in 
detail in the 

l' 

following iection. 
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l 
that the tie-line orientation is re1atively ;insensiti.'Ve to 

the, addition of sma11 amounts of MoO. 

-----'. .... -~~ --.---~.- 2 + 3 4 
Distribution of Mn , Cr + and Ti + in ·Phase-

Separated Samp1es 

4.2.5.1 Distribution of Mn 2+ 

The relatively large phase domains which occurred 

in compositions near the boron-rich end of the tie-line 

permitted'examination by energy-dispersive X-ray microana1ysis 

in conjunction with scanning electron microscopy. Composition 

32 doped with 4 weight% MnO was phase separated by heating 

for 16 h at 695°C (Fig. 38A). Before examining this glass 

in detail several verifications were needed: 

1) To ensure that 4 weight% MnO did not affect 

the volume fraction of the phases a similar undoped glass 

was subjected to the same thermal treatment (Fig. 38B). No 
\ 

-major differences in the microstructure existed between the 
~l 

undopèd composition 32 and the doped one (Figs. '38A and 38B) • 
, 

2) To rule out any phase separati<;>n prior to 

heat-treatment, an unheated glass of composition 32 doped 

wlth, 4 weight% MnO was investigated. Several locations on 

different faces were closely examined and no evidence of 

phase separation was detected (Fig. 38C). The partlcle in 

microgr~ph 38C i5 one of a small number of undis501ved or 

precipitated\particles present, and was included in the 

J 

, 
1 , 
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G~ass éompositi.on 32 lall micrOgraphs in this figure 
are of water-etched freshly fractured surfaces). 
(Al Ondoped after 16 h at 6g.soC, (Bl Doped with 
4 weight% MnO after 16 h at 695°C (af. small volume 
fraction when compared to micrograph A), (C) Undoped 
showing no visible sign of phase separation prior to > 

heat-treatntent, (D) Undoped after 16 h at 695°C 
showing crysta11ization and phase separation. 
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micrograph to assure sharp focus. 

3) To rule out the possibility that crystallization 

might interfere)with the phase separation process, selected 

samples were checked to ensure only minimal (if any) 

cry~tallization had occurred. Figure 380 shows an example of 

the limited extent of crysta11ization found. 

After these verifications, glass composition 32 

doped with 4 weight% MnO was c10se1y examined as shown in ~' 

Fig. 39. Crosses in Fig. 39A ~epresent points analyzed 

by EOAX spot analysis. The results of this EOAX spot analysis 

ire shown in Figs. 39B and 39C ~here the two spectra are 

superimposed. Three major peaks re,presenting three 

characteristic X-rays were foun~: 1.74 ke~, Si; 2.12 keV, Au 

coating the samp1e and serving 'as a referencei 5.89 keV, Mn. 

The dotted'spectrum (Fig. 39B) of the boron-rich (silica-poor) 

phase showed that the Mn was cancentratedt in the boron-ri ch 

phase (Fig. \9C). The line scans (Figs. 390 and 39E) confirmed 

the identity ~ the separated phases (Si-rich and Si-paor) • 

and the partition of manganese(II) into the si1ica-poor 

phase. The ratio of Si K X-ray intensities obtained from a. \ 

the two phases was about 1.65 uncorrected for matrix effect. 

This is in reasonable ag~eernent with the mole percentage ratio 

t 1 1 
A1though Mn i5 concentrating in the B-rich phase, one cannot 
exclude the presence of very small quantitie5 of Mn in the 
Si-rich phase which cannet be detected by EOAX, since spot 
analys~s detection limit for Mn is approximately one percent 
as ~1cated by the signal te noise ratio of Fig. 39C. 
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Fig. 39: 

\ 1 

~l Glass composition 32, doped with 4 weight% MnO 
after 16 h at 695°Ci water-etched fracture surface. 
Crosses represent points ana1yzed by. 'EDAX spot 
analysis. (BI and tC) Spectra obtained from EDAX, 
spot analyses, demonstrating the concentration df 
Mn in the Si-poor phase (dotted spectrum) (peak i 
identity: 1,74 keV, pi; 2.12 keV"Au coating of 1 

sample~ 5.89 keV Mnl.· lDl and (E) EDAX line scans 
showing the distribution of Si and Mn, ~espectively. 
Lower scan in (0) is on 41the Au peak that in (E) is on 

'the background adjacent ~o the Mn peak. "Spikes" 
in (0) appear ta be due to irregularity in the gold 
layer at the phase boundary. 
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of about 1.55 at 700°C, determined from the tie-line in 
-: 

Fig. 31. This offers further evidence that small quantities 

of MnO do not induce major ratat~on of the tie-line. These 

results are cbmparable to microprobe studies of similar 

112 CoO-doped g1asses by Ehrt et al. , and studies of twa 

undoped sodium barosilicate glasses by Scholes and 

Wilkinson164 • 

4.2.5.2 Distribution of cr3 + ani Ti4+ 

Energy-dispersive X-ray analysis does not 

differentiate between various possibTe oxidation states of 

the manganese ion. However, it is highly improbable that 

rnanganese exists in the prepared glasses in an oxidation 

state other than Mn
2+ (a red~Cing agent was added to the 

last melt and heat-treatments were carried out in a nitrogen 

atmosphere) . 2+ To complement this study of Mn it would be 

desirable ta study also the partition of a trivalent and 

157 

of a quadrivalent transition metal ion in sodium borosilicate 

glasses. For this purpose glasses of composition 32 were 

prepared, one doped with 4 weight% Cr203 (introduced as the 

acetate) and another sample with 4 weight% Ti02 • The 

dissolution of Cr20 3 and Ti02 into the glass was difficult 

even after the third melt, as indic~ted by the precipitation 
o 

of .Cr2 0 3 and Ti02 in the bote am of the crucibles. Thls 

"difficulty was encountered even with low, doping levels 
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,Fig. 40: 
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10l'm 

tA) Glass\c.Qmposition 32 doped with 4 weight% Cr203 
after 3 h at 695°Cj water-etched fractured surface. 
Crosses represent points ana1yzed by EOAX spot 

, analysis, (Bl Spectra obtained from _EOAX-spot 
ana1ysis showing no visible partition of Cr in 
either phase (Cr Ka' line: 5.41 keV) , (C) Bright 
particles (probably undisso1ved Cr203) on the 
g1ass~ surface, (D) EDAX mapping (Cr Ka line) of . 
m1crograph tC} confirming the Cr identity of the 
bright particles. 
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CAl Glass composition 3~ 1 doped ~ith 4 weight%' Ti02 
after 3 h at 695°C; water-etched fractured surface. 
Crosses represent points analyzed by ~DAX spot 
ana1ysis, (B) and (C) Spectra obtained from EDAX 
spot analyses, demonstrating the concentration of 
Ti in the Si-poor phase (dotted spectrum) (peak 
identity: 1.74 keV, Si: 2.12 keV Au coating of 
s~ple, 4.51 keV Ti) • 
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(0.6 weight%) of cr20 3 . 'The glasses obtained after the 

fourth melt were phase separated by heating for 3 h at 'v" 

695°C, "and examined in detail as shown in Figs. 40 and 41. 

The phase domains obtained (Figs. 40A and 41A) were comparable 
\ 

to MnO-doped composition 32 (Fig. 38A). Spot analyses of 

the Cr20 3 -doped glass revealed the existence of the si1ica

poor and si1ica~rich,phases, but fai1ed to show any 

coricentration of chromi'~ in either phase. Sorne bright 
l 
1 

particles on the glass sprface (Fig. 40C) were suspected 
J 

! to be undissolved cr20 3 {cry sta1s. An X-:~ mapping (Cr Ka 
1 

line: 5.41 keV) confirmed that these b~ight particles 
l '/ , 

indeed contained the Cr\(Fi9 . 40D). ~pot analyses (F~gs. 41B 
~ )' 

and 41C) of Ti02-doped com~osition 32 confirmed the identity 
l 1 

of the silica-rich and si~ica-poor Jhases and showed that 
, ' "", _ _ J 

titanium(IV) was strong1y pàrtltioned into the latter phase. 
r-

Si Ka X-ray intensities obtained from the two pha~~ of the 

two samples (Cr 20 3-doped and Ti02-doped g1~sses) ~s about, 

li. 45' uncorrected for matrix effects, in reasonable agreement 
! 
~ith·the results obtained for the MnO-doped glass of the 

same composition. 

4.2.6 • Conclusions 
c -

This morphological study showed that: 1) MnO-doped 

sodium borosilicate glasses behave sim1larly to glasses in 

other Quaternlry systems of the type X20.MO.B20 3 ·Si02 ; 2) 'the 
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J 
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I 
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tie-line orientation (in the ternary Na2 0·B20 3 ·Si02 system) 

is insensitive to the addition of sma11 quantities of MnO 

and thus could still be used in the quaternary system with 

low doping levels of MnOi 3) Manganese(II) and titanium(IV) 

both concentrate in the silica-poor phase while chromium(III) 

remained essentially undissolved in this glass composition. 

