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ABSTRACT 

G l a s s e s and ceramics o f the MgO-Al^O^-SiO^ system have been founded 

and c h a r a c t e r i s e d by X-Ray D i f f r a c t i o n and o p t i c a l and e l e c t r o n micros

copy (Chapter 3 ) . 

The hole and e l e c t r o n t r a p p i n g c e n t r e s generated by y - i r r a d i a t i o n 

of the specimens have been s t u d i e d by e l e c t r o n s p i n resonance, (x-band), 

and o p t i c a l absorption spectroscopy, (Chapters 4 and 5 ) . Computer simu

l a t i o n s of the e . s . r . s p e c t r a have been used to deduce the Hamiltonian 

parameters and d i s t r i b u t i o n s of each 'defect' s i t e . We conclude t h a t 

the t r a p s r e s p o n s i b l e f o r the hole resonances are non-bonding oxygen ions 

s i n g l y bonded to an SiO^ t e t r a h e d r a i n the g l a s s specimens, and oxygen 

io n s b r i d g i n g between SiO^ and AlO^ t e t r a h e d r a i n the ceramics. 

I.R. absorption and Raman s c a t t e r i n g s t u d i e s are reported i n 

Chapter 6. A phase separated g l a s s s t r u c t u r e i s i n d i c a t e d c o n s i s t i n g of 

a high s i l i c a phase w i t h a framework s i l i c a t e s t r u c t u r e , and a high modifier 

(Mg) phase which degrades from a c y c l o s i l i c a t e s t r u c t u r e to a chain 

s i l i c a t e s t r u c t u r e as TiO^ i s added to the base g l a s s . 

Corresponding changes i n the hole resonance lineshape are a l s o i n t e r 

p r e t e d i n terms o f s t r u c t u r a l changes w i t h i n the high modifier g l a s s 

phase and found to be c o n s i s t e n t with 'sheet' and 'chain' s i l i c a t e 

s t r u c t u r e s . 

TiO^ appears to promote the phase s e p a r a t i o n by the formation of 

A l - T i complexes. A n a l y s i s of the e . s . r . and o p t i c a l absorption s p e c t r a 

from the r a d i o c h e m i c a l l y reducted Ti"^^ ions suggests t i t a n i u m s i t e s with 

the e s s e n t i a l symmetry of a t e t r a g o n a l l y compressed octahedron (D^^) • 

We are unable to suggest a s p e c i f i c A l - T i complex. 



The e . s . r . and v i b r a t i o n a l s p e c t r a are i n v a r i a n t with heat t r e a t 

ments of the g l a s s e s a t temperatures below t h a t a t which the f i r s t 

c r y s t a l l i n e phase appears, and we f i n d no evidence t h e r e f o r e of s t r u c 

t u r a l changes a s s o c i a t e d w i t h such heat treatments. 

I n Chapter 7 we c o n s i d e r a model f o r the promotion of phase separa

t i o n i n the MgO-Al20^-Si02 system by TiO^, and a l s o p r e s e n t evidence 

which suggests t h a t the f i r s t metastable c r y s t a l l i n e phase to form 

o r i g i n a t e s from the TiO^ r i c h g l a s s phase. Thereby the secondary r o l e 

of the TiO^ i n the production of f i n e g r a i n g l a s s ceramics i s i n d i c a t e d . 
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CHAPTER 

INTRODUCTION 

1.1 G l a s s Ceramics 

G l a s s i s a supercooled l i q u i d w i t h a v i s c o s i t y of g r e a t e r than 
14 

10 p o i s e , and the g l a s s t e c h n o l o g i s t ' s problem has always been to s e l e c t 

a system i n which the i n e v i t a b l e tendency to n u c l e a t e and c r y s t a l l i z e w h i l s t 

p a s s i n g through the metastable zone of supercooling, i s not so g r e a t t h a t 
14 

the l i m i t i n g v i s c o s i t y of 10 p o i s e , a t which such p r o c e s s e s are almost 

e n t i r e l y a r r e s t e d , cannot be reached before t h e r e are any d e t e c t a b l e s i g n s 

of c r y s t a l l i z a t i o n . 

G l a s s ceramics were i n i t i a l l y developed a t Corning G l a s s i n the 

U.S.A. i n the l a t e 1950's, and the c r i t e r i a f o r these systems are r a t h e r 

d i f f e r e n t . The par e n t g l a s s must be such t h a t the n u c l e a t i o n and c r y s t a l 

l i z a t i o n s t a g e s can be c o n t r o l l e d to produce a f i n e g r a i n , (0.1 jj. - 1.0 fi 

c r y s t a l s ) , p o l y c r y s t a l l i n e product, which, i n conventional g l a s s ceramics 

i s 90-95% c r y s t a l l i n e , and i n some s p e c i a l t r a n s p a r e n t ceramics i s 50-60% 

c r y s t a l l i n e ( 1 . 1 ) . When compared with the parent g l a s s e s , the g l a s s 

cer a i n i c s almost always show an improvement i n most of t h e i r | u s e f u l ' proper

t i e s , i . e . they are me c h a n i c a l l y stronger, more chemically durable, more 

r e f r a c t o r y , and they have reduced d i e l e c t r i c l o s s e s ( 1 . 2 ) . The commercial 

a t t r a c t i v e n e s s of g l a s s ceramics when compared with conventional s i n t e r e d 

ceramics i s l a r g e l y i n the f a c t t h a t the parent g l a s s e s can be c a s t i n t o 

the f i n a l product form and then, by appropriate heat treatments, the g l a s s -

g l a s s ceramic conversion e f f e c t e d . I n t h i s p rocess the dimensional changes 

are s m a l l and thus f i n a l machining c o s t s are s m a l l compared with conventional 

ceramics which t y p i c a l l y c o n t r a c t by 20-40% during the f i r i n g and drying 

s t a g e s ( 1 . 2 ) . I n a d d i t i o n , g l a s s ceramics have many t e c h n i c a l advantages 



over conventional ceramics. T h i s i s p r i n c i p a l l y due to the f a c t t h a t the 

g l a s s ceramic process i s a p p l i c a b l e to a wide range of compositions, and 

t h i s , t o g e t h e r w i t h the v a r i a t i o n s which are p o s s i b l e w i t h i n a system by 

d i f f e r e n t heat treatment schedules, means t h a t a wide range of ceramics 

w i t h a g r e a t v a r i e t y of p r o p e r t i e s may be produced fo r s p e c i f i c a p p l i c a t i o n s . 

