2

P

- v ~
N

. ”

——

-

| LUMINESCENCE' OF Mn2*

.
) s
TR A AR e o e R T T o i AT

IN GLASSES: A SPECTROSCOPIC

PROBE FOR THE STUDY OF THERMAL PHASE SEPARATION

-

Pierre-Elie M&nassa

A Thesis Sﬁbmitted to the Faculty of Graduate

Studies and Research in Partial Fulfillment of

the Requirements for the Degree of

!
Doctor of Philosophy

McGill University
Department of Chemistry
Montreal,:Quebec, Canada

® August 1983

1

«

°

3
1 B BTSN 0B A TR A e st e S SR g ¢ W e N W

§
E
3
H
:
<




A 1. :‘
“ . B . -
, J . il .. I o " s
T " e s IR IUIIINUNUUIINS, v —
0% N R S N -
— ¥
' v . M * b
\
s
.
'
'
&
. .
“ “
j ’
. . .
. -
1) M ]
A e .9 [
t H
@ - ?
. H]
X . " N
B Y 4 . N 3
0 ! a .
» .
. o
o f
3
N
- o
v n .
k) v
4 . .
'
. - .
v . .
» / t . L
A}
N
. B
’
- .
> e
B
. . 2
;
el N 4
~
. .
*
. ¢ ® . i
a t N 7
¢ i
. H

¢ . ,
* I 1

\ -
. . ’ [
| ]

%
td
n
(o]
-
L
'é"
=
~
2
td
4]
Q
5]
-
N
td
B
2
O
W
o]
8
é
t
0
t
!
o
zﬂ
=
=
g
0
n
t
n

.
’
L \ °
. . \
- L)
. .
v, 4
R P
c 4 k)
.o ) AN
R . F
~
P
® .
]
r L]
f
. # ' B i
.

’ % :
'l k4 Y Q “« L}

0 ® -

4

7Y . . - . ,

o — ,.
. ° -

N -
0 N \‘
A o 3
¥ . N o .
» , )
, f
- .
- . * H «
5 &
e - :
e . sl
- 0 T
! . . B B4
. N . AY , . . N
s i E2Y e 4 * R
‘ : / - - -
——
\\= ‘., —-—-q-»——.——s‘ T
< \\ + . - . A i e
- A . N ) ‘ i,
) " i B . d »
5 vy >
. : . . - ~e .
A + g v
PR - :_
, s
L4
B ,u‘; ' 3 t > N +
n N *
- T
. N
e * N . + o

R

L

RS ey

B~ 5% e




"

.

< . . 1
° o
A o ‘ <) . . a .
. . ‘ \ ‘ )
. " P I
. - . s‘
“
- , ) .
’ W —_— To my mather Claire for her love
' . ' ) and understanding,
w . ) N N _ . .
' ‘ ‘ and
§ 4 . R
’ ) v y A R ! -
o~ . 3 * g
. ' To the memory of my father Michel
: . - e
. - , ! . .
. . . ., Y ’ . B , .
. . v . , R ’ “ , , .
. .. ) - ' . i , ’ N
N ! ) " ‘ * ) 4 + ‘. N ' ' 2
. : . S . .
) y !
‘ , Loy
* M Y ' N . -
3 oo ) ‘ . .
] N
- ) , .
SV . e L . P TP, I :




L ¥

3
B TR b T PR A

E]

LTI

g e Sy R T £ e L.

i
. -~ -, )
- N w\
i - £
o =
Chemistry LN Ph.D.
« ‘ LUMﬁbESCENC OF Mn2+ IN GLASSES: A SPECTROSCOPIC
o - PROBE FOR E STUDY OF THERMAL PHASE SEPARATION
fW 'by : . ¢
) Pierre-Elie Mé&nassa oy
ABSTRACT
\ ’ ”
. A new approach for studying thermal phase separation

in’ sodium borosilicate glasses usxng an as a luminescent
probe is investigated. Seventy—one samples of glasses
activated by Mn?* inside and around the Na,0-B,0,-510, '
miscibility gaps were prepared. These samples were then phase
separated by dry thermal treatment.

It is shown that on addition of MnO, the ternary
Na 0- 3203 Sio2 system behaved like other qguaternary systems
of the type" X,0-MO- B2 3 3102 (X = Na, K; M = Mq, Ca, Ba, In).
Scanning electron microscopy and X-ray m1croanalysms
demonstrated that manganese concentrates preferentially in
the boron-rich phase. This analysis,(in conjunction with a

2+

comparison of Mn emission spectra of unheated and heat-

treated glasses shows ‘that the glasses are submicroscopically

Phase separated when prepared. The decay-time analysis’ of

Mn2+ luminescence indicates that the low energy emission® band

arises from Mn2+ in the boron-rich phase while tnp'high energy

2+

emission is dud to Mn 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 emission band is from Mn2+ in tetrahedral 51tes
whlle the low energy emission band is from an "in an i

4

octahedral environment
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{LA LUMINESCENCE DU Mn2+ DANS LES VERRES: UNE SONDE
SPECTROSCOPIQUES SERVANT A L'ETUDE DES PHENOMENES DE DEMIXTION
par . ) |

Pierre-Elie Ménassa’

v RESUME ' ’

. by
-Une- nouvelle mé&thode d'é&tude des phénomé&nes de ) r
démixtion des borosilicates de sodium vitreux, utilisant la ‘

2+

luminescence du Mn ’ Soixante et onze ‘

est examinée.
&chantillons de verre activés au Mn2*
des_ lacunes de miscibilité& du Na,0-B,05:5i0, ont été préparés.

Ces échantillons ont &t& traités thermiquement 3 sec jusqu'l

. %

£

3 1l'intérieur et autour

¢ démixtion.
Il est montré qu en ajou;\nt du MnO au syS5téme
ternaire Na20 BZO3 8102, ce dernier se comportalt comme des
systémes quaternaires du type xzo MO- 8203 3102 (X = Na, K;
M = Mg, Ca, Ba, 2Zn). La microscopie &€lectronique & balayage
et la micro-analyse de rayons X montrent que le mangan&se est,
essentiellement, concentr& dans la phase riche en borate.
L'analyse précédente‘et la comparaison des spectres d'émissioni
‘des &chantil%ons sans traitement thermique avec ceux qui ont
subit une démixtion, montrent que les verres .sont déj&“éous—
microscopiqueﬁent séparés, lors de leur formation, en Qeux |
L'étude des temps de déclin de la

g

phases non misgibles.
luminescence montre que les bandes d'émission 3 basse et 3
haute énergie proviennent respectivement du Mn2+ présent dans

la phase riche en borate et de celle riche en silicate. La
différence, entre les paramétr?s du champ cristallin obtenus®”

d partir des spectres d'excitation des deux bandes d'émission, ,
montre que la bande & haute é&nergie provient du Mn2+ en

coofdination tetraédrique tandis que l'autre est associée au '’

K]

Mn2+ en coordination octaédrique.
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B GLOSSARY OF TECHNICAL TERMS+

0

Q

BINARY SYSTEM. A system with t&o components.

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

BOUNDARY LINE (CURVE). The intersection of adjoining
liquidus surfaces in a ternary phase diagram. The
area enclosed b¥ a series of boundary lines is
termed a primary phase area.

COMPONENTS (OF A SYSTEM). The smallest numbexr 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. -

<

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 liquidus surfaces meet
at a point.

CONDENSED SYSTEM. One in which the vapor pressures of
the .solid and liquid phases present are negligible
or small in comparison to the atmospheric pressure.

CONGRUENT MELTING POINT. At a specified pressure, the
temperature at_ which a solid substance changes to
a liquid of identical chemical composition.

CONJUGATE PHASE. One of the two phases in equilibrium
with each other defining a conode (see (11)).

CONSOLUTE COMPONENT. That one which in sufficient
amount causes homogenation of two other partially
miscible components.
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10.
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CONSOLUTE PQINT. Critical point at which two 1liquids

N become miscible in all proportions.

11.

12.

13.

14.

\\ o
CONODE (OR TIE LINE). For a particular temperature,
the straight line connecting the compositions of
two (conjugate) phases in equilibrium witk each

other.

CRITICAL TEMPERATURE. In a one component system, the
unigue 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 ligquid phase can exist however
great the pressure. .

DEVITRIFICATION. The formation of crystadlline material
from glass. .

EUTECTIC. A eutectic represents an invariant {unigue
temperature, pressure, composition) point for a®

system at which the phase reaction on the addition
x*\\\\\NEh"—géfggmoval of heat results in an increase or :
Crease, respectively, of the proportlonnof 11qu1d

15.

lé6.

17.

18.

to solid phases, without change of temperature.

GLASS. In ceramic phase equilibria studies glass
refers to supercooled jtiquid. g

HETEROGENEQUS EQUILIBRIUM. ™A system is heterogeneous
. and is in heterogeneous equilibrium when it
consists of two or more homogeneous portions
(phases) in equilibrium with each other.

HOMOGENEOUS EQUILIBRIUM. A system is homogeneous and
' is in homogeneous equilibrium when it consists
of one phase and all processes or reactions
occurring within it are in reversible equilibrium.

INCONGRUENT MELTING POINT. At a specified pressure the
temperature at which one solid phase transforms
into another solid phase plus a liquid phase both
of different chemical compositions than the
original substance.

[
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19.

20.

21.

22.

23.

24.

xxi

ISOPLETH. A line in a phase diagram of constant

composition.

~ 2

ISOTHERM. 1In a ternary system the locus of all points

on the ligquidus of constant temperature.

ISOTHERMAL STUDY. The method of considering the changes

JOIN.

occurring in a system in which the temperature
variable is held constant and the composxtlon
(or pressure) is varied.

The region of a phase diagram representing all
mixtures that can be fagmed 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.

—

LEVER RULE (OR CENTER OF GRAVITY PRINCIPLE). When a

’

partlcular composition separates into only two
phases, the given composition and that of the two
phases are colinear; furthermore, the amounts of the
two separated phases are inversely proportional’

to their-~distances from the given 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.

—H— 3¢ : e
A Cc B

LIQUIDUS. The locus of temperature-composition points

representing the maximum solubility (saturation)
of a golid phase in the liquid phase. 1In a binary
system, it is a line; and in a ternary system, it
is a surface, usually curved. At temperatures
above the liquidus, the system is completely
liguid, and a point on the ligquidus represents
equilibrium between liquid and, in general, one
crystalline phase (the primary one).

PP



25.

26.

27.

28.

29.

30.

31.

32,

xxii

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
thermodynamic equilibrium at an observable rate.

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

»

MONOTECTIC. Isothermal reversible reaction in a
binary system in which a liquid on cooling,
decomposes into a second liquid of a different
compositidn and a solid.

PHASE. Any portion, including the whole, of a system
which is physically homogeneous witHin itself
and bounded by a surface so 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.

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

-

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

PSEUDO SYSTEM. It is frequently convenient or necessary
to refer to portions of a binary or ternary, ete.,
system which are not (true) subsystems (see (34)).
in such instances the term pseudo binary, or
pseudo ternary, ete., is used.

SOLID SOLUTION. A single crystalline phase which may
be varied in composition within finite limits
without the appearance of an additional phase.

U ot b e
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33, SOLIDUS. The locus of temperature~composition points
e in a'system at temperatures above which solid and

liquid are in equilibrium and below which the
system is completely solid. In binary diagrams
without solid solutions, it is a straight line, \
representing constant temperature, and with solid
solutions, it is a curved line or combination of
curved and straight lines. Likewise, in ternary
systems, the solidus is represented by a flat
plane or a curved surface, respectively.

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

s

35. TIE LINE. See CONODE (11).

g . T

(} 1'From references 216, 217 and 248.
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Setence sans conscience n'est

que ruine de l'ame.
Rabelais

CHAPTER 1

INTRODUCTION

1.1 PREFACE

Liguid immiscibility in glass forming systems is a
widespread phenomenon. Several reviews have been written
on the subjectl-lo. While optical and electron microscopy
are the only direct methods used in observing separated
phases, small angle X-ray scatte;ingll, physical property
measurements12 and spectroscople,are some of the various
indirect methods capable of detecting phase separation in
glasses. o

One of the major problems facing the nuclear industry
is the permapént safe disposal of radicactive waste arising
from nuclear processes in fission reactors. One possibility
for the disposal of reprocessed waste is dissolution in a
glass (other possibilities are discussed in Ref. 14). After
dissolutioﬂ, these blocks would be contained in metal canisters
and then stored in deep rock vaults (v 1 km). Among the
glass compositiéns under study is the ternary Na20-3203-810215’16.
This system, like many othersl, has miscibility ggps (Fig. 1).
That is, two distinct amorphous phases coexist within certain

17-20

ranges of temperature and composition . The temperature ,

and duration of heat treatment, as well as the composition of

MR - cemdoiia St b w
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these phases depends on the composition of the glass within
the gap. The only plausible rouée for escape of radio- x
nuclides, after disposal, is by ground water. Since the
Qissolution behaviour of many glasses is affected by phase
separationzl*zs, it is important to understand this phenomenon

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

One way of better understanding phase separation is to

- study its effect on a doping material by means of visible

spectroscopy. Some attempts have been made to uge optical .
absorption®?3° or luminescent probes?’’34741 géigtégzdy e
morphological changes in glasses. So far no parallel 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 morphological changes in glasses, it is highly
desirable to complement microscopy with a reliable spectro-

scopic method. All 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

contents. The earliest evidence of glass manufacture comes

A, v

- e g
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from Egypt {(some 2500 B.C.) and from Babylonia (some 2600 B.C.).

Glasses beloqging to this era were inhomogeneous and ccoloured
green or blue. It ;as not untii the 6th century B.C. that
glasses started to display some homogeneity. Glass markets
flourished in the lst century B.C. with the discovery gy
the Syrians of glassblowirg 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 form. At the same time glassmaking
spread to northern Gaul and Britain, while in Egypt glass
was commonly used for tableware.

With the fall of the Roman Empire and the congquest
of the whole Near East by the Arabs in the 7th century, the
evolutidn of glassmaking was impregnated by Islam. In this
periad, the Egyptians invented lustre painting, 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 Damascus,
notable for its small scale. figural decoration. The 12th
century saw the introduction of stained glass windows in
European Gothic churches. One final not; to mengion abouF
these middle ages is the invention of the clear "Cristallo"
glass by the Venetians. /

In the 16th century in Venice a special method to

r

4]
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prepare glasses was developed, known as the "fagon de Venise":
Among the glasses prepared by this method one finds the .
"latticinjio", the "vetro ditrina" and ice glass. The secret
of the "fagon de Venise" was well protected, an% g%ﬁss
workers of the island of Murano were forbidden to leave
Venice. Foféunately, near Genoa, at Altare, there existed
a second glass centre. Its glass was impossible to

P
differentiate from the one prepared by the "fagon de Venise".
This second glass centre was not governed by the same
reétricéions as Venice. ‘ Thus, some Altarist and Venetian
refugees spread the Italian art of glassmaking to the rest
of Europe. It was in England in 1675 that Ravenscroft
discovered lead glass. Thig glass Qas heavier and more
durable but also slower to work than-the Venetian glass. In
the 18th century a technique fpecial to Bohemia emerged.

It consisted of sandwiching a gold leaf between two layers

4
!

of glass forming beakers or goblets. Glassmaking was

imported to the American continent as early as 1535 (in Pueblo
Mexico). By the 18th céntury many glass houses appeared in
the U.S. The most important were the Wistar's and the
Steigel's. The beginning of the "19th century gave birth, in
the U.S., to internationally known glass manufacturers:
Libpey‘s, Pitkiq's and Bakewell's. The modernlhistory of
glass starts in the mid-19th century where exhibitions were

held and glass dbjects were collected. This century also saw
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, 4500 years.

the production of optically *reliable glass. This progress
was made possible thanks to ;hercollaboration, in Jena, of
great scientists like Carl Zeiss, Ernst Abbe and Otto Schott.
During all ¥hese years (from antiquity to the beginning of

the 19th Century) glass science was based on trial and

error, without any solid scientific basis.

1.2.2 The Moderh History

It was not until the 20th century that some 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 glassmaki;g from 1900 until now
outnumber by far what had been achieved in the previous
G

Among the first to adopt a scientific approach toward
the properties and possibilities of glass, was Michael Faraday. .
He described glass "rather as a solution of different substances
43

one in another than as a strong chemical compound" He

TR W g a B e b, il T -

also explained that the red colour of a gold ruby glass was

due to small gold particles in the glass44. Moreover, he

< st a

e e

studiéd the conduétivity and electrolysis of various ﬁelted

glasses45. 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.

i
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He observed a "milky opacity" when PZOS was added to a
mixture of SiO2 and 8203, and concluded that "phosphoric’
glass salts are obviously—insoluble in a [borosilicate] melt

Sy s 47 , ' i,
as o0il is in water™ . In the same period and after a series

48,49

of experiments, Warburg and Tegetmeier concluded that

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

and exchange of silver ions for sodium ions were studied by

Schulzso. Meanwhile, Tammann investigated the conditions

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

transition and tried to relate this to crystallization

rate and viscositySl. The first systematic studies of

ifmmiscibility in binary borate glaéses were done by Guertler52

53,54

and later on by Greig 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 crystaliite

55-58 59-64

model , the other'a random-network model . 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®0/64706  orren noted the absence of small-

angle X-ray scattering from fused quartz. This indicated
that if crystallites were present they must be fused together
by a material havipg the sam? den§ity. These results were
confirmed later on by Weinburg‘e7 and Levelut68. This !

A

technique is often used as proof of structural homogeneity

o

" S
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of glass, although some authors express reservation369’7o,

Their criticism is based on the fact that émall-angle
scattering from a liquid is less than that of an isolated
molecule, dﬁe 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
structural 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

2

Glass Science -

The first to detect micyoheterogeneity in glass by

electron microscopy was Slayter 1 and later Prebus72. On the

73,74

basis of their results, as well as those of others , glass

-~

scientists concluded that glass cannot be as homogeneous

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

well organized as postulateé by the crystallites group.

Furthermore, systematic studies of beryllium fluoride
g].asses75_-77 led to the conclusion that phase separation
was inherent of the géneral struéture\gorming process. This

subject was intensiv%&y covered in the 1960's and over 500




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

were considered as the "golden age" of metallurgical science,
similarly the 1960's might also be considered as the "golden
age" of glass science78. Among the first in this "golden

age" to present theoretical explanations of immiscibility

79,80 81

were Cahn and Hillert™~. This phehomenon was observed

in many glass—-forming oxides. Among the binary systems one

finds the alkali borates+82, the lithium and sodium silicates

53,54,87 88

84

89

0,3

and borates

-Ge096. Phase

the élkaline earth silicates

90~-93 .. 94,95
PbO-B,0, , Bl,0,-Si0,7"" 5

separation has also been reported for many ternary systems,

, . ., . 17=20 _ _ein 27,98 .
including Na20-3203-5102 , Nao-CaoO 5102 ’ L12

99,100 . .. 100 92
! ' L120—A1203-5102 ' PbO-A1203-—BZO3 ’
MgO—A1203 2101, ébO—Geoz—Siozloz. Phase separation

has also been reported in four-component systems by Humme
104-107

» Si0,-B,

and GeO

O-
-3i0
1103

and more recently by ?aylor and co-workers They
describe in aetail the topography of the miscibility gaps
in some complex borosilicate systems.

The properties of glasses and phase separation have
been intensively covered by several books and review articles.
Further details on the subject may be found in Refs. 1-10.

The theoretical aspects of immiscibilité will be covered

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

seen a rapid increase in spectroscopic technigques useful for

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

-86
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studying structural changes in glass. Among these techniques

are £.5.8.19% y. M.R. and Raman spectroscopy 027111,

112-114

X-ray microanalysis 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

13,115~-119

glasses we discuss three which complement each

other. Certainly the most complete qualitatiwve discussion
15

>

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

Tt is still considered by many as the "Bible" of coloured
glasses. A review article written by Batesll6 discusses

the absorption Spectra of transition-metal ions in glasses
based on ligand-field theory. Finally, a book by Wong and
Angell13 describes quantitatively all aspects of spectroscapy

in glass including a broad section on visible spectroscopy.

Visible spectroscopy involves electronic transitions

. with energies corresponding to 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

2

Three distinct processes characterize the absorption
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of visible radiation in glassy materials: interionic and

intraionic transitions, and the existence of colour centres.

1.3.1.1 oInterionic transitions
¢ -

Interionic transitions, also commonly called "charge
transfer spectra" are those involving gpe transiti?n of
an electron from an orbital located on an atom or an ion to
another orbital located on another atom or ion. In chalco-
genide glasses, transitions occur to a conduction b;nd as
opposed to a localized orbital. When the transition occurs
to a localized single‘level, the abgorption band.peéks in
the U.V.»having its tail in the visible fegion. It is the
tail of the band that is responsible for the colouration
of the glass. One of the most common impurities in glasses
is Fe3+‘ It is responsible for the green colouration in
commercial bottles and can affect glass colouration when
present at concentrations as low as 1 ppm78. Steele and
Douglas120 studied the spectra of iron in sodium.silicate and

’

borgte glasses. Their comparison with Fe2+ and Fe3+ absorption
speetra in agqueous solutions leé them to the conclusion
that“‘Fe2+ and Fe3+ co-existed inlthe glasses under study.

I

Thus ‘both dions are responsible for the charge-transfer band

centred at ea. 210 nm.
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1.3.1.2 Intraionic transitions

These occur within the central ion itself or

2

\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 becausé they are sensitive to the ion's chemical

environment and may therefore be used as indicators on the

e

nature. of the environment. A good example is trivalent

v

chromium, the absorption spectrum of which has been inter-

preted in gréat detail in terms of ligand field theorylls’ll7.

121

Recently, Brawer and White studied the temperature

dependence on- the absorption of Cr3+ ions in silicawg

"

glasses. Further optical studies on trivalent chrofiium

in a variet;“of glasses were carried out by Andrews and
co—workerslzz. They concluded that the inhomogeneous broaden-
ing of the bands increases along the series phdsphate <
fiuorophosphate v silicate < tellurite v fluorozirconate v
phosphotungstate < borate, thus showing that the absorption

3+ . . ‘s . .
spectrum of Cr in glass is sensitive-to its environment.

1.3.1.3 Colour centres in glass

These centres are procduced by high energy irradiation
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(usually a 60Co Y-ray source). Ionizing radiation, on passing
9

through matter, frees bound electrons. This produces both
free electrons and positive holes. These are both relatively
mobile at room tempefature and travel through the material
until they are trapped by a defect - an oxygen vacancy will
trap an electron, aﬁ oxy§en atom a hole - or collide with
each other and annihilate123. It is these species that
colour irradiatéd glasses. Furthermore, the intensity of

absorption bands is influenced by the metal alkali cation124.

The latter factor was studied by Bishaylzs. He found that

for the same radiation (2.2x106 R} increasing the alkali

content increases the absorbance of the band (centred at .
ca. 625 hm). Thus, although colour centres in glass depend |

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

induced by radiation damage and contribute to colouring

phenomena in glass.

1.3.2 Excitation

[RRC O RSG I

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 épparatus 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

o bt S e oo

some advantages. If the aétivator has a high luminosity,

e o
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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 sample to be clear,
1.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

absorb. Figure 2 shows thePabsorption, emission and

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

126

sodium borosilicate glass doped with uranium {(batch

composition 10ga20 - 273203 - 6381’.02 - 0.07U308). Finally,

excitation spectra can demonstrate the occurrence of energy
127

transfer between fluorescent centres. Reisfeldsand Boehn ’

using excitation spectra showed that the energy absorbed

3+ 3+

by Sm is transferred to Eu ions in phosphate glasses.

Their conclusion is based on the fact that the difference

3+ 3+

in excitation between Eu3+ + Sm and Eu corresponds

3+

to strong lines in the Sm absorption spectrum. Of course

excitation spectra can be obtained only from luminescent
centres, which can be a serious limitation.

ey

1.3.3 Emission

A

Emission phenomena including both fluorescence
?
and phosphorescence (or luminescence) result from
radiative transitions from higher to lower states.

Different processes may promote electrons from ground to

R T N LR LA o
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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. Irraéiation 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
irradiated with electromagnetic radiation. We will be
concerned with irradiation by U.V. or visible light. Martin'?8
has written a comprehensive review on this subject and its
application to alkali halide crystals doped with ns2 ions.

A different approach dealing mainly with glaésy materials

is presented in the followin®“fsection.