Partitioning of the manganese(II) preferentially 
" 

into the silica-poor phase upon phase separation, leads to 

161 ' 

an effective 'increase in the eoncentratian of MnO as discussed 

earlier~in Section 4.2.1. The manganese(II) luminescence 

spectrum in sodium borosilicate glasses was shoWn to be 

sensitive to MnO concentration1 (Section 4.1.2). Upon phase 

separation, manganese(II) in glass composition 37 will 

concentrate in the boron-rich phase with a composition 

approximately that af glass 30. This partition of Mn 2+ into 

~he borate phase will lead to an increase in the activator 

level in this phase. Therefore, upon heat-treatment, a 

correlation between the Luminescence s?ectra of glass 

co~osition 37 with low doping .levels of MnO and that of the 

unheated composition 30 with high doping levels of MnO is' 

expected+ In tact similar correlations between the samples 
, 

shown on the left-hand side of Fig. 41' and those on the 

right-hand side are expected. 

t 
Actually the correlation is expected with the boron-rich end 
of the tie-line, that is a composition between glass 31 and 
glass 32. On addition of MnO the miscibility gap widens 
(Section 4.2.3.1) and glass composition 30 is probably closer 
to the end of the tie-line than qlass composition 32 • 
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4.3 LUMINESCENT SPECTRA ALONG ONE TIE-LINE OF THE 700°C , 

"ISOTHERM 

4.3.1 
! 

'Unheated Samples Along the Tie-Line 

-_\ 

Ten samples along the tie-line (Fig. 31) doped 

with 0.4 weight% MnO were excited with 420 nm light. 

Two bands (H and L) were present in aIl the spectra. The 

high energy band centred at 595 nm (MnBS-30AC4) shifted to 

610 nm (Mn~S-38AC4) while the low energy band shifted from 

638, nm (MnBS-.30AC4) to 646 nm (Mn:\3S-38AC4). The relative 

height (H/L) also changed on going from one end of the tie

line to the other." The value of H/L decreased from 1.03 

(MnBS~30AC4) to 0.73 (MnBS~38AC4). These results are 

surnmarized in Table XII. Glass composition 39 did not follow 

the general trend of the series (i.e. a graduaI shift of 
, 

the H band toward longer wavelength and-a· decrease in HIL, 

on going from the boron-rich end to the silica-rich end of 
\ 

the tie-line). This was probably due' to the poor glass 

quality obtained with the high-silica low-sodium composition. 

For this reason glass composition 39 is not included in 

this discussion. It i5 clear from Table XII that ttie 

relative heights of the two bands [H/L = 1.03 (MnBS-30AC4) 

to H/L = 0.73 (MnBS-38AC4)-] is more affected by glass 

composition th~n the change in the band positions (595 nm to 

610 nm for. the H band and 638 tOI 646 nm for the L band). 

Nevertheless tl\e luminescent spectrum of MnBS-31AC4 at. the 

1 

l 

l 

i 
1 
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Table XII: Band Positions and Relative Heights (H/L) as a 

Function of Glass Composi tioIlo (0.4 Weight% MnO). 

Sample H band 
(run) c 

, 

MnBS-30AC4 595 -
MnBS-31AC4 595 

MnBS-32AC4 1 ,598 

MnBS-33AC4 598 
" 

'l:' 
MnBS-34AC4 600 

MnBS-35AC4 603 

, MnBS-36AC4 605 , 

MnBS-37AC4 608 
~ 

MnBS-38AC4 610 " 

MnBS-39AC4 608 
-

Excitatio'n wavelength = 420 run. 

'1 1 _ 

, . . 

1 

L band Relati ve Height 
(nm) H/L u 

638 1.03 
1 

638 )1.02 

640 1.00 
, '" 

640 " 0 0.99 

640 0.95 

1 643 0.87 

643 0.85 

646 0.75~ 

646 O. 
J 

'" 
648 0.75 

- / 
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Fig. 42: Emission spectra of qlasses of compositions 31AC4 
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fi ' 
boron-rich end of the tie-line was found ta be noticeably 

different from that of. MnBS-38AC4 at the silica-rich end 

of the tie-line ~Fig. 42). Another series of samples along 

the tie-line, but doped with 0.6 weight% MnO (MnBS-30 to 

MnBS-39), was excited with 420 nm light. The changes in 

their luminescent characteristics shawed the same trends as 

those dopéd wi th 0.4 weight% MnO,. again excepting gl9,sS 

~Qmposition 39. The results are surnrnarized in Table XIII. 

4.3.2 Unheated Samples at the Extremities of the Tie-Line 

4.3.2.1 Boron-rich -end 
1 

Glasses of composition 30 and 32 doped with ., 

_ different levels of MnO (0.3 to 6.0 weight%) were excited 

at 420 nm. Two bands (H and L) were present in aIl the 

spectra, 

(i) Glass composition 30 

The high 'ener~ band cenrd a t 593 nm (O. 3 weigh t% 

1 
~O) shifted to 613 nm (6.0 weight% MnO) while the low 

energy band shifted from 635 nrn (0.3 weight% MnO) to 667 nm 

(6.0 weight% MnOr. The relative heights- (H/L) decreased from 

l.na (0.3 weight% MnO) to 0.32 (6.0 weight% MnO). These results 

are sumrnarized in Table XIV. A nearly complete quenching of the H 
, 

band 'relative to -the L band was observed when MnO concentrations 
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Table XIII: Band Positiqns and Relative Heights (H/L) as a 

Function of Glass Composition (0.6 Weight% MnO) . 

, 

Sample H band' L band Rèlative Height 
(nm) (nm) H/L 

MnBS-30 598 639 0.96 

. 
MnBS-3l 600 640 0.96 .. 
MnBS-32 603 642 Q.89 

, • . 
MnBS-33 603, -642 0.88 

MnBS-34 605 643 0.86 
• 

MnBS-35 605 643 . 0.84 , 
J' 

MnBS-36 608 644 0.77 

MnBS-37 609 648 0.72 

MnBS-38 610 649 0.70 1 

MnBS-39 609 649 0.74 

Excitation wavelength·= 420 nm. 

., , 
\ , 
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-f 



û 

o Fig. 43: 

1 

10 

8 

-• -6 § 

2 

1 
1 

1 

eoo 

1 

7 
1 

1 

, 

1 
J 
1 

1 

1 
J 

1 
1 
1 
1 
1 

! 
l ' 

1 

/ 
./ 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

eeo 

1 

1 
1 

1 
1 
1 

1 
,-, 1 

1 V 

/30ACIO 
1 
1 

600 

1 

1 

, 
1 
; 

1 , 
\ 
\ 
\ 
\ 
\ 
\ 
\ l'...... \ 

1 \ \ 
i \ 

1 

seo 

À. (nm) 

\ \ 
~ \ 
\ \ 
\ \ 
\ 
\ ': 
\ \ 
\ , \ 
\ . 
\ \. , \ 

• 700 

\ . , \ 
\ ,\ 

\ \ , . 
, " :\ , 

~ "

7!50 

, 

soo 

Emis~ion spectra of glasses of compositions 30AC3, 
30ACIO and lOAC40. Excitation wavelength: 420 nm. 

, 

168 

. 
Î , 
" 

1 



1 
1 

--

Table XIV: Band Positions and Relative Heights '(H/L) as a 

Functlon of MnO Concentration (Glass 

Composi tion 30). 

Weight% H band L band Relative Height 
MnO (nm) (run) H/L 

0.30 593 635 1.08 . 
0.40 595 638 1.03 

0.60 598 639 0.96 

1.00 603 642 0.85 

2.00 '608 647 0.69 

4.00 610 655 0.48 

6.00 613 667 0.32 

-
Excitation wavelength = 420 nm. 

reached aa. 4 weight%. This is comparable with the 

2+ 
depend~nce of Mn luminescence on MnO concentratiQns 

~ 

, 

.. 

(Section 4.1.2). Figure 43 shows the luminescence spectra 

of glass composition 30 with different concentrations of MnO. 
':a 

(ii) Glass composition 32 

Here also, a change in the band positions as a 

169 

function of MnO concentration was observed. The H band shifted 
~ 

" 
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Table XV~: Band Posi ti.ons and Relative Heights (H/L)" as a 

Function of MnO Concentration (Glass' 

.. Composition 32) • 
o 

,\ 
\.' 

Weight% H band L bi:md Relative Height 
, MnO (nm)"t (nm) H/L 

0.30 593 637 
0 

1.12 
G 

0.40 598 640 1.00 
0 

, 

0.60 598 640' 0.99 

1.00 605 643 0.85 
f-- " 

2.00 608 648 0.67 

4.0'0 612 660 0.42 
• 

6.00 615' 667 ,. 0 .. 35 

Exc~tation wavelength = 420 nm. 

, 

from 593 nm (0.3 weight% MnO) to 615 nm (6.0 weight% MnO and 

170 

the L band from 637 nm (0.3 weight% MnO) to 667 mm (6.0 weight% 

MnO)\ A nearly cOI.'llp1ete quenching of thé high energy band relative 

to the low energy one was again observed w~en MnO observations 
g 

reached aa. 4 weight%. The relative height (H/L) decreased 

on addition of MnO from 1.12 (0.3 weight% MnO) to 0.35 

(6.0 weight% MnO). These results are summarized in Table XV 

above. Figure 44 shows selected luminescence spectra of 

glass composition 32 with di.fferent doping levels of MnO. 

• 
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~he result~ also are comparable to those of glass composîtion 
''',.r--- ...... 