1.2 C o n t r o l l e d C r y s t a l l i z a t i o n 

The c l a s s i c a l t h e o r i e s of n u c l e a t i o n and c r y s t a l l i z a t i o n are reviewed 

i n (1.2) and ( 1 , 3 ) . The c o n t r o l l e d c r y s t a l l i z a t i o n of a g l a s s r e q u i r e s a 

c o n t r o l l e d n u c l e a t i o n stage and P o r a i - K o s h i t s (1.1) has reviewed the 

p o s s i b l e p r o c e s s e s of ' n u c l e a t i o n ' i n g l a s s e s . The formation of s t a b l e 

n u c l e i i n a g l a s s r e q u i r e s t h a t a f r e e energy b a r r i e r be overcome. We quote 

a r e s u l t due to Stookey and Maurer ( 1 . 4 ) : 

167r 
AF = — c (1.1) 

Af 
. • s. 
Af 1' 

V 
where AF i s the f r e e energy b a r r i e r to s t a b l e nucleus formation, Af i s 

the energy per u n i t s u r f a c e a r e a between the two phases, and Af i s the 

d i f f e r e n c e i n f r e e energy between the l i q u i d and s o l i d phases. 

Nu c l e a t i o n c e n t r e s may be homogeneous or heterogeneous. I n the 

f i r s t c a s e , compositional f l u c t u a t i o n s i n a s u p e r s a t u r a t e d s o l u t i o n r e s u l t 

i n the spontaneous formation of c r y s t a l n u c l e i , which, i n order to grow and 

c r y s t a l l i z a t i o n t o proceed, must be g r e a t e r than a minimtun ' c r i t i c a l ' 

dimension. T h i s i s e q u i v a l e n t to overcoming the energy b a r r i e r of equation 

( 1 . 1 ) , and t h e r e f o r e the 'ease' w i t h which n u c l e i form i s a balance between 

the Gibbs f r e e energy d i f f e r e n c e of the l i q u i d and s o l i d phases Af^, 

which i s a f u n c t i o n o f the s u p e r c o o l i n g , and the i n t e r f a c i a l t e n s i o n Af 
s 

between the nucleus and the melt. Heterogeneous n u c l e a t i o n i n v o l v e s the 

seeding of the melt w i t h n u c l e i , upon v;hich c r y s t a l s of the primary phase 



can grow. E s s e n t i a l l y , these n u c l e a t i o n c e n t r e s reduce the f r e e energy 

b a r r i e r to n u c l e a t i o n by reducing the i n t e r f a c i a l t e n s i o n term of equation 

(1.1) . 

I n most g l a s s e s , c r y s t a l l i z a t i o n proceeds from the s u r f a c e of the 

specimen where the i n t e r f a c i a l f r e e energy i s reduced. The r e s u l t i n g ceramics 

are m e c h a n i c a l l y weak and of l i t t l e use. The volume c r y s t a l l i z a t i o n of the 

melt i s achieved by ensuring many evenly d i s p e r s e d n u c l e i through the body 

of the specimen. H i s t o r i c a l l y , t h i s was f i r s t accomplished by doping the 

g l a s s melt with p h o t o s e n s i t i v e agents such as Ag and Cu, which p r e c i p i t a t e d 

i n t o c o l l o i d a l p a r t i c l e s a f t e r i r r a d i a t i o n of the quenched g l a s s with u.v. 

r a d i a t i o n , and provided heterogeneous n u c l e i upon which the g l a s s could 

c r y s t a l l i z e ( 1 . 5 ) . Much more common now i s the use of 'complex nucleants' 

such as TiO , P O^ and ZrO , and the mechanisms by which one of these m a t e r i a l s , 

TiO^, e f f e c t s the c o n v e r s i o n of a Magnesium-Aluminiim-Silicate g l a s s from a 

c o a r s e l y c r y s t a l l i n e m a t e r i a l i n t o a strong, f i n e grained g l a s s ceramic i s 

the s u b j e c t of t h i s study, 

i . 3 Mechanisms of Nucleation by Ti02 

I t was o r i g i n a l l y proposed (1.6) t h a t the s o l u b i l i t y of TiO^ i n the 

g l a s s melt was high, and upon c o o l i n g , the reduced s o l u b i l i t y , caused a 

p r e c i p i t a t i o n by homogeneous n u c l e a t i o n of the TiO^ i n t o s m a l l r u t i l e 

c r y s t a l s which then a c t e d as heterogeneous growth c e n t r e s f o r the sub

sequent c r y s t a l l i z a t i o n of the p r i n c i p a l phase. However t h i s proposal d i d 

not s a t i s f a c t o r i l y account f o r the general observation t h a t i n many g l a s s e s 

c o n t a i n i n g T i 0 2 , phases other than r u t i l e or a t i t a n a t e were f i r s t to 

appear i n X-ray d i f f r a c t i o n measurements, and o f t e n a t i t a n i a phase 

appeared o n l y i n the f i n a l s t a ges of c r y s t a l l i z a t i o n , or even d i d not 

appear a t a l l ( 1 . 7 ) . 

The next suggestion, favoured p a r t i c u l a r l y by many Russian workers, 

was t h a t the TiO^ was i n s t r u m e n t a l i n c r e a t i n g a phase separated s t r u c t u r e 

w i t h i n the g l a s s e s . I t was proposed t h a t a c o o r d i n a t i o n change from 4-fold 



i n the melt to 6 - f o l d upon c o o l i n g would cause the T i ions to become 

incompatible with the s i l i c a t e network, and t h a t these i o n s , probably i n 

a s s o c i a t i o n with other ions i n the melt, would separate i n t o a d i s t i n c t 

T i - r i c h phase ( 1 . 8 ) . However, many s i l i c a t e and b o r o s i l i c a t e g l a s s e s 

phase s e p a r a t e , (e.g. ' P y r e x ' ) , without subsequently producing homogeneous 

f i n e g r a i n e d ceramics on c r y s t a l l i z a t i o n . Indeed there i s evidence to 

suggest t h a t the g l a s s system s t u d i e d here, the MgO-Al^O^-SiO^ system, 

i t s e l f phase s e p a r a t e s without producing u s e f u l g l a s s ceramics u n t i l s i g 

n i f i c a n t amounts of TiO^, (5-20% by w e i g h t ) , are added to the melt, i . e . 

phase s e p a r a t i o n i s not of i t s e l f s u f f i c i e n t to produce f i n e g r a i n 

ceramics ( 1 . 9 ) . 