)

\

i

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

transitigns to the ground state are radiatively forbidden.
This often results from the trapping of the excited electron
in an ‘electronic state having a different ﬁultiplicity than
the ground state. Such transitions are forbidden by spin

. 115

selection rules. Weyl classified luminescent centres

in glasses into three categories.™

- [

st
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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 material. 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

9 130

this class. They were invented by Sauvagé12 and Guntz

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

will not elaborate on this class which is of little interest

in the preseyt work.

1.4.1.2 /Glasses coZtaining energetically-isolated atoms or

~fiolecules

Certain atoms or molecules may be incorporated in
a glassy medium. If these atoms or molecules are not

strongly bound to their environment, they may be considered

as energetically isolated. Weyl115 describes metal atoms

as "frozen in" metal vapour. Silver glasses are a good

example. Silver in glass may exist in diffeggpt formsl3l.

t

aAg’ ions and (Ag®),, crystals which do not Iuminesce (the
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former is colourless while the latter impart a yellowish

! colour to the glass) and neutral Ag° atoms which have an
absorption band in the U.V. and a white-yellow fluorescence
in the visible.

Molecules too can be incorporated in glassy

; media. Glasses containing cadmium sulfide and cadmium
E selenide absorb in the ultraviolet and short-wave visible

with emission of red to infrared radiationl32. 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

(i) Rare-earth ions

The luminescence of rare-earth ions in glass

) ‘ has Eeen extensively studied in recent years in view of

. potential applications as laser materials and solar
convertersl34 and infrared-to-visible upconveétorsl35. In
rare-earth ions the electronic transitioné occur within the
4f electrons. These ;ast are well shielded by the outer Sp
and 5s electrons. Tth one would not expect the luminescence

f spectra of these ions to be much affected by envixonmental

(:; changes. Most of the rare-earth optical properties were

m A B e
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studied in termg of quantum_yieldl36’l37, radiative lifetimesl38,

139, which are

and fluorescence line-width parameters
important in laser applications. Despite the fact that the
enyironment hasﬁl;ttle effect on the absorptipn and emission
spectra of raré—earth.;ons, successful attempts have been

made using spectroscopic observatlons to draw some conclusions
on the symmetry sites of rare-earth ions in glass. This is
possible because the transition energies are sharply defined;

a concise review on this subject was written by Snitzerl4o.

A new powerful technique first recognized by Szabo141 and.

applied by Riseberg“z_144

may be 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 to excite
only a fraction or a homogéneous part corresponding to
field-split energy-level separation (see Fig. 3). If the }
temperature is kept low enPugh the energy redistribution
of the absorbed energy is slowed down and FLN is observed.

A recent review article on the subject was presented by Yenl45.

(ii) Uranium )

The strong luminescence from uranium~-doped glasses

is due to- the U(VI) oxidation state, but 6nly when present

e



H
f
1
§
E,

Iy,

ENERGY

LASER

g

—— e - — - — - -

[P

Laser excitation corresponding to field-split energy-
lgvel separation in LaF3:Pr3
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(from Ref. 145).
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131 .
as the uranyl group U022+ . Different bands are present

depending on glass compositionl46. Weyl115 attributed the -

N

loss of the luminescence, as a function of glass compositioh,.
to tgskformation of uranate groups UO427 or U2072— which

do not fluoresce. Furthermore, glasses containing the
glass~former as (B03)3- or (PO4)3- structural units interfere
less with uranium luminescence than those containinghisi04)4~
and (BO4)5‘;groups. Moreover, Rodriguez and co-wérkers146
showed that substituting Na,O0 by Kzo'and increasing silica

content in a lime silicate glass increases the intensity of

uranium fluorescence.

(iii) Transition-metal ions

TranSition-metal ions may be dissolved in a glassg

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

as part of the glass structure. Certain of thése ions
will luminesce. We will be interested in the first transition-
métal series (3d series). Variations in the interatomic
binding forces (changes in the network modifier cations)
and their symmetry affects the emission of the activators..
Thus some infofmation 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 reportfdl3. Glasses containing cut

\
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absorb in the U.V. (238 nm) and fluoresce in the visible

147 studied Cu+-luminescence in

(500 nm). Parke and Webb
calcium phosphate glasses. Based on the similarity between
excitation and absorption spectra, they concluded £hat
absorption and emission occur between the same two levels.
In recenf vears the luminescence of Cr3+ in glasses has been

121,122,148 121

thoroughly investigated Brawer and White

studied the dependence of the emission on the exciting

frequeqiy in silicate glasses. Lunkin and co-workers148

investigated the luminescence of Cr3+ in sodium borosilicate

glassesﬁ They observed a quenching of the luminescence when
the activator concentration was increased from 0.1 to 0.5 wt$g,
Furthermore, samples containing 0.1 wt% of the activator
and heated for 6 h at GOO;C had the same luminescence
characteristics as those unheated with 0.5 Qt% of the
activator. Moreover, studies of heat—-treated glasses
dissolved in 0.25 N HCl showed that Cr,0, concéntrated
in the sodium-and-boron rich phase. This concentration-
quenching phenomenon has been obpserved by Andrews and
co--workers122 in soda liﬁe silicate, aluminum phosphate)
fluorophosphate, and lithium aluminum borate glasses. Among
the 3d transition elements, certainly the luminescent glass
2+

activator that has been studied the most remains Mn to

which we devote a section of its own.

+Kindly translated from Russian by Professor Alfred Taurins,
McGill University, Department of Chemistry. o
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1.4.2 Mn2+ in Glasses

Since the early work of de Boisbaudranl49 and

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

and crystals has been thoroughly investigated. Luminescent

studies of glasses doped with Mn2+ range from fluoro-

beryllate529’34’35’38'39’151'152 to phosphates

Silicates29-31,35,39,40,151—154,161 and borates

Mn2+ luminescence in glass ranges from green to deep red

depending on the glass composition and on the activator .

30,39,157 Although some author532’35 attribute
this luminescence to the transitions 4Al§ 4Eg(G) > 6Alg(s)

and 4ng(G), 4Tlg(G) - 6Alg(S) (see Fig. 4), there is fair

agreement that the electronic transition 4Tl(4G) > 6a (65)

concentration

1

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

Unfortunately, some disputew’n’35']'57 still exists on

the factors affecting these frequencies.

2+

Based on the fact that Co and Mn2+

have the

- same electric charge and approximately the same ionic

0 2+

radius, Linwood and Weyl3 compared glasses doped with Mn

to their countérparts doped with Coz+. They found that

whenever the glass composition favoured a tetrahadral

2+

2+ (silicéte glasses) the Mn~ counter-

coorxrdination for Co

part would luminesce green. Moreover, when an octahedral

2+

coordination for Co is favoured (in low-melting)

29,32,39,41,151-160

30,39,153,154,162
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x
a

glasses i.e. borates,. phosphates), the corresponding Mn2+

glass would fluoresce red or orange. From these experiments,

@

they concluded that the green emission was present whenever

an+ played the role of a network former (tetrahedxal

-

coordination) while, the orange/red emission occurred when

mn2* occupied intergtitidl positions (octahedral coordination).
Furthermore, tﬁey conducted a series of experiments monitoring

the fluorescence as a function of the temperature. They

o

found that the green luminescence was less influenced than t%e
=3

red by changes in temperature; these results were confirmed

153 2+

later by Parke .  Thus the green emission comes from Mn

in a rather rigid network and is less influenced by thermal

2+ ’

vibration than by Mn“" in interstitial ‘positions (red

fl

emission). . i
Turner and Eastman.Turner31 studidd silicate glasses

2+

doped with Mn“® . They did not find aﬁy'exper}mental'evidenée

in décay time, molar absorptivity, or correlatiop of
luminescence and absorption for a chang; in coordination
number from four to six. ‘'Instead, based on luminescence
queXthing with increasing anf content, they suggested that
the green luminescencg was due ig singie ions and the red
to pairs or higher éroupings; Thét¢would expiain the
quenching of the green emission in favour of the red with

. . 2+ X . . )
increasing Mn concentration. Their view was strohgly

supported by Bohun and Polecha157. The latter studied

had

’ »
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phosphate glasses doped with Mn2+ and found two emission

_bands: one centred at ca. 510 nm and the other at ca. 590 nm.
Y

Their absorption spectrum showed a band at 1.45 um (6900 cm

‘ which corresponds approximately to the value of

1 31,116

] A = 6800 cm ~ (1.47 um) chosen by Bates and others in

fitting the Tanabé Sugano diagram for a dS configuration,

i Furﬁhermore, they did not find any absorptian band at ca.

} 3.3 um (3070 cm ¥) corresponding to by = % b,. They concluded

fhat the band at 1.45 um determines the value of the crystal
field strength £f8r octahedral Mn2+. Moreovaey, the failure

to observe an absorption band at 3.3 um argues against

3 .
tetrahedral Mn2+. Thys, the two emissions (green and red)

2+

|

. _ . .
f .(u’ occur with Mn“" in an,octahedral coordination. Based on
! ‘ x v

their absorption data and on the fact that luminescence

quenching of the green emission occurs with 5 mols MnO, they

TR

concluded that the green emission was due to single ions and

B

the red to dimers or higher groupings.

) ‘ R Lunter and co-workers>>, propose a different

explanation for the origins of these bands. They studied

/ fluoroberyllate, phosphate and silicate glasses activated*

2+

N e S N 4 gk

with Mn

‘ an+ concentration. In potassium cadmium silicate glasses doped :

?
They observed a dependence of the emission on .

P with up to 5 wt%¥ of MnO, two bands are present: one is

relatively narrow, centred around 522 nm, and another is

+If‘40 or 50 wt$% MnO in a. glass can be called an "activator".

The activator level will be discussed in detail in Chapter 4.

2
‘ .
N .
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very broad suggesting the presence of two overlapping narrower

bands centred around 634 and 658 nm. By increasing Mn2+

concentration (30 wt% MnQ@) only one band centred at ca.

710 nm remains. Thus fhey concluded that the 522 nm band

was due to the trangition 4A 4E (G) =+ 6Alg(8) while the

4 4 6 ~9 S
ng(G), Tlg(G) - Alg(S) transitions were responsible for

the 634 and 658 nm bands. Their assignment is based mainly
2+

on the fact that increasing Mn concentration increases

the probability of non-radiative transitions from the

4 4 4 4
Alg Eg(G) to ng(G) and to the Tlg(G).

158

Parke, Watson and Webb
2+

studied the fluorescence

>

decay time of Mn in phosphéte glasses, They found it

to be exponential in some glasses and non-exponential in

others, dgpending 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 Mn2+

31,40

luminescent decay time in glasses and also found it to

-

be non-exponential. This suggests the presence of different

luminescent centreslsg.

As one can see from the preceding discussion, one

2+

uncontroversial fact about Mn in glasses remains: the

Brey
luminescence is sensitive to both its environment and its

concentration.
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1.5 RECENT RESULTS AND STATEMENT OF THE PROBLEM .
1.3%1 Recent Results
1.5.1.1  Sodium borosilicate glasses o .

Liquid immiscibility in glass-forming systems

\

has been thoroughly investigated. A recent review on the

subject is given by Tomozawalo. The sodium borosilicate

system has received particularly close attentionl7'18_20’163'167.
Although the boundary.of the miscibility gap has been fairly
well established, some uncertainty remains about the location

of the tieﬂlinesl7'19 12001631164.

A

1.5.1.2" Optical properties of doped sodium borosilicate

glasses )

The use of activators and their spectral properties
to study morphological chanqes in glasses has been rare

112

Ehrt, Reiss and Vogel studied some sodium

borosilicate glasses doped with C02+. Using transmission
electron microscopy and X-ray microanalysis, they showed that
upon phase separaéioh Co0 was mainly concentrated in the
borate fich phase.‘ Their chemic&i 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.

1
1

26,112,148
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Furthermore, from the calculated Racah parameters they .

deduced that the Co~0 bond in these sodium borosilicate
’\
glasses has an important covalent character.

Toyuki26 studied phase separation of sodium
borosilicate glasses by means of optical absorption of the
: .
vanadyl lonT. Based on a molecular orbital interpretation of

his absorption data, the author concluded that the glass

"

is separated into a Sioz'phase and a Na20—3203 phase from
the start (Z.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 glass.

Lunkin and co-workers148 studied the spectral and

luminescent properties of Cr3+ ions in sodium borosilicate
glasses. Their work emphasized the effect of heat treatment

on the immediate structural surroundings of the activator.
- ==

From their absgfggion/ana luminescence data they concluded

T

+ . . . s .
that Qr3 ions in sodium borosilicate glasses are in an

octahedral coordination and that, upon heat treatment, cr3*

concentrates in the sodium-and-boron rich phase.

\X;

1n'I'his paper was kindly translated from Japanese by Dr. Keiko
Oyama-~Gannon.
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1.5.2 Statement of the Problem l

1
Liquid- immiscibility iq,glass forming systems and

optical properties of ions in glasses have both been studied
separately for many years (references cited earlier).
However, with the exception of the work by Ehrt et aZ.llz,

systemétic comparative studies linking the morphological

changes involved in phage separation with changes in the

optical properties of dissolved chromophores are lacking.

The primary motivation for the present work was the hope that
« such a complementary investigation could provide insights

into the nature of the phase separation phenomencn which could

not be gleaned from either ;tu@y alone. Morphological

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

and related methods,”are inherently limited to the spacial

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

scopic properties éf a prdbe chromophore are determined

largely by the immediate environment of that species, 7.e.

its Héighbourg'within about ten angstroms. However,

the -addition of even small amounts of activator may

significantly alter the behaviour of the glass system, and

hence‘the need for the para}lgl morphological study.

\\ » The choice of the glass-activator system for the

present work was‘dictéteé by the reéuirement of having a
system in which the morphologf of the glass alone and the

/

spectroscopy of the activétor (at least in other similar

1
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glasses) were both reasonably well understood. For this

reason the sodium borosilicate system was nearly ideal because

its immiscibility boundaries have been thoroughly studied

and are fairly well establishedl7’18. The choice of Mn2+

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 immiscigility boundaries of the
Na20-B203-SiO2 system. Morphological studies were conducted
using scanning electron mibroscopy and X-ray microan;lysis.
Parallel optical studies were carried out using excitation
and luminescence spectroscopy as well as decay-time analysis.

Apart from the aforementioned general considerations,
J
the present study also addresses the following particular

e

points. No work has yet appeared on the luminescence,

excitation and decay-times of Mn2+ in sodium borosilicate

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

bands of Mn2+ in other glasses are still in doubt, nor has

the Mn2+ energy level diagram in these glasses been established.

The effect .0f MnO doping level on the process of phase
separatién and its implications on the position of the

immiscibility boundaries and on the possible rotation of the

»
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tie~lines of sodium horosilicate glasses have not yet been

investigated at all. Finally, the partitioning of Mn

2+

between the two phases in the phase separated sodium

borosilicate glasses is not yet known.
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CHAPTER 2

THEORETICAL )

2.1 GLASS FORMATION
2.1.1 Definition

The definition of a glass as taken from Webster's
dictionary is "Glass: a hard, brittle subsfance, usually
trénsparent or translucent, made by fusing silicates with
soda or potash, lime and sometimes, various metallic oxides:
the molten mass is cooled rapidly to prevent crystallization
This definition agrees with the more scientific definition
of a glass given by the ASTM standards for glass: "glass

is an inorganic product of fusion which has been cooled

250

to a rigid condition without crystallization"” Two

objections to the previous definitions of glasses may be
formulated. The first one is that it is not necessary to
cool from the liquid state to prepare a glass. Glasses can

be formed by vapor deposition onto a cold substratelsg,

dehydrationl70, and elec¢tro deposition96. The second objection
is that the definition is restricted to inorganic substances.
In fhe technical l;terature, some glassy organic polymers

are called glassesl7l. Based on the previous. considerations

it seems more appropriate to adopt this géderal definition

of a glass: "glass is an X-ray amorphous solid which
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exhibits the glass transitionf"l72. The word "amorphous" is
derived from the Greek language and refers to a material with
no long-range order, <i.e. no regulérity in molecular arrange-
ment is present on a scale larger than a.few times the size
of these molecular groups. A material is said to be solid

if it doe; not flow when subjected to small forces. More
quantitatively the viscosity value chosen for distinguishing
solids from fluids is 1015 poiseg. For comparison the
viscosity of air is 10”2 poise, that of lubricating oil is

1 poise173 and that of glycerin at 0°C is 121.10 poisezzz.

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

is eéual to lO13 poise. .

2.1.2 Under What Conditions Can A Glass Be Formed?

2.1.2.1 General considerations

A ligquid may be transformed 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 substahces, except helium, may exist in
an amorphous form. Turnbull173 discussed-whether a material

below its melting point is more stable in its glassy or

crystalline form. He did not find any a priori evidencg that

+"That phenomenon in which a solid amorphous phase exhibits

with changing temperature a more or less sudden change in the

derivative thermodynamic properties such as heat capacity
and expansion coefficient, from crystal-like to liquid-like
values. The temperature of the transition is called the

glass (transition) temperature and denoted Tg

§l poise = 10! Ns m2_
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the most stable state of a substance at low temperature is
crystalline, but based on experimental evidence it is found
that' the most stable forms of pure substances a;e 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, crystallizétion

constants, nucleation frequency and growth rate of crystals

in the supercooled liquidl74m

Wagstaff175 séudied the rate of crystallization
of cristobalite+ as a function of temperature. He found that
upon éooling molten silica below the freezing point, 1734°C,
the rate of crystallization increases to reach a maximum
. at 1674°C and thgn decreases steadily until it reaches 900°C.
At this temperature the rate of crystallization becomes so

slow that the amount of crystalline material formed (even

after keeping the temperature constant for a long period of

conbliae

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

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

—_—

rate of crystallization of a liquid at a temperature T is

LR RV

~

given by the following equation§ from Ref. 78:

© e v e G

L(T_-T)
a = _._.__._’; (1)
3Ta nTﬁ _ -

+Cristoba1ite is a high-temperature crystallifie form of §i0,.
(2) and (3) will be derived in a following

§Equations (L),
section.
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where Tm is the melting point, n is the viscosity of the
liquid, a is a distance on the order of a lattice spacing
and L is the heat of fusion at the melting temperature. The

maximum crystallization velocity in cm/s of some glass
-7 175
forming liquids are: vitreous silica\SiOZ‘z.leO 7 ’

, - 17
vitreous germania GeO2 4.2x10 6 , phosphorous pentoxide

-7 177 -4178,179
PZOS 1l.5x10 , sodium disilicate NaZO’ZSiO2 1.5x10 ,

-4 180
potassium disilicate K20-2Si02 3.6x10 4 , barium diborate
’ 182
-4

; _2 181
Ba0-2B,03 4.3x10 3 and lead diborate PbO-3B,0, 1.9x10
iy

On the avérage the maximum rate of crystallization is roughly

10-4 cm/s. A simple calculation shows that' to prevent tlie

growth of crystals larger than 100 ﬁ, liguids must be

guenched in ].0“2 s. If one is to avoid the growth of crystals

larger than 10 R it is necessary to cool the glass through:
the maximuﬁ range of crystallization in less than ].O—3 S.

This is a relatively short fime, nonetheless all the materials
cited previo%sly are easily cooled to the glassy state.
Theréfore other factors seem to interfere in slowing bulk
crystallization. The rate of a homogeneous crystal nucleation

from a liquid is78:

I = K exp(g%) (2)

K is specified by the model and its dependence on temperature

is neglected, W* is the work needed to form a critical nucleus.
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W* may be expressed by the following equation

16wY3V2T;

W* 3 W e ——————————— _(3)
3n? (at) 2

- where y is the interfacial tension, V is the molar volume
.of the liquid, Th is the melting temperature, L is fhe heat
‘of fgsion and AT is equal to T.~T- The principal resistance
to nucleation comes from the interfacial t&nsion y.
Equations (2) and (3) are valid for homogeneous nucleation,
usually this is not the case and nucleation is heterogeneous.
It may start on impurities or on the vessel walls. Tﬁese

impurities. lower y. In condensed systems the nucleation rate

may be limited by molecular rearrangement. One way to view

P

this transport limitation is to multiply equation (2) by
a factor which is inversely proportional to Tf (average time
for a rearrangement of a molecular position). The latter

is roughly proporﬁional to(the viscosity173. The Fulcher

B T B TL VL SIS

Py

equation183 describes fairly well the viscosities of some
184-186 _ '

.

glass~-forming liquids

n = A exP(Tf} ) (4)
: o

i - where A, b and TO are constants which depend on the material
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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 is small. But
even by taking .into consideration this transport limitation
term, Turnbull and.Cohen187 showed that a lowl nucleation rate
cannot explain glass fcrmation‘“in some glass-forming liq-uidsv

such as those cited previously. Later Turnbulll73, in a

)

paper entitled "Under What Conditions Can A Glass Be Formed?",
discussed conditions for '‘bypassing crystallization. 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 studj:ed the atomic arrangement in
oxiaé glasses. He cﬁagliided that if a glass is to be formed,
tﬁé material should be able to form an extended three-
dimensional molecular network, lacking periodicity, but having

an energy comparable to that of the crystalline form. From

these considerations he set up four ‘rules for oxide systems

to form a glass. These are:

(1) An oxygen is linked to not more than two atoms A.

(2) The" riumber of oxygden atoms surrounding atoms A

must be small.

(3) The oxygen polyhedra share corners with each

o

other, not edges or faces.

°
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(4) At least three corners in each oxygen polyhedron

must be shared.

Oxides of the type A,0 or AO (A is a metal atom)
do not satisfy these requiremerits. The rules (1), (3) and
(4) are satisfied by oxides of the form A‘203 (1f the oxygen

atoms form triangles around each atom A), AO, and A0, (if

the oxygen atoms form tetrahedra around each atom A). Rule
(2) apparently excludes higher coordination. Furthermore,
he concluded that the following oxides may .occur in vitreous

forms: B203, Sioz, Geoz, P205, ASZOS'“ P203, A5203, Sb203,

V205, Sb,0 szo5 and Ta205. Later Stanworth188 proposed

2757

three conditions for oxides to form glasses:
Ps 2

(1) The cation valence must be three or greater.

(2) The ‘tendengy to glass formation increases with

»

decreasing cation size.
(3) The e.lectronegat.iﬁvity should be between about
1.5 and 2.1 on Pauling's scale.
One fixial note on this subject is to try to relate
Zachariassen ‘: rules with crystallization rates as described
in the previous section. The c¢riterion that the energy of

the glass be comparable with its crystalline form suggests

a lower heat of fusion for a glass former as compared to
' 78

other chemically similar materials ~. It can be seen from

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

implies lower rates of nucleation and crystallizatioh. Further-

9
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ﬁore a relatively difficult viscous flow explains the
criterion that the oxides form an extended three~dimensional
network (bscauée of the breaking of primary bghds).
Unfortun%@ély, Zachariass®en's rules can only be applied to

They are not able to predict glass formation in

hY

oxides.
-

vt
PR e

organic liquids.

é
2.2 PHASE SEPARATION

4
®

2.2.1

n

Stablg Immiscibility
. s ’ e
When liqgid separation occurs at temperatures above
the liquidus, it is referred to as stable immiscibility.
All syséems showing stable immiscibility in a region ébove
and adjoining the liquidus have a region of metastable
immiscibility below.the liquidus’ as shown in Fig. 5a. A
glass made by cooling melts from above or within the region
of stgble immiscibility has either a strongly milky appearance
or a layered structufes. Thus stable immiscibility is a
barrier to single-phase glass formation. Figure 5a shows
a binary phase diagram with both stable and metastable two-
" liquid immiscibility regions. In this case the liquidus has
a horizontal part cqrresponding to the ;nva%iant (monotectic)
temperature iseparaming the stable region from the meta-
tftable one), at which two liquids and one scolid, B, co-exist.
§BO.BZO§90'93 is a ggod_éxaﬁple of a system exhibiting such

behaviour. Thermodynamically, the system can exist as two

12
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Temperature

Temperature

two liquids

a+l /' metastable \
! two liquids
] . \
/ R
{ i
{ \
a " ‘\
a+pB
A Composition . -~ B
(b)

B
\
< ! matastable
{ two lquids
{ : \
. " a+B ‘
A ' Composition B

Binary phase diagrams showing:

(a) Stable and metastable immiscibility; .