30 with dUfferent activator concentrations .. ,' 
\'\ 

4.3.2.2 S%lica-rich end 

G*asses of composition 37 and 39 doped with' 

different leveis of MnO (0.1 to 1.0 weight%) were excited 

at 420 nm~ Two bands, OH and 4, 'were present iiall the 

spectra. 

(i) Glass composition 37 

The high 'enerqy band centred at 595 nm (0.1 weight% 

MnO) 'shifted to 612 run (1.0 weight% MnO) and the low energy. 

band shifted from 638 nm (0 .. 1 weight% MAiO) to 653 nm (1.0 

weight% MnO). The relative height (H/L) decreased from~1. 05" 

) (0.1 wei.ght% MnO) to,0.5l (1.0 weight% MnO). The ,results 

are summarized in Table XVI. At a concentration of 1.0 weight% 

MnO the intensitY,of the high energy band decreased 

considerably compared to that of the low energy band. Figure 

45 shows selected luminescence spectra of glass composition 

37 doped with different levels of MnO. 

(ii) Glass composition 39 

For the same doping levels, the changes in 'the 

luminescent characteristics of glass compositiqn 39 were small 
" 

" 

1 
1 

" 

, . 
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'Table XVI: Band, Positions and Relative Heights (H/L) as a 

Functlon of MnO Concentration (Glass 

Composition 37) • 
1 

Weight% H band L band Relative Height 
MnO , (nm) (nm) HIL 

0.10 595 638 1.05 . 
0.20 600 641 0.95 

'. 
0.40 608 646 0.74 

0.60 608 646 0.72 

0.80 610 651 0.61 
, 

1.00 612 653 0.51 
.. . 

- Excitation wavelength :: 42.0 run. 

. 
\;> 

when' compared to those of glass compos i tion 37. The H b?ind 

shi:fted from 601 nm -( 0.2 weight% MnO) ta 608 , . run (0.8 weight% 

MnO) and the L band from 641 nm (0.2 weight% MnO) to 648 run 
1. 

(0.8 weight% MnO) . The' relative height (H/L) of the two 
/ 

1J.'P • . 
bands decreased slig~tly ~rom 0.88 (0.2 weight% MnO), to 0.75 

(0.8 weignt% MnO). These resu1ts are summarized in Table XVII. 

Figure 46 shows the luminescence spectra of twa glasses of 

composition 39 doped respectivel.y with 0.2 and 0.8 weight% 
.... 

MnO. 
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Table XVII: Band Positions and Relative Heights (H/L) as a 

Function of MnO Concentration (Glass 

Composi tion 39 r. 

Weight% H band L band Relative Heig'ht 
MnO (nm) (nm) HIL 

, 0720 601 641 - 0.88 

0.40 608 64.8 0.76 

0.60 608 648 0.76 

0.80 608 
.., 

648, 0.75 

Excitation wavelength = 420 nm. 

4.3.3 Heated Samples at the Sil ica-Rich End of the Tie-Line 

Glasses of Pcomposition 37 doped with various levels 

of MnO (Table IX) were phase separated by heating for 4 h 

at 690°C. They were then excite'at 420 run. Two bands 

CH and L) were present. As tq.e concentration of MnO increased 

(from 0.1 ta 1.0 weight%), the H band shifted from 595 to 612 nm, 
.... 

and the relative hei<}ht (HILl decreased 'from 1.04 to ~. 50. 

These results are listed in Table XVIII. Figure 47 shows the 

luminescence spectra of phase-separated glass compost tion 37 

with different concentrations of MnO. 
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Table XVIII: Band Positions and Relative' Heights (H/L) as a 
.. 

Function of MnO Concentration (Glass 

Composition 37 Phase-Separated by Heating for 

4 h at 690°C) . ... 

1 Weight% H band L band Relative Height 
MnO (nm) (nm) H/L . 

0.10 595 638 1.04 

0.20 600 641 0.96 
.-
1 

646 0.40 608 0.75 
~ 

0.60 6'08 . 646 0.70 
, 

0.80 610 651 0.6~ 
, 

1. 00 612 653 0.50 
.. 

... Excitation wavelength = 420 nm • 

4 

4.3.4 Comparison 'and Discussion 

Previous di scusIons (Sections, 4 • 1 and :4.2) led to 
. 2+ 

the conclusions that the luminescence spectrum was 
\ 

sensitive to MDO concentra~ions (Section 4.1 .. 2) that, upon 
1 - 1 

phase! separation, manganese (II). was 'preferent,ially par,titioned 
" ~. 

~ " into the boron-rich phase ( ection 4.2.3.1) leading ta an 

effective increase:in the o concentration within .. 
this,phase iSection 4.2.~). Thus; if a glass of 

" 

'composition 37 doped . - .. is phase-separated, the MnO 

, 
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1 
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i 
concentration will be increased and its luminescence 

spect;um must be alt~red as compared to the spectrum~rior 
• 

to \heat-treatment. 

" comparison between 

,-

This was not found to be the case. A 

the unheated glasses of composition 37 
" 

(0.1 to 1.0 weight% MnO) and the heated ones did not s~ow 
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any difference in their respective luminescent characteristics 

(compare Table XVIII and Table XVI, and Figure 47 and Figure 

45). This constancy in the characteristics of the luminescence 

upon ~at-treatment, of glass.composition 37, suggests that 

~ 
the glass was already phase-s,parated when it was first 

4 

formed. In that case, a correlation satisfying the lever 

rule ought to exist between the luminescent characteristics 

qfl a given sample (With.1~oPing levels of MnO) on the .. 
tie-line and that of glass composition 30 (wrth higher doping 

levels of MnO) as discussed in Section 4.2.1. 
, -

If one takes the length of the tie-line as 

extending from gl~ composition 30 to glass composition 39 t , 
\ 

then the effective ~odçentration of MnO in glass composition 
..II' ". 

37 has to 'be increased by à-factor lof about 4.5 (Section 4.2.1). 

"Thus, th~ luminescent characteristi~s of a glass of composi~ion 

37 doped wi th 0.1, 0.2, 0.,6 and 1.0 we!ght% MnO ought to $ 

correspond to, respectively, those of gla~ses of composition 

30 doped with ,0.4, 1.0, 2.0 and 4.0 weight% MnO .. This is 

indeed the case (compare Tables XIV and XVI). Figure, 48 ~hows 

tA reasonable assumption, since db addition of MnO the, 
'miscibility gap wiQ:ens, (Section 4.2.3.1). 

.' 

1 
1 
1 
1 

\ 



·,.bt a: .e:fl~j" _ .. A ". 44 ;e _"iilIUa:.-MlfIIIJ!IIIklJi f.lltti1l.;:W;;:4)44J; ;:;,.""_., .. ,_ • ." ..... ~~._ .. fflI'Si?& .. 2. ".HhSts:: "W;:P4noo""fd,*MllJA)4tt:W_*'''_ 

o 

~ 

4 

.i 

'.3 

1.1 

t-
3 0 •7 -lIJ' 
::c 
lai 0.5 
> -ti 
~ 0.3 

0::" 

o .• 

~ 

MnO welghf % ( v) 
2 3 

,/ 

o 

o . 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

MnO weight % (0) 

4 

" 

,.. 

~ 
v 

0.9 1.0 

Fig. 48: Relative heights (H/L) as a function of MnO concentration for-glasses 
of composition 30 (upper scale) and composition 37 (lower scale)." 

'T 

--.. _-...................... - Cg",t· , ...,. ..... ~~~~..--...' 

~ 

1\ 

/ 

.... 

1-' 
(Xl 

o 

-, 

t 
'f '. ~ 
~ 
l 
f 
;;. 
~ 

-il , 
! 
~ 

~ 
l 

~ 



r 
~ , 
r 
~ . 
~< 

tT 

~, 

~ 
~, 
:t 
[', 

f, 
t 

i 
... 

l 
! 
1 
l 

t 

-, 

181 

the dependence of H/L on MnO concentrations for glasses of 

compositions 30 and 37. MnO concentration scales were chosen 

in such a way that 4.0 weight% MnO in glass composition 30 

match 1.0 weight% MnO in glass composition 37. The 

correspondence between the set of data of Fig. 48 is striking. 

The same shou1d be true for any given glass compo~ition on 

the tie-line. The concentration factor for glass composition 

38 as given by its position on the tie-line is about 6. 

Thus, the luminescent characteristics of glass composition 

·38 with 0.4 weight% MnO.ought to be comparable with those 

of glass compos~tion 30 with 2.0 weight% MnO. Again, this 

is found to be the case (compare line 9 of Table XII with 

line 5 of Table XIV). The concentration factor for glass 

35 as given by its position on the tie-1i~e is about 2.33 

implying a correspondence of ,the luminescent characteristics 

of glass composition 35 with 0.4 weight percent ~O and 

those of glass compo~ition 30 wit~ ~iqht% MnO. The 

similarity again is evident (compare line 6 of Table XII 

with 1ine 4 of Table XIV) . The concentration factors of 
1 

glasses lying in the vicinity of the ~pron-rich end ?f t.he 
'1 

'bie-line is low,-only about 1.17 for ~11ass composition 32. 
I[ 

This explains the very sma11 changes 1bserved in tneir 
Il . 

respective luminescent characteristic' (compare Table XIV 

\\ 
.-

The important" conclusion ta \e drawn from the 

preceding discussion is that inside the'~1~~ibility gap, 

and Table XV). 