Some workers have proposed t h a t the t i t a n i u m converts the r e l a t i v e l y 

c c a r s e phase s e p a r a t i o n of the systems r e f e r r e d to above, (macrophase 

s e p a r a t i o n ) , i n t o a system w i t h a widely d i s p e r s e d and uniform emulsion 

of very f i n e d r o p l e t s , (microphase s e p a r a t i o n ) , the s u r f a c e s of which a c t 

as heterogeneous n u c l e i f o r the c r y s t a l l i z a t i o n of the g l a s s matrix. Barry 

e t a l (1.10,1.11) are r a t h e r more s p e c i f i c i n terms of how the TiO^ produces 

t h i s microphase s e p a r a t i o n . These authors suggest t h a t the T i ion can best 

achieve i t s r e q u i r e d 6 - f o l d c o o r d i n a t i o n w i t h oxygen by a s s o c i a t i n g with the 

non-bridged oxygens i n the g l a s s , which are most l i k e l y to be found a t the 

boundary between the d r o p l e t s and the matrix. The suggestion i s t h e r e f o r e 

t h a t the t i t a n i u m ions congregate a t the boimdary between regions of high 

order and f a c i l i t a t e the uniform d i s t r i b u t i o n of f i n e l y d i s p e r s e d d r o p l e t s 

and the subsequent growth of the c r y s t a l s upon the ' n u c l e i ' , by reducing 

the i n t e r f a c i a l t e n s i o n term Af (equation ( 1 . 1 ) ) . I n t h i s r o l e the t i t a n i u m 
s 

i s a c t i n g as a s u r f a c t a n t . 

M i i l e s t i l l a c c e p t i n g the importance of a phase s e p a r a t i o n w i t h i n 

the g l a s s , o t h e r authors (1.12,1.13) have argued f o r a r a t h e r d i f f e r e n t 

n u c l e a t i o n mechanism. They have suggested t h a t the titanitim e n t e r s one of the 



g l a s s phases, and t h a t i n the i n i t i a l stages of c r y s t a l l i z a t i o n a t i t a n i u m 

r i c h phase, p o s s i b l y a pseudobrookite s o l i d s o l u t i o n on the composition 

l i n e Mg0.2Ti02 - Al^O^.TiO^, i s p r e c i p i t a t e d and a c t s as heterogeneous 

n u c l e i f o r the c r y s t a l l i z a t i o n of the major phase. 

I t seems u n l i k e l y a t t h i s time t h a t a s i n g l e u n i v e r s a l mechanism 

by which TiO^ e f f e c t s the conversion of a g l a s s system i n t o a f i n e grained 

ceramic, w i l l be a p p ropriate to a l l systems. 

1. 4 P r e - c r y s t a l l i z a t i o n , ( N u c l e a t i o n ) , heat treatments 

I t i s even y e t a q u e s t i o n of debate as to the n e c e s s i t y or s i g 

n i f i c a n c e of the p r e - c r y s t a l l i z a t i o n heat treatment i n the production of a 

g l a s s ceramic. Most work would suggest t h a t the g r a i n s i z e and c r y s t a l type 

of the f i n a l ceramic may be i n f l u e n c e by such a treatment (1.1,1.2,1.14,1.15). 

The optimum ' n u c l e a t i o n ' temperature, i . e . t h a t which produces ceramics with 

the s m a l l e s t g r a i n s i z e , i s i n the region of the peak of the endotherm on 

the themogram of the g l a s s , (1.14), corresponding to a v i s c o s i t y of 

10^^ t o 10^^ p o i s e , and being some 20° to 50° above the annealing tem

p e r a t u r e of the g l a s s , ( n 1 0 ^ ^ ) . S t u d i e s of the p h y s i c a l p r o p e r t i e s of 

g l a s s e s , e.g. d e n s i t y and c o e f f i c i e n t o f expansion, have c e r t a i n l y shown 

t h a t s t r u c t u r a l changes have o c c u r r e d as a r e s u l t of p r e - c r y s t a l l i z a t i o n 

heat treatments (1.15). 

Other workers however have not observed any s i g n i f i c a n t d i f f e r e n c e s 

between ceramics produced w i t h and without a 'nucleation' stage (1.9,1.16,1.17) 

They argue t h a t the s t r u c t u r a l changes take p l a c e during the c o o l i n g of 

the melt and the r e - h e a t i n g of the g l a s s when i t i s c r y s t a l l i z e d . C l e a r l y 

i t i s the r a t e a t which the s t r u c t u r a l changes take p l a c e which determines 

whether or not the ' n u c l e a t i o n ' treatment i s necessary, and t h i s of course 

i s dependent upon the p a r t i c u l a r g l a s s system and i t s c o n c e n t r a t i o n of 

added 'nucleant'. 



A g e n e r a l f e a t u r e of a l l work .in which a 'nucleation' stage was 

observed to i n f l u e n c e the f i n a l ceramic, i s t h a t those ceramics c r y s t a l 

l i z e d a t lower temperatures had a r a t h e r g r e a t e r dependence upon the 

'n u c l e a t i o n ' treatments than the same specimens c r y s t a l l i z e d a t higher 

temperature (1.14). 

1.5 MgO - Al^O^ - SiO^ G l a s s Ceramics 

G l a s s ceramics based on C o r d i e r i t e , (2MgO.2Al 0 .5SiO ) , are h i g h l y 

r e f r a c t o r y and have an e x c e l l e n t r e s i s t a n c e to thermal shock ( 1.2 , 1 . 1 8 , 1 . 1 9 ) 

I t i s however the e x c e l l e n t d i e l e c t r i c c h a r a c t e r i s t i c s of t h i s system a t 

both high temperatures and f r e q u e n c i e s which has l e d to most of the 

commercial a p p l i c a t i o n s of t h i s ceramic. For example. Corning code 9606, 

i i C o r d i e r i t e based ceramic, i s used i n both vacuum tubes and Radomes, where 

f o r the l a t t e r a p p l i c a t i o n , the a b i l i t y of t h i s system to produce a high 

t o l e r a n c e , r e f r a c t o r y , shock r e s i s t a n t , homogeneous and microwave t r a n s 

p a r e n t m a t e r i a l , has no counterpart i n conventional ceramic technology ( 1.2). 