{b) Metastable immiscibility (from Ref. 5).
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liquids for an unlimited length of time (Z.e. the two liquids
comprise an equilibrium ;hasé assemblage). On the other |
hand in the metastable region glasses evolve toward the more
stable crystalline phase(s). This evolution can be stopped
by quenéhing the glass rapidly below its glass transition

temperature, thus leading to a kinetically stable phase.

2.2.2 Metastable Immiscibility

2.2.2,1 Experimental evidence

Metastable immiscibility is defined as liquid
e

separation which occurs at subliquidus temperatures. We

will be concerned with complete subliquidus immiscibility

of the type shown in Fig: 5b. An S-shabed liquidus, as

shown in Fig. 5b, is generally an indication of metastable

immiséibility. "This phenomenon is by far more important

.than the previous one (stable immiscibility). Metastable

L9

immiscibility finds many applications in the glass industry:
Vycor®\and Pyrex glasses are two of them.

The easiest experimental method to spot metastable
phasé separation is to heat treat a sample at a given
temperature for a cerﬁain period of timef,and to gquickly,
quench the heated sample to room temperature, and-.observe the

o .
opalescence. ,The latter is in general an indication of phase

R

e

+The tlme of heat treatment for phase- separation to occur
usually depends on the temperature and the composition of the
glass. A complete account of experimental procedures dealing
with sodium borosilicate glasses is given in_Section 3.3.2.




Fig. 6

Electron micrographs of phase separated glasses.

(a) Molar composition: 6.87NagO-48.60B303+44.5251i0;,
heat treated at 695°C for 16 h. Etching time:
20s8/H90. oo

(b) Molar composition: 2.40Naj0-34.43B303-63.185i03,
heat treated at 695°C for 16 h. Etching time:
158/0.5% HF.

.
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separation, but care is necessary because crystallization

toP produces opalescence+. Becauge of the rapidity of the
ﬁﬁenghing very iittle structural reagranéement occurs., Further
examination by electron microscépy is needed to determine

the extent of phase separation as well as the nature of the
phases. Figure 6 shows electrdn micfographs-of phase~
separated sodium borosilicate glasses. In Fig. 6a, the
fracture surface was etchedxby 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 sample was etched in 0.5% HF for 10s.

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

2.2.2.2 Thérmodynamic considerations
@)

Various theoretical attempts have been made to
explain immiscibility boundaries in <31assess4'85'88'189-'198
and reviews on the subjecf may be found in Reﬁs."S, 10 and 78.

The following discussion is in part based on the cited-

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

dynamic principlesas'lgo’192’193'197, the other on crystal

'chemistry64'88'189. Figure 7a shows the Gibbs energy of two

miscible components A and B as a function of composition.

With decreasing temperature, the single phase separates into

-

iCfirstallization can often be recognized visually since it is
frequently localized on the glass surface, or is unevenly
distributed with}n the glass.
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two phases as shown in Fig. 7b. The molar Gibbs energy of
mixing AGm controlling the tendency.of a glass to separate
into two phases is given by equation (5) from Ref. 192:

&

AGm = Ghomogeneous - Gheterogeneous (5)

where G and G are the Gibbs energies

homogeneous heterogeneous

of sihgle-phase and two-phase mixtures. The term AGm may be
expressed as a function of the entropy Asm and the enthalpy

At
AHm of mixing by:

AGm = AHm - TASm _ (6)
q
For condensed systems it is assumed that the enthalpy change
192"

AHm is equal to the energy change AEm . thus equation (6)
Vet

becomes:

AGm = AEm —‘TASm ‘ ‘ 1 (?)

For a regular binary solution consisting of two
components, A and B, the entropy of mixing is givengby
equation (8), from Ref. 103:

v
i “

LN .
ASm = *R(XAlnXA + xBlr?xB) (9)

Uy .
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A COMPOSITION

(:) Fig. 7: Gibbs energy as a function of composition: (a)
- complete miscibility, (b) separation into two

phases (from Ref. 78). ) \
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where XA and XB are mole fractions of components A and B and
X, + XB = 1. The total energy of the system can be calculated
from bond energies of nearest neighbours on the assumption
that the binding energy is not a fun;tion of composition

or temperature78. 'In\a solution containing A and B molecules
each having Z nearést neighbours, one can average ZXA
molecules of A and ZkB molecules of B arounq any molecule in
the system. Let c be the total concentration of molecules

in the solution then szc/z will be‘?he number of A-A pairs
per unit volume and fimilarly ngc/z ;he number of %ﬁB pairs,
. the nuFber of A-B pairs will bg ZXpXgc. The total energy,

E, per unit volume may be expressed by:

3

2

2 .
ZX. cE ZX_.cE '
E = - Az A, 132 B, 2X, X CE, ) ‘ (9)

where -EA, —EB and *EAB are the respective energies of A-A

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

Xy + Xg 1 expression (9) may be rewritten in the following

way :
a i

EA+EB

= - 2 - 2.8 ’

It may be seen from equation (10) that the first two terms

Y

in the brackets are the energies of pure A and B,. thus the

>
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energy of mixing will be:

EA+EB
AEm = - ZCXA B(EAB - 5 ) (11)

If EAﬁ > KEA+EB)/2 then AEm is always negative and the two

components are completely miscible (Fig. 7a). AEm will be
positive for values of EAB < (EA+EB)/2, below a certain

temperature the’mixture_will separate into two phases (this
case is shown in Fig. 7b). Although‘this model is helpful

, . . . 9 . . R
in discussing some metallic systemsl 9, it is unrealistic

when dealing with s;licate solutions. 'Charleslg7 proposes
a;different model for silicate solutions. He considéred the
mixing units as being bridging and non-bridging oxygen ions.
Here, "bridging" oxygens refer to those linked to two

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

silicon atom. Furtheﬁmore, it is supposed that non-bridging

oxygen ions occur in pairs. From these considerations Charles

deduced the entropy of mixing to be:

X ZXB-X

ASm = =R[X lnZXB + (ZXB X ) ln—ss— 2X (12)

Even though this expression is more realistic than expression

(8), there is no direct experxmental support for 1t78

A different approach dealing with crystal chemistry

-
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and based on the cation field-strength (charge/radius) was
proposed6.4'88'189 to explain immiscibility. On one hand
miscibility is favored when the network former ions bond with
all available oxygen in the melt; immiscibility, on the other
hand, is favoured in compositions not allowing cations such

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

bridging oxygen ions. Improved mutual coordination of non-

N MR I e o

bridging oxygen ions and cations can then be achieved if
clusters rich in these ions are formed. These ;lusters could
reach sucﬁzprOportions that two liquid phases would be formed.
The number of non-bridging oxygens being somewhat limited and
cations being generally surrgunded by several non-bridging
oxygen ions, it is necessary for a non-bridging oxygen to be

Ea bonded to more than one éation. The condition that two cations
be bonded to the séme oxygen delineates the cation rich limit
ofvéhe miscibility gap. ' This last can be calculated ﬂy

estimating a cation concentration corresponding to the cation-

" oxygen-cation bond length. Finally, these calculations do not

involve any entfbpy terms, thus the. limiting composition 4
,\ referred to previously is valid for 0°K only. However, it
i

seems that Below the glass transition temperature, the

miscibility gap does not widen by muchle. -

i

2.3 KINETICS OF PHASE SEPARATION
» When a homogeneous glass, with a composition inside - g
(:} " a miscibility gap, is held at a certain temperature, it starts

-

. — - ‘ RN, e T
WL'.:'_.._-- T e PN - e . - -~ T T2 uJ O T et RIS R R gt~ 5 o



. P MM‘WA
EFHI St , sttt ww ooy prers 5 PRI EE S PR WS P - Rt Ehet’ ‘.ul; s 2

e ety e T RS S R At
-

Ny

f{

AGm < O for small Ax
A Gm> O for larger A

)

spinodal.,

Tat T = Tx (from Ref, 207).

4 | 1 )
AGm<O: : AGm) 0 : : AGm< O
for al! ! ' forall Ax ! t for all
Ax ;o A
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z Phase Separation
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S _ Spinadal by Spmodof Mechanism\
- g .
Metastable Reqson
of Phase Separation by
Nucieation and Growth
~
0 'COMPOSITION (x) 1.0
Fig. 8: (a) Schematic diagram of immiscibility boundary and

(b) Corresponding Gibbs energy of mlxing

(b)
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-

to separate into two bhases. Two mechanisms may be responsibl

~ { .

for this phenomenon, one is nucleation and growth, the sécond
¢

- is spinodal decompositiétn. These mechanisms are clbsely

related to the Gibbs énergy as may be seen from Figs. 8a and

'8b. The spinodal line dividing the unstable regioh from

¥

the metastable one is defined as the locus of points for

which:

= 0 (13)

P

o

In the unstableJr region, corresponding to the negative second
derivative of the Gibbs energy of mixing with respect to
composition, phase separation.occurs by a spinodal mechanism.
While in the metastable region, corresponding to a positive
seccnd‘derivativebof the Gibbs enerqgy of mixing with respect

to composition, phase separation occurs by nucleation and

growth, (Fig. 8a).

2.3.1 Theory of Nucleation\hnd Growth ;

. The probability of formation of an embryo of a

second phase b§ fluctuation from a liquid 1578:

P -

+In this case, "metastable” and "unstable" refer to the

stability of a single liquid towards phase separation, as
opposed to the "metastable miscibility gap", which refers
to the stability of the two-liguid assemblage towards

crystallization.
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W .
p « exp(E%) ’ (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 I of a growing crystalline ‘nucleus
will be proportional to the probability of forming a critical

,

nucleus:

.

W®
I = K exp(ET)'. - (15)

where K is supposed to be independent of temperature and

composition and W* is the work done in forming the critical

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

, ,
Wh = - 4mr*ly + i‘-’li’-;—éﬁ (16)

Y

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

critical.nucleus, is ‘given by:

t % = .21 (17)

replacing expression (i?) in equation (16) yiefﬁg:

3
- owr =-- 180T (18)
. | ‘ 3AP :
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-

where AP is the pressure difference between the inside of

. 1

the nucleus and the outside and is approximately equal to:

‘ / LL/\ ‘
AP % ,;T;(Tm—T) (19)

where T is the melting temperature, L is the heat of fusion

and v is the molar volume of the liquid.

Equation (16) is valid for homogeneous nucleation
only. In practice nucleation is rarely homogeneous, but
takes place on the vessel walls or on impﬁrity particles,
thus~lowering,thé interfac%al tension by a factor £ < 1.

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

167 (YE) 3v2'1‘m
Wr o= - (20)

2 2
30 (1, ~T)

Fluqéuations can be limited by viscous flow,

especially in condensed systems like glasses. Taking into

o
ot

congideration this trahspbrﬁ tern, eéuation (15) becomes:

e Wreg :
I = K exp(qg) (21)

r

3

where Q zs the act;vatlon energy for the transport process and

Kl is assumed to be inéependent of temperature. , Two opposing
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facéorsleiist(in eqﬁation (21) one beiA&’g*, the work done
in forndng*thé@ciitical nucleus, which becémes larger at
higher temperaéures due to the fact that‘Aé gets smaller,
thus resulting in\a; increaée of. nucleation rate with higher

v o -
temperatures. The other f tor is Xhe activation'éhergy
: - e,

for the transport pr0ces; Q'Whiéh becomes slowe€r-at lower
temperatufes, thus decreasing the nucleation rate. The
bg&aﬁce of the;e two opposigé forces results in a
maximum nudléat;on rate at a given @emperature (Fig. 9),
Once the critical siie is reached, th% nuclei can grow by

~

heat treatment. The frequency of jumping from liguid to

crystal is: - ” / .

v, = voexp(h (22)

‘where v_ is some vibratiéhalnf;equency of the molecule and

'Q is the "activation free ehergy" required to cross the

o o
7

interface between liquid‘gnd‘crystal. The frequency of

jumping from crystal to liquid is:
- \ ‘

»
-

¢
{

where AG = VAP (v and AP have been defined earlier) . The
!

voloc:i.ty of c:;,y;tallization will be

54

vy, = v, exp[-’-(d-_AG)/kT]é : S @y
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u = k(vl-vz) (24)

'me.qu.antity X\ represents the.thidmess of the transition layer between liquid

and crystal. Replacing expressions (22) and (23) in equation (24) yields:
)

u = Avo exp(i—,%—) (l-exp-ﬁ—%) T (25)

Herg also, because of thé two competing factors Q and AG,

a maximum growth rate is observed at a temperature which is
generally differeft from 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:

- 2 -Q ‘ '
D = A v exp(ﬁ) (26)

Pl

and that D is a\lso equal to (Stokes-Einstein relation):

/
kT o
P = 3mx - (27)
Equation (25) may be rewritten in the following way:
]
4 = 1-exp(AG/kT) kT - ‘ (28)

3mA2n ) -
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°

All the above quantities have been previously defined. If -~
AG/kT is small, the exponential may be expanded and equation

(28) becomes similar to equﬁtion (1).

2.3.2 Experimental Observation of Nucleation and Growth

.

Nucleation and'groﬁgh studies of silica-rich
* - -~

particles in a soda lime silicate glass, 13Na20-11C§0-765102,

were made by Hamme197. He measured both nucleation.and

growth rates, using electron micrographs and showed that

a constanL nucleation rate was obtained only after a period

of time. Hammel compared his experimental values with .
theory by calculating the guantities ﬁn equation (21). The . :
critical radius, r*, was measured by holding a sample
containing silica-rich particles in a temperature gradient
and observing the temperature at which the size of the.
particles remained constant. At this ;;mperature the radius

of the particles was considered to be the critical radius r¥*.

4
At lower temperatures, r* was determined by extrapolating

the plot of T versus 1/r*. The term AP was calculated.from

miscibility gap data assuming the validi%y of the Lumsden .o i

solution model?%l, A value of 4.6 ergs cm 2 for Yy was then

»

derived from equation {17). The term AQ =-94.5 kcal

{

| o
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mole-1~was obtained from Frank's diffusion controlled growth

02

theory2 . Pinally Kl was calculatgd from an equation

derived by ?urnbu11203. All the gquantities ‘needed to

calculate nucleation rates from equation (21) were available.
The calculated values of nucleation rates agreed fairly

well with the experimental ones; Although it is not certain
éhat 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 process.

2.3.3 Theory of Spinodal Decomposition

o

An alternative to the nucleation and growth
mechanism for phase separation is decomposition by a spinodal
mechanism. In this mechahism there is no nucleation of the

second phase composition. Transformations occur by a

continuous change of growing phases with their extent being

constant, A§compfehensive approach to this theory-was

proposed by Hillert204 and Cahnzos. A concige description

of Cahn's analysis is presented here.,

The Gibbs energy of the inhomogeneoué syétem is

éiven byf:

-

2
= a 29
G [ fgter + zﬁc} 1 av o (29)

*Cahn uged Helmholtz free energy. However, at 1 atm pressure
in condensed systems the difference between Helmholtz free
-energy and Gibbs energy can be neglected.
B
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Where g(c) is the Gibbs energy of a unit volume of homogeneous

-

material of composition ¢, k(Yc) % the first term of an
expansion representing the inéreése in Gibbé energy due to
a gradient of composition and k a positive quanﬁity called
the gradient energy coefficient. Assumiq? that the molar
volume is independent of compésition, thé% g(c) may be

expanded around the average composition C,t

|

t

- . y(3g, 1 2, 8%
g(c) = g(co).+ (c-co)(F%) + f(c_co) (ac ) + ... (30)
/
r) J?‘
and keeping in mind that: ' .
[ (e=e) a@v = 0 (31)
v o .

The Gibbs energy difference per unit volume between the

homogeneous solqtion and one with composition flpctuatioh -

may be written as:

2
86 = *f Here)? L4 + w(¥0) 2] av o (32)
v ac - .

Introducing a one~dimensional compositioﬁ modulation of
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c-c = A cos Bx ‘ (33)

in equation (32) yields:

L

2 .2
-A-VE = ‘—2-[:—§+2|<32] (34)
(o

From equation (34) -it may be seen that if 32g/ac2 > 0, then

the solution is stable with respect to infinitesimal sinusoidal

fluctuations of all wavenumbers. If azg/ac2

< 0, then the
solution is unstable with respect ta infinitesimal sinusoidal
. I% B .

fluctuation of wavenumbers less than Bc (critical value of B)

o

B, - E .z_z.g/z.c;ll/z I EL)

c

or in terms of ‘A = 2m/B:

N
3

, 2. .1/2 ‘ -
- 8T K
A = - . e (36)
c - [ azg/acz ] ' - '

14

A kinetic expression of the initial stages of'phase separéfion

by‘a spinodal mechanish may be obtained by solving a diffusion
‘ ) >ad ' '

' equation in which the-fhermodynamic‘factors dre included.

This yields:far the time-dependent amplitude at a time t of

< e e~
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a given component with a wavenumber B:

AB,t) 4 :
T—E_«- = R(B')A(Bgt)

‘ '
-t q

(37)

4 . v

Solwing this equation with the initial condition being

t=0 éives . ’ s ,

A(B,£) = RA(B,0)exp[R(B)t] (38)

- . |
where A(B,0) is the amplitude of the initial composition

fluctuation and R(8) is the amplitude factor given by:

2 . ‘
rRe) = - mp?rig + 28%) " (39)

oc

The quantity M is a mobility related to the interdiffusion

1

coeff@cient D by: - , . . \ .
. B = :

"= 2 . - (40)

! "

! \

5 & o 9%g/%0
! X

! T

It may be 'éeex:.; from equation (38) that an amplitude of" .
omposition fluctuation with a wévenuxnber B ,changés
’:Eponenti_ally with time, this change being governed by R(_B) .

‘n\the—spinddal region R(B) is positive for wavenumbers less.

‘ B A

aatn
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Amélj.-fication factor R(B) in cahn'é'the'ory versus
wavenumber 8 (from Ref, 5).
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than B, and thehmaximum amplifi;étion occurs at Bm = Bc//i
(Fig. 10). This particular wa%enumber will grow at the
fastest rate.‘ Considering only this wavenumber Cahn b%gained
ihterconnected phases by computer mixing tgg\sinusoidaﬁ

composifion fluctuation in three dimensionszos. Further

details on spinodal decomposition may be found in Refs.

207-211.

2.3.4 Experiment&i Observation of Spinodal Decompositidn
. ’ 1
Cahn's theory was tested by small-angle X-ray .
scattering (SAXEf:’VThis technique is very convenient for
. £ . .
investigating the early stage kinetics in the unstable

21?.' The diffracted inpensity I(h,t) is proportional

region
to [A(B,t) | where A(B,t) is theé amplitude of the Fourier
‘component of wavenumber B at time t (equation 38) and-

h = 47/) sin 8, 8 being the scattering angle and A the wave-
length (h is the scattering wector in Feciprocal space).
Thus ény change in the amplitude in spinodal decompoéitidh\'
can be studied by following the “scattered intensityl

Identifying the scattering vector with B yields:

. y I(B,t) = TI(8,0)expl2R(B)t] { (41)

where I(8,0) is the scattering intensity at t =‘n'correspoﬁd-

ing to the wavepumber g = 21/A. From equation (41) R(B) can’

e St f e serm = i v




1, o T SO

ay

M Cadaiaed o4

pa—

[ U i

13.2 Na20 glass (even in ﬁheiea;ly'stages of heat treatment).

" of volume fraction of the mino? pzase in an alumina doped

64

be evaluated by measuring I(8,t) as a function,of time of

213 peasured the effect of heat —

heat treatment. Neilson
treatment on the scattered intensity in 12.6 Na,O0 - 87.4 sio, ¢
and 13.2 Na,0 - 86.8 Si0, glasses. " The times of heat treat- ;
ment ranged £rdm 0 to 4 h and the heating temperatdres from 1
450 to 650°C. The plot of the scattered intensity versus !
the scattering angie for the 12.6 Na20 glass showed a common \ g
cross—-over pointf corresponding £o a particular B (at least
for heat treatment up to 1 h). Moreover, there is a
particular wavelength that grows the/fastest. These results
are consistent with Cahn's prediction of spinodal decomboé-
ition. No common cross-over point was detected for the

t

Neilson concluded that nucleation and growth is probably

e Rt b Kmmevon = L

responsible for the phase separation in the 13.2 Nazo glass, . 3

while the 12.6 Na20 glass undergoes spinodal decomposition.

214 g

Srinivgsén at al. studied the‘time evolution

ki

sodium borosilicate glasg inside scibility gap. ‘They
. L

claimed that a distinction could Qe made between the two

mechanisms of phase separgtion (¢.e. nucleation ané growth

and spinodal decomposition). Tgeir assumption was based on

the fact that for spinodal decompgsition the volume fraction

of the minor pliase decreases irnitially with heat treatment,

‘
i
|

i

*The cross-over point comes from the fact that R(B) = 0 for a

particular wavenumber and is positive for B8 < £, and negative
for B > Ba. . ‘

‘
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a two-liquid region. The line Kg' which passes thfpugb éhe

whereas for nucleation and growth it increases. It is not
clear if 2°C can distinguish between the two mechanisms of
phase separation. Furthermore, etching conditions influence

volume fraction determination by replica electron micro-

groscopygs. .

Recently Tomozawa215 attributed the gradual change

. in chemical durability (HF etch rate or HCl leaching rate)

.
and viscosity of heat treated sodium borosilicate (600°C) to

gradual composition variation of separated phases. Thus ﬁa

concluded that phase separation in these glasses when heated

° -

at low temperatures (600°C) takes place by,séinédal

decomposition. The main points of this section are
summarized in Table 1 which Iists the major differences
between the two mechanisms of phase separation.

b

2.4 INTERPRETATION OF DIAGRAMS = .

\

2.4.1 Binary Systems

Books and reviews on the interpretation- of phase

—~diagrams may be found in Refs.’'1l, and, 216-218.. figu:e 11

-

shows.a typical phase diagram for a binary oxide system with

two liquid réélon is an isopleth. Following this line of

qépééant bulk composition, different chapées in tﬁe‘pﬁhses

‘ocecur- which are described in the following paragraph.’

I i °
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Table I+

Difference between nucleation and growth and spinodal

,
mechanigmé during isothermal phase separation.

hY

n

66

Nucleation and growth

Spinodal decomposition

Invariance of second-phase
composition to time at
constant temperature - .

*

Interface between phases
- is always same’' degree of
sharpness during growth-

Tendency for random
distributions of particle
sizes and positions in '
matrix

. -
4 .

Tendency for separation

of second-phase spherical - =

particles with low”, ‘

connectivity B -

Continuous. variation of

both extremes in

composition with time until

equilibrium compositions

are reached

Interface between phases

initially is very diffuse,

@

eventually sharpensl

Regularity of second-

phase distribution in size

and 'position character-
ized by a geometric
spacing

!

Tendency for separation
of sécond-phase,
non~spherical particles

with high connectivity

&

Yrom Ref. -210.- -

i
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-
\

\
: ) Above the temperature TK the two.components are
3 * -

: miscible in -~all proportions. ©n cooling along KK', the melt

begins to separate into two liquids, L, and L} at T . At

[two liquids -

.
g b T e T T

Tl a melt of bulk composition a is formed. of

L
5

-—

I‘l and 4.2 of respective compositions a

1 and a,. The amounts
of which are givepn by the lever rule:

v

o’

[

—

9 On further cooling the compositions of'ﬁle and L2 alter along
the”immiscibility boundary K--al 1 and K- az-bz, respectively
W

At T, (monotectlc temperature) and when the flrst crystal of

A has formed+,_ the amounts of

thg“two liquids 131 and b2 in
~equilibrium with solia A are: ‘

\
. v

§ o

{

b2'b ,b"'bl N ‘
. 271 . ) 2 71 ,

‘- l
-At this point the temperature remains constant while" heat

-

1

is removed’ from the system and solid A is formed at the
8 | - expense of liquid b.

When the 1ast drop of liquid b, has TR ]

crystaus.zed‘ a-solid A is in equilibrium with ' liquid b1§ b

. , £
. .o » .
L — s . B v
s, ! . , ot { o B * . b H
< ! - , -
N - i 5
B PO,

e T e
o \ *This situation is. teferred to as maximum he;t content. T e R
@__7 'rlx;ta situation i.s anarred to as m.tnimm heat cam:ant. F A i

Ia
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|
LIQuID '
TK K..-J\
]
L2 1
|
I M
]
T —————d S
A+ |
< | vLiquio e
Q| LIQUIDS
l
o T2 < ba |
~ I
‘w ) |
(14 . |
- y .
e ! f
5 A + LIQUID | \ 8B+ ‘
o | LIQUID f
= | 4
o :
- I ?
] c ‘
c { ]
T3 \C; ]' E
, c2 3
A+B . |- '
« : |
! ‘
A - K 8 3
COMPOSITION (wt%) ‘“‘
/
2
E:
Fig. 1}: Phase diagram of a .two component system with conjugate ’

o
. »
.