.. . 
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sodium borosilieate glasses are phase separated from the 

start (i.e. wh en the glass 15 fir~t formed). This phase 

separation whieh is on a sub-miero9copie scale, probably 

occurs'during the quenching of the melt to room temperature. 

The melting temperatures of 1200°C or more lie far above 

the two-liqui egion, but during quenehing these glasses 

probably sp a few seconds cooling between the critieal 

misc~i y temperature, T , and 'the glass transition c. 

tempera~ures, Tg' No further molecular rearrangemen~ ls 

expected to oceur below Tg' It is during this quenehing 

time (~ 2 s) that phase separation oecurs. The possibility 

182 

of ~reparing a non-phase separated ~lass (inside the miscibility 

gap) can not be ruled out if faster quenching times can be 

achieved or by using other preparation methods such as vapor 

deposition on a cold substrate or dehydration. Nonetheless, 
• 

in our case "phase separation-probably oecurs during the 

quenching of the melt at room temperature, which strongly 

sugg~sts a spipodal decomposition meehanism. Although no 

rigorous proof for this mechanism can be inferred from the 

above, the rapldity by which phase 'separation would have 'to. 

occur does not favour nucleation and growth of second phase 

partic1es (where the kinetics of phase separation are siow 

- see c~apter 2). 
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4.4 LUMINESCENT DECAY ANALYSIS 

.4.4.1 Introduction 

N t , 1 l' t d f Mn 2+ , on-exponen ~a urn~nescen ecay 0 ~n 

g1asses has been reported3l ,40,158 ranging from 1 to 24 ms, 

depending on the glass composition and on the act!vator 

, F 1 1 2+ l ' concentrat~on. or a g~ven samp e, Mn um~nescent 
( 

decay was found to decrease with increasing activator 

concentrations. This is reasonable in terms of concentration 

quenching especia1ly when one considers the 1ikelihood of 

exchange and superexchange interactions occurring between 

Mn
2+ ions, which would relax the spin selection rule. 

It was shown earlier that sodium 'borosilicate g1asses, 

inside the miscibility gap, were phase separated as prepared 

(Section' 4.3) and that Mn 2+ was preferentially partitioned 

(almost entirely) in the boron-rich phase (Sec~ion 4.2.5.1). 

leading to an effective increase of MnO concentrations within 

this phase. Ma~nese{II) luminescent decay, which is 

sensitive to MnO concentr~ops, may therefore be used as further 

evidence that the activator partitions into the boron-rioh phase. 

4.4.2 Dependence of theLLuminescent Decay on the 
, 

Activator Concentration 

G1asse~ having the conso1ute composition and 

doped ~ith different levels of MnO (0.18, 0.89, 1.78 and 

5.33 weight%) were excited with a pulsed nitrogen laser 

.. 
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(À = 337.1 nm) as described in Section 3.4.3.2. The high 

energy band was observed at 550 nm and the low energy band 

at 650 rum (the luminescence characteristics of these samples 

were described in Table IV and Fig. 26). Calculations were 
1 

carried out following the scheme described in Section 2.6.6.2. 

An estimation of the relative error on the measurements 

was calculated from: t(s/In)/x, where t is the student t-test 

value, S is the standard deviation, n is the number of 

measurements and X is the mean value o~ the measurements . 

Five decay parameters Ct) were computed t from three different§ 

glass compositions, The relative error at the 95% confidence 
/ 

level in each case was found to be less than 5%. AlI the 

experiments were repeated and the results~ were in agreement. 

4.4.2.1 Unheated glasses 

The decay parameter (t) of the high energy band 

decreased from 8.7 ms (0.18 weight% MnO) to 4.4 ms (5.33 

weight% MnO). Similarly t for the low energy band decreased 

from 7.9 ms (0.18 we~ght % MnO) to 3.7 ms (5.33 weight% Mn). 

The results are summarized in Table XI~. It is clear from 

t gach result must be statistically independent therefore, after. 
each méasurement the sample' was moved and the experiment 
was repeated. 

§Glass compositions 6, 9 and 10 (Table XXI) doped with 0.27 
weight% MnO. , . 
The results presented in this section are ~rom one s~t of 
experimental data. 

,. 
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Table XIX: Decay Parameter (t) as a Function of Mnq 

Concentration (Consolute Composition). 

r\ 
( , 

-
~~-, t (ms) 

Sample Weight% 
MnO 

À = 55'0 nm À = 650 nm 

MnBS-2B 0.18 \ 8.7 - 7.9 

MnBS-2C 0.89 7.3 7.0 , 

MnBS-2D 1. 78 5.6 5.3 
0 

MnBS-2E 5.33 4.4 .3.7 

Excitation wavelength: . 337.1 nm. Relative error: 5%. 

2+ this table 'that the Mn , luminescent decay parameter for 

both bands (H and L) decreases with increasing activator 

concentrations and tha.t t of the L band is slightly shorter 

than that of the H band. There was no temperature dependence 

of the 'decay parameter t for sample MnBS-2C down to 8.8°K. 

For thi~ reason the other samples,were nqt studied at low 

tempe rature . ' 

4.4.2.2 Phase-sep'arated glasses 

The samples (MnBS-2B to MnBS-2E) were 

separated by dry thermal treatment in a nit~ogen a 

(1 h at 750°C) .. Their respective t were equal to those of 

--------

j 

1 

, 
1 • 
! 



- . 

,--1 

! 

/ 

, . 

." ,,,., ... . .. -,- l ' 

.. 
the unheated samples within experimental error. The decay 

parameter of the g band decreased from 9.0 ms (0.18 weight% 

MnO) tp 6.1 ms (1.78 weight% MnO)+ and that the L band 

from 8.1 ms (0.18 weight% MnOr to 5.8 ms (1. 78 weight% 

Mn). Furthermore, two phase-separated~les (0.18 and 

1.78 weight% MnO) were cleared by successiJe heating (1 'h 

at 851°C and 1/2 h at 850°C). No change in their respective 

decay parameters, relative to the unheated and/or phase-
• 

separated samples, were found. The results are summarized 

in Table XX. 

4.4.3 De endence of the Luminescent n the· Glass 

Composition 

4.4.3.1 Glass compqsition and luminescence spectra 

Five glasses with compositions lying at the 

extremities, of the 750°C, 700°C, 650°C and 600°C isotherms 
, 

and one glass having t,h consolute composition (Table XXI 

and Fig. 49) with 0.27 weight% MnO. They were 

excited at a wavelength Two bands ,(H and L) 
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, '. 
were present in the emiss on spectra of these samples. The high 

energy band, centred at 533 nm (glass composition 7) ~hifted 

(') 

'. to 63~ nm (glass çomposition Il). The relative height (H/L) 

decreased from 3.84 (glass composition 7) to 1.29 (glas~ 

t The samp1e 
separated. 
decay. 

MnBS-2E (5.33 weight% MnO) was heavily phase
It was not possible to measure 'its luminescent 
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Table XX: Decay Parameter (t) After Heat-Treatment as a 

Function of MnO Concentration (consolute 

Composition) . 

t (ms) 

Sample Weight% 
MnO .. - À = 550 nm À = 650 nm 

MnBS-2B, Ih/750oC 0.18 9.0 8.1 

MnBS-2C, lh/750°C 0.89 7.9 7.6 

MnBS-2D, lh/750°C 1. 78 6.1 5.8 

MnBS-2B, lh/8SPC 0.18 9.1 8.2 

MnBS-2D, ,h/8S0oC 1. 78 - 5.6 
. 

Excitation wavelength: 337.1 nm. Relative error: 5%. 

composition 8) and remained within this range for glasses 

of cornposition.9, 10 and Il. The results are surnmarized 

in Table XXII. They are consistent with those of Section 4.1.4 

and Section 4.3.2 (compare line 3 in Table VI with line 5 in 

Table XXII and line l in Table XV with line 4 in Table XXIII). 

Figure 50 shows the luminescent spectra of glasses 6, 7 and 

8 doped with 0.27 weight% MDO. Different glas~es of 

composition 6 -( 0.27 weight% MnO) were phase-separated in a' 

nitrogen ~tmosphere by sUbcessive heatings (1 h at 750°C, 18 h 

at 701°C, 20 h 'a~,_ 650.~C and 4 days at 600 OC) and exc.ited at 
'\. 

420 nm. Their luminescent spectra were identical,to the 
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1 
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Table XXI: Glass Compositions (in weight percent) of the . . 
Samples Shown in Figure 49. 

" 

-
0 

Composi tion weight% 

Sample 

Na 20 
-

B203 5 i 0 2 

MnBS-6 
. 

5.38 24.9 69.72 

MnBS-7 5.38 14:94 79.68 

MnBS-8 6.19 38.92 54.89 

MnBS-9 8.18 49.90 41.,92 

MnBS-lO 9.00" 60.00 
J 

\ 31.00 

~MnBS-ll 
1 

9.82 97 . 13 23 .. 05 
.! ,-', -/ 

The samples MnBS-6 to MnBS-ll have'~.27 weight% MnO which was 
introduced in the glass as Mn20 3 . 

ünheated glasse~ of composition 6 (0.27 wéight% MnO), 

confirrning that the ,glass was phase ~eparated from the start 
1 

(Section 4.3) . 