Without added TiO^, C o r d i e r i t e g l a s s e s do not produce mechanically 

scrong and f i n e g r a i n e d ceramics, i . e . tJie observed phase separation 

w i t h i n many g l a s s e s of the C o r d i e r i t e composition (1 .9) i s not of i t s e l f 

s u f f i c i e n t t o produce u s e f u l g l a s s - c e r a m i c s . Consequently, such m a t e r i a l s 

as Corning 9606 i n c o r p o r a t e approximate 10 wt.% of TiO^. 

1.6 Aims o f the work 

The broad aim of t h i s work was to understand the r o l e of TiO^ i n the 

production of ceramics from a MgO-Al^O^-SiO^ g l a s s system. S p e c i f i c a l l y , 

we have attempted t o answer the fo l l o w i n g q u e s t i o n s : -



1. What i s the nature of the t i t a n i u m complexes i n the g l a s s , and do 

they vary w i t h TiO^ content? 

2. Are the titanitam complexes changed by p r e - c r y s t a l l i z a t i o n heat 

treatments? 

3. What i s the nature of the general g l a s s s t r u c t u r e , p a r t i c u l a r l y the 

s i l i c a t e network, and what e f f e c t does the a d d i t i o n of TiO^ have 

upon t h i s network? 

4. What changes of the g l a s s s t r u c t u r e take p l a c e during the pre-

c r y s t a l l i z a t i o n heat treatments? 

I n t h i s work we have s t u d i e d questions 1 and 2 by observing, using 

e l e c t r o n s p i n resonance ( e . s . r . ) techniques, the po i n t symmetry of the T i 

ion i n g l a s s e s of v a r y i n g composition, ( i . e . with'TiO^ contents ranging from 

0% to 1 0 % ) , and a f t e r a v a r i e t y of 'nu c l e a t i o n ' heat treatments. Most of 

the t i t a n i u m i n the g l a s s e s 'as melted' i s i n the non-paramagnetic 4+ 

o x i d a t i o n s t a t e , and consequently i t was nec e s s a r y to r a d i o c h e m i c a l l y 

reduce a s m a l l p r o p o r t i o n of these ions to the paramagnetic 3+ s t a t e i n 

order to s e n s i t i s e the ions f o r e . s . r . measurements. I n the process of 

Y - i r r a d i a t i o n , other 'defect c e n t r e s ' were generated, and, although i n i t i a l l y 

c o n s i d e r e d u n h e l p f u l , these paramagnetic c e n t r e s proved to be va l u a b l e i n 

the study of que s t i o n s 3 and 4. The e . s . r . measurements and t h e i r a n a l y s i s 

a r e d e s c r i b e d i n Chapter 4. 

P r i n c i p a l l y as an adj u n c t to the e . s . r . measurements, the o p t i c a l 

a b s o r p t i o n s p e c t r a of the i r r a d i a t i o n produced ' d e f e c t s ' were recorded and 

the r e s u l t s are pre s e n t e d i n Chapter 5. 

I t was r e a l i s e d t h a t 'point d e f e c t ' measurements of the type j u s t 

d e s c r i b e d , had a l i m i t e d a p p l i c a t i o n to qu e s t i o n s 3 and 4, i . e . upon the 

understanding of changes i n the g l a s s s t r u c t u r e as a whole. Consequently, 



I n f r a Red Absorption and Raman S c a t t e r i n g measurements were recorded f o r 

a l l of the g l a s s specimens, and these r e s u l t s are d e s c r i b e d i n Chapter 6. 

I n order to r e l a t e the s t r u c t u r a l information gained by the e . s . r . , 

o p t i c a l , and v i b r a t i o n a l measurements, to the nature of the r e s u l t a n t 

c e r a m i c s , i . e . t h e i r c r y s t a l s i z e , type and morphology, the ceramics from 

a l l of the melt compositions, with and without p r e - c r y s t a l l i z a t i o n heat 

treatments, were c h a r a c t e r i s e d by microscopic and X-ray d i f f r a c t i o n 

measurements. These r e s u l t s are presented f i r s t i n t h i s t h e s i s , i n 

Chapter 3, immediately f o l l o w i n g the d e t a i l e d e x p o s i t i o n of the e x p e r i 

mental techniques i n Chapter 2. 

F i n a l l y , Chapter 7 summarised the p r i n c i p a l r e s u l t s from the 

pr e c e d i n g s e c t i o n s , c o n s i d e r s t h e i r i n t e r r e l a t i o n s h i p s , and draws the 

c o n c l u s i o n s from t h i s work. 
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CHAPTER 2 

EXPERIMENTAL METHODS AND TECHNIQUES 

The experimental programme i s here sub-divided i n t o three broad 

a r e a s of v/ork: 

(a) G l a s s and g l a s s - c e r a m i c production 

(b) The c h a r a c t e r i z a t i o n of the ceramics r e s u l t i n g from the v a r i o u s 

melt compositions and heat treatments 

(c) The i n v e s t i g a t i o n of the g l a s s s t r u c t u r e a t the atomic/molecular 

l e v e l 

We d e a l w i t h each a r e a i n tur n . 

2., 1 G l a s s and ceramic production 

2.1.1 Melt compositions 

G l a s s batches were prepared from f i n e powders of SiO^/ ^2*^3' ̂ '̂ '̂  

and TiO^, which, a f t e r weighing, were homogenized by prolonged mechanical 

a g i t a t i o n of the c o n t a i n i n g c a p s u l e . The base g l a s s components, i . e . SiO^, 

Al^O^ and MgO were a l l of 4N p u r i t y , the 100 p.p.m. of i m p u r i t i e s being 

l a r g e l y r e f r a c t o r y oxides s i m i l a r t o the melt components. T o t a l i r o n group 

i m p u r i t i e s were l e s s than 10 p.p.m. and the s i n g l e most abundant paramagnetic 

s p e c i e s , i r o n , was p r e s e n t i n q u a n t i t i e s of l e s s than 5 p.p.m. The TiO^ 

which was added to the base g l a s s was of 'specpure' q u a l i t y with l e s s than 

1 p.p.m. of any i n d i v i d u a l paramagnetic impurity. 

I n a l l , f i v e g l a s s compositions were founded, four c o n t a i n i n g TiO^, 

and a base g l a s s without added t i t a n i a . The melt compositions are given i n 

Table 2.1. 