5 ¢

liquid phases (from Ref. 1). .
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Again the amounts present are given.by the lever rule:

T4 - 3 . _
Liquid b, = B Solid A = B

1

1Upon further cooling the percentage of liquid bl decreases
as solid A crystallizes. At T, (eutectic temperature)
crystallization of solid B starts and the amounts of the
phases present at maximum heat content are:

C,=~C ’ c=c
2

Liquid bl Sol}'d A = S3e,

4

When crystallization is complete at minimmum heat content the

amount of the two solid phases A and B are:

c-cy - eg-c

Solid A =
I | €37

Finally, the line connecting the two co-exiéting lg:id
phases L1 and /Lz—is called a conode or a tie-line (azaal,'
Fig. 11) . This line is isothermal and pé.rallel to the
compqsitiqn axis (in binary systems). On going from '1‘l to

'I'K this tie-line decreases in length and transforms to a

point K at T

¥

K" 'TK is called the consolute temperature and

M 1Y
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the corresponding point K is the consolute composition.

At this point the composition of the two liquids Ly and L,

is identical.

4

2.4.2 Ternary Systems

The compositions of a—ternarf mixture for a given
temperature and pressure can be represented by triangular coordinates
(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 be considéred to be a
binary system ané the letters A, B and C represent pure
components. These triangles axe usually equilaferal and
each side is divided into 100 parts with 10 subdivisions -
(Fig. 12.3). The composition at point b (Fig. 12.2) represents
a binary mixture of 40% A and 60% C; that at point ¢ 55% A
and 45% B; and that at point a 65% C and 35% B. Any point
inside the triangle is composed of a mixture of A, B and 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 component represented by the apex opposite to the side

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

ternary mixture“of 50% C, 20% B and 30% A. A more convenien&
Y

method of estimating the r'elative composition of a ternary

2 -
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Graphic representation of a three componeht system
(from Refs. 216 and 217).
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mixture is to construct parallels to the three sides of ‘the

,triangle (point X, Fig. 12.3). The length CE represents

45% of A in X, the length AF 35%Uof C and the.length of FE

20% of B. The same procé&ure could be applied to the other two
sides and would yield the same results. ‘

‘ Temperatures can bé represented’' by a perpendiéular
to.the triangular composition section (Fig. 12.1) and phase

boundary isotherms by contours within such a triangular

composition diagram (Figs. 1l and 14).

— h

2.4.3 Quaternary Systems

A gquaternary system is usually represented by a
triangular prism (Fig. 13.l)~or a regular tetrahgﬂron+
(Fig. 13.2), the former being more convenient when only small
quantities of the fourth component are under study. Each
edge‘of the, prism or the tetrahedron represen%s a binary
system, and each face a ternary system. Any point inside
the tetrahedron or the prism represents a gquaternary mixture
of componeﬁts A, B, C and D. A simplified representation
of quaternary systems is obtained by considering pseuéo
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 fepresents a fixed

ratio of C/B. The corresponding pseudo binary systems

(Figs. 13.3 and 13.4) represent phése diagrams for a fixed

-

+For a given temperature and pressure.
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ratio of two components C and B while the remaining amounts
of A and D change. The relative amount of the four
components at point P (Fig. 13.3) may be expressed as E
functiop of A, D and the mixture (B+C). The percentage A
é} D = HB/DB x 100; that of A = Gﬁ/DB x 100; and that of ™
(£+C) = DG/DB x 100. Thus any quaternary system may be
;epresented in two dimensions as a pseudo binafy+ system.

—
2.5 SODIUM BOROSILICATE GLASSES

2.5.1 Phase Diagrams

Phase separation in sodium borosilitate glasses

has been thoroughly studiedl7-20'163_167'219. The topography

of the miscibility gap in this system is generally fairly well

estaBlished. Two versions of the immiscibility perimeters

have been published, one by Haller et aZ.17

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

(Fig. 1) and

phase diagram is drawn on a weight basis while Galakhov's

is on a molar basis. However, some serious discrepancies exist
163

between the two phase diagrams . In Haller's version the

700°C miscibility gap is a dome adjoining the binary

13203-5102 system, while in Galakhov's version it is an

elongated dome running roughly parallei to the 3203-8102

‘binary. Further differences are found in the extent

4

Although the pseudo-binary system can represent all overall

compositions in a section of a quaternary system, in general it
cannot represent the compositions of the individual phases (7.e.
tie-lines do not, in general, lie within the pseudo-binary plane).

)
]
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of the overlap between the immiscibility area close to the
binary Na20-5102 side. ' Finally, even if o:z’ converts mole%
to weight% and brings the two phase diagrams to the same
basis, some minor differences still exis‘ta in the network
former ends of the isotherms. The two versions agree on
the general form of thle immiscibility boundaries, that is
elonga.ted domes one inside ar{other wiith, the lowest immisci-
bility tempera}:ure be]:ongixig to the 'largest dome.

.

2.5.2 ’ Tie-Lines {br Conodes)

~ .
.2:5.2.1 Definition

~

"For a particular temperature, the straight line

4

connecting the compositions of two (conjugate) phases in
216

equilibrium with each other" . Thus any compositiop on’
a particular tie—line of an isotherm comsists of two phases

with compositions represente'd By the ‘ends of the tie-line.’

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

the lever rule. ’ -

2.5.2.2 Determination h

Several attempts were.made to determine the tie-

lines in sodium borosilicate ;;lasses. Srinivasan et aZ.lg

examined the volume fraction of separated phases by electron

)

microscopy. Howéver} this method is subjeci: to large error

\

R

PR kX

76



e

R N
bl LTSI

S I T ARt e o g e g e e £ et w g gy nd oy Caw crene o v

-

s

98. Another technigue

is to use an electron microprobe analyzer162’163: Thus the -

due to variations of etching cgnditions

composition of the phases can be determihed directly (assuming

’

large separated particles ~ 1 um). Chemical analysis of the

220

solvent after leaching the phase separated glasses has

also been useg. Since direct analysis of phases is generally
not feasible, thesmost reiiablg method appears to be the
determination of thg glass—-transition temperature of -phase-
separated glasses. All composition along one tie-line when

melted will separate into identical phases. Thus, a line of

equal pfoperfies of any separable bhase must coincide with

'

‘the appropriate tie-line. Based on the fact that the glass

£

transition temperature ?g is determined solely by one of

the“éeparated phases and is iﬁdépendent of, its volume

fractionzzl, Mazurin and Sﬁreltsinazq estimated the positions

of, the tie-1lines in the ternary sodium borosilicate system.

+

One of their tie-lines corresponding to Tg = 400°C is

©

shown in Fig. 31.

’

2.6 -~ LUMINESCENCE AND RELATED PHENOMENA

i

2.6.1 Intgoduction .-

+

5

A free ion with a d° ele®tronic configuration gives

¢

risesto terms whose separation from :the éround state (GS)

depends on the two electron repulsion parameters (Racah
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paraﬁeters) B and C. The electrostatic perturbation caused
by7§/é§ystal field further splits these termsz49. As the
rat{d of the crystal field strength (A) to the inter-
electron interaction (B) increases, this cryé&al field
splitting increases, giving riseqto the energy level diagram.
For a point charge model, the maéﬁitude of the sgplitting
within the field depends on the symmetry of the field
(éptahédral or tetrahedral) sq;roundinq the central ion.

3 configuration.(Mn2+

), the same terms arise for‘
both fields yielding identical energy level .diagrams for
éither symmetry.. Although the energy level diagrams are
the same for both symmetries, the crystal field parameter
A for tetrahedral symmetry can be related gquantitatively

to the crystal field parameter by for octahedral symmetry by:

.

(41)

[
i
1
Ol
>

This relation assumes all ligands have equal point charges.~

and are equidistant from the central ion244. Fiéure 4 shows

the energy level diagram of a a® configuration at a given’
X\

C/B. 1 Y J,\)‘

78
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2.6.2 Absorption
- Electronic trans itionsf from the ground state e

(6Al) t® one of the excited levels of Fig. 4 are governed
by the following selection rules: the spin selection rule
forbidding transitions between states of different multiplicity,
and symmetry selection rules which in Ohaforbid transitions
between states of the same parity (Z.e. Laporte selection
rule, g > § and u /4~ u). Spih-orbit coupling, spin

exchange' or superexchange (via oxygen ions) may relax the

spin selection rule while vibronhic coupling can help over-

come the Laporte selection rule. Thus forbidden transitions
can still be observed but are generally orders of magnitude

weaker than allowed transitions. 'Since d-d transitions

5

of a given d° ion in an octahedral site are forbidden by

-

both selaction rules while those of the same ion in a

tetrahedra} site are only spin forbidden, one would expect

%

. . ; . . .
higher absorption intensities gom the tetrahedral ions

than from the octahedral ones. This is indeed the case, and

Bingham and Parkel54 reported that Mn2+ in sodium silicate,

{
glasses (tetrahedral environment) has an extinction coefficient |

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

. !
environment) . . !
\ i

X

t
fWe' are interested in those transitions which occur by an }
i
!
;

electric dipole process. Transitions may also occur by
magnetic dijpole or electric quadrupole processes but are <
orders of magnitude weaker in intensity.
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2.6.3 Luminescence -

Thef.abagrption of a quantum of light ‘with a
frequency correspdnding to the. energy separation between any
given excited state and the ground state of Fig. 4 causes

that particular excited state to be populated. There are

*

two processes which compete to depopulate that excited state:

4

radiationless processes whereby the excited state loses iﬁ .

]

Q

excess energy through means other than the emission of

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

the excited state emits photons to dissipate its excess ~

energy. Depending on the position of the pSpulated state

u -

& [N
witﬁ respect to other lower excited states and to the ground ©

ra : .
state, one of the two processes may prevail. If for example :

the 4T'2_ (D) level of Fig. 4 is populated it will proWbably

lose its energy non-radiatively by‘ cascading to the 4Tl (G)
level. From that level the excess of energy may then be
lost by a radiativé process. Although this scheme is likely
;tq» occur it is not a general rule. For example radiative

emission from the 4'1‘2 (G) to the 6A_1 (S) level has been 0

reported by Medling43 in anhydrite activatgd with Mn2+,

In condensed phases, the width of emission ‘lor absorp--
tion) bands is due to the slope. :;f the energy pargftleter of - the
state (E/B) with fe};pect to tﬁe crystal field parameter. (4/B)
and to fluctuations of A/B, in the particular environment. 1In .

.8

crystals these fluctuations (A/B) are due primarily to lattice
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vibrations, and~the broadening is temperature dependent
' because more lattice vibrations are excited at higher
temperature. Howeveg, in glasses the broadening due to the
ragdém nature Qf the envirgnment (and hence the large spread
of crystal fields) is larger than that due to vibrations,
£her9fore little temperature dependence of the emission (or
absorption) is expected. .
4 The intensity qQf the luminescence is related to
the concentration of the activator. By'increésing the
activator:concentration, the intensity may initially increase
! until a critical value is reached and then decrease be&ond .
this val&e. This phenomenon, known as concentration quenching
results from an increase in non-radiative energy'dissipation
at the expense of the radiative proéess. Higher concentrations
of activator increase thé probability of energy transfer
(of the excitation energy) to impurities (such as Fe3+ ions
in the glass) wﬁich can then act as trapping sinks that

dissipate the excitation energy non-radiatively as heat.

o

-

Lo 2.6.4 Excitation

The crystal fiéld strength A can be determined
by fitﬁiné“absorptibn data to the cofresponding enerqgy, level
aiag;am. A v§lue of A/B is estimated from these diagrams
and A can then be calculated. Unfortunately, the . .

.(:) absorption spectra of certain glass compositions doped with

1
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MnO are weak and poorly resolved154. Furthermore, in phase

seéarated glasses‘iight is badly scattered and absorption
spectroscopy is)imp ssible. Excitation spectroscopy is an
alternative, the advantages of which have been previously
discussed (Section 1.3.2).

In sodium borosilicate glasses Mn2+ luminescence
consists of a high energy band believed to originate from
Mgz+ in tetrahedral sites and a low energy one believed to
arise fr;m Mn2+ in an octahedral environment fchis will be

discussed in further detail in Chapter 4). It is possible

to measure the transitions of an+ in each of the two sites

by using the corresponding«é@ission band to measure the

excitation spectrum. Bihgham and Parke154 measured the

excitation spectra of divalent manganese in calcium borate
and sodium borate glasses. They reported that the
excitation spectra of these doped glasses correlated well
with their corresponding (weak) dbsorption spectra. In
the p;ésent work excitation spectroscopy is used to locate

Ve

the corresponding absorption bands.
. / -

2.6.5 Energy Level Diagrams

Two approaches are commonly used to calculate

the energy level diagrams for a ar configuration. The weak

246 and the strong field approximation

of Tanab& and Sugano245

5

3

' -
. Both calculations give equivalent

82
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results. The following method of calculation is from

Ref. 154 and is used in Section 4.5 to calculate the éhergy

diagram of Mn2+ in sodium borosilicate glasses.

The weak field matrices of the quartet levels

/

of a d5 configuration are given by:

o

U i
4. 4 / !
A, (4a) !
i
10B 4 5C i
4. 4
A, ('F)
22B + IC ' : -
4g (46, %)
—
4 4 2 ;
4 |17B + sC 0 ’
e 0 108 + 5c| | ‘
‘ /
L A et |
e dp 6
% |22+7¢ 0 -0.44722A
4p 0 7B + IC - -0.89444A

O o 4G | -0.447228  -0.894444  10B + 5C

RS
o
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4z, (%, *p,'m u

p e 4p
4p 22B + 7C ~0.654660  —0.75591A
‘¢ |-0.65466a 10B + 5C 0
b [-0.755917 0 17B + 5C

Since the 4E levels are independent of the field

strength (4), they give rise to narrow excitation bands

which are thus relatively easy to assign. The levels differ

in energy by 7B so B can be determined directly from the
The %E(%G) level 1ies 10B + C .above
With

excitation spectrum.

the ground state, so knowing B, C may be calculated.

the values of B and C, the two 4Tl and 4T2 matrices can be

solved (diagonalized) for various values of A and hence

the energy level diagram is obtained.

2.6.6 Luminescent Decay-Time

2.6.6.1 Introduction

The decrease with time of the nimber of emitted
photons from an excited state is related to the Einstein

spontaneous transition probability by:

34 ’ .
(42)

danN,
L = -N.A_,
dt R Sl 4§

X
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where dN i/dt is the rate of change with time of the

number of ions (or atoms) in a given excited state and N;
is the number of ions in that state. Integrating expression
(42) with the initial condition that at time t = O, Ni = N°

yields:

.t (43)

N(t) = N_ e (44)

The spontaneous transition probability Agy is related to
247

the radiative lifetime T of the transition by

1
T T Bgy (45)
[
Replacing expression (45) in equation (44) yields: .
= -t/ -
N(t) = Noe - *.53(46)

)

Since the intensity of the luminescence varies as the

number of ions in the excited state expression (46) may be

rewritten as:

-

e N S T S b FIC T 4 S
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I(t) = Ioe't,/T - (47)

If the emitting activators are in different environments

then I(t) will equal:

—t/'co -t/rl —t/'r2
I(t) = Ioe . + Ile + Ize + ... (48)

A decrease in decay time T may result from-increasing
. P
activator concentrations. Different phenomena may be
responsible for this behaviour. A higher activator level
2+

-can facilitate transfer of excitation energy from a Mn ion

to a sink (impurity) that can érap the excitation and
eventually dissipate it as heat. This leads to a non-
radiative decay (which is usually very fast) thus shortening
the observed radiative decay-time. Another reason for a
decrease of T in the case of spin forbidd transitions is
that spin exchange or superexchange betweefi 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

Mno31,40,138 454 Cr203122 has been reported. Such behaviour

is not surprising since glass has a random network leading

TR sl R s s, WS ga e X S e e
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Q
to a random distribution of environments for the emitting

species. Thus to compare different non-exponential decay-

.

curves, a quantity inherent to these decay-curves must be
122

-~

defined. studying the radiative lifetimes

3+

Andrews et al.

of Cr in glasses defined an average decay as:

f ¢t T(r) at/[ 1(¢) at (49)

o Q

T.

e a

where I(ﬁ? is the experimental decay-curve. T of expression
(49) is aé;ually the average time t of a distribution I(t). ;
\ ‘
Thus it would perhaps be appropriate to refer to this
\

\ - - . : .
parameter as \t rather than T. It is interesting to consider this
\

. parameter for

equal to:

\‘

G
0
&

single exponential. In this case I(t) is
|y

\ -"& —t/"[
I(t) = Ioe‘

Replacing expression (50) in equation (49) and dividing by

| I9 yields:

-]

J

0

t et gty e YT ar
as, |

B

1

(51) by parts gives:

1L -

(50)
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[+ -] ©

0
-Te_t/T

A ‘ —tTe“t/T' TZe-t/T}

)

e (52)

"T:H,
fl

o

5

The limit of the first term in the numerator is zero while

the limit of the second term is 2. The limit of the ~

denominator is 1. Thus for a single exponential decay-

curve expression (49) yields:

. ‘ ' t = 1 ‘ (53)
! . .

i
|
|

’

And for this special case the average time t is indeed the
decay time T. Although the quantity € defined in this way
does not‘represent the usual average (T) of the decay-times
in a multi-component decay, it is a useful parémeter for
comparing different decay-curves. .

For calculation purposes, equation'(49)\Was.
necessarily app;oximated by a discrete expression and the
suﬁmation was carried out over a finite interval [1.25 ms,

27.5 ms]: The lower boundary of which was chosen as close

as possible to zero and the upper one éé far as the
experimental data permitted. ' Although this introduces

an unavoidable error in the calculated value of t, it is
reasonable to suppose this would be a systematic one as long &

as the integrating interval was the same for all.experimental

curves. In other words, the error introduced by performing

N nr s GG oI ~ ST S

. el & Fo e Mo

e e et o,
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9
< a finite summation should not affect the comparison between
different decay-curves. The integration was .carried out
using Simpson's discrete approximation+.
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1"I'e‘xa\s Instrument, Model TIS9, built—in”program, Lubboch,
. |Texas. , ‘
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'CHAPTER 3

EXPERIMENTAL

3.1 SAMPLE PREPARATION

b

A large number of sodium borosilicate glass
sémples were prepared in 5-6 g batches, with compositions
lying in and near the miscibility gap as determined by
Haller et aZ.l7 (weight percent) and by Galakhov and
AlekSeeval8 (mole percent). As mentioned in Section 2.5.1
sémejdiscrepancies exist between the two phqse diagrams.

Glass compositionét were initially selected on the basis
' 17

‘of the tie-line orientation proposed by Haller et al.™'.

Subsequent'work led us to believe that Mazurin and
Strel*qsina20 offer a more accurate representation of the
tie-lines, and 1ater‘glass compositions were selected on
the basis of their workzo.
’ Analytical reagent grade materials (Fisher

Chemicals) were used. The different chemicals were weighed

using a Mettler analytical balance (10"2 mg precision).

However, due to the volatilization of the materials at high

temperatures and/or their wafef content223'224

o

, & correction

90

+These samples were kindly prepared by D.G. Owen, Atomic

Energy of Canada Ltd., Pinawa, Manitoba. "

¢
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was made to the weighed starting batches, on the basis of
weight losses of the pure components, and chemical analyses
of previously-prepared glasses. A typical yield at 1300°C

is shown in Table II.

Table II1

Sodium Borosilicate Starting Material and Yield at 1300°C

Starting Material 'Yield After Glass Formation
. .
Na2C03:112.0 g Na20:1 mole
2 3 :75.0 g 8203:1 mole
$i0,:60.2 g ‘ $10,:1 mole

o
"For glasses having a high silica content (above

60 mol%) a melting temperatuie of 1400°C was required to

bbtain a macroscopically homogeneous product. In these

cases, the quantity of sodium carbonate starting material

was raised by 10%, to compensate for increased volatilization.

Finally, MnO was introduced by adding manganese sulfate

(MnSO4-H20) Oor manganous acetate (Mn(C2H302)-4H20) to the

mixtures. The acetate generally gave better products, as

indicated by less intense discolouration, perhaps because

decomposition of the anlon provided a reducing environment in

v the melt thus inhibiting oxidation of an to Mn3 + The mixtures
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g . 3 .
were then transferred to 95Pt-5Au crucibles (10 cm”™ capacity).
Batches were sintered, at 1000°C for 1/2 hour, using a rapid-
heating electric furnacef. Temperature was controlled by
a Pt V.S. Pt~Rh thermocouple. The mixtures were then fused
at 1200°C for 1 h before air}gdoling £hem to room temperature.
The products were then crushe&b with a tungsten carbide
lined ball mill (v 10 minutes), and returned to the crucibles.
Carbon powder (0.035 g), acting as a réducing agent, was
then added either by sprinkling on the surface of the batch
or by mixing. Better quality glaéses were obtained
when the carbon was sprinkled, since a carbon residue
remained after melting Yhen it was mixed with the batch.
The materials were then remelted at 1200°C§ for 1 h.
The samples were then quenched by dipping the crupible into

water without immersing the glass. Prepared glasses were

.cut with an electric saw. They were then cleaned by

immersion in acetone in an ultrasonic batH.

3.2 SCANNING ELECTRON MICROSCOPE’

ng.l . Introduction and Basic Principles
B - ¥ .

o

,h The scanning electron microscope (SEM) was proposed
by Knol1223 as early as 1935. The first commercial one 'was

1-

Model 1500A, CM Mfg. and Machine Co., Bloomfield, N.J.

In high silicate glasses a third melt at 1400°C, was required
to obtain a homogeneous glass. For such samples, carbon
was added only before the third melt. " . ,

§

N(
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Q
developed in 1965 by Stewart and Snelling,i26 using an

electron detector proposed by Everhart and Thornley227. !

-

. g
Figure 15 shows the block diagram of a SEM. The SEM used

in this work was one of the first on the market+,

~

- -

although the basic principles are the same for almost all

228—233, the following-descriptionsapplies specifically

SEM's
to this one.

Electrons from a gun (a hairpin tungsten filament)
~

are accelerated to an energy between 1 and 30 kVv. These-

electrons pass througﬁ three magnetic lenses and three spray
apertures. The first two lenses ;ct as condensers and the
tﬁird as an objec@ive.’ The condénsers demagnify the image
of the guh cross-over and the spray aperturés remove stray

electrons. Furthermore, a final aperture after the objective

-

reduces the final solid angle of the beam. The objective

/
brings the electron beam to focus a

the specimen surfacq;
A number of electromaénetic coils placed above the objective
control the position of the beam on| the sample., Thekbea?
is 'scanned on the specimen in an X-Y grid pattern. The
signq; driving the beam is used to scan the cathode-ray

tube (CRT) in the same X-Y pattern so as to produce a similar
but larger raster oﬁ the viewing screen. Magnification

in SEM is defined as the ratio V:S, Qhére Vv and S are the

dimensions of the image on the viewing screen and the region scanned,

+Mark II Stereoscan, KenE—Cambridge Scientific, Inc., Morton
Grove, Ill. . e

v

‘
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/ "Fig. 15: Block diagram of a SEM. Modified after Ref. 231.
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respectively. . Actually there are two screens: one with a long
persistence phosphor for viewing areas under study and one

-~

with a short persistence phosphor for taking pictures.'

3.2,2 , Types of Signals Available

When a specimen is bombarded by electrons,
different effects occur (Fig. 16). )The most important are
thé pfoduction of X-rays, Auger glectrons, light, back-
scattered electrons and secondary electrons. Depending on
the detector used, the microscope is said to be operating
in a certain mode. Two modes are of ﬁhterest in this work: ¢

7/

the emissive mode;ggd the X-ray microanalysis mode.

.«

1

3.2.2.1 The emissive mode

The getQCtor used in the emisgive mode was
227

developed by Everhart and Thornley (Fié. 17) . It detects -
seconaary‘electrons (energy 3-5 ev) which are attracted
toward a Féraday cage held at a positi;e potentiai (v +250 V).
Ohce inside the cage, they are accelerated téward a

scintillator, by a potential of 12 kV. The light prpauced

- {(upon striking the scintillator) proceeds through a perspex

light guide to a photo-multiplier tube (PMT) situated out--
aide the vacuum chamber. The current produced by the PMT

controls the brightness on the CRT and thus the image is

- formed by different "contrasts.