4.4.3.2 'Luminescent decay 

Glasses of compositions 6 ,to Il (0.27 weight% MnO) 
, 

were excited with a pulsed nitrdgen laser. Thé hiqh energy 
./ 

-band was observed respective1y at 550 nm and then at 525 nm 

(to minimize" the contribution of the L band). The low energy 

" 
.. 

\ 
J, 
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.' 
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Table ~II: Band Positions and Relative Heights (H/L) as 
~ ~ 

a Function of Glass Composition '(0.27 weight% MnO). 

c 
H' band V,~and, Relative Height Samp1e 

(mn)' 
/ 

(nm) H/L 

~ 

MnBS-7 .. ' 533 628 3.84 

MnBS-8 578 629 1.~9 
p 

MnBS-9 591 633 1.20 
, 

MnBS-lO 
, 

592 , 635 11:'25 
, , ~ 

MnBS-ll 592 635 1.32 

" 

Excitation wavelength: '420 nm. 

band was observed at 670 nm. The results ,(Table XXIII) showed 

that t of the li band .remained c0!lstant within experimental error 

from glass composition 7 to glass composition 11 and that t 

of the L band increased steadily from 6:0 ms (glass composl.tion 

7) to 7. 9 ms' ,( glass composition 11). In adq.ition, glasses 
, 

, 

of composition 6, 7 and 9 were also excited with the nitr~gen-

pumped dye-laser (À = 420 nm). The same values of t (Tab1e 
r 

XXIV) were obtained with the 420 nm excitation (w:ithin ,err'or)" 

as with the 337.1' nm excitatlont implying that 

~ands arise 'from the sarne' leve~ probably, '( 4T 1) • 

both emissiort 

Finally, 'the . . ~ 

t It was ~asier ta excit~ wi,th the N2 laser sinée the Qptics' 
alj.qnmen,t, of the "dye-laser were tedious. 
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Table XXlII: Decay Par~rs (tl as a Function of Glass 

Composition (Compositions 6 to Il Doped with 

0.27 Weight% 'MnO) . 

t (ms) 

Samp1e 
'\ 

, 

À = 525 nm À = 550 nm À = 670 run 

. 
MnBS-1 7.9 7 ~7 6.0 

MnBS-6 8.1 7.4 6.4 
1 

MnBS-8 8.0 7;6 6.7 

MnBS-9 7.9 7.6 7.3 
, . 

1 
MnBS-IO . 7.8 7.3 7.8 .,,-
MnBS-ll . 7.5 7.1 7.9 .. • 

Excitation wavelength: 337.1 nm. Relative error: 5%. , 
~ 

luminescent decay 'parameter of the phase-separateâ glasses 

of'composition 6 <Section 4.4.3.1) were examined. The 

results showed'that t was unâffected by the temperature/ 

-durat.i.on of heat-tJ;eatment (Table XXV). Moreov~r 1 t of the .. 

~< 

./ heàted samples' was within experimental efror ot. that o'f ,pe 

unheated glass of ,composition 6. 

4.~.0conclus1dns • 
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Manganese~,II) lt1minescent':decay Itn sodium borosilicate 1 -
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Table XXIV: Decay Pararneter (t) of G1asses 6, 7 and 9 

(0.27 Weight% MnO) . 

E (ms) 

Sample 

À = 550 nrn À = 670 nrn , 

• 

MnBS-7 - 6.5 
r 

MnBS-6 8.1 6.8 

MnBS-9 B .'1 -
~ 

Excitation wavelength: 420 nm. ~elative error:' 5%. 

,~ 
Table XXV: Decay Parameter t as a Function of Temperature/ 

Duration of Heat Treatment (Consolute Composition 

Dbped with 0.27 We'ight% MnO). 

, 
, t (ms) 

Consolute Compos i tion : 

MnBS-6 ; , 

À = 550 nm À - 670 nm 
, 

." 

, 

l h 'at 750 oc- 8.1 . -
~8 . , 

h at 701°0 7.8 6.7' 

20 h at 750 0 t' 7.8 .. 
4 days. at 600 oC ' 8.0 . 7.0 

, 

Excitation wave1ength: .337.1 nm. Relative ~rror: 5%. 

, \ 
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glasses, for both bands (H'and L), decreased with increasing 
, " 

MnO concentrations (,Section 4.4.2). Inside the miscibi1ity 

gap the se glasses were found to be phase separated from the 
\ 

start (Section 4.3.4),·a result which was further confirmed 

by the fact that t of the consolute composition (with different 

doping levels of MnO) did not change with heat treatment 

(Sections 4.4.2.2. and 4.4.3.2). Although these glasses 

(composition 6, 7, 8, 9, 10 and 11) are not a11 on the s~ 
tie-line, every glass composition within the miscibility gap 

must lie on sorne tie-line. If one considers that phase 

separation occurs during quenching from the melt and is 

completeÀ when the glass transition temperature ls reached 

« 500°C depending on the glass composition), then the tie

lines will join ,compositions at e~tremities of the 550~---

isotherm (the closest one to Tg)' From the previous study 

the general direction of the tie-lines as determined by 
" 20 

Mazurin and Strel tsina were found to be consistent with the 

morphological study of glasses 30 ta 39. They are used here 

for glasses of composition 6, 7, 8, 9, 10 and Il. For dllute 
o 

ideal solutioijs at equilibrium (at constant T and Pl, the 

ratio of concentration of a component partitioned between 
" 

two immiscible" phases 15 constant and is given by the Nernst 

t distribution law. This can be expr~ssed as: 

t No precipitation was pbserved. in the mi'crographs of the 
Mn-daped glasses stud1ed, so 1t is safe to laSSlPlle that -' 

o 

neither phase is saturated with MnO. Note that this was not 
the case for the Cr-doped glasses in which precipitation was 
clearly detected by SEM and EDAX (cf. Section 4.2.5.2). 
Natut'ally the application of this law to phase separated glasses 
1s only as valid as the solutions are 1deal. 
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= k 

where k is the Nernst partition coefficient., C
B 

the Mn~ 

concentration in the B-ri'Ch phase and CSi that in the Si-rich 

phase. It can be shown (Appendix) that for.large values 

of k, CSi and CB are determined\by: 

.. 

c '" X B = V
B 

where X is the total number of moles added to the glass, 

VB is the volume of the B-rich phase. Assuming that the 

Nernst distribution law holds for the glasses studied 
-" 

then any increàse in the effective concentration of MnO 

in one of the phases on going from one end of the tie-line 

to the other end must he accompanied by a corresponding 

• increase in the effective concentration of MnO in the 

other phase. Since most of the manganese concentrates in 

the B-ricJ:l. phase concentration fac.tors determined from 

the tie-line by the lever rule were calculated wi th respect . 
to that,phase. Table XXVI s~arizes the approximate 

C). 
oomposition at.Jthe Si-ric~ and B-rich ends of each t~e- ,.: 

line as weIl as the concentration factors and the 

èffective concentration of MnO in the B-rich phase'. Note 

that as mentioned earlier (footnote in Section 4.2.1) 

the phases denoted "Si-rich" and "B-rich" are those 
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showing greater and lesser resistance, respectively, to 
.. 

the etching in water or dilute HF. 

The parameter t of the, L band decreased steadily 

from glass composition Il to glass co~position 7 (Table XXIII) 

ref1ecting an increase of the effective MnO concentration ,,- --

in one of the phases. Sirtce rnost of the manganese c1ncentrates 

in the B-rich ph~se and withip this phase, the effec~ive MnO 

concentration increases from 0.35 wt% (glas.s composition Il) 

to 1.20 wt% (glass composition 7), we rnay conclude that the 

L band arises predominantly from Mn2+ ions in the B-rich phase. 

The ana1ysis of the data of t of the H band is 

rather complexe If the H band arose from the sizeable amount l 
j 

of silica present in the B-rich phase (Table XXVI) then the \ · t 
effective increase of MnO concentration within the B-rich 

phase shduld affect t of the H band and a decrease in t 

would be expected on going from glass cornpOSiti~ Il to glass 

composi tion 7. ,Th:)...9'-·~s not found to be the ca e, the decay 

-parameter t of the H band being essentially cons ant for 

the glasses studied. ~f on the other hand the H band arises 

~rom the very srnall quantities of Mn 2+ in the Si-rich 'ph~se,. 

the effective increase in the'MnO concentration within this 

phase wou1dstill resu1t in ra~her low leve1s of MnO. At 
• sufficiently low concentration,s (0.1-0.2 wt% MnO), the change 

in t sh~u1d be 1ess than the experimenta1 error. This case 

1s illustrated in Fig. 5+ where t i8 plotted versus MnO 

concentrations (for the conso1ute composition) the parameter 
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Taq1e XXVI: Approximate Compositfons at the Si-rich and B-Rich End of the Tie-Lines Passing 

i 

Through G1asses 6, 1, 8, 9, 10 and 11 (MnO = 0.27 wt%).' The Concentration Factors 

and the Effective Concentrations of MnO in the B-Rich Phase are also Shown. 

~ 

. 
Sl-rich (wt%) 

( 
B-rich (wt%) Effective MnO 

Sample r Concentration concentration in 

• factor the B-rich phase 
Si02 B203 Na20 B203 Si.°2 Na20 (wt%) 

, 

l 
MnBS-7 94, 5 ' <1 40 45 15 4 1.20 

- , 

~ 

MnBS-6 86 13 • <1 54 33 13 3 0.9 . 
-----

MnBS-8 76 23 <1 60 24 16 2.5 0.7'5 . 
> 1 . 