Attempts to found the S t o i c h i o m e t r i c C o r d i e r i t e composition -

SSiO^.2Al20^.2MgO - were only p a r t l y s u c c e s s f u l . The high v i s c o s i t y of 



Table 2.1; Composition of G l a s s e s 

Melt • Wt.% of c o n s t i t u e n t s 
1 Number 

r 

Melt C l a s s i f i c a t i o n SiO^ AI2O3 MgO TiO^ 

1 
i 
f Melt 1 
1 
( 

Base G l a s s (B.G.) 60 20 20 0 
1 

1 Melt 2 
B.G. + 0.2% TiO^ 59.88 19.96 19.96 0.20 

! Melt 3 B.G. + 1% TiO^ 59.41 19.80 19.80 0.99 

Melt 4 B.G. + 5% TiO^ 57.14 19.05 19.05 4.76 

Melt 5 •" 
i 

B.G. + 10% Ti02 54.55 18.18 18.18 9.09 

Melt 
Number 

Mol.% of c o n s t i t u e n t s Melt 
Number SiO^ AI2O3 MgO TiO^ 

Melt 1 59.05 11.60 29.35 0 

Melt 2 58.96 11.59 29.30 0.15 

Melt 3 58.62 11.51 29.13 0.74 

Melt 4 56.94 11.19 28.30 3.57 

Melt 5 54.99 10.80 27.32 6.89 



the melt a t the founding temperature, precluded the moulding of specimens 

w i t h the form r e q u i r e d f o r measurements to be d e s c r i b e d l a t e r . C u t t i n g or 

g r i n d i n g of l a r g e 'blocks' of the melt was not p o s s i b l e due to the 

i n t e r n a l s t r e s s e s 'quenched i n ' on c o o l i n g , and annealing of the specimens 

was not p o s s i b l e i n t h i s work. Thus the choice of base g l a s s composition 

a t 60 : 20 : 20 weight % of SiO^ : Al2°3 ' ̂ '^^ "^^^ l a r g e l y pragmatic, t h i s 

composition l y i n g c l o s e to the t e r n a r y e u t e c t i c of the system a t 

61.4 : 18.3 : 20.3 wt.% of the above components. An abbreviated t e r n a r y 

(2 1) 
phase diagram of the SiO^ - Al^O^ - MgO system i s shown i n F i g u r e 2.1. 

The chosen base g l a s s , (melt 1 ) , i s seen to l i e i n the primary phase f i e l d 

o f C o r d i e r i t e . 

2.1.2 Melting procedure 

Melt batches of approximately 100 gms were founded i n a P t - 10% Rh 
• 

c r u c i b l e w i t h i n a furnace capable of extended operation a t 1600°C. The 

furnace was heated b y ' c r y s t o l o n (Morganite E l e c t r o h e a t Ltd.) s i l i c o n 

c a r b i d e h ot rods, and temperature c o n t r o l l e d by P t - P t 10% Rh thermo

couples o p e r a t i n g a Eurotherm type 070 c o n t r o l l e r . Batches were entered 
o 

a t a furnace temperature of 1000 C, which over a p e r i o d of '^10 h r s . was 
o o r a i s e d to the melting temperature of 1600 C. A f t e r 40 h r s . a t 1600 C the 

o 

melts were poured i n t o pre-heated moulds ( a t 450 C to prevent the g l a s s e s 

from s h a t t e r i n g ) , a l l of which were coated with an aqueous carbon suspen

s i o n to prevent the g l a s s e s 'wetting' the s u r f a c e s . The moulds and g l a s s e s 

were then allowed to cool s l o w l y i n a i r . T h i s melting schedule i s shown 

diag r a r a m a t i c a l l y i n F i g u r e 2.2. 

The g l a s s e s from the above procedure were markedly inhomogeneous, 

i . e . s t r i a e and c o l o u r v a r i a t i o n s were c l e a r l y v i s i b l e to the naked eye. 

A n a l y s i s by atomic absorption spectroscopy showed t h a t the t i t c i n i a content 

of the melt 4 g l a s s e s v a r i e d from 3 to 7 wt.%, and a t these extremes, the 



S i c 

T w o ' l i q u i d s 

T e r n a r y E u t e c t - i c - (1355 C) 

MgO.SiO, 

Base G l a s s ' ( K e l t 1) 
C o m p o s i t i o n 

MgO 

L6tobal'ite/'ti 

ca42MgO 

2MgO.SiO, 

Corunc'jn 
S p i n e l 

4Kig0.5Al203.2Si02 

S t o c h i o n i e t r i c 
C o r d i e r i t e 

,0,.2SiO-
2 3 i 

MgO.Al^O^ 

F i g u r e 2.1: THE MgO - ^'^•^•^ - S i 0 2 SYSTEM 
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p r o p e r t i e s of the r e s u l t i n g ceramic were found to vary c o n s i d e r a b l y . T h i s 

e f f e c t was thought to be due to the f r a c t i o n a t i n g of the melt i n the 

c r u c i b l e i n t o l a y e r s of v a r y i n g composition, and homogenizing methods were 

consid e r e d . M u l t i p l e c r u s h i n g and re-melting, o s c i l l a t i o n of the c r u c i b l e , 
(2 2) 

and pouring from c r u c i b l e to c r u c i b l e , ' were a l l e i t h e r i m p r a c t i c a l or 

i n e f f e c t i v e , and u l t i m a t e l y a P t - 10% Rh s t i r r e r was b u i l t i n t o the furnace. 

The s t i r r e r was connected by an alumina rod and a f l e x i b l e coupling to a 

low speed e l e c t r i c motor ou t s i d e of the furnace. At 10 hour i n t e r v a l s 

the s t i r r e r was lowered i n t o the melt and the melt s t i r r e d f o r approximately 

one hour, the f i n a l s t i r being immediately p r i o r to pouring. T h i s was 

important as s t r i a e again occurred i f the melt was allowed to stand f o r 

more than one hour a f t e r the f i n a l s t i r . T h i s procedure produced seed-free 

and homogeneous g l a s s e s . Homogeneity was confirmed by t e s t specimens, which 

a f r e r c a r e f u l annealing, showed only s l i g h t b i r e f r i n g e n c e due to r e s i d u a l 

s t r e s s e s when viewed i n a ' s t r a i n ' viewer, t h e r e being no i n d i c a t i o n of com

p o s i t i o n induced b i r e f r i n g e n c e . 