Y T
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. Fig. 16: Different effects that occur when a specimen is bombarded by electrons.
Modified after Ref. 228,
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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 agpre scattering,vlea&s to thé form-

ation of a continuous spectrum of X-ray energies from zero

up to the energy of the incident electron beam. The second,

resulting from inner shell ionization, leads to thé formation
of the characteristic spectrum. The continuum is subtracted
from the characteristic in the,spectral manipulation.

The EDAX detector is a lithium-drifted silicon
crystal with a bgryllimn‘window. Figure 18 shows the

J

schematic of an energy-dispersive spectrometer. X-ray signals

are transformed to charge pulses by the bias applied to the detector

then to voltage pulses by the preamplifier. The signal is
then amplified and fed to a multichannel analyzer (MCA) where
the pulses are sorted by voltage. They are then displayed on

a CRT. The sample can be analyzed in three different ways:

(i) Spot analysis

<
The electron beanm i§~focused and held on one single
gspot. The generated X-rays are proceésed in the way -described

above. The spectrum of all the detected elements is viewed

1+Model 801A, EDAX International, Inc., Prairie View, Ill.
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on the CRT screen.
in the MCA memory.

another spot and another spectrum is obtained.

T N IR Ll Lo

100

-
L}

The spectfum obtained is usually stored

The electron beam is then moved to

The energies

of the bands as well as their intensities may be compared

by simultaneously viewing the two spectra.

‘One can also

print the position of the peaks as well as their intensities.

The scale on the screen may be expanded for better comparison

of two superimposed peaks. -The count is done for a fixed

time (generally 100 s is enowugh).

A chart (usually

LY . -
provided by the manufacturer) gives all the characteristic

energy lines.

(X or ¥ direction).

(ii) Line scan

The focused electron-beam is scanned along a fIHe-mh*

'y

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 superimposed with

a trace of the scanned line and a background scan. The

latter confirms that the signal is not due to any topograph-

ical features.

an X-Y grid pattern.

(111) Mapping

The electron beam is scanned on the specimen in

The detector is set up to detect the

characteristic X-ray energy of interest. The domains

<ty
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analyzed should be large enough and their concentration above
the noise ievel (usually 4 wt$% is enough for a good mapping) .
Here also a background mapping is required to ensure that

the patterns observed are not due to any topographical

effects. Every time a characteristic X-ray is detected a

v

bright spot appears on the CRT. The superimposition of all
the spots form the image. ‘ |

t

3.2.3 Major Factors Affecting the Resolving Power of SEM

"The resolution of SEM is the smallest distance

between two separate features of the specimen which permits

these features to be reliably distinguished in the

n229 while this definition lacks precision it

‘'emphasizes the dependence of resolution on both the, specimen

and the instrument.

3.2.3.1 Emissive mode

- -

s

Spot size and depth of field

The resolving power of SEM cannot be better than

"

the diameter of the electron beam spc.at size. Furtf,xermore, when
thé incident beam strikes the sample, the electrons are

scattered within the sample thus making the effective area,

from which the secondary electrons are collected, larger K

than the physical size of the beam. Moreover, the penetration

- . .

', . .
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of the beam inside the sample depends on “the accelerating
voltage and the nature of the specimen. It would be very

realistic to put the beam size between 10 and 20 nm and

the. resolution typically v2 times the beam diameter230.

&

’
I3

Astigmatism and aberrations

«

Astigmatism is the result of asymmetry in the pole

'pieces of the objective. This will give an elliptical final

spot. This defect can 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
eﬁergy spread of the electrons. The focal length of the
sbjectn.'.ve is shorter for electrons of lov}er energy. This
produces a blurred electron spot. This type of aberration
is mainly due to change in the accele;rating voltage in
the electron gun and to current-variation iﬂ the electro-
magnetic lenses. Siaherical aberration is the major factor
limiting the electron beam diameter. Electrons passing

thréugh the axis of the lens are brought to focus in a
' ~

different plane than those off the axis. This defect cannot

be avoided but is minimized by ensuriﬁg that the final }
aperture (Fig. 15) is set to give a small final 'solid

angle.
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Charging on specimen and noise

/

If the sample to be studied is a non-éonducting
sample, it must be codated with a conductive material to

- avoid ény'electro tatic charging on thé specimen. Even in
so doing, one cannpt entirely eliminate this effect.
Because the image is time-resolved, a distortion is observed
only in the final image.

The main source of noise in SEM éperating in the
emissive mode is caused by the secondary electrons produced
by back;cattered primaries. This unwanted background
affects the contrast and therefore the resolution.

N

3.2.3.2 EDAX mode

-

~ "Resolution in the EDAX mode performing a spot

analysis (spectral resolution) is defined as the full’

R - — [ U VU p— e e

.wié;h At halg-maximum peak intensit? (fﬁHM). ”HéééQEr,'
this definition no longer holds when an X-ray mapping
* or a line scan are performed (spatial resolution). Rather
than discussing resolution itself it would be more
appropriate; ;n a qualitative analysis, to comment on v
the detection limit of the instrument. When sampling ’
over a wide energy ingerval (spot aqalysis) a character-

istic energy peak is detected if the peak to background

ratio is high énough. Usually 4 wt$ of an element

~
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with atomic number > 111'

gives a peak to background ratio

-

of three. Furthermore, if doma_ins are to be examined they
must be large enough (v 1 um across) since the intensity of
X-rays produced is determined by electron beam scattering
and penetration rather than by the beam diameter. Therefore,
areas below 1 um in diameter canm;t be successfully analyzed.
Moreover , the beam diameter is increased in s'ize (by changing
‘the spray apertures) to ailow an optimum count rate (between
2000 and 3000 over'the\ whole range). When performing a

line scan the island under study must be separated (to avoid

any interaction) from other particles by at least 1 um. The

same remarks apply also for X-ray mapping.

3.2.4 Specimen Preparation

One of the great advantages of SEM is that
R wspé.cimen‘s can be examined with lit_tle\or no preparation
'(compared to TEM where extre;nely thin samples are needed) .
Therefore, bulk samples can be studied as long as they do
' not exceed the maximux: specimen size suggested by the
manufacturer (12 mm in diameteri . .
Phase~separated glass‘samples were etched in two
~different ways to enhance distinction between the phasés,
due to éheir different etch rate§98: with water (5 or‘20 s)

for X-ray microanalysis or with 0.5% HF (10 or 15 s) for SEM.

4]

*Elements with Z < 11 cannot be detected because their X-ray
photons are absorbed .by the beryllium window of the detector.
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The samples were then glued to specimen holders (aluminum
-stubs) with a’cond;ctive carbgn paint (Aquadag). The
specimens were-then sputtered with a thin layer of gold

(200 &) - to avoid charging problems when dealing with
insulating samples - in an ionized argon atmosphere (0.1 Torr).
They we}e then transferred 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 107> - 107% Torr. /

I3 \‘
3.3 HEAT TREATMENT ;
3.3.1  Ovens and Temperature Controllers

*

A cylindrical oven was used for thermal treatment

J ~ experiments., The heating elemen (nichrome+

, R=52 Q) is
wound on a ceramic tube having outside diameter of 7.67 cm
and an inside diameter of 5114 cm. With good insulation,
temperatures of 1000°C are‘easi&y reached. Thé ceramic
Bore~can accommodate a quartz tube, thus aliowing control of

tﬁa\fémple atmosphere. /Dry nitrogen was used in most

experimgnts. The overny is powered by a single phase silicon
~ /

% K ; controlled rectifier / (SCR) powef package§. The latter

/

uses a sepérate 240’V line capable of delivering a current

(:) TKindly provided by the Physics Dgpartment of -
McGill University. ;

Model IN1-2430 Halmar Electronics, Inc., Columbus, Ohio.
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of 30 A. A controller* (using a Pt vs 10% Pt-Rh thermo-
couple having its junction placed at the hottest point) !
controls the oven power supply. Since the controller 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 junctionublaced near the sample and the reference
in ice, measures the temperature. To avoid any unwanted
junctions, thermocouple alloy wire§ was used as an exténsion
wire to connect thermocouple sensors to the instrumenation:

The accuracy of the measurements with this arrangement is

typically ¥ 1°C at 700°C.

PN .
.

3.3.2 Clearing Temperature Determination

, The oven was heated gradually to the required
temperature. Samples, placed in platinum boats (typically
0.81 cm3) were introduced in the qﬁartz tube. The latter

"was pumped down aqd then flushed with nitrogen. This
procedure wasnrepeéted ; or 5 times to ensure a nitrogen
atmosphere inside the tube which was then infroduced into.
the oven. After the heating time was elapsed“, the samples

s . were quenched as fast as possible to room temperature. They

fElectrOmax III model 6435 Leeds and Northurp Company, North
Wales, PA.

'(:) . §All thermocouple materials are from "Onmegé Englneerlng, Inc."

Stamford, CT.

1[I-I_eat:y.ng periods ranged from 15 min (above 900°C) up to 10
days (at 600°C). .

bt
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< were then visually examined for phase separ.\ation (cloudy

- .- -

appearance) . If the samples were phase separated, we could

. /
conclude that the heating temperature T was below the clear-

ing temperature T e Samples with the same composition were

then subjected to successive heating, at Til' Ty, ’f3, .. Tn

with AT = 10°C, until the quenched samples appeared clear.

At that point, the heating temperature Tn was above T c and the

clearing temperature was determined by Tc = (Tn-1+Tn)/2 t 50C.

On the other hand if upon the first heat treatment the

samples were clear, the oven temperature was lowered by ©

decrements of 10°C, 'until phase separation was observed.

| Although visual examination was usually adequate for clearing

-

temperature determination, selected samples wefe also
examined by SEM. This is because long heat treatment
periods could crystallize the glass surface, gi;ring the
glass an opaque or op:alescent appearance. In such cases a
‘confirmation of phase separation by SEM was recommende:i.
Bet\ween samg&_es the piétinum‘ boats were cleaned with a

concentrated soiution of HF. !

3.4 LUMINESCENCE o

3.4.1 Sample Preparation

.Samples (typically 1 mm x 0.4 mm. x 0.8 mm) were

.
-
-]

polished manually with silicon carbide sandpaper (240, 320, .

1
. . - N
- - -
. o .
- 5 - N
i
* 3
. . » N -

/
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"+ is a practical, high-intensity light source (20 uw/cm
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400 and 600 grit) .and then with diamond compound (3,000 mesh
eguivalent). Polishing movement was done in a figure eight:

pattern. This movement giveé flat surfaces because the

prés'sure gn the sample is eciually distributed over thg Lo :
whole polished face. Samples having two faces polished

at right angles were then cleaned withsa solution of carbgn

tetrachloride. They were then glued+ to a sample holder.
The latter could be moved up or down, backward or forward ° :
and from right to left. ‘ . ‘ o '
3.4.2 Light Sources - ! -
3.4.2.1  Xenon arc . ’

. . . "3

. A high-pressure xenon énc§ (1000 W) was used. as \é-

wide band light source. Its spectral irradiance is fairly .

It

T

smooth except for a small region near 465 nm (Fig. 19).

2 nm

at 50 cm, in the visible) that allows the selection of any

‘wavelength over a large spectral range.

3.4.2,2 -b\litrogen" laser ‘ i : - £
. ’: el »

The nitrogen laser 'is a practical excitation sourcé -
2+

-

for Mn2+ in glasses. The Mn absorption spectrum in sodn.um

+,Gum Base, Life Savers Ltd., Ontario, Canada. '

§Mode1 C-60-50 Oriel Optics‘gorpprati“on, Stamford, Conn. . i ~
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borosilicate glasses has.its high energy absorption band centred at
355 nm. Therefore, the emitted light of the N2 laser

(337.1 nm) excites the shoulder of the high energy absorption

”band. A commercial nitrogen laserf (capable of delivering

flashes of 68 uJ when operating at 18 kV with a frequency
of 20 Hz) was used. Because the eﬁission of Mn2+ comes

from the lowest energy level, it was necessary (for the

4

purpose of comparison) to have a pulsed light source capable

2+

of excitiﬁg the lowest energy level of Mn (420 nm). For

.
this purpose a dye laser§ was used.

3.4.2.3 Dye laser v

‘The dye laser components (Fig. 20) arewmainlyhtwo

-

‘mirrors M, and M; (M, being a semi reflective mirror), one

dye cell C and a spectrosil B lens L. The dye cell C and
the lens L can move backwards and forwards on a small

optical bench (rail). Two screws Sl and S, fix the position

of L and C on ;pe rail. Three small screws behind the

mirrors can tilt them upward or downward and from left to
right. Furthermore, the distance of the mirrors to the dye
cell can be changed. The two tubes Ti and T, are used to
£i11 the cell with the appropriate dye or to circulate the

latter in order to avoid any overheating. Finally, three

,fModél LN100 Photochemical Research Associates Inc., London,

Ontario, Canada.

Designed in our laboratory, the necessary pieces were made

by Mr. F. Kluck, machine shop, Chemistry Department, McGill
University.

§
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(when pumped by a N, laser). Among them are Bis—-MSB

screws S,, S, and Sg control the position of the whole d&e
laser with respect to the incident beam. The latter,
focused by L, strikes C (Fig. 21), the dye lases and the
emitted light follows path I. The rays refledted by My
cross C and follow path II. Part of the rays follow path
III while the other part is reflected by M2$ crosses C again
and so on until good light amplification is obtained. A
part of the amplified light follows Path III and so on.

A number of organic dyes lase in the 420 nm region
234,235

240

237-239 4na finally Coumarin 120240,

Carbostyril 124236

» Popop
The most convenient dye with its lasing band centered at
ca. 420 nm and having a relatively low th®gshold is Popop

C6H4—1,4-[C:NCH:C(CGHS)O]2. Scintillation grade Popop
|

(Kodak Chemicals) was dissolved in spectroscopic—q;age
A0 0%,
4

toluene (Popop concentration 3.41x10” ° M). Before beihq
filled the dye cell was rinsed twice with the solution.

A monochromator was set to measure the lasing wavelength.
It was found to be between 411 nm and 428 nm, with a peak

at 419 nm. . ‘

llllllll

113 -



eyt -

)

-

3.4.3 Experimental Arrangement

3.4.3.1 Fluorescence

Figure 22 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
(mainly to remove high intensity I.R. generated by the Xe
arc) and focused on a monochromatprf. Two band-pass filters,
F1 and Fé, decrease the spectral range of the exciting

light to the area of interest (ca. 420 nm). The mono-

—. chromatoxr selects a particular wavelength which is focused

on the sample by Ly. The emitted light is collected at
éight angle by L3 and focused on the slits of ;'spectro—
meter§ by L4. Two U.V. cut-off filters eliminate unwanted
stray light reflected by the sample. A photomultiplier
tube (PMT)“, powered b a,high voltage power Supply++,
transforms the ligh (signal into an electrical signal. The
latter is then transmitted to a preamplifier. After

amplification the signal is recorded on a strip chart-

o~ . -
rese s IR e D ey AT Y TP BT T ASAPINSTM NN T T Y VIR S oY OO, wn o Epaiilegeenia o Y
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TModel 27180 Bausch and Lomb Opt. Co., Rochester, N.Y.
§M.odel 1702 Spex Industries Inc., Metuchen, N.J.
1I'I’hree PMT's were used:

1. EMI 9558QB (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 180 to 920 nm).
Hamamatsu Corporatlon, Middlesex, N.J.

*THewlett Packhard, model 6516 A, Berkeley Helghts N.J.
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Fig. 22: Luminescence experimental arrangement.
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reéorderf. 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 cloth. Furthermore, the experiments were done in
~a dimly lit room. A}ltthese precautions were nééessary
in order.to eliminate all possible sources of stray light.
The same precautions apply for the different experimenﬁél

arrangements (decay time and excitation).

3.4.3.2 Decay time

Most of the contents of \this paragraph have been
exéensively coveredlzg. We present Yiere a concise
description of the experimental set-up. ExXciting light
from a pulsed source is focused on the sample by L1 (Fig. 23):
A filter, Fqyo eliminates tﬁe stray light coming from the
source. The emitted light from the samp;e is collected at

~right anglesbby Y and then filtered by F3 and F,. A PMT

transforms the collected light to an electrical signal.

The latter is amplified and fed to a transient digitizer“.

The signal is then transferred to a computer-time averager++

!
i

fMoseley 710113 Hewlett Packhard/Moseley Division, Pasadena,

California.
- §Oxford Instruments Model CF-100, Annapolis, MD.,
AN
(:) “Biomation model 610B, Cupertino, California.

~H.CA'I' model Cl024 Varian Associates, Palo Alto, California.

-
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(CAT). The latter will store and average a.certain numbg?
of spectra. This procedure improves tﬁe signal to noisé
ratio.’ Finally, the signal is recorded on a strip cha;t
recorder. An oscilloscdpe+ éoupled to ghe biomation allows

the viewing of eggi spectrum transmitted by the biomation

"to the CAT.

3.4.3.3 BExcitation

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
filéar and focuged on the slits of a monochromatorf The
scanning device of the latter has a potentiometer attached o
to it vZia a cogwheel. The potentiometer drives the X axis
of an X-Y recorders. Any cQange in the monochromator
setting will change (in synchronism) the pen's
position on the X axis of the recorder. The exciting beam
coming out of the monochromator 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 described previously (cf.

Section 3.4.3.1). The signal coming out of the spectrometer's

+Tektronix model 475A, Beaverton, Oregon.
§Model 2000 Omnigraphic Houston Instrument, Austin, Texas.
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Fig. 25: Unwanted spikes in“the‘excitation épéctrum of MnO-

doped glasses.
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P}&T is fed to a divider. The latter divides the sample's
signal by the reference sigﬁal. This dividing procedure
was necessafy because the Xe arc has spikes in tHe 465 nm
région (Fig. 19). Thése spikes contribute to unwanted
bands (Fig. 25). Finally the signal coming out of the

divider is used to drive the Y axis of the recorder.

3.4.4 Lenses and Filters

All the lenses used in these experiments were made

.

3

, from Spectrosfl B and have a diameter of 50 mm and a focal
length of 50 or 75 mm. The filters used were made by

§

O ' '-Coz",ning.r (C) , Melles-Griot™ (M) or Balzers' (B) . Balzers

N _and Melles-Griot filters are interference band-pass filters.

Their passM% ectively 50 and 10 nm. The .

following table summarizes the different W

3 different arrangements. \ .

ST T T e AT AR

P

[

] , : ) .
Corning Glass Works, Corning, N.Y. - ) o Lo

. Melles-Griot, Irvine, California. : i , SR
Balzers, Toronto, Ontario. - ‘ l ‘

A v +




- - o bt L 2o ke 24 R ' .

J.Y. is a Jobin

}h}on monochromator model H.10, Instrument S.A.,-.Inc., Metuchen; N.J.

5
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l‘Tw ./f LS R o * . 7"
) -t Filters Useqd in pifferent Experimental Arrangements ! .
‘ o < . / v Filters ) L | :
Figures | = . Exc Inw : S —~ — ‘
§ | Fy. Fy Fyo o |, Fa
4 H v . -+
II ) - ' = g‘*ﬁ ]
Fig. 22 = 355 nm { . (B) ve-11 _ - (B) 1163/890 , ;
; ‘ .o
Fig. 22 = 420 nm (C) '7-59 (C) '5-59 (C) 3-73 (c) 3-73
) ) ‘ i . N N . . )
Fig. 23 = 337.1 nm (M) A = 337.1 nm - (B) A = 550 pm (M) A = 550. nm
F] . P
Fig. 23 |A =337.1nm | (M A =337.1nm | - (B) A = 640 nm | (M) A = 650 nm
Fig. 23| A = 420 nm | (3.¥.) A.5 420.nm - (B) A =550 nm} (M) A = 550 nm :
. & . ) ) | .
Fig. 23 = 420 nm . (J.¥.) A = 42Q nm - (B) A =650 nm'{ (M) A = 650 nm
- . A = 550 nm
Fig. 24+ - - ' - (B) or - 1§
v i . A = 650 nm 2 :
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ot RESULTS AND DISCUSSION

4.1 MANGANESE(II) A SPECTROSCOPIC PROBE

4’

-

4.1.1, Introduction -

2

Although Mn + luminescence in glasses has been

wideiy‘stﬁdied (ef. Chapter 1), so.far no work on the optical

i 24

properties of Mn in sodium borosilicate glasses has comeﬁ

154

to our attention. Bingham and Parke studied the

-

. s fluorescence spectra of sodium borateAand gsodium silicate

o doped with Mn2+. They. reported that sodium borate glasses\

exhibit only red fluorescence, while only the green is present

in the silicate. Thus 6ne might expect both red and green

;emissions from‘Mn2+ in sodium borosilicate 'glasses. This

indeed proves to .be the case. In other t&pes,of glasses

30,39,157

some authors describe the colours of the two

/' - characteristic Mn2+

emissions as varying from green to dark
’41VM red. In the present work these two bands will be iabelled H
| . band (for high energy "green" band) anduthe L band (the low
ﬁlé_ energy '"red" BandL. This avoids the difficulties inherent
/ . in using colours to describe bands, eébeciallf when there

e are shifts which can send a green band into theﬂréé region

%

of the spectrum. , ,
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4.1.2 Dependence of Mn’’ Luminescence Spectra on MnO

.

Concentration

A glass of the consolute composition in the sodium
bprosilicate system (molar composition 6.3Na20-23§203-70.75102) ) ]
was chosen for this studyl The samples prepared had MnO
concentrations ranging from 0.02 wt% to 5.33 wt% (Table Ib). 3

Luminescence spectra were obtained by excitation at 355 or

»

420 nm, both of which correspond to strong absorption bands .

24 162

of Mn in silicate and borate glasses . For a given

sample the same luminescence spectrum was obtained with either
excitation wavelength, but tﬁe-420 nm excitation gave more o~

-
intense luminescence. Two bands (H and L) were present in the }

.

emission spectra af these samples as shown in Fig. 26. as
o [a)

-

the concentration of MnO was increased (0.02 wtg to 5.33 wt%)

the H band shifted from 550 to 608 nm while the L band
shifted from 630 to 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 (Mﬁb =’5%33 wt%) , these
results are summarized in Table IV.

It'is clear that MnZ* lumindscence dependsvon the

2+

activator level and that increasing the’'Mn concentration
leads to quench;ng of the H band luminescent intensity °
relative to that of the L band (the H band- being nearly

completely quenched when the MnO concentration reaches ca.

5 wt$). . - - .
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Emission spectra of the consolute composition doped
with different levels .of MnO. Exci%on wavelength:
420 nm. ' ,
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- Table IV:

- Molar Composition : ’

Band Positions and Relative .Heights (H/L) as a

!
Functiqp of MnO Concentration (Consolute Point,
\

6. 30Na20' 23B2O3 *70. 705102) .

} ' ' Weight$ 1/ band L band Relative Height

| Sample Mno (nm) . (nm) H/L
MnCON-5 0.02 350 630 2.14
MnCON-4 0.04 550 630 2.08
MnCON-~3 0.09 558 630 1.81
MnBS—-2B 0.18 - 577 633 1.28

MnCON-2 0.35 580 635 1.28 °
; MnCON-1 0.89 600 640 0.94
BS~- . 600 640 0.9
MnBS-2C 0.89 1 P 4
MnBS-2D 1.78 608 | —642 0.76

- ‘ ’fq/ _J

MnBS—2E 5.33 608 655 0.45

The doping material in MnCON-1 -+ 5 was introduced as MnSO, -H

while in MnBS-2B + 2E it was introduced as Mn,0,.

No

‘difference in the luminescence spectra of MnCON-1 and

MnBS-2C was found.

7

Excitation wavelength = 420 nm.
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4.1.3 The Choice of MnO Doping Level

3
o
o 6 B o B Y

From the preceding. discussion, there is an MnO
concentration dependence for both the band peak positionsiand“'
for their relative heights (H/L). The H band is more .,
sensitive to the concentration of MnO than is the L band §
(Table IV). To best utilize these spectral changes for §
studying the glass, an optimum dpping level should be %
determined. This optimum level will result from a balance §
between thé shift and the dependence of H/L on concentration.
Figure 27 shows how the most sensitive concentration rénge

* was established. The left-hand scale of Fig. 27 gives the-
| dependence of the position of the H band on MnO concentration
while the right-hand scale gives the relative heights (H/L) . B
as a function of MnO concentration. Thus concentrations near .
t the intersection of these two curves in the figure (~ 0.2 to .
“ 0.6" 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.