, 
MnBS-9 70 28 =2 70 19 Il 1.6 0.48 

~ . 
0 1 

~BS-,10 70 28 f 
1 

==2 70 19 Il 1.35 ·0.41 
. - . , , 

MnBS-11 58 , 4~ <1 -72 16 12 1.15 . 0.35 -; 

1 c . ' , -
L ______ . __ 

-~- -- -'----

" The effective ~O concentration was calcu1ated on the hasis that aIl Mn i~ concentrating into 

the B-rich phase. 
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-t changes from = 9.1 ms extrapolated to 0 wt% MnO ta 8.7 ms 

ai:. 0.18 wt% MnO (9.1 ms and 8.7 ms are wi thin experimental. 

error). These considerations indicate that the H band arises 

predominantly,from the small amounts of Mn2+ in the 'silica

rich phase. 

'We ~t exclude the possible presence of small 

'quantities af"Mn 2+ which may he as~ociated with both the Si 

in the B-rich phase or with B in the Si-rich phase. However, 

from the decay paraméter~ (t) data it appears that the L band 

arises predominantly from Mn2+ ions in the B-rich phase (which 

is also Na-rich) while the H band is primarily due to Mn2+ 

ions in the Si-rich phase (which is aIse Na-poor). 

4.5 MANGANESE(II) IN SODIUM BOROSILICATE GLASSES 

4.5.1 Excitation Spectra 

The previous discussion led te the conclusion that 
-' 2+ 

-the H band emissien cornes from Mn in the silica-rich phase 

while the L band is associated with Mn2+ in the-boron-rich 
-:.. 

phase. The excitation spectra of diva lent manganese in ' 

each phase may thus be obtained separately by monitoring each 

of the emission bands. Two samples were selected for this 

purpose. The first one (glass composition 25, Table V) with 

the high energy, band centred at 553 nm and a relative height 

(H/L) of 1.77 [i.e. the luminescent intensity of the L band 

is small c~pared to that of the H band (Fig. 29)J. The , 

• 
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"' 650 nm. 

• 

t\J 
o 

.0 

• III r. • . "hW', e eSt "tin. t! r" .-----.. . .rl L -_ .. 2 .. "1...........,,._0' hîW'&S) t '"''d7'tittuiill''*!tâ'ï'''~f il"_"" P~ifi:gJ[;J'I''''''' _ ..... -_ ....... _-~ 

1 

1 
i 

i 

! 
t 
l 
1 
l 



"j,tl LIs $ w 1 t t .1 !Ill 1I1Ii$!l!llJ) iU; .'i!IS$tlU t; .... , ___ "~_ ...... , GWJQ4J! ; UMm wa.iQhO$5l; eUAb,44W444A!.J44ZU;$\MF~~ 

,,' 

"'; :: r .. . ~ ~~ ~ 

~,~ ~ 

.. 
~ 

l' 

,1., 

" " 

. ' 
,< 

., 

a 

.. \ 

o 

'" 

.. -~ ,§ 

>. 

! 
lil ... 
" -
i 
1: -

550 

'"\ 

500 

• 

450 
Wove'enoth (nm) 

o r-

.. 

400 350 300 

Fig. 53: E'xcitation spectrwn of glass of composition 25 doped with 0.2'7 wt% MnO. 
Observation w?velength: 550 nID. 

-------

el 

$ < IF pp. lt t? IrnE i:filili't 'ra., hi fjt __ "_, • ,-~.-~-_. -~--"_.- ....... ~ .. """" e %t3 ..,)":frQt<-~~~c lIl~~~~~k-,,;' .lo".M._ .. ~;"""-~-:.r~ 

f 

1 
1 ' , 
L 

, 
f 

1 
1 
1 · · l 
t 
t • " l 
1 
l 
\ 

-".,l 

/:- . 

{ 
~. , 



~ 
f 
~ 
1. 
" 

'l 
:' 
~ 
,~ 

1 
f 
1 '. 
F' 

t 
'" 't 

l • 
! . 
r , 
1 

f 

ï 
t 
! 

1 

0 

o 

second sample (glass composition 32 AC60, Table XVIII) with 

the low energy band centred at 667 nm and a relative height 

(H/L) of 0.35 [H band intensity much,weaker than that of the 

L band (Fig. 44}]. It was thus possible to monitor the , 
o 2+ -

luminescence of Mn in each of the two phases separately 

without any significant co~tribution from the emission of 

Mn2+ in the other. The excitation spectra obtained in this 

202 

2+ / 
way are representative of Mn centres in either a silica-rich 

r, 

or a borori-rich environment. 

The excitation spectrum of glass composition \ 25 was 
r) 

observed at 550 nm (Fig. 52) ~d that of glass composition 

32AC60 at 650 nm (Fig., ~3). SVdS were present in each 

spectrum, and these results are summarized in Table XXVII. 

4.5.2 Energy Level Diagrams 

The Racah parameters (B and C) and the ener~y leve~ 

diag~~s we, derived following the scheme described earlier 

(Section 2. 6 • 5) • 

4.5: 2.1 Àobs :;: 550 nm 

The excitation bard at 28 329 cm-1 can be assigned 

to the 61\1(5) ~ 4E(D) trans'ition and that at 23 923 cm-l to .. 

the ,GAl(S) -+ 4E (G) transition (Section 2.6.5)". This results 

, in a value of B = 629.4 cm-1 and C = 3525.8 cm- l The ratio 

,1 ·l, 
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of C/B is found to be 5.6. The calculated energy levels 

as a function of IJ./B for C/B = 5.6 are shJ)wn in Fig. 54. The 

observed excitatlon energies fit this energy lev~l diagram 

best for the value ~/B = 6.25 corresponding to IJ. = 3934 cm- l 

4.5.2.2 À b = 650 nm o s 

-The excitation bands a~ 28 818 cm-1 and 24 

can be identified as the GAles) + 4E (D) and 6Al~S) + 

390 -1 cm 

transi tions, ,respectively (Section 2.6 .. 5). The Racah 

parameters Band C obtained from this ass~nment are 

B = 632.6 cm-1 and C = 3612.8 cm- l Thus the ratio of c/B 

is 5.71. The calculated energy 1evels~ a function of 6./B 

for C/B = 5.71 are shown .in Fig. 55. Here, the excitation 

energies were best fit for 6./B = 10, corresponding to a 
f' 

-1 value of IJ. = 6326 cm • ALI of these assignments are 

summarized in Table XXVII. 

4.5.3 Conclusions 

1 
The foregoing results show that the Mn

2+ ions in 

th& si1ica-rich phase experience a different crystal field 

than do those in the boron-rich phase. It is interesting 

to compare the results obtained above with those of Bingham 
'154 2 and parke on the absorption spectra of,Mn + in sodium 

borate and sodium silicate glasses. By comparison of the 
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crystal field strèngth (~) obtained for their glasses with 

2+ those of Mn in crystals and solutions, they concluded that 

Mn2+ ions in sodium silicate ,glasses were in tetrahedral 
, 

sîtes while in sodium borate glasses the coordination 

was octahedral. Our value of 6 in the Si-rich phase 
-1 

(~ = 3934 cm ) is quite comparable with, that of Bingha~ 

ana Parke for the sodium 
, -1 

silicate glass (6 = 4100 cm ) and 

that of the B-rich ~has~ (6 = 
~ 

sodium borate glass (~ = 6800 

~ , 

6326 cm-l) with that of the 

-1 cm ). Moreover, the crystal 

field str,ength 6 found for the Si-rich phase differs from 

that found for the B-rich phase by a factor of 5.6/9; just 

a ltttle.~arger than the 4/9 factor relating tetrahedral 

-, and,octân~dral crystal fields: 6 t = 4/9 Âo' It i8 quite 

understandable for the experimental factor to be larger than 

the theoretical one (5'.6/9 as compared 'to 4/9) when one 

considers that the factor of 4/9 results from the assumption 

that equal point charges are located at equal distances 

207 

from the central ion in either an octahedron or a tetraHedron. 

In fact the surrounding oxygen ions are expected to be at 
\ 

a greater distance from the Mn2+ in an octahedral site than 
." . 30 

in tetrahedral . The weiqht of this evidence leads to the 

conclusion that in "sodium borosilicate glasses Mn2+'ions 

occupy two diffe~ent sites, tetrahedral and pctahedral, 

. and fU~hermore, that the H band arises from Mn2+ in tetrahedral 
t· 

coordination, while the L band cornes from octahedrally 
- 2+ coordinated Mn ',. This interpretation~also agrees with that 

o 

" ' . , 
~."'."'_.f . ________ ~_~ 

'. 
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of Linwood and Weyl30 that in silicate glasses Mn
2+ ~ns 

replace Si 4+ ions (tetrahedral coordination) and in borate 

glasses they occupy interstitial posftions of approximately 

octahedral s~etrY. Eurther evidence for this view is 

provided.by the dependence of the L band intensity on 

temperature. Figure 56 shows the ~rnission spectra of Mn 2+ 

in glass composition'32AC6 at r~om temperature ~and at 77°K. 