2.1.3 P r e - c r y s t a l l i z a t i o n , ( N u c l e a t i o n ) , Heat Treatments 

D i s c u s s i o n i n the p r e v i o u s chapter has i n d i c a t e d t h a t i n most 

syscems the optimxim n u c l e a t i o n temperature f o r g l a s s - c e r a m i c production i s 
o 

i n the r e g i o n between the annealing temperature and 50 C above t h i s tem

p e r a t u r e . At the onset of annealing, i . e . when the r e s i d u a l s t r e s s e s are 

being r e l e a s e d , t h e r e i s an endothermic r e a c t i o n and d i f f e r e n t i a l thermal 

a n a l y s i s (D.T.A.) measurements were c a r r i e d out a t the Ceramic Department 

of Leeds U n i v e r s i t y on a specimen of melt 3, i n d i c a t e d an annealing tem

p e r a t u r e of 790°C - 800°C. Thus a l l g l a s s specimens were i n d i v i d u a l l y 

'nucleated' a t e i t h e r 750°C, 800°C, or 850°C f o r periods of three hours, 

see F i g u r e 2.2, w i t h i n a muffle furnace with a low temperature g r a d i e n t s 

zone, ( < l°C/cm). Combined w i t h temperature c o n t r o l by a s e r i e s 010 



d i g i t a l Eurotherm c o n t r o l l e r , p r e - c r y s t a l l i z a t i o n temperatures were thus 

a c c u r a t e and r e p r o d u c i b l e to w i t h i n ±2°C. G l a s s specimens were entered 

d i r e c t l y i n t o the furnace, a c h i e v i n g the r e q u i r e d temperature i n under 

two minutes, and, a f t e r t h r e e hours, removed to a i r c o o l . 

2.1.4 C r y s t a l l i z a t i o n h e a t treatments 

The conversion of the g l a s s specimens to g l a s s ^ c e r a m i c s was per

formed i n the muffle furnace d i s c u s s e d p r e v i o u s l y by heat treatments a t 

o o 
1000 C or 1200 C f o r e i t h e r two or twenty hours, see Figure 2.2. 

Thus a s e r i e s of specimens of v a r y i n g composition, v a r y i n g pre-

c r y s t a l l i z a t i o n heat treatments and v a r y i n g c r y s t a l l i z a t i o n temperatures 

and times, were prepared f o r the i n v e s t i g a t i o n s to follow. 

2.2 C h a r a c t e r i z a t i o n S t u d i e s of the Ceramics 

I n order to c h a r a c t e r i z e the nature of the ceramics v/hich r e s u l t e d 

from the v a r i o u s compositions and heat treatments, four main i n v e s t i g a t i v e 

methods were employed. We c o n s i d e r each i n t u r n . 

2.2.1 X-Ray D i f f r a c t i o n 

The c r y s t a l l i n e phases p r e s e n t i n each ceramic were e s t a b l i s h e d by 

X-Ray D i f f r a c t i o n . Specimens of the ceramic were ground to 10 ym and smear 

mounted on to g l a s s s l i d e s . D i f f r a c t o m e t e r t r a c e s were obtained from the 

f l a t bed r e c o r d e r of a P h i l l i p s PW 1130 d i f f r a c t o m e t e r operating with a C^ 

t a r g e t and Fe f i l t e r . A s m a l l q u a n t i t y (5%) of BPO^ (A.S.T.M. index 14-696), 

was mixed w i t h each of the ceramic powders as a 26 c a l i b r a t i o n . 

Some specimens were q u a n t i t a t i v e l y phase analysed, and the neces

s a r y degree of mixing of the standards and the ceramics v/as achieved by 

prolonged mechanical o s c i l l a t i o n of the specimen c o n t a i n e r s . 
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2.2.2 O p t i c a l Microscopy 

The s i z e and morphology of the c r y s t a l s w i t h i n the p o l y c r y s t a l l i n e 

ceramics were i n v e s t i g a t e d w i t h the P o l a r i z i n g Microscope, ( C a r l Z e i s s 

ULTRAPHOT). 'Thin s e c t i o n s ' , ( a- 30 ym t h i c k ) , of the ceramics were pr e 

pared by g r i n d i n g and p o l i s h i n g , f o l l o w i n g standard m i n e r a l o g i c a l techniques. 

C r y s t a l s w i t h non-cubic symmetry are o p t i c a l l y a n i s o t r o p i c , and 

when a ' t h i n s e c t i o n ' i s viewed between c r o s s e d p o l a r s i n t r a n s m i t t e d l i g h t , 

the b i r e f r i n g e n c e of the randomly o r i e n t a t e d c r y s t a l l i t e s causes i n t e r 

f e r e n c e e f f e c t s which r e s u l t s i n the d i f f e r e n t c r y s t a l l i t e s appearing with 

d i f f e r e n t degrees of b r i g h t n e s s (or ' r e l i e f ' ) , ranging from complete e x t i n c 

t i o n t o a maximum b r i g h t n e s s which i n white l i g h t may be a g r e y i s h white or 

a c o l o u r , depending upon the s i z e and b i r e f r i n g e n c e of the c r y s t a l s . 

R o t a t i n g the microscope stage from a p o s i t i o n of e x t i n c t i o n f o r an i n d i v i d u a l 

c r y s t a l l i t e causes t h a t c r y s t a l l i t e to i n c r e a s e i n b r i g h t n e s s , reaching a 

o o 

maximum a t 45 of r o t a t i o n , and r e t u r n i n g to e x t i n c t i o n a f t e r 90 of r o t a 

t i o n . The g l a s s y regions of the specimens, being o p t i c a l l y i s o t r o p i c , 

remained dark f o r a l l p o s i t i o n s of the microscope stage. Photographs of 

the t h i n s e c t i o n s i n t r a n s m i t t e d l i g h t were taken (photomicrographs), and 

the c r y s t a l s i z e s were d e t e m i n e d by c a l i b r a t i n g each of the microscope 

o b j e c t i v e s u s i n g r u l e d g r a t i n g s . 

2.2.3 Scanning E l e c t r o n Microscopy 

The f r a c t u r e s u r f a c e s , and i n some i n s t a n c e s the etched s u r f a c e s , 

of the ceramic (or p a r t l y ceramic) specimens, were studied using a Scanning 

E l e c t r o n Microscope (S.E.M.). The s u r f a c e s to be examined were prepared 

e i t h e r by f r a c t u r i n g the ceramic and observing the f r a c t u r e d s u r f a c e s 

d i r e c t l y , or by observing the s u r f a c e s a f t e r p o l i s h i n g to h^iAl^O^ and 

e t c h i n g i n 1% HF f o r 30 seconds. The S.E.M. was operated i n the Secondary 

E m i s s i o n Mode and to p revent e l e c t r o s t a t i c charging of the specimen s u r f a c e s 
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and the r e s u l t a n t l o s s of r e s o l u t i o n , the specimens were moxinted by 

e l e c t r i c a l l y conducting cement t o the microscope s t a g e s , and t h i n f i l m s 

of gold evaporated on to the s u r f a c e s to be examined. To ensure uniform 

c o a t i n g , the specimens were continuously r o t a t e d during the d e p o s i t i o n of 

the gold f i l m . 