»

corbcoatbmibonct

i 4.1.4 Depeﬁdenée of Mn2+ Luminescence Spectra on Glass

Composition

| Samples with compositions along the 650°C isotherm X
i : . of the miscibility gapl7 (see Fig. 28) were prepared for this
study because they allow large variations in glass

(:k compositions (Table V). Based on previous considerations,
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Table V: Glass Compositions . (in weight percent) of the Samples

Shown in Figure 28.

Composition Weight$%
Sample
Na,0 B,0, sio,
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% MnoO th.ch was
Co introduced in the glass as MnSOy4- HZO‘ .

Qg the Mno doping level was fixed at 0.27 wt%. Here also, two
bands (H and L) were observed (under 420 nm excita£ion) . The
high energy band centred at 593 nm (MnBS-20) shifted to
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 emission spectra of three selected
samples along the 650°C isotherm, showing that increasing
the silica coritent shifts the H band toward higher energies

O and enhances its intensity. "Thus we conclude that the Mn2+

ki st ¥
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Fig. 29: Emission spectra of glasses of compositions 20, 23
and 25 doped with 0.27 wt%¥ MnO. Excitation wave-

iength: 420 nm.
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Table VI : Band Positions as a Function of Glass Composition

‘ . 20 to 25 (MnO = 0.27 wt%). ~

z

Sample -~ B band . (nm) h L:band (gm)
\7 B ; - ‘ )
MnBS-20 593 : 638
MnBS-21 ’ 593 . N 638 e
) MnBS-22 . 593 - 635 -
% MnBS~23 ' 588 635
. | | MnBS-24 570 | 630
e " MnBS-25 ’ 553 » " 627

‘Excitation wave length: 420 nm..

luminescence (for a given MnO concentration) depends on the

glass composition.

o 4.2 MORPHOLOGICAL STUDY OF SAMPLES ALONG ONE TIE-LINE

OF THE 700°C ISOTHERM

4.2.1 Introduction
o ' From the previous discussion (Section 4.1) it is
" y clear that an+ luminescence in sodium borosilicate glasses

depends on both the concentration of the activator for a

given glass composition and on the composition of the glass

for a particular activator level. To study the effect of

‘(;) phase separation on Mn2+ luminescence, the nature and

o
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' approximate composition of the separated phases must be

known. Tie-lines provide the means uch .studies.. Iﬂdeéd,
any glass composition within the two-phgse 'region bounded

by a particular isotherm will, upon appropriate heat-
treatment, separate into two phases with compositions given

by the ends of its tie-line. The relative amounts of the

two bhaseé may be found from the lever rule (Section 2.5.2)..
Figure 30 shows one of the tie-lines of the 700°C isotherm?o.
Let, for example, point C represent the total glass~
composition, 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 Mn2+ remains

-

/ > l
uniformly distributed after phase separation, the luminescence

spectrum of C, after heat-treatment, should pe a composite
of the two different spectra A and B in the xatio 20/80.

If, on the other hand MnO concentrates in the boron-rich

105

phase+ upon heat treatment as in {the case for 2no and

CoO112 in sodium borosilicate glasses, an effective increase

in Mn2+ concentration will result. For example at 700°C

the molar concentration of MnO (originally 1%) will become: 1% x %%? = 5%

in the boron-rich phase of the phase separated sample. The luminescence

-
A ~
)

Since tie-lines cross -the miscibility gap at a small angle to
the -B,03-5i10;7 axis, the phase compositions are conveniently
described as boron-rich and silica-rich. Note that sodium
(like many other network modifiers9-105) tends to concentrate
in the boron-rich phase.

F
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spectrum of C should therefore be the same -as one with five
times the concentration of MnO and with the composition
corresponding to that of the boron-rich end of the tie-line.

Thus, both cases should result in an observable change in

" the fluorescence spectrum upon phase separation.

|-

'4.2.2  Glass Composition and MnO Concentration

. ] ' One of the aims of this work was to study micro-
sf.ructural changes in glasses. We thergfore- undertook a
careful morphologiéal examination bé Mno-doi:ed' glasses needed
for the spectroscopic study.

‘ Ten glass compositions (Table VII) were selected
along one tie—lin'e of the 700°C isotherm ‘(f‘ig. 31) as
determined by Mazurin and Streltsinaz'o. Two MnO dopiﬁg
levels were chosen: 0.4 weightﬁi‘s\ {(MnBS-30AC4 ~+ MnBS\;,BQACAl)
and 0.6 weight% (MnBS-30 -+ MnBS-39). Four different glass
compositions, two at each end of the tie-line ‘1,(glésses 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 batches (Section 3.1), it ,waé necessary
to verify the glass compositions. The analysis was done by
datomic absorption spectroscopyf. Five samples were selected
fc;r this purpose. The results of the analyses agree fairly

well with the expected glass compositions (Table IX).

+The'analyses were kindly performed by B. Sanipelli, Atomic
Energy of Canada Ltd., Pinawa, Manitoba.

£
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a Table VII: Glass Compositions Along the 700°C Isotherm

(Figure 31).- - N L
e " Molar Composition
Sample - - '
Na20 B203 , 5102
MnBS-30 .
MnBS-30AC4 7.99 52.06 39.94
MnB5-31 ' .
MnBS-31AC4 7.43 50.28 ' 42.29
MnBS-32 ? ' .
MnBS-~-32AC4 6.87 | . 48.60 . 44.52
MnBS-33 ’ ' . - '
MnBS-33AC4 6.25 46.53 47.22
MnBS-34 f o N
MnBS-34AC4 4.51 41.00 : 54.49
MnBS-35 : .
MnBS-35AC4 3.79 38.77 57.44
MnBS~36 : ' -
MnBS-36AC4 3.09 36.59¢F 60.31
. MnBS-37 : . e
MnBS-37AC4 2.40 34.43 63.18
MnBS-38 . )
MnBS-38AC4 1.70 32.17 66.13
MnBS-39 ~ .
MnBS-39AC4 1.01 | 29.96 69.03

The samples MnBS-30 =+ 39 have 0.6 weight% MnO which was
introduced in the glass as MnSO, - H50.

The samples MnBS-30AC4 + 39AC4 have 0.4 weight$ MnO which was
introduced in thé& glass as Mn (CH4C00) , - 4H,0.

Al

BT e R A e e




Table VIIXI: Gl ssés 30, 32, 37 and 39 (Molar éompésition‘
' 'S;ij;l in Table XVII) With Different MnO |
— “Doping Levels. |
W_eﬁggt% MnBS-30 32 37 39
0.0 ACO ACO ACO | ACO
0.1 - - Acl , -
- 0.2 - - *AC2 ac2
0.3 acy - ac3 . - \ . -
0.4 Cace Acd aca | | * acs
0.6 ACS6 : - ACE - AC6 \ ACE
*’o;,s . e AC8 “.‘ _AC8
1.0 ac1o’ AC10 AC10 ‘* -
2.0 t Ag:éo ac20 - -
4:o AC40 AC40 - . -
6.0 AC60 AC60 | - -

MnO was introduced in the glass as Mn(CH3COO)2~4H20.

-

.
MNP T

L2
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Table IX: Aﬂalysis Report of Mn-Doped So&ipm Borosilicate

- Composition, weight%, observed/calculated
Sample ,
. @ SiOz 3203 NaZO MPO
%nBS—BQAC4 64.6/65.88 1 31.4/33.1310.9/0.99 {1 0.4/0.4
0 MnBS~32AC60 37.5/41.23 48.6/52.;4 6.3/6.56 | 5.4/6.0
R MnBS-30ACO 35.9/36:81 | 56.3/55.59 | 7.8/7.60 .
q | MnBS-37AC10 60.2/59.86 | 35.3/37.79 | 1.7/2.34 | 1.0/1.0
S MnBS-37ACO 61.0/59.86 |35.4/37.79 | 1.7/2.34 - :
(;} . y ‘ ‘ ) ~ . S |
){ . The precision on the measurements is 5%. o ]
- 4.2.3 Microstructural Study
" 4,2.3.1 Clearing temperature
Recently, Kawamoto, Clemens and Tomozawa241 studied

N the effect of MoO, on phase separation of sodium borosilicate

glasses.

They concluded that the addition of small amounts
of Moog widen the miscibility‘gap of the system and raise
) the immiscibility temperature by 18°C for each mol% added.
It was therefore necessary to determine at the outset \ !
(,'x*Whethe; the addition of small amounts of MnO also affects

O . N
— -
& 7

the process of phase separation, or the position of the

o
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immiscibility boundary of the sodium borosilicate system;
To do this, the respective clearing temperatures of samples
at the ends of the tie-line (glasses 30, 32, 37 and 39)

with different MnO content were determined (Table X)

following the procedures described previously (Section 3.3.2)..

The ciéaring temperatures (Tc) of the undoped samples were"

found to be more consistent with the 700°C miscibility gap

of Galakhov and Alekseevale, than that of Haller et aZ.l7.

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 increased
by approximately 14°C for each weight% MnO added. At the
other end of the tie-line where the silica content was high
{glasses 37 and 39) the increase in Tc was steep and non-
linear. Even the  addition of very small amounts of MnO

. (0.2 weight%) in glass 39 raised T. by 140°C! Since the MnG
has such a substantial effect on Tc’ we need to consider

71the,topography of the miscibility gap within the quaternafy
system, Na20~MnO-B203-SiO2 (Fig. 33). Taylor and co-workergﬂs'lq7

described in detail the topography of some related quaternary

systems. They reported that the miscibility gaps in a

system of the type X,0:MO- (B,04 + 8i0,) , where X is an

alkali ibn and M a metal ion, change slightly when the

fixed weigﬁt ratio of 5i0,: B,05 varies from one to five.

Furthermore, a small one liquid region (the extent of which
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lue (a)

I0

B203 + Si02 —

L

Fig. 34: Quaternmary miscibility gaps for a fixed ratio of
Si0.,:B,0, in a system of the type X,0-MO- (B,0,+5i0,),
278293 : 2 293 2
':!:'5>’I.‘4>T3 >T2 >T1.
(a] General representation (from Ref. 107).

(p) Expansion of the one liquid region adjacent
to the (B203+SiQZ) corner (from Ref. 242).
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depends on the ratio of Sioz.=B2°3) exists adjacent to the
(B203*+Sioz) corner (Fig. 34). For élasses 37.and 39

fhe weight ratio of 8102:3203 is approximately two, placing
these samples within the limits of wvalidity of the quaternary
m}scibility gaps as determined by Taylor et aZ.lO4’105’107.
The rapid increase of Tc with increasing MnO content for
these low-sodium compositions is consistent with th?
topography of the miscibility gaps in other systems of the
105,107.

type XZO-MO-B203-SiOZ,

To understand the behaviour of Mno;doped sodium

as determined by Taylor et al.

borosilicate glasses a general description of the isotherms

4

is needed. Rather than estimating the isotherms for a

fixed ratio of SiozzB203, it is more appropriate here to .
delineé?é}the perimeter of the isotherms for the cross-

section which intersects the Na20~B203-SiO2 face of the

quaternary phase diagram along the tie-line of interest.

4,2.3.2 Estimation of the isotherms

The clearing temperatures of glasses 33, 34, 35
and 36 with 0.4 and 0.6 weight% MnO were determined (Table XTV.
The locus of théniSOtherms, as delineated by the data of‘
Tables X and XI, is‘rather complex” (Fig. 35).

The 800°C isotherm was above the 750°C (i.e. at
highef MnO concentration for fixed NaZO'B203-SiO2 compositions),

reflecting the enhancement of immiscibility by MnO. The 720°C,

o
T U S S

i,
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- Table X: Clearing Temperatures (Tc) of Glasses 30, 32, 37 and 39 (Figure 31) With

PPN W WAL o PN T YT Ty TRR Y- AT

I
Different MnO Doping Levels. . ;
. ) i
NG : = |
Concentration MnO (Weight%) 3
Glass No.'
0.00 0.10 0.20 0.30 0.40 0.60 0.80 1.00 2.00 ;
No. 30 694°C - - 695°C - 705°C - 705°Cc | 715°C ;
§
No. 32 705°C - - 710°C - - Z 730°c | 740°cC %
No. 37 715°C 725°C 743°C - 771°C 782°C 805°C 865°C -
No. 39 . <605°C - 745°C - 885°C" - - - -
The precision on the measurements is TC T s5ec.
\Y

%
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Table XI: ~ Clearing Temperatures (T) of glqsses 33, 34, 35

2

and, 36 Doped with 0.4 and 0.6 Weight$ MnoO.

-y .

s 0 Concentration MnO (Weighté)
Glass No.
' '0.40 0.60 :
'No. 33 720°C © 725°C °
No. 34 X 735°C 740°C ]
No. 35 735°C . 745°C
No. 36 - 740°C 755°C a

The precision on the measurements is Tc + 5°C.

gfggtherm is tangent to the tie-line at glasé 35 and continues

at very low MnO content adjoining glasses 37, 38 and 39.

At lower temperatures than 720°C, the oge;liquid region ig
divided into two portiégs as represented in Fig. 35

{although these two portions are not entirely separate when
represeéted on a full four—component.diagram, see Ref. 107).
Thus, one 700°C iéotherm is approximatelyiparallel to the

MnO axis, intersecting the tie-line axis near composition

31, and a second 700°C isotherm delineates a minute one-liquid
region at the lower left corner of the diagram (Fig.- 35). - *

Thus, the system was actually found to behave like

other quaternary systems of the type XZO-MO~BZO3~SiOZ.
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Figure 35 is the poétion of the larger diagram shown in
Fig. 36. The part 6f the x axis between glass composition
31 and 38 represents the tie-ling at 700°C of the ternary
Na,0-B,05-5i0, system. On éddition of MnO this tie-line
rotates following the trend described in Fig. 36 and also
‘ twists out of the plane to some extent. At ca. 40 wt$ MnO )
and 0% Na,O the tie-line becomes coincident with the ternary
ﬂnO'B203-SiO2 syséem. The tie-line:' chosen for this work
. was specific to the ternary Nazo-B203~Sio2 system. Since
j< ﬂ' ig was not clear what effect the addition of different
doping levels of MnO would have on this conode (Z.e. it may :
rotate) it was necessary t& verify the tie-line. One way ‘
to do this in the quaternary NaZO-MnO-B203-SiO2 syétem is
to study the micrographs of MnO-doped phase séparated

glasses along§the presumed tie-line.

4.2.4 Tie-Line Verification

Any glass composition along the tie-line will,
upon appropriate heat-treatment, separate into two phases
{the amounés of which are given by the' lever rule) with
compositions repfésented by the ends of the tie-line (Section
2.5.2). Oﬁe end is boron-rich {(glass composition 31) and
the other is silica-rich (giass compdéition-39). If the
tie-line orientation does not change substantially on. Mno

. 73
(i) addition, one would expect upon phase separation, a gradual
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Fig. 37: Scanning electron micro@raphs of MnO-doped (0.6 wt%) .

samples along the tie-line (Fig. 31). (All
& micrographs in this figure are of HF-etched,
freshly fractured surfaces). (A) Glass composition-

after 6 h at 708°C, (C) Glass cpmposition 34 after
12 h at 700°C, and (D) Glass composition 35 after
12 h at 700°C.
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; 31 after 6 h at 708°C, (B) Glass composition 33 = T
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. 37 (continued)
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14

(E) Glass composition 36 after 16 h at 695°C

(F) Glass composition 37 after 16 h at 710°C,

C,

(G} Glass composition 38 aftexr 16 h at 708°

v

on 39 after 16 h at 708°C,

i

(H) Glass composit
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' to the Si-rich end of the tie-line than to the B-rich end.

. presﬁmed to be due to the higher viscosity of the initial

..The progressive change in the microstructure on going from

change in the relative amounts of the two phases (B-rich

b

Ol B 588w sse & % i a P A A e o

and Si-rich) on going from glass composition 31 to glass

composxtion 39.

Figure 37 shows some scdnning electron micrographs
of Mgofdoped (0.6 weight%) phase-separated samples along \
the tie-line of Fig. 31. Figure 37A (glass compbsition 31) . -  « 1
shows a boron-rich matrix with few silica-rich particles. ) 1

Figure 37B shows an increase in° the volume fraction of the

silica-rich particles (2-10 um) leading to an interconnected o,
microstructure+. 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

This is shown in the ‘micrograph of Fig. 37D where the glass \ 1

.

matrix is silica-rich with large holes (v~ 10 um) of boron-
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 37H). The smaller scale of phase separation here is .

glasses, which are very low in alkali content (< 3.1% Na,50) .

glass 31 to 39 is consistent with the tie-line orientation Cy

of Mazurin and Streltsinazo. It can therefore be concluded

-

i

+The morphology of glass composition 32 will be examined in
detail in the following gsection. .. ~
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that the tie-line orientation is relatively insensitive to

the, addition of small amounts of Mno. - Lo

- s e =

T 2+ 3+

g\kd.Z.S Distribution of Mn” , Cr and Ti4+

in Phase-

Separated Samples

Y a

2+

4.2.5.1 Distribution of Mn

The relatively large phase domains which occurred
iﬁ compositions near the boron-rich end of the tie-line
“. permitted- examination by energy-dispersive X-ray microanalysis
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 verificaﬁions 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
undo;%d composition 32 and the doped one (Figs. BSA‘énd 38B) .
- . 2) To rule cut any phasé separation prior to
heat—treatment, an unheated glass of composition 32 doped
with. 4 weight% MnO was investigated. Several locations on
different faces were closely examined and no evidence of
phase separation was detected (Fig. 38C). The particle in
L

micrograph 38C is one of a small number of undissolved or

(j) preqipitated‘barticles present, and was included in the

-+

‘ .
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Glass composition 32 (all micrographs in this figure
are of water-etched freshly fractured surfaces).
(A) Undoped after 16 h at 695°C, (B) Doped with
4 weight$ MnO after 16 h at 695°C (c¢f. small volume

fraction when compared to micrograph A), (C) Undoped

showing no visible sign of phase separation prior to
heat-treatment, (D) Undoped after 16 h at 695°C
showing crystallization 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)
crystallization had occurred. Figure 38D shows an example of
the limited extent of crystallization found.

After these verifications, glass composition 32

doped with 4 weight% MnO was closely examined as shown in 1

Fig. 39. Crosses in Fig. 39A represent points analyzed

by EDAX spot analysis. The reéults of this EDAX spot analysis
dre shown in Figs. 39B and 39C where the two spectra are
superimposed. Thrée major peaks représenting three
characteristic X-rays were found: 1.74 keV, Si; 2.12 keV, Au
coating the sample and serving ‘as a reference; 5.89 keV, Mn.
Thé\dotted\spectrum (Fig. 39B) of the boron-rich (silica-poor)
phase showedlthat the Mn was concentrated1L in the boron-rich
phase (Fig. %@C). The line scans (Figs. 39D and 39E) confi{med
the identity of the separated phases (Si-rich and Si-poor)

and the partition of manganese (II) into the silica-poor

phase. The ratio of Si Ka X-ray intensities obtained from

the two phases was about 1.65 uncorrected for matrix effect.

This is in reasonable agreement with the mole percentage ratio

+Although Mn is cohcentrating in the B-rich phase, one cannot

exclude the presence of very small quantities of Mn in the
Si-rich phase which cannot be detected by EDAX, since spot
analysis detection limit for Mn is approximately one percent
as indicated by the signal to noise ratio of Fig. 39C.
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Fig. 39

—

‘the background adjacent to the Mr peak.

(A) Glass composition 32 doped with 4 weight% MnO
after 16 h at 695°C; water—etched fracture surface.
Crosses represent points analyzed by, EDAX spot

analysis. (B] and (C) Spectra obtained from EDAX,
spot analyses, demonstrating the concentration df

Mn in the Si-poor phase (dotted spectrum) (peak '
identity: 1,74 keVv, Si; 2.12 keV-Au coating of
sample; 5.89 keV Mn). - (D) and (E) EDAX line scans
showing the distribution of Si and Mn, respectively.
Lower scan in (D) is on  the Au peak that in (E) is on
"Spikes"

in (D) appear to be due to irreqularity 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

-~

JFig. 31. This offers further evidence that small qudhtities
- of MnO do not induce major rotation of the tie-line. These .

results are cobmparable to microprobe studies of similar

CoO-doped glasses by Ehrt et aZ.llz, and studies of two

undoped sodium borosilicate glasses by Scholes and

Wilkinson164.

3+

4.2.5.2 Distribution of Cr and Ti4+

Energy~-dispersive X-ray analysis does not
differentiate between various possible oxidation states of
the manganese ion. However, it is highly improbable that

" manganese exists in the prepared glasses in an oxidation

2+

state other than Mn (a2 reducing agent was added to the

last melt and heat-treatments were carried out in a nitrogen

2+ it would be

atmosphere}). To complement éhis study of Mn
?desirable to study also the partition of a trivalent and

of a quadrivalent transition metal ion in sodium borosilicate
glasses. For this puépose glasses of composition 32 were
prepared, one dopeé with 4 weight$ CrZO3 (introduced as the
écetate)‘énd another sampleowith 4 weight% Tioz. The
dissolution of Cr203 and TiO2 into the glass was difficult
even after the third melt, as indicated by the precipitation
in the bottom of the crucibles. This

ofﬂCr and TiQ

203 an 2
"difficulty was encountered even with low doping levels

|
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Fig. 40

4

(A) Glass composition 32 doped with 4 weight% Cr,03
after 3 h at 695°C; water-etched fractured surface.
Crosses represent points analyzed by EDAX spot

.analysis, (B) Spectra obtained from EDAX-spot

analysis showing no visible partition of Cr in
either phase (Cr Ky line: 5.41 keV), (C) Bright
particles (probably undissolved Cr;03) on the
glass. surface, (D) EDAX mapping (Cr Ky line) of
micrograph (C) confirming the Cr identity of the
bright particles.
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Fig. 41: (A) Glass composition 32, doped with 4 weight% TioO,
after 3 h at 695°C; water-etched fractured surface.
Crosses represent points analyzed by EDAX spot o
‘ analysis, (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
sample, 4;51 keV Ti).
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(0.6 weightt) of Cr203. ‘The glasses obtained after the
fourth melt were phase separated by heating for 3 h at’
695°C,’énd 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

0 the Cr203—doped glass revealed the existence of the silica-
poor and silica-rich. phases, but failed to show any
concentration of chromiﬁm in either phase. Some bright

|
particles on the glass sprface (Fig. 40C) were suspected
}

. J .
to be undissolved Cr203{crystals. An xfEEY mapping (Cr Ka

line: 5.41 keV) confirmed that these 9éight particles

-

indeed contained the Cr\}Fig. 40D) . q%ot analyses (Figs. 41B . ;

- 7
and 41C) of TiOz—doped composition 3? confirmed the identity

g of the silica-rich and sil{ica-poor Qhasés and showed that ]
. N
titanium (IV) was strongly parfitioned ingg the latter phase.
Si Ku X-ray intensities obtained from the two phaqq@ of the

two samples (Cr203—doped and Tioz—doped glasses) @és about -

PR

.45 uncorrected for matrix effects, in reasonable agreement
/ /
Lo yith‘the results obtained for the MnO-doped glass of the

same composition. . ) ]

4.2.6 ' Conclusions . . j

) This morphological study showed that: 1) MnO-doped

}

a sodium borosilicate glasses behave similarly to glasses in
(”} other quatert?ry systems of the type XZO-MO-BZOB-SiOZ; 2) ‘the
. 5
{‘ -
'
N
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q ( tie-line orientation (in the ternary Na20-3203-8102 éystem) |
is insensitive to the addition of small quantities of MnO
and thus could still be used in the quaternary system with
low doping levels of MnO; 3) Manganese (II) and titanium(IV)
both concentrate in the silica-poor phase while chromium(III)
remaiqed essentially undissolved in this glass composition.

Partitioning of the manganese (II) preferentially

e At

g into the silica-poor phase ubon phase separation, leads to

an effective increase in the concentration of MnO as discussed

B SO,

earlier in Section 4.2.1. The manganese (II) luminescence

spectrum in sodium borosilicate glasses was shown to be

PR

sensitive to MnO concentration§ (Section 4.1.2). Upon phase

(:} separation, manganese(II} in glass composition 37 will

A m s

concentrate in the boron-rich phase with a composition
approximately that of glass 30. This partition of Mn2+ inté
the borate phase will lead to an increase in the activator
level in this phase. Therefore, upon heat-treatment, a
correlation between the luminescence spectra of glass ﬁ .
cogposition 37 with low doping levels of MnO and that of the

unheated composition 30 with high doping levels of MnO is’

- expectedf. In fact similar correlations between the samples

[ S

shown on the left-hand side of Fig. 41' and those on the

right-hand side are expected.