The relative height (H/L) decreased from 0.99 (room 
, 

temperature) to 0.86 (77°K). It is possible to understand 

this temperature dependence if the L band arises from Mn2+ 

in rather loosely bound interstitial positions which are 

more influenced by thermal vibrations'than are the more 

rigidty bounded tetrahedrally cQordinated Mn_~~. 

Raman and N .M. R .. spectroscopic, investigations 'of 

sodium borosilicate glassesl09-lll showed that the silicate 

structural unit was ~he silicon-oxygen tetrahedron while 

the borate structural units were more complex including 

diborate, tetraborate and boroxol rings. It Is thus perhaps 
• ' 2+ 

more realistic to consider Mn in the B-rich phase as 
"; 

being the centres occupying a distribution of distorted 

octahedral sites. In this scheme the Laporte selection 

rule would be relaxed for Mn2+ in octahedral sites and this 

~ may weIl account for the comparable lumine'scent intensities 

of the H and L bands (the H band being Laporte allowed) 

observed in glasses with low levaIs of MnO . 

• 0 
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Both Mn2+ ernission bands shift~toward longer 
-

wavelengths with increasing MnO contént for a given glass 

èomposition. This red shift May be'related to the reduction 

~_of the energy of the 4Tl emitting level of Mn2+ w:Î.th increasing 

crystal field strength. Bence an effective crystal field 

pararneter 6' rnay be obtained frp~ the emission band maxima, 

and can be used to estimate the quantitative effect of 

increasing MnO concentration on the magnitude of the crystal 
( , 

field. Nine glass compositions (glasses 30 ta 38, the nolar 
. . 

compositions of the se glasses were giv~n in Table VII) with 

different MnO concentrations will be compared. The val~e, 

of 6' calculated from the emission band maxima are presented 

in Tables XXVIII to XXXI. In Fig. 57, D.' is plotted as a 
... ~ 

function of MnO concentrations. Concentration factors 
\ 

(obeying the lever rule) of aa.' 1.20 for glass -32,. aa. 1.40 
. 

for glass 33, aa. 1.90 for glass 34, ca. 2.33 for glass 35, 

ca. 3.15 for gla~s 36, aa. 4.5 for glass 37 and ca. 6 for 

glass 38 were taken into consideration for both phases. The , 

parameter D.' for the H band increases with inqreasing MnO 

content;until a concentration of ca. 2.5 wt% after which 

there is a plateau region 'where D.' is essentially independent 
'" -ot concentration. For the L band, 6' increases sharply up 

tb an MnO concentration of 1 wt% and then continues to 

increase, but much more gradually. To understan. this 
,-' , 

behavioùr, it is usefùl to consider the result of the recent 
, III 

Raman study of sodium borosilicate glasses.. For a rat~o 
l ' 
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Table XXVIII: Dependence of the parâmeter.e l as a Function 

of MnO Concentration (Glass Compo~ition 30) • 

MnO (wt%) band (cm- l ) EIB !:lI lB !:lI 
.. 

H 

1 

0.30 ;.6'8~3 26.79. 15.50 
" 

9755 

0.40 . 16807 26.70 15.60 9819 
1 

26.57 0.60 16722 15.75 9913 

1.00 16584 26.35 16.15 / 10165" 

2.00 , 16447 26.13 '16.25 ~28 
4.00 16393 26.04 " 

16.29 ! 10253 

" 

6'.0-0 16313 25.92 16.40 10322 
, 

(cm- 1 ) -- L band - - -
1 

. 
, 

0.30 15748 24.89 18.07 11431 

0.40 15674 24.78 1tt.15 11482 . 
0.60 

'li 
15649 

. 
24 :74 . 

. 
18.20 11513 

\ 

1. 00 15576 24.62 18'.4S 11672 

2.QO 15456 ~4.43 18.72 11842 .... 

4.00 ; 15267 24.13 18.90 11956 
") 

6.00 
p 14993 23.70 19.40 '012276 

. 

. . 
The values of !:l 1 lB for the H band were taken from Fig: 54 

(B ::: 629.4 cm-1 ) and those for the L-band from Fig. 5S 

(B 632.6 -1 
:= cm ). 
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Table }tXIX: Dependence of tl:e., Parame ter 6,' as a" Function of 

MnO Concentration (G1as,s Composition 32),. 

MllO (wt%) H band (cm-1 ) 
" 

E/B 6,'/B 6. • (cm-1 ) 

.. 

0.30 16863 26.79 15.5 9756 
/ 
0;40 16722" 26.57 15.75 9913 

0.60 16722 26'.57 15.75 9913 

1.00 16529 26.26 16.00 10070 

2.00 16447 26.13 16.25 10228 

4.00 16340 25.96 16.35 10291 , 

. 6.00 16260 25.83 16.45 10354 

. . L band - (cm-1 ) - - -
0.30 15699 24.S2 lS.10 11450 

~ 

0.40 15625 24.70 lS.35 11608 

-= 0.60 .. 15625 24.70 lS.35 1160S-
=-

1.00 15552 24.58 ,18.50 11703 
• . 

2.00 15432 24.39 ... 18.75 11861' . .. 
4.00 15152 . 23.95 19.20 12146 

.. 
6.00 14993 23.7.0 19.40 12276 

-

: 
• \.JI/!" 

The values of ~'/B for the H ~and were taken from Fig. ~~ 
.-

(B = 629.4 cm-1 ) and those Eor the L band from Fig. 55 

(B = 632.6 cm-~). 
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Table XXX: Dependence of the parameter 6' as a Function of 
, ' 

MnO Concentration (Glass Composition 37). 

, . 
MnO (wt%) H band (cm-1 ) E/B b. ' /B 6 ' (cm-+) 

0.1 16807 26.70 15.6 9919 
, . 

0.2 - .16667 26 ,.4'6 15.8 9944 
" \ 

0.4 16447 - 26.13 16.25 10228 

0.6 16447- 26.13 16.25 10228 

0.8 16393 26.05 16.30 10259 

1.00 16340 25.96 16.35 10291 . / 

- , ... L band (cm-1) - - -
0.1 

Q.2 

0:4 

0.6 

0.8 

1.0 

The values 

(B = 629.4 

(B := 632.6 

, 

. 
15674 24.78 18.15 11482 

J 

15600 " 24.66 18.40 i1640 

15480 24.47 18.70 11830 . 
15480 24.47 18.70 11830 

f' 

15361 24.28 18.85 11924 
\ 

lS31~ 24.21 18.90 11956 
, , 

of â'/B for the H band were taken from Fig. 54 

cm-1) and those for the L band'from Fig. 55 
-1 cm ). 
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Table XXXI: Dependence of the Paramete~ ~, as à Function of 

MnO Concentration (0.4 and 0.6 w-1:7%) ·for G;Lasses-' 

of Compositions 31, 33, 34, 35, 36 and 38. 

-
~ Samp1e H band (cm-1 ) E/B 6.'/B 

MnBS-31AC4 ~ 16807 . 26.70 15.60 
MnBS.-31 16667 26.48 ,15. aO 

MnBS-33AC4 16722 26.57 15.75 
MnBS-33 16584 26.35 16.15 

MnBS-34AC4 16667 26.48 15.80 
MnBS-34 16529 26.26 16.00 

'" MnBS-35AC4 16584 26;35 16.15 
~ 

r)mBS-35 16529 26.26 16.00 
, 

MnBS-36AC4 16529 26.26 16.00 
MnBS-36 16447 26.13 16.25 

MnBS-38AC4 16393 26.05 16.28 
MnBS-38 16393 26.05 16.28 

, 

- L band (cm-1 ) - -
MnBS-31AC4 15674 24.78 18.15 
MnBS-31 15625 24.70 18.35 

MnBS-33AC4 15625 24.7,Q 18.35 
MnBS-33 15576 24.62 18.45 

MnBS-34AC4 15625 24.70 18.35 
MnBS-34 15552 24.58 18.50 

, 

MnBS-35AC4 15552 24.58 18.50 
MnBS-35 15552 24.58 18.50 

MnBS-36AC4 15552 24.58 18.50 
MnBS-36 -- 15530 24.55 18.53 

MnBS-38AC4 15480 24.47 18.70 
MnBS-38 15408 24.36 18.79 

The values !J.'/B for the H band were taken from Fig. 54 

(B = 629.4 cm-1 ) and those for the L band from Fig. 55 

(B, = 632.6 cm-1) •. ' 

!J. ' 

9819 
9944 

9913 
10165 

) 

~44 
11)070 

10165 
10070 

&1 

10070 
10228 

10247 
10247 

-
11482 
11608 

11608 
11672 

11608 
11703 

11703 
11703 

11703 
11722 

11830 
11887 

\ 

1 
1 

1 • 
i 
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of Na20/B20 3 ~ l (aIl. the gl~S compositions in this work 

fall within this range) 1 most of, the Na20 was found to 

transform the structural uni t~ ,/ (B0
3

) 3- into (B0
4

) 5- uni ts i 

at the same time only a f~w 5i-0 non-briding bonds were 

present. On the one hand the MnO can act as a network 

modifier (when Mn 2+ oecupies interstitial positions) and 
, 3-

will assist the Na 20 in transforming the structural ~~03) < 

units i~to (B04)5- units, thus increasing the ionic character 

of Mn2+ environment. This would result in an incrêased 

crystal field (6') at the oc~ahedral sites and henee the 

observed red shift of the L band. On the other hand, when 

th MnO t k f b 1 · S . 4 + i e acts as a ne wor ormer y rep aCJ.ng J. ons 
, 

in tetrahedral coordination, by increasing the MnO 

concentration Mn2+ would replace the small number of silicon 

atoms in the Si-O- non-briding bonds as weIl as sorne silicon 

atoms in the regular tetrahedron. This would lead to an 

increase in crystal field strength (~') for' the tetrahedral 

Mn2+ ions and a red shift of the H band. But when tne 

concentration of MnO reaches aa. 2.5 wt% no further increase 

in 6' is observed, which implies that at that point presumably 

an equilibrium is reached where additional MnO will 

k.preferent~ally go to the more ionie.' B-rich· phase. 