2.2.4 Laue B a c k - r e f l e c t i o n 

X-ray back r e f l e c t i o n photographs were taken of 2 mm diameter 

r e g i o n s of the ceramic f r a c t u r e s u r f a c e s using a P h i l l i p s PW 1009/80 X-ray 

s e t o p e r a t i n g with a Cu t a r g e t and a Ni f i l t e r . 

2.3 I n v e s t i g a t i o n s of the S t r u c t u r a l Natures of the G l a s s e s 

I n t h i s S e c t i o n of the work, three s p e c t r o s c o p i c techniques were 

employed. We c o n s i d e r each i n t u r n . 

2.3.1 E l e c t r o n Spin Resonance (E.S.R.) Spectroscopy 

I n the e a r l y s t a g e s , the radiochemical r e d u c t i o n of the T i i o n 

with i t s d*̂  e l e c t r o n i c c o n f i g u r a t i o n to the paramagnetic 3+ s t a t e , ( d ' ) , 

was done by x - i r r a d i a t i o n from a commercial x-ray s e t , and the s p i n reson

ance measurements were made on an x-band e . s . r . spectrometer developed by 

(2 3) 

R.A. Vasquez and d e s c r i b e d f u l l y i n a t h e s i s by t h i s author. ' Although 

the g l a s s specimens v i s i b l e darkened, no room temperature e . s . r . s p e c t r a 

could be detected. The spectrometer was f i t t e d w i t h cryogenic f a c i l i t i e s , 

(L.He), by the p r e s e n t author, u s i n g an Oxford Instruments type MD4A 

c r y o s t a t and remote c a v i t y tuning u s i n g an i r i s coupling u n i t whose aperture 

was a d j u s t a b l e from o u t s i d e of the c r y o s t a t . The r a t i o n a l e of t h i s 

development was:-



(a) t h e i n c r e a s e d s e n s i t i v i t y due t o t h e more f a v o u r a b l e Boltzmanft 

d i s t r i b u t i o n f a c t o r . 

(b) t h e p o s s i b i l i t y o f d i s c r i m i n a t i n g between l i n e w i d t h e f f e c t s due 

t o s p i n - l a t t i c e r e l a x a t i o n , a t e m p e r a t u r e dependent mechanism, and 

t h o s e due t o a d i s t r i b u t i o n o f t h e para m a g n e t i c s i t e s , w h i c h would 

be t e m p e r a t u r e independent. 

The c a l c u l a t i o n o f Appendix 1 shows t h a t e f f e c t (a) c o u l d be 

e x p e c t e d t o i n c r e a s e t h e a b s o r p t i o n s i g n a l one hundred t i m e s a t 4.2 K com

p a r e d w i t h i t s v a l u e a t room temperature". U n f o r t u n a t e l y , even a t 4.2 K t h e 

x - i r r a d i a t e d g l a s s e s w h i l s t j u s t i n d i c a t i n g a h o l e resonance, (g > 2.0023), 

gave no ev i d e n c e o f t h e e l e c t r o n resonance e x p e c t e d f r o m Ti"^"*^. A room 

t e m p e r a t u r e s e n s i t i v i t y c a l i b r a t i o n o f t h e s p e c t r o m e t e r u s i n g a d i l u t e 

sample o f D.P.P.H. ( D i p h e n y l p i c r y l h y d r a z y l ) , a f r e e r a d i c a l w i t h one f r e e 
21 

s p i n p e r m o l e c u l e , ( 'V' 1,5 x 10 spins/gm) , showed t h a t a 2:1 s i g n a l t o 
16 

n o i s e r a t i o r e q u i r e d 5 x 10 s p i n s o f D,P,P.H. Assuming a f i r s t d e r i v a t i v e 

pk-pk w i d t h o f 80 gauss f o r t h e Ti"^"*^ i o n , t h e n f r o m f o r m u l a e p r e s e n t e d i n 
19 3+ 

r e f e r e n c e ( 2 . 4 ) , a r e q u i r e m e n t o f 4 x 10 s p i n s o f T i was c a l c u l a t e d t o 

be n e c e s s a r y f o r d e t e c t i o n i n t h i s s p e c t r o m e t e r . L a t e r measurements showed 

t h a t t h e q u a n t i t y o f r a d i o c h e m i c a l l y produced T i ^ ^ was 5 x lO"*"^ spins/gm 

i n a l l g l a s s c o m p o s i t i o n s . Sample masses o f '^2 gms combined w i t h t h e f a c t 

t h a t i n p r a c t i s e t h e i n c r e a s e d s e n s i t i v i t y on c o o l i n g t o 4.2 K was seldom 

b e t t e r t h a n 10 X, meant t h a t i n f a c t , t h e c o n c e n t r a t i o n o f T i " ^ ^ was always 

an o r d e r o f magnitude t o o low f o r t h e b r o a d g l a s s y resonance l i n e s t o be 

d e t e c t e d by t h i s i n s t r u m e n t . 

A t t h i s s t a g e i n t h e work, ^Dr. G Brown o f t h e Royal M i l i t a r y 

C o l l e g e o f Science a t Shrivenham, k i n d l y o f f e r e d t o make a v a i l a b l e t h e 

C o l l e g e ' s commcerial X-band s p e c t r o m e t e r - a JEOL s e r i e s J,E,S.-PE-1X. A 

b l o c k d i a g r a m o f t h e s p e c t r o m e t e r i s shown i n F i g u r e 2.3. As a s t a n d a r d 
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X-band r e f l e c t i o n spectrometer o p e r a t i n g a t 9.4 GHz with a c y l i n d r i c a l 

c a v i t y i n the T.E.^^^^ mode, the p r i n c i p l e of o p e r a t i o n i s f u l l y accounted 

i n standard t e x t s , e.g. Ingram,^^'^^ Poole^'^'^^ and Assenheim and i s 

not recounted here. 