(“3 +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 glass composition 32,
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" different MnO content.
ﬁ

A R NAT g ot ok



T T

163

t

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 all the spectra. The
high energy band centred at 595 nm (MnBS-30AC4) shifted to
610 nm (MnBS-38AC4) while the low energy band shifted froﬁ
638:nm (MnBS-30AC4) to 646 nm (MnBS-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
summa%ized in Table XII. Glass composition 39 did not follow
the general tgend of the series (i.e. a gradual shift of
the H band toward l;nger wavelength and-a decrease in H/L,

on going from the boron-rich end to thé silica-rich end of
the tie~line). This\was prohably due  to the poor glaés
quality obtainedeith the high-silica low-sodium composition.
For this reason glass composition 39 is not included in

this discussion. It is clear from Table XII that the
relative heigﬁts of the two bands [H/L = 1.03 (MnBS-30AC4) .
to H/; = 0.73 (MnBS-38AC4)] is more affected by glass
composition than the change in the band positions (595 nm to
610 nm for the H band and 638 t03646 nm for the L band).

‘

Nevertheless tHhe luminescent spectrum of MnBS-31AC4 at the

i$
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Table XII: Band Positions and Relative Heights (H/L) as a

Function of Glass Composition. (0.4 Weight% MnO).

L1 4
i /

Sample H (rb;max)xd L (ﬁ;z}md “ RelatigiLHefi.ghtu
MnBS-30AC4 595 638 1.03
MnBS-31AC4 595 638 31.02

) MnBS-32AC4 . 598 640 1.00
MnBS-33AC4 598 640 . | : 0.99
, MnBS-34AC4 600 640 0.95
MnBS-35AC4 603 . 643 0.87
'MnBS-36AC4 605 643
MnBS-37AC4 608 646
MnBS-38AC4 610 - 646
MnBS-39AC4 608 648 )

Excitation wavelength = 420 nm.
4
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Emission spectra of glasses of compositions 31AC4

-

*

»

.

,

.

and ‘38AC4. Excitation wavelength: 420 nm.
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boron-rich end of the tie-line was found to be noticeably
different froimn 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 ligpt. The changes in
their luminescent characteristics showed the same trends as
those dopéd with 0.4 weight% MnO, again exceptingaglass
composition 39. The results are summarized in Tgble XIII.

4,3.2 Unheated Samples at the Extremities of the Tie-Line

4.3.2.1 Borén-rich-end ' -

4
1

4

Glasses of composition 30 and 32 doped with

. different levels of MnO (0.3 to 6.0 weight3) were excited

at 420 nm. Two bands (H and L) were present in all the

L

spectra.

(i) Glass composition 30

Thg high ‘energy band centztd at 593 nm (0.3 weight#
MnO) shifted to 613 nm (6.0 weight® MnO) while the low
energy band shifted from 635 nm (0.3 weight$% MnO) to 667 nm
(6.0 weight% MnO). The relative heights  (H/L) decreased from
1.08 (0.3 weight% Mn0Q) to 0.32 (6.0 weight% MnO). These results
are summarized in Table XIV. A nearly complete quencﬁi;g of tﬂe H

~

band ‘relative to-the L band was observed when MnO concentrations

~
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Band Positions and Relative Heights (H/L) as a

Function of Glass Composition (0.6 Weight% MnO).

sample H (g:‘x)qd ) L (gmax)ld Re 1ati\};§LHeight
MnBS-30 598 639 0.96
MnBS-31 600 640 0.96
MnBS-32 603 642 0.89
MnBS-33 603 642 " 0.88

. MnBS-34 605 643 0.86
MnBS-35 605 643 ~0.84
MnBS-36 608 644 0.77
MnBS-37 609 648 0.72
MnBS-38 610 649 0.70 ‘
MnBS-39 609 649 0.74

Excitation wavelength .= 420 nm.
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Emission spectra of glasses of compositions 30AC3,
30AC10 and 30AC40. Excitation wavelength: 420 nm.
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Table XIV: Band Positions and Relative Heights ‘(H/L) as a
Function of MnO Concentration (Glass

Composition 30).

e

Weight$ é band L band - Relative Height

MnO | (nm) (nm) H/L

0.30 593 635 1.08

0.40 595 638 1.03

0.60 598 639 0.96D
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. Q

reached ca. 4 weight%. This is comparable with the
dependence of an+ luminescence on MnO concentrations
(Section 4.1.2). Figure 43 shows the luminescence spectra

of glass composition 30 with different concentrations of MnO.
k]

- (ii) Glass composition 32

B,

Here also, a change in the band positions as a
'function of MnO concentration was observed. The H band shifted

O
o B e

ot
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> Table XV: Band Positions and Relative Heights (H/L), as a

'

Function of MnO Concentration (Glass’

‘ Composition 32).
Q

at
VL

Weight$% H band L band Relative Height |
X MnO (nm) (nm) H/L
-'% 0.30 593 637 6 1.12
% ~0.40 598 640 1.00 ‘
0.60 598 640 " 0.99
1.00 | 605 ° 643 0.85
1 ' 2.00 608 648 0.67
: 4.00 612 660 0.42"
6.00 615 667 y 0.35

Excitation wavelength = 420 nm.

from 593 nm (0.3 weight% MnO) to 615 nm (6.0 weight% MnO and

the L band from 637 nm (0.3 weight% MnO) to 667 nm (6.0 weight$

MnO)". A nearly complete quenching of thé high energy band relative

to the low enerdy one was again observed wﬁen MnO observations
reached ca. 4 weight%. The rélative height (H/L) decreased
on addition of MnO from 1.12 (0.3 weight% MnO) to 0.35

(6.0 weight$ ﬁno). These results are suﬁmarized in Table XV
above. Figure 44 shows selected luminescence spectra of

(j) glass composition 32 with different doping levels of MnO.
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i
The result% also are comparable to those of glass composition
30 with diﬁferent activator concentrations..’
; i

4.3.2.2 Silica-rich end

Glasses of composition 37 and 39 doped with®
different levels of MnO (0.1 to 1.0 weight%) were excited
at 420 nm, Two bands, 'H and L,'wére présent i%fall the . )

spectra.

(i) Glass composition 37

The high ‘energy band centred at 595 nm (0.1 weight%
MnO) shifted to 612 nm (1.0 weight% MnO) and the low energy ;
band shifted from 638 nm (0.1 weight% MpO) to 653 nm (1.0

weight% MnO) . The relative height (H/L) decreased from<1.05-

o, o T B

(0.1 weighﬁ% MnO) to.0.51 (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 luminesc%?ce spectxa of glass composition

37 doped with different levels of MnO. .

(1i) Glass composition 39 . ¢

For‘the same doping levels, the changes in the

luminescent characteristics of glass composition 39 were small

s
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. -Table XVI: Band Positions and Relative Heights (H/L) as a

Function of MnO Concentration (Glass =

Composition 3}7 ) .

~—

Weight$ 'H band L band Relative Height
. MmO (nm) (nm) H/L
0.10 595 638 ‘ 1.05
0.20 600 641 ’ 0.95
0.0} s08 | . 646 0.74
0.60 608 646 0.72
0.80 610 651 0.61
1.00 612 653 0.51

Excitation wavelength = 420 nm.

1

N

when- compared to those of glass composition 37. The H bahd
shifted from 601 nm (0.2 weight? MnO) to 608 nm (0.8 weights
MnO) and the L band from 641 nm (0.2 weight® MnO) to 648 nm
(0.8/‘weight% M/nO). The relative height (H/L) of the two

bands decreased slightly from 0.88 (0.2 weight$% MnO) to 0.75

(0.8 weight% MnO). These results are summarized in Table XVII.

Figure 46 shows the luminescence spectra of two glasses of

composition 39 doped respectively with 0.2 and 0.8 weight%

w

MnO .
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Table XVII: Band Positions and Relative Heights (H/L) as a

Function of MnO Concentration (Glass

Composition 39).

Weight$ H band L band Relative Height
Mno (nm) (nm) H/L
0720 601 641 n 0.88
0.40 608 648 0.76
0.60 608 648 0.76
0.80 608 ¥ 648 0.75

.
K3

Excitation wavelength = 420 nm.

4.3.3 Heated Samples at the Silica-Rich End of the Tie-=Line

Glasses of fromposition 37 doped with various levels
of MnO (Table IX) were phase separated by heating for 4 h
at 690°C. ‘They were then excitedbait 420 nm. Two bands

(H and L) were present. As the concentration of Mn0 increased

(from 0.1 to 1.0 weight%), the H band shifted from 595 to 612 nm,

and the relative height (H/L) decreased from 1.04 to 0.50.
These results are listed in Table XVIII. Figure 47 shows the

luminescence spectra of phase—-separated glass composition 37

with different concentrations of MnO. .
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Table XVIII: Band Positions and Relative Heights (H/L) as a
»

Al

Function of MnO Concentration (Glass

Composition 37 Phase-Separated by Heating for

4 h at 690°C).

/]  Weight$t H band L band Relative Height
Mno (nm) }nm) H/L
3
0.10 . 595 638 1.04
0.20 600 641 0.96
10.40 608 646 0.75
! 0.60 | 608 . 646 f 0.70
T ' 9.80 610 651 0.63
4 1.00 612 653 0.50
. Excitation wavelength = 420 nm.
4.3.4 Comparison and Discussion :
<
Previous discusgions (Sections . 4.1 and 4.2) led to
. the conclusions that~the 3n2+ luminescence spectrum was
Asensitive to MnO concentrakions {(Section 4.1u25 that, upon
phase! separation, manganeéé(IIL was preferentially partitioned
".iﬁté the bofgg:rich phase (Section 4.2.3.1) leading to an
j:- ' effecti&g }ncrgasaiin the MO concentration within
) this phase (Section 4.2.1).  Thus, if a glass of .
P (:) °composition‘37'd9ped with MnD is phase-separated, the MnoO

¢
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4

concentration will be increased and its luminescence
spect;hm must be altq:gd as compared to the spectrumg;rior
to\Peat—treatméht. This was not found to be the case. A
“comparison between the unheated glasses of composit;on 37
.(O.l £o 1.0 weight% MnO) and the heated ones did not show
any difference in their respective luminescent characteristics
(gompare Table XVIII and Table XVI, and Figure 47 and Figure
45). This constancy in the characteristics of the luminescence
composition 37, suggests that

L)

the glass was already phase-sgﬁgrated when it was first
d

formed. 1In that case, a correlation satisfyiné the lever

‘upon‘“hat-treatment, of glass

rule ought to exist between the luminescent characteristics

off a given sample (with.léﬁ\&oping levels of MnO) on the

S » :
tie-line and that of glass composition 30 (with higher doping
levels of MnO) as discussed in Section 4.2.1.

If one takes the length of the tie-line as

extending from glass composition 30 to glass composition 39+,

b
then the effective congentration of MnO in glass composition

3713;5 to be increased by a- factor of abéﬁt 4.5 (Section 4.2.1).
'@hus, thé luminesqent characteristiés of a glass of composition
37 doped with 0.1, 0.2, 0.6 and 1.0 wefght? MnO ought to )
correspond to, réspectively, those oﬁ‘glasses of composition

30 doped with 0.4, 1.0, 2.0 and 4.0 weights MnO., This is
indeed the case (compare Tables XIVEand XYI). Figure 48 shows

Ay

&

+A reasonable assumption; since oh addition of MnO the.
miscibility gap widens (Section 4.2.3.1). ' :

.




RELATIVE HEIGHT H/L

.- MnO weight % (v) *
i | 2 3 4
|
d ¥ L LA v
13F
Lt
0.9
0.7
0.5
o3}
o.t}
. 0l 02 03 04 05 06 07 08 09 IO
MnO waeight % (o) -

Relative he%ghts (H/L) as a function of MnO concentration for glasses
of composition 30 (upper scale) and composition 37 (lower scale)..
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compositions 30 and 37. MnO concentration scales were chosen

e

in such a way that 4.0 weight% MnD 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 should be true for any given glass composition on

the tie-line. The concentration factor for glass composition
Al

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 composition 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-line is about 2.33
implying a correspondence of the luminescent characteristics
of glass composition 35 with 0.4 weight percent MnO and
those of glass composition 30 with IT0—weight% MnO. The
similarity again is evident (compare line 6 of Table XII
Qith line 4 of Table XIV). The concentration factors of

——

glasses lying in the vicinity of the hpron—rich end of the

tie-line is low;—only about 1.17 for jlass composition 32.

This explains the very small changes ?bserved in their

respective luminescent characteristlcﬂ (compare Table XIV
1

and Table XV).

#

i‘
The important” conclusion to be drawn from the

preceding discussion is that inside the miscibility gap,

4
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sodium borosilicate glasses are phase separated from the
start (Z.e. when the glass is first formed). This phase
separation which is on a sub-microscopic scale, probably
occurs’ during the gquenching of the melt to room temperature.

The melting temperatures of 1200°C or more lie far above |

the two-liqui egion, but during guenching these glasses
probably spefid a few seconds cooling between the critical
miscibility temperature, Tcﬁ and ‘the glass transition
temperatures, Tg. No further molecular rearrangement is
expected to occur below Tg. It is during this quenching
time (v 2 s) that phase separation occurs. The possibility
of preparing a ﬂon—phase separated glass (inside the‘miscibility
gap) can not be ruled out if faster gquenching times can be
achieved or by using other preparation methods such as vapor
deposition on a pold substrate or dehyération. Nonetheless,
in our case“phase separé%ioﬁ_probably.occurs during the
quenching of thé melt at room temperature, which strongly
suggksts a sp%podal decomposition mechanism. Although no
rigorous proof for this mechanism can be inferred from the.‘
above, the ra;idity by which phase.separation would pave'to,
occur does not favour nucleation and growth of second phase

particles (where the kinetics of phase separation are slow

- see Chapter 2).

D
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4.4 LUMINESCENT DECAY ANALYSIS
4.4.1 Introduction
. . 2+
Non-exponential luminescent decay of Mn in

31,40,158

glasses has been reported ranging from 1 to 24 ms,

depending on the glass composition and on the act?vator

+ .
2 luminescent

concentration. For a ?iven sample, Mn
decay was found to decrease with increasing activator
concentrations. This is reasonable in terms of concentration
quenching especially when one considers the likelihood of
exchange and superexchange interactions occurring between
Mn2+ ions, which would relax the spin selection rule.

It was shown earlier that sqéium‘borosilicate glasses,
inside the miscibility gap, were phase separated as prepafed

2+ was prefererntially partitioned

(Section’ 4.3) and that Mn
(almost entirely) in the boron-rich phase (Section 4.2.5.1).
leading to an effective increase of MnO concentrations within
this phase. Manganese(II) luminescent decay, which is

sensitive to MnO concentézﬁgpps, may therefore be used as further

evidence that the activator partitions into the boron-rich phase.

4.4.2 Dependence of the Luminescent Decay on the

“ Activator Concentration

Glasses having the consolute composition and ‘
doped with different levels of MnO (0.18, 0.89, 1.78 énd

5.33 weight%) were excited with a pulsed nitrogen laser
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Ry,

(A = 337.1 nm) aé described in Section 3.4.3.2. The high
energy band was observed at'550 nm gnd the low energy band

at 650 nm (the 1£minescence characteristics of these samples
were described in.Taple IV and Fig. 26). Calculations were
carried out following the scheme described in Section 2.6.6.2.
Aﬁ estimation of the relative error on the measurements

was calculated from: t(S//E)/i, 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 of the measurements.
Five decay parameters (t) were computed+ from three different§
glass compositions, The relative error at the 95% confidence

//
level in each case was found to be less than 5%. All the

1

experiments were repeated and the results were in agreement.

4.4.2.1 Unheated glasses

The decay parameter () 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 weight $ MnO) to 3.7 ms (5.33 Weight% Mn) .

The results are summarized in Table XIX. It is clear from

.f-

each measurement the sample was moved and the experiment
was repeated.

Glass compositions 6, 9 and 10 (Table XXI) doped with 0,27
weight% Mno. )

1[The results presented in this section are \from one set of
experimental data.

§

Each result must be statistically independent therefore, after,
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Table XIX: Decay Parameter (t) as a Function of MnO

Concentration (Consolute Composition).

~_
‘ t (ms)

Weight#%

Sample MRO
A = 550 nm A = 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
MnBS-2E 5.33 4.4 3.7 .

Excitation wavelength: - 337.1 nm. Relative error: 5%.

‘

this table 'that the anf luminescent decay parameter for

both bands (H and L) decreases with increasing activator
concentrations and th%t t of the L band is slightly shorterxr
than that of the H band. There was no temperature dependénce
of the decay parameter t for sample MnBS-2C down to 8.8°K.
For éhig‘reason the other samples were not studied at low

temperature. ’ ’ /

4.4.2.2 Phase-separated glasses\

¢

The samples (MnBS~2B to MnBS-2E) were phase
separated by dry thermal treatment in a nitrogen atfiosphere

(1 h at 750°C). ' Their respective t were equal to those of
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the unhe;ted samples within experimental error. The decay
parameter of the B band decreased from 9.0 ms (0.18 weight%
MnO) to 6.1 ms (L.78 weight® MnO)' and that the L band

from 8.1 ms (0.18 weight® MnO) to 5.8 ms (1.78 weight#%

Mn). Furthermore, two phase-separatedq, s les (0.18 and
1.78 weight% MnO) were cleared by succ:;iTSé heating (1'h

at 851°C and 1/2 h at 850°é). 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 Dependence of the Luminescent %ecay/ﬁﬁ'the»Glass

NS

Composition

§.4.3.1 Glass composition and luminescence spectra

Five glésses with compositions lying at the
extremities. of the 750°C, 700°C, 650°C and 600°C isotherms
and one glass having the consolute composition (Table XXI
and Fig. 49) were doped Wwith 0.27‘weight% MnO. They were
excited at a wawelength af 420 nm. Two bands (H and L) -
were present in the emiss'on spectra of these samplest The high

energy band centred at 533 nm (glass composition 7) ghifted

"to 635 nm (Elass composition 11). The relative height (H/L)

+The sample MnBS-2E (5.33 weight% MnO) was heavily phase-

separated. It was not possible to measure its luminescent 2
decay. : ’
1
|
i

decfeased from 3.84 (glass composition 7) to 1.29 (glass /f

Ty
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Table XX: Decay Parameter (t) After Heat-Treatment as a

Function of MnO Concentration (consolute

Composition).
t (ms)
Weight$
Sample MnO
« A = 550 nm A = 650 nm
MnBS-2B, 1lh/750°C 0.18 9.0 8.1
MnBS-2C, 1lh/750°C 0.89 7.9 7.6
MnBS-2D, lh/750°C 1.78 6.1 5.8
MnBS-2B, 1lh/851°C 0.18 9.1 8.2
MnBS-2D, 4h/850°C 1.78 - 5.6
Excitation wavelength: 337.1 nm. Relative error: 5%.

composition 8) and remained within this range for glasses

of composition‘9, 10 and 11.

The results are summarized

in Table\XXII. They are consistent with those of Section 4:1.4
and Section 4.3.2 (compare line 3 iﬁ Table VI with liﬂe 5 in‘
Table XXII and line 1 in Table XV with line 4 in Table XXIIi).
Figure 50 shows the luminescent spectra of glasses 6, 7 and

8 dbped with 0.27 weight% MnO. Different glasses of
composition 6 (0.27 weight% Mn0O) were phase—separated@in a’
nitrogén q;mospheré by sutcessive heatings (1 h at 750°C, 18 h
at 701°C, 20 h ‘at\\eso:’c and 4 days at 600°C) and excited at

420 nm. Their luminescent spectra were identical ‘to the o

?
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Fig. 50: Emission spectra of glasuses“ of compositions 6, 7 and
8 doped with. 0.27 wt% MnO. Excitation wavelength: -

420 nm.
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Table XXI: Glass Compositions (in weight pergént)‘oﬁ the
Samples Shown in Figu{g 49, - )
N Composition weight%
Sample
NaZO 3203 SiOZ
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-10 9.00" 60]00 v 31.00
' MnBs-11 9.82 67.13 ' 23.05
¥ N -

-

The samples MnBS~6& to MnBS-1ll have'0.27 weight®% MnO which was
introduced in the glass as Mn203.

unheated glasses of composition 6 (0.27 weight$ MnoO),

confirming that the glass was phase separated from the start

(Section 4.3).

4.4.3.2

‘Luminescent decay

Glasses of compositions 6 to 11 (0.27 weight% MnO)
R bl
were excited with a pulsed nit;dgen laser. The high energy

band was observed respectively at 550 nm and then at 525 nm

-~

4

A
Q

(to minimize’ the contribution of the L band). The low energy

Ty s ot
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Table &511: Band Positions and Relative Heights (H/L) as
~

a Function of Glass Composition (0.27 weight% MnO).

] J’ H band /{ band. Relative Height
Sample (nm)* (nm) H/L
MnBS-7 " 533 628 3.84 )
MnBS-8 578 629 1.29
MnBS-9 591 633 1.20
MnBS-10 'se2 , | 635 1 .25 -
N 3
MnBS-11 592 635 1.32
Excitation wavelength: 420 nm.
* .

band was observed at 670 nm. THe results .(Table XXIII) showed

that t of the H band remained constant 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 éomposition

7) to 7.9 ms ' {glass composition 11).

.

In addition, glasses

of composition 6, 7 and 9 were also excited with the nitrogen-

pumped dye-laser (A =

420 nm). The same values of t (Table

XXIV) were obtained with the 420 nm excitation (within error)

as with the 337.1 nm excitation' implying that both emission

bands arise from the same level probablyll4fl). Finally, ‘the.

¢

[

+It was éasier to excite with the N; laser since the optics-

alignment of the ‘dye~laser were tedious. ‘ .

2
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Table XXIII: Decay Para/mebefs (E) as a Function of Glass

Composition (Compositions 6 to 11 Doped with

J-

0.27 Weight$ ‘MnoO) .

t (ms)
S
Sample -
A = 525 nm A = 550 nm A =670 nm
MnBS-7 7.9 7. 6.0 '
MnBS-6 8.1 7.4 ' 6.4
. MnBS-8 8.0 7:6 6.7
MnBS-9 7.9 7.6 7.3 *
MnBS-10 +7.8 7.3 7.8
—
Mnt-ll. . 7.5 7.1 7.9
- >
Excitation wavelength: 337.1 nm. Relative error: 5%.
’ v

luminescent decay ‘parameter of the phaée-separatea glasses
of composition 6 (Section 4.4.3.1) were examined. The
result;s showed ‘thai: t was undffected by the temperature/
duratibn of heat-treatment (Table XXV). Mbreover; t of the‘
heééed samples was within experimental error of that of the.

unheated’glass of composition 6.

4.4.4\‘;:;Lonclusidns - :

- Y
.

3

Manganese;(II) luminescent decay {in sodium borosilicate' -

P

-
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Table XXIV:

PR

(0.27 Weight$ Mno) .

B ]

Decay Parameter (t) of Glasses 6, 7 and 9

193

Table XXV: '}ecay Pax:'ameter t as a Function of Temperature/

t (ms)
Sample —im
A = 550 nm A= 670 nm
MnBS~7 - 6.5
MnBS-6 - 8.1 6.8
MnBS-9 8.1 -
Excitation wavelength: 420 nm. TRelative error: 5%.

Duration of Heat Treatment (Consolute Composition

Doped with 0.27 Weight$ Mno).