4.6 CONCLUDING REMARK5 

Each of the precedinq sections led to conclusions 
1 

1 

\. 

1 

i 
l 

, 1 
1 
1 
i 
1 
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that were used in the arguments of the succeeding section>!>. 

It seems appropriate to summarize these results and also 

to comment on sorne of the aspect~ th~t May still need 

clarif:Lcation. 
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Mangane~e (II) luminescence in sodium borosilicate glasses 

exhibits two bands, the positions and relative intensities 

of wh\ch depend on bath the concentration of the activator 

for a given g~ass composition and on the com~osi tion of glass 

for a particular activator level. Morphological studies of 

the MnO-doped sarnples showed that the MnO concentrates in 

'the B-rich phase, leading to an effective increase in the 

MnO concentration within that phase. This, in turn, affects 

the luminescent characteristics of the doped glasses alang 

the tie-line. The luminescence study of these samples led 

ta the conclusion thàt the glasses inside and around the . 
miscibility gaps were submicroscopically phase separated 

as' formed. The decay-time analysis indicated that the H 

band was mainly due to Mn
2+ centres in the Si-rich phase 

2+ while the L band was principally due to Mn in the B-rich 

phase. The exc! tation \ spectra of each of the two emission 
. 

bands were used to determine the energy levei diagrams qf 

Mn2+ in these glasses. The result~ng ~rystal f~eld parameter$ 

2+ 1 then showed that in these glasses Mn ,occupies two!s!tes, 

one octahedrai and the otQ.er tetrahedral. The high energy 

band was associated wi th tetrahedral manganese 1 - the low energy 

" 
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band with octahedral manganese. This together with the 

conclusions drawn from the decay times, imply that the H 

emission band arises from tetrahedral manganese mainly in 

the Si-rich phase and the L band from oëtahedrally~ .... 
coordinated manganese located primarily in the B-rich phase. 

Throughout this work the twé phases have been 

designated as either B-rich or Si-rich. It should be 

emphasized that the network modifier, Na 20, concentrates in 

the B-rich phase. It is probably this network modifier that 

affects the partitioning of MnO between the two phases. It 

is the Na20 which supplies the oxygens needed to transform 

the (B03)3- structural units into the (B0 4)5- and other more 

ionic structur~l units and also to form the small number of 

51-0- non-bridging oxygens associated with the sificon atoms • 

. It is still, however " not clear to what extent this network 

modifier affects the magnitude of the Nernst partition 

coefficient, especially wpen MnO, which can also act as a 

network modifier, is added ta the glass. For a f1xed MnO 

concentration,-and on going from one end of the tie-line to 

the other end, the effective mé?-nganese concentration ins:l:de 

the two phases changes and hence the relative solubillty, 

of 'MnO in these two phases, may also change. The B-rich 

phase is probably more affected th an the Si-rich phase, , 

sinee lt ls withln thi~ phase that most of the sodium and 

manganese concentrate~. 'The more the MnO concentration 
\ 

increases, the more lonie the B~rich phase becomes and thus 

l 
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" 

the more attractiv~ it will, be to th~ Mn2+ ions. ~ In other 

" ~ords, when one cpnsiders the effeCt pf ~he dissolved MnO, 

on the chemistry of the S-rich phase, one is led to conclude 

tnat the Nernst partition coefficient increases with increas1ng 

MnO content. Figure si.cf3hows· that' for the c:;oncentration range 

studied this may indeed be happening.. The fact that !::,.' 

. " 
(the effective cfystal field parameter) becomes essential+y 

constant for the H-band ,(Si-rich pha'se} but not for ,the L 

" band (B-rich phase)· implies an increasing' pI:efer.ence of t,he 

added MnO for the B-rich phase. One cannot, of coùrse, asswne , 

that this would 
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CONTRIBUTIONS TC KNOw;r.EDGE .. 

system was shown to .behave like qua ternary systems of the 

type X20.B
2

0
3 

-S,i0
2 

(X = Na, K; M::: Mg, Ca, Ba, Zn). rhe 
. 9o,,-"' 

perimeters of the '\'sotherrns for the cross section which 

intersects the ~a2o.B203·Si02 face of the -quaternary phase 

àiagram along one tie-line <,Tg = 400°C) were determined. 

Cleal:'ing temperature measurements were made with 

t~results that were consistent w~th the 700°C isotherms as 

220 

determined by 'Mazurin' and Streltsina20 than that of Haller et aZ. 17 • 

of MnO 

It was shown that the addition of small ~ities 

does not induce major rota~ion of the tie-li~es i! the 

, "\ sodium borosilicate system. 

Both manganese and titanium were found"to concentrate 

in the B-rich phase of p~e separated ,~odium borosilicate 

glasses,.l> while very little chromium dissolved., 

Sodium borosilicate glasses inside the miscibility 

gaps w4?!re found to be submicroscopically phase separated 

as forme-d. The rapidity by which phase separation must have 

occurred suggests a spinodal decomposition. 

Manganese (II) ,luminescence in sodium borosilicate 

glasses exhibits two emission bands: a high energy band which 
< 

was attri'buted to Mn2+ in tetrahedral sites lI!ainly from th~ 

's'ilica-rich phase, and a low energy band assigned to Mn 2+ in 

- octahedral positions and principally in the l?oron-rich' phase .• 

. -
,:c,,:' ,<-, ~i~~:7~; ',' 

" . 
\ .' 
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SUGGESTIONS FOR FURTHER WORK 

Morphological and glass trans~tion temperature 

studies of glasses of the ternary MnOoB203oSi02 system would 
, 

determine the miscibility gaps and the tie-lines' of that 

system. . Then luminescence spectroscopy may be used to 

determine the numb~r of manganese ions that play the role 

of network formers and/or network modifiers in that systemo 

When the separated phases are large enough (~ 10 ~m), 

. 2+ 
it should be possible to excite Mn ions separately in each 

phase. Sinèe the detection limit for luminescence is much 

better than that of EDAX it shou14 be possible 1;:0 determine 
r- 2+ 

th,e actual distribution of MIl between the two phases. Note 

that from the excitation spectra obtained for' botl;l bands, 
,-

the 514.5 rum iaser line would èxcite only Mn
2+ in octahedral 

sites while the 488.0 nm laser lin~ would excite Mn 2+ ions 

in both sides (octahedral and tetrahedral) • 

With a tunable dye laser it should be possible to 
- - 2+"/ , 

exci te ~ Mn ions occu~~~ng e. particùlar si te in' the glass. 

This hopefully would yield a single decay exponential 

representative of a particular site, and may thus elucidate 

the site' distriblttiono . 

It would he interesting to inv~?tigate the effect 

of heat-treatment on the lumlnescence and luminescent decay

times of Mn2+ in glasses of the ternary CS20oB203oSi02 
'-. 

"I, system~ Because this system has very small miscibility" gaps, 

-it is likely that single lthase glasses could' be prepared. 

'. -
. '. 
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APPENDIX 

Let X be thè total number of moles of Mn added to 

a given g1ass and CB and CSi the re"spective concentrations 

of Mn in the B-rich and Si-rich phases. The Nernst partition 

coefficient mai he written as: 

k" = (A.l) 

t,," If 'VB and V~i designate the respective volUmes in the B~ri.ch 

and Si-rlch phases, then X is given by: 

(A. 2) 

Replacing CB from eq~a1;ion (A.1:) in equation (A.2) yields: 

(A.3) 

" ' / 
Expression (A ~ 3) l!lay he rearranged tô gi ve: 

. ' . 

. (A. 4) 

-

. If k is large then equa tion (A ~ 4) become s approximately: 
~, 

o 

1 
l, 

.'~._-----~-~.~~ ......... --... ~,-. -r-... ,',..- ~--~._-~{~~-t"-'-~.,.""') bt<7"l",*-"L_ti>.'"'""'". ""'. =--...,..., _=.---.".--~=~, _-:.7.' .. ....-,-".~--.,-.~ ,!'/.'lU" ..... ~i .... _~_'.<JI 



, __ ~~ __ ~.'_*~~I~. __ m." _____ 4~A~_._I'_'_' ______ ,~"~~ __ ~ __ ~~ ___ •• ~{ •• _~._& __ ,~ ____ . ______ ~ ... _____ ~_~~~~._._~~~~~~~~~ 

, 

223 
.; 

',' 

( ) 

CSi 
.'ù X (A.5) 

kVB '0 

"--" ~ 

The same calculations may be carried out for CB to get: 

. 

) CB 
X' 

(A .• QJ = + VSi/k VB 

Again, if k i5 l'arge, then , 

(A.7) , . 
. - .... 

\, , 

fi 
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