¢

Excitation wavelength:

o

.337.1 nm.

t (ms) .
Consolute Composition ‘
MnBS-6 : . ,
A =550 nm A = 670 nm
1 h 'at 750°C 8.1 -
\ra h at 701°C 7.8 6.7
20 h at 750°C 7.8 -
. 4 days.at 600°C" 8.0 *7.0
Relative error: 5%.
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glasses, for both bands (H and L), decreased with increasing
MnoO concentrationsﬂLSéction 4.4.2). Inside the miscibility

gap these glasses were found to be phase separated from the

[ R WS S

t
start (Section 4.3.4), -a result which was further confirmed

ot 5

by the fact that t of the consolute composition (with different

ik . sl

doping levels of Mn0O) 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 all on the sa
tie-line, every glass composition within the miscibility gap
must lie on some tie-line. If one considers that phase
separation occurs during quenching from the melt and is
completed when the glass transition temperature is reached
(< 500°C depending on the glass composition), then the tie-
lines will join compositions at extremities of the SSO:E\‘“
isotherm (the closest one to Tg). From the previous study
the general direction of the tie-lines as determingd by

Mazurin and Streltsina20 were found to be consistent with the

morphological study of glasses 30 to 39. They are used here

for glasses of coméosition 6, 7, 8, 9, 10 and 11. For dilute
‘ideal solutions at equilibrium (at constant % and P), the
ratio of concentration of aucomponent partitioned between

two immisciﬁie”phases is constant and is given by the Nernst

distribution law+. This can be expressed as:

s

. TNo precipitation was observed in the micrographs of the
; Mn-doped glasses studied, so it is safe to.assume that ~
(} 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),
Naturally the application of this law to phase separated glasses
- 1is only as valid as the solutions are ideal.
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where k is the Nernst partition coefficient, Cy the MnO_J
concentration in the B-rich phase and Cgy that in the Si-rich
phase. It can be shown (Appendix) that for,élarge values

of k, CSi and Cy are determined\by:

e

X X
Cas C —
Si EVB B VB

-
-

where X is the total number of moles added to the glass,
Vg is the volume of the B-rich phase. Assuming that the

Nernst distribution law holds for the glasses studied

then any increase 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 be accompanied by a corresponding
increase in the effective concentration of MnO in the
other phase. Since most of the manganese concentrates in
the B-rich phase concentration factors determined from

the tie-line by the lever rule were calculated with respect ‘
to that phase. Table XXVI summarizes the apﬁroximate
composition a?/;he Si—;kch and B-rich ends of each‘iie— E
line as well as the concentration factors and the
effective 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

- e
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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 11 ‘to glass composition 7 (Table XXIII)

reflecting an increase o; the effective MnO concentration

3

in one of the phases. Sirnce most of the manganese cqncentrates

in the B—rich phqse and within this phase, the effecjive MnO

concentration increases from 0.35 wt% (glass composition 11)

to 1.20 wt8 (glass compésition 7), we may conclude that the

L band arises predominantly from Mn2+ ions in the B-rich phase.
The analysis of the data of t of the H band is

rather complex. If the q band arose from the sizeable amount

of silica present in the B-rich phase (Table XXVI) then the

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 compositien 1l to glass
composition 7. ,Th;sfﬁas not found to be the cage, the deéay
parameter t of the H band being essentially constant for

the glasses'studied. If on the other hand the H band arises
grom the very small quantities of an+ in the Si-rich 'phase,
the effective increase in the 'MnO concentration within this
phase would still result in rather low levels of MnO. At‘
sufficiently low concentrations (0.1-0.2 wts MnO) , the change
in t should be less than the experimental error. This case

is illustrated in Fig. 51 where t is plotted versus MnO

. concentrations (for the consolute composition) the parameter

‘Wfﬂ ‘ \ ‘
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Fig. 51: Variation of £ as a function q'f MnO concentrations.

J R T

B 8 L IR K, SAMERERARARE.

el

I

oy

e -




i
Table XXVI: Approximate Compositjons at the Si-rich and B-Rich End of the Pie-Lines Passing

-

Throuéh Glasses 6, 7, 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.

4

A

Si-rich (wt$) B-rich (wt$)  Effective MnO
Sampl ; Concentration concentration in
ple . . factor the B-rich phase
5i0, B203 Na,0 B03 sio, Na,O (wt)
~ ‘ . { .
MnBS-7 94 5 <1 40 45 15 4 1.20
MnBS-6 86 13 <1 54 33 13 3 )
MnBS-8 76 23 <1 | 60 24 16 2.5 0.75 *
MnBS-9 70 28 =2 70 19 11 1.6 0.48
3nBS<10 70 28: =2 70 19 11 1.35 0.41
MnBS-11| 58 41 31 .72 16 12 1.15 , 0.35

The effective MnO concentration was calculated on the baéis that all Mn is

the B-rich phase.
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E changes from % 9.1 ms extrapolated to 0 wt$ Mno to 8.7 ms

at 0.18 wt% MnO (9.1 ms and 8.7 ms are within experimental .

error). These considerations indicate that the H band arises

2+

predominantly from the small amounts of Mn“' in the silica-

rich phase.
We ¢anot exclude the possible presence of small

2+ which may be associated with both the Si
v}

in the B-rich phase or with B in the

"quantities of\Mn
Si-rich phase. However,

from the decay paraméterj(E) 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-ricﬁ phase (which is also Na-poor).

4.5 MANGANESE}II) IN SODIUM BOROSILICATE GLASSES

4.5.1 Excitation Spectra R

4

The previous discussion led to the conclusion that

-the H band emission comes from Mn2+ in the silica-rich phase

while the L band is associated w;gh Mn2+ in the boron-rich

phase. The excitation spectra of divalent manganese in '
each phase may thus be obtained séparately by monitoring each

of the emission bands. Two samples were selected for this

purpose. Tﬁe 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 [7.e. the luminescent intensity of the L band

is small compared to that of the H band (Fig. 29)]. The
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second sample (glass composition 32 AC60, Table XVIII) with
the low energy band centred at 66;.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 tQus possible to monitor the
iuminescence of an+ iﬁ each of the two phases separately
without any significant contribution from the émission of
Mn2+ in the other. The excitatioﬁ Spectra obtained in this

s/
way are representative of Mn2+ centres in either a silica-xich

[
or a boron-rich environment.

\

The excitation spectrum of glass composition'25 was

#y
observed at 550 nm (Fig. 52) d that of glass composition
32AC60 at 650 nm (Fig. 53). X bapds 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 energy level
diagrams we;i’derived following the scheme described earlier

(Section 2.6.5).

4.5.2.1 A = 550 nm

obs
. b

The excitation band at 28 329 em™! can be aésigned

1

to the 6Ai(S) > 4E(D) transition and that at 23 923 cm — to

the,GAl(S) -+ 4E(G) transition (Section 2.6.5). This-results

_in a value of B = 629.4 cm * and C = 3525.8 cm~ L. The ratio
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of C/B is found to be 5.6. The calculated energy levels
as a function of A/B for C/B = 5.6 are shpwn in Fig. 54. The

observed excitation energies fit this energy level diagram
best for the value A/B = 6.25 corresponding to A = 3934 cm_l.

-»

4.5.2.2 Aobs = 650 nm

1 1

, . The excitation bands at 28 818 cm ~ and 24 390 cm

can be identified as the °A (S) + %E(D) and % (s) » ‘E(e)
transitions!,respectively (Section 2.6.5). The Racah
parameters B and C cbtained from this assi?nment are \
B =632.6 cm ~ and C = 3612.8 cm '. Thus the ratio of C/B
is 5.71. The calculated energy levels‘gs a function oflA/B
for C/B = 5.7l are éhownnin Fig. 55. Here, the excitation
energies were best fit for A/B = 10, corresponding to a

value of A = 6326 cm -. All of these assignments are

4

summarized in Table XXVII.

4.5.3 Conclusions

The foregoing results show that the Mn2+ ions in

the silica—riéh 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
*and Parkels4 on the absorption spectra of_Mn2+ in sodium

borate and sodium silicate glasses. By comparison of the
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r'd
crystal field strength (A) obtained for their glasses with
those of Mn2+ in crystals and‘solutions, they concluded that
Mn2+ ions in sodium silicate glasses were in tetrahedral
sites while in sodium borate glasses the coordination \
was octahedral. Our value of A in the Si-rich phase
(A = 3934 cm ') is quite comparable with that of Bingham
and Parke for the sodium silicat? glass (A = 4160 cm-l)'and
that of the B-rich phase (4 = 6326 cm ) with that of the
sodium borate glass (Z = 6800 cm—}). Moreover, the crystal
field strength A found for the Si-rich phase differs from
Fhat found for the B-rich phase by a factor of 5.6/9; just
a l1fttle -larger than the 4/9 factor relating tetrahedral
and octdhedral crystal fields: A, = 4/9 Ao. It ig guite

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

from the central ion in either an octahedron or a tetrahedron.

(In fact the surrounding oxygen ions are expected to be at .

2+

a greater distance from the Mn in an octahedral site than

in tetrahedra13o.

conclusion that in sodium borosilicate glasses Mn2+'ions

The weight of this evidence leads to the

occupy two different sites, tetrahedral and octahedral,

2+

and fux‘:hermore, that the H band arises from Mn” in tetrahedral
e

coordin&tion, while the L bandﬂcbmes from octahedrally

%T. This interpretation also ‘agrees with that

.o
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of Linwood and Weyl that in silicate glasses Mn2+ ians

«

replace Si4+ ions (tetrahedral coordination) and in borate K
glasses they occupy interstitial posftions of approximately
octahedral symmetry. _Eurthe; evidence for this view is
provided by the dependence of the L band intensity on

temperature. Figure 56 shows the emission spectra of Mn2+

FS 3 O3 - M
e it [P Y Ster Lai”

f , )
in glass composition‘BZACG at room temperature and at 77°K.

Yool

The relative height (H/L) decreased from 0.99 (room

" temperature) to 0.86 (77BK). It is possible to understand }

this temperature dependence if the L band arises from an+

in rather loosely bound interstitial positions which are

more influenced by thermal vibrations than are the more . ‘
(] rigidy bounded tetrahedrally coordinated Mn%f. - ’

Raman and N.M.R. spectroscopic investigations-of

.

sodium borosilicate glasseslog—lll showed that the silicate

structural unit was the 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 an+ in octahedral sites and this

L. may well account for the comparable luminescent intensities

[y

of the H and L barnids (the H band being Laporte allowed)

(:) 2 égéerved in glasses with low levels of MnO.
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Both Mn2"

emission bands shiftutqward longer
wavelengths with increasing MnO content for a given glass
composition. This red shift may be related to the reduction

2+ with increasing

of the energy of the 4T1 emitting level of Mn
crystal field strength. Hence an effective crystal field
parameter A' may be obtained from the emission band maxima,

and can be used to estimate the quantitative effect of

increasing MnO concentration on the magqitude of the crystal
field. Nine glass compositions (glasses 30 t'o 38, the molar
compositionsaafthese glasses were éivgn in Table VII) with
different MnO concentratioks will be compared. The valqe‘
of A' calculated ffom the emission band maxima are presented
in Tables XXVIII to XXXI. In Fig. 57, A' is plotted as a i

.

function of MnO concentrations. Concentration factors‘

(obeying the lever rule) of caﬁ 1.20 for glass 32, ca. 1.40 §
. for glass 33, ca. 1.90 for glass 34, ca. 2.33 for glass 35,

ca. 3.15 for glaés 36, ca. 4.5 for glass 37 énd ca. 6 for

glass 3? were taken into consideration for both phases. The
parameter A' ¥or the H band increases with ingreasing MnO

content-untlil a concentration of ea. 2.5 wt% after which

there is a plateau region where A' is essentially independent
of concentration. For'thé L band, A' increases sharply Sﬁ
to an MnO concentration of 1 wt% and then continues to

- inc;egse, but much more gradually. To understand this

behaviour, it is useful to consider the result of the recent

‘:) ‘ Raman study of sodium borosilicate glasseslll. For a ratio

.
i

. ‘
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Table XXVIII:

of MnO Concentration

Dependence of the parameter. M as a Function

(Glass Compogition 30).
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A'/B

Mno (wts) H band (cm~1) E/B A
o.;o 6863 . 26.79, 15.50 9755
0.40 . 16807 26.70 15.60 9819
0.60 16722 26757 15.75 9913
1.00 16584 26.35 16.15 10165
2.00 16447 26.13 | °16.25 10¥28
4.00 16393 26.04 . | 16.29 :|. 10253
6.00 16313 35,92 | 16.40 10322
\;~ L band (em~1) - - -
0.30 15748 24.89 18.07 11431
0.40 15674 24.78 18.15 11482 -
0.60 ¥ 15649 24.74 | 18.20 11513
1.00 15576 24.62 18. 45 11672
2.00 15456 24.43 | 18.72 | 11842
4.00 . 15267 24.13 18.90 11956
6.00 14993 23.70 19.40 | 12276

(B

W

632.6 cm

).

3

o et S dub

(B = 629.4 cm L) and those for the L-band from Fig. 55

'The values of A'/B for the H band were taken from Fig. 54
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Table XXIX: Dependence of the Parameter A' as a.Function of

MnO Concentration

(Glass Composition 32).

MnO (wt%) | H band (cm™l) | E/B A'/B A' (em=1)
¥ 0.30 16863 26.79 15.5 9756
6:40 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
J * - L band (em™l) - - -
, 0.30 . 15699 24.82 18.10 11450
0. 40 15625 24.70 | 18.35 11608 )
;: 0.60 15625 24.70 18.35 11608 .
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 0 23.70 19.40 12276
: * The values of A:/B for the H-b;nd were taken £rom Fig. By

(B =

(B

(8]

629.4 cm™ L) and those for the L band from Fig. 55

632.6 cm
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Table XXX: Dependence of the Parameter A' as a Function of

MnO Concentration (Glass Composition 37).
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>,
MnO. (wt%) | H band (cm~l) E/B a'/8 | A" (em~l)
0.1 ' 1§807 26.70 15.6 9919
0.2 - 16667 26.48 | 15.8 9944 .
" o.s 16447 26.13 | 16.25 10228
0.6 16447 126.13 16.25 10228
0.8 16393 26.05 16.30 10259
1.00 16340 25.96 16.35 10291
- # | 1 pand (ecm~1) - - -
0.1 ‘J 15674 24:78 1 18.15 11482
0.2 15600 24.66 18.40 11640
0;4 15480 24.47 18.70 11830
0.6 15480 24.47 | 18.70 11830
0.8 | 15361 24.28 | 18.85 11924
1.0 | 15314 24,21 18.90 11956

The values of A'/B for the H band were taken from Fig. 54

(B = 629.4 cm‘l) and those for £he L band from Fig. 55

Ly,

Jf)t -

(B = 632.6 cm
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Table XXXI: Dependence of the Parameter A' as a Function of

MnO Concentration (0.4 and 0.6 wt3) -for Glasses
of Compositions 31, 33, 34, 35, 36 and 38.

w.Sample H band (cm~l) E/B A'/B Al
MnBS-31AC4 : 16807 26.70 15.60 9819
MnBS,-31 16667 26.48 15.80 9944
MnBS-33AC4 16722 26.57 |.15.75 9913
MnBS-33 16584 26.35 16.15 10165
MnBS-34AC4 16667 26.48 15.80 9944
MnBS-34 16529 26.26 16.00 10070
MnBS-35AC4 16584 . 26:35 16.15 | 10165
MnBS=-35 16529 26.26 16.00 10070
MnBS-36AC4 16529 26.26 16.00 10070
MnBS-36 16447 26.13 16.25 10228
MnBS-38AC4 16393 26.05 16.28 10247
MnBS-38 16393 26.05 16.28 10247
- L band (cm™1) - I -
MnBS-31AC4 15674 24.78 18.15 11482
MnBS-31 15625 24.70 18.35 11608
MnBS-33AC4 15625 24.70 18.35 11608
MnBS-33 15576 24.62 18.45 11672
MnBS-34AC4 15625 24.70 18.35 11608
MnBS-34 15552 24.58 18.50 11703
MnBS-35AC4 15552 24.58 18.50 11703
MnBS-35 15552 24.58 18.50 11703
MnBS-36AC4 15552 24.58 18.50 11703
MnBS-36 15530 24,55 18.53 11722
" MnBS-38AC4 15480 24.47 18.70 11830
f MnBS-38 15408 24.36 18.79 11887

The values A'/B for the H band were taken from Fig. 54

(B

(B

629.4 cm Y) and those for the L band from Fig. 55
632.6 cm C

.
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of Na20/3203 £ 1 (all the gf?%s compositions in this work

fall within this range), most of the Na,o0 was found to

transform the structural unit§/1B03)3— into (BO4)5— units;

at the same time only a few Si~O non-briding bonds were

present. On the one hand the MnO can act as a network
2+

. modifier (when Mn occupies interstitial positions) and

will assist the Na20 in transforming the structural ‘80353]
units into (BO4)5— units, thus increasing the iénic character
of an+ environment. This would result in an increased
crystal field (A') at the octahedral sites and hence the
observed red shift of the L band. On the other hand, when
the MnO acts as a network former by replacing Si4+ ions

in tetrahedral coordination; by increasing the MnoO »
concentration Mn2+ would replace the small number of silicon
atoms in the Si-0" non-briding bonds as well as some silicon
atoms in the reqular tetrahedron.‘ This would lead to an
increase in crystal field strength (A') for the tetrahedral
un2* ions and a red shift of the H band. rBht when the
concentration of MnO reaches‘ca. 2.5 wt¥ no further increase
in A' is observed, which implies that at that point presdmably
an equilibrium isgreached where ad@itional Mno will

.preferentially go to the more ionic- B~rich phase.

L3

4.6 CONCLUDING REMARKS

Bach of the preceding sections led to codnclusions
/ R
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4
that were used in the arguments of the succeeding sectionk.
It seems appropriate to summarize these results and also
to comment on some of the aspects that may still need
clarification. '
r’

Manganese (II) luminescence in sodium borosilicate glasses
exhibits two bands, the positions and relative intensities
of which depend on both the concentration of the activator
for a given- g;ass compositic—;n and on the comfosition of glass
for a particular activator level. Morphological studies of
the MnO-doped samples showed that the MnO concentrates in
‘the B-—fich phase, leading to an effective increase in the
MnO concentrat-;ion within that phase. This, in turn, affects
the luminescent characteristics of the doped glasses along
the tie-line. The lumineséence study of thése samples led
to the conclusion that the glasses in'side and around the
miscibility gaps were submicroscopically pha‘se separated
as' formed. The decay-time analysis i'ndicated that the H
band was mainly due to Mn2+ centres in the Si-rich phase Y
while the L band was principally due to Mn2+ in the B-rich
;;has’e. The excitation spectra of each of the two emission
bands were uséd to determine the energy level diagrams of
,Mn2+ in these gla_sses. The resulting crystal field parameters
then showed that in these glasses Mn2+b occupies two!lsites,

one octahedral and the other tetrahedral. The high energy _

band was associated with tetrahgdral manganese,” the low energy

7 b
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band with octahedral manganese. This together with the
conclusions drawn from ;he decay'times, imply that the H
emission band ariges from tétrahedral manganese mainly in
the Si~rich phase and the L band frbm oétahedrally;
coordinated manganese located primarily in the B~rich phase.
Throughout this work the twd phases have been |
designated as either B-rich or Si-rich. It should be

‘emphasized that the network modifier, Na,O, 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 Nazo which supplies the oxygens needed to transform
the (BO3)3~ structural units into the (BO4)5— and other more
ionic structurgl units and also to form the small number of

,Si-o- non-bridging oxygens associated with the silicon atoms.

It is still, however, not clear to what extent this network

modifier affects th; magnitude of the Nernst partition
coefficient, especially when MnO, which can also act as a
networL modifier, is added to the glass. For a fixed MnO
coﬁcentration,'and on going from one end of the tie-line to
the other end, the effective mqnganése concentration inside
the two phases changes and hence the relative solubility,
of MnO in these two phases, may also change. The B-rich
phase is probably more affected than the Si-rich phase,
since it is within this phase that most ofuthe sodium and

manganese concentrates. ‘The more the MnO concentration

. \ :
increases, the more ionic the B-<rich phase becomes and thus
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the more attractive it w111 be to thé Mn

2+

. In other

ions.

’

words, when one cpnsxders the effeat of the dissolved MnO.
on the chemistry of the B—rich phase, one is led to conclude
MnO content. Figure 57 sshows'that for the concentration ran
studied this may indeed be happgningu The fact FhatuA'
{the effectiﬁé c;yétal field parameter) becomes essentially
constant for fhe H-band .(Si-rich phase) but not for -the L

5

- band (B-rich phase)- implies an incfeasiné'p:efe:ence of the

added MnO for the B~-rich phase.
that this would necessarily‘be true for $till bighéfJ

concentrations.

E

ge

One cannot, of course, assume

that the Nernst paftition coefficient increases with increasihg
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’ CONTRIBUTIONS TO KNOWLEDGE
. . »

2
O

. On addition of MnO the ternary Na,0'B,0,°5i0,
system was shown to ‘behave like guaternary systems of the
type X20-8203-S‘i02 (X = Na, K; M = Mg, Ca, Ba, Zn)’. '}‘he
perinieters of 1':he ’hi~sot1'1erms for the cross section which

-

i RN

intersects the Na,0-B,0,-5i0, face of the ‘quaternary phase

diagram along one tie-line (Tg = 400°C) were determined.

! Clearing temperature heasurements were made with 3

. regults that were consistent with the 700°C isotherms as A

determined by Mazurin and Stx:e,ltsi'na20 than that of Haller et aZ.l7.

It was shown that the addition of small quantities

of MnO does not induce major rotation of the tie~lines in the

- . sodium borosilicate system. k \\

r

Both manganese and titanium were found to concentrate

in the B-rich phase of p@e se'parated\s'odium borosilicate

o glasses, while very little chromium dissolved.-

- Sodium borosilicate glasses inside the miscibility
/ ) gaps were found to be submicroscopically phase separated ’
] 4
/ ‘ as fo;'me‘a. The rapidity by which phase separation must have

occurred suggests a spinodal decomposition.

' . Manganese (IT) Juminescence in sodium borosilicate

, / » glasses exhibits two emission bands: a high energy band which
s was attributed to Mn2+ in tetrahedral sites mainly from the
' 2+
in

'silica-rich phase, and a low energy band assigned to Mn

O . - octahedral positions and principally in the poron-rich'phase-.

>
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) ﬁ . SUGGESTIONS FOR FURTHER WORK *?

L4

Morphological and glass transition temperature
studies of glasses of the ternary MnO- B203-SJ.O2 system would

determine the mlsc1bility gaps and the tie-lines’ of that

system. . Then luminescence spectroscopy may be used to

determine the number of manganese ions that play the role

o

of network formers and/or network modifiers in that system.

When the separated phases are large enough (v 10 um), .

it should be possible to excite an+ ions separately in each

phese. Since the detection limit for luminescence is much
better than that of EDAX it should be possible to determine ;

(*} the actual'aistribution of an+ between the two phases. Note u

that from the excitation spectra obtained for both bands,

) 0 ,
" the 514.5 nm laser line would excite only Mn?* in octahedral ]

e sites while the 488.0 nm laser line would excite Mn2+ ions

in both sides (octahedral and tetrahedral).
With a tunable dye laser it should be possible to

excite§Mn2 ions occugying = particular site in the glass.

~ This hopefully would yield a single decay exponential

, representative of a particular site, and may thus elucidate

Athe’site-distribution.* .
} It would be interesting to investigate the effect

g -

" of heat-treatment on the luminescence and luminescent decay~

&

’ ] times of Mn2+ in glasses of the ternary CsZO-B203-SiO2

'(:} .| system. Because this system has very small miscibility. gaps,

it is likely that single phase glasses could be prepared, .
. . ’n,"
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. APPENDIX _ ‘
- L . '
' Let X be the total number of moles of Mn added to :

a given glass and CB and C

Si the respective concentrations

of Mn in the B-rich and éi—rich phases.

The Nernst partition
coefficient may be written as:

»

CB .
[ 4 k = T (A.1)
Si ;
- , .. . 4
// . }
Q‘\ If _VB and VSi designate the respective volumes in the Bxrich ‘
é and Si-rich phases, then X is given by:
) ) ; :
\\\ _ . ) )
\ X = VgC *Vg; Csy- (a.2) .
r—- ( 1
\ Replacing CB from equation (A.l) in equ’ation (A.2) yields: ’
\ S
X = VB k CS:L + ng. CSi\ ) , (A.3) ,
Expression (A:3) may be rearranged to give: : .
. . . csi = kv f v 27 " k#-4)
. B si

X

PLEETRCIRTE.
S Toa
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Cuy v oo (A.5)
o Si kvB
"‘“u . L3 \ c: K )
The same calculations may be carried out for CB to get:
4 . Xl
. ) .. C, = (A.6)
. B Vgt Vg/k
Again, if k is large, then r .
% ,
| q v T - (‘An'])
o o B YE .
o
e N ' - o
. t
»
~ Y } . ’ l r k ‘
Wt , :s - " , --
I3 ‘ v ’
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