The most s i g n i f i c a n t a d d i t i o n a l f e a t u r e of t h i s instrument com

pared w i t h the one developed a t Durham was the Automatic Frequency Control 

(A.F.C.) system, a feedback c i r c u i t which ' l o c k s ' the k l y s t r o n frequency 

to the resonant frequency of the c a v i t y , thus a l l o w i n g a much higher Q 

c a v i t y to be used. Combined with a hot c a r r i e r diode )i-wave d e t e c t o r and 

a tuned modulation/phase s e n s i t i v e d e t e c t i o n system, the s e n s i t i v i t y of 

the. instrument was 5 x 10"*"̂  s p i n s / g a u s s . E x t r a p o l a t i n g to a l i n e of 80 
14 17 gcuss the s p i n s e n s i s t i v i t y was t h e r e f o r e 3 x 10 s p i n s and the 5 x 10 

spins/gm of Ti"^"*" gave st r o n g , low noise e . s . r . s i g n a l s a t room temperature. 

MgO c r y s t a l s with a weak d i l u t i o n of ^̂ Mn were s u p p l i e d by the 
2+ 

instrument manufacturer as 'g marker' standards. The S - s t a t e Mn i o n 

has e l e c t r o n i c and n u c l e a r s p i n s of ^/2. I n the region of g = 2 t h e r e f o r e 

the 6 - l i n e h y p e r f i n e spectrum of the | - *5 | + ] > s p i n t r a n s i t i o n , i f 

c a l i b r a t e d , may be used to c a l c u l a t e the g v a l u e s * o f the specimen l i n e s by 

e x t r a p o l a t i o n o r i n t e r p o l a t i o n along the Vg ( l i n e a r f i e l d ) , a x i s . The 

STimdard i s i n s e r t e d i n t o a s p e c i a l c a v i t y l o c a t i o n such t h a t the H.F. 

l i n e s appear antiphase to the specimen l i n e s , and i n the s p e c t r a f o l l o w i n g , 

the specimen and 'g marker' l i n e s may be d i s c r i m i n a t e d by t h e i r opposite 

phase. I n t h i s work the g v a l u e s of the experimental s p e c t r a are a c c u r a t e 

to ± 0.0005. 

The i n t e n s i t i e s of the e . s . r . l i n e s was c a l c u l a t e d using a CuS0^5H20 
2+ 

s i n g l e c r y s t a l standard. The S = ^ Cu i o n of the standard has a sym

m e t r i c a l hole resonance i n the region of g 2.4. Each molecule of 
2+ 

C u S O ^ S H ^ O c o n t a i n s one Cu i o n , i . e . one s p i n . Thus 1 gm of t h i s standard 
21 

c o n t a i n s 2.4 x 10 s p i n s . A comparison of the r e s p e c t i v e areas beneath 
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t h e a b s o r p t i o n l i n e s f r o m t h e s t a n d a r d and t h e specimen, a l l o w s t h e 

number o f s p i n s c o n t r i b u t i n g t o t h e specimen a b s o r p t i o n t o be c a l c u l a t e d 

f r o m : 

No. o f spins/gm o f specimen 

Area beneath specimen l i n e mass o f s t a n d a r d 
Area b e n e a t h s t a n d a r d l i n e ^ mass o f specimen 

X No. o f spins/gm o f s t a n d a r d 

The a r e a beneath t h e a b s o r p t i o n l i n e s was fou n d by double i n t e g r a t i o n o f 

t h e f i r s t d e r i v a t i v e s p e c t r a u s i n g Simpson's Rule. 

F i n a l l y c o n c e r n i n g t h e s p e c t r o m e t e r o p e r a t i o n , we ment i o n t h a t by 

dou b l e m o d u l a t i o n o f t h e magnet i c f i e l d , ( a t 80 Hz and 100 k H z ) , t h e 

i n s t r u m e n t was capable o f g e n e r a t i n g t h e second d e r i v a t i v e o f t h e absorp

t i o n l i n e , and w i t h some specimens t h i s f a c i l i t i e s was used t o r e s o l v e 

t h e i r s p e c t r a . 

A *̂̂ Ĉ  source and a dose r a t e o f 1.5 Mrad/hr were used t o y -

i r r a d i a t e t h e specimens t o e f f e c t t h e r a d i o c h e m i c a l r e d u c t i o n o f t h e t i t a n i u m 

i o . . t o t h e 3+ s t a t e . Doses o f f r o m 0.5 Mrad t o 300 Mrad were t r i e d and i n 

a l l cases two e . s . r . c e n t r e s emerged, an e l e c t r o n c e n t r e and a h o l e c e n t r e . 

The weaker e l e c t r o n c e n t r e , ( l a t e r i d e n t i f i e d w i t h t h e Ti^"*" i o n ) , s a t u r a t e d 

a t between 1 Mrad and 5 Mrad, and t h e r e a f t e r , f o r a l l specimens, doses 

were s t a n d a r d i z e d t o 1 Mrad. 

The a n a l y s i s o f t h e s p e c t r a f r o m t h e g l a s s e s and g l a s s - c e r a m i c s 

was p e r f o r m e d p r i n c i p a l l y by computer s i m u l a t i o n o f t h e f i r s t d e r i v a t i v e 

s p e c t r a . The t h e o r y and p r a c t i s e o f t h i s t e c h n i q u e i s d e s c r i b e d i n t h e 

n e x t c h a p t e r . 

2.3.2 O p t i c a l a b s o r p t i o n s p e c t r o s c o p y 

The a b s o r p t i o n s p e c t r a o f t h e g l a s s specimens i n t h e r e g i o n 

200 nm 1000 nm were measured w i t h an 'O p t i k a ' t y p e CF4 double beam 
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spectrophotometer. I n a s e l e c t i o n of samples the wavelength range was 

extended to 2000 nm us i n g a Grubb Parsons 'Spectromaster.' Each g l a s s 

composition was examined as produced, a f t e r p r e - c r y s t a l l i z a t i o n heat 

treatment, and a f t e r y i ^ r a d i a t i o n . 

T h i s s e c t i o n of the work n e c e s s i t a t e d the production of t h i n , 

( < 3 mm) , g l a s s prisms, because of the high l i n e a r absorption c o e f f i c i e n t 

of the i r r a d i a t e d g l a s s e s . The high v i s c o s i t y of the melts even a t 1600°C 

r e q u i r e d a vacuum i n j e c t i o n technique. The melts were poured d i r e c t l y 

i n t o a mould c o n t a i n i n g many 12 mm x 3 mm r e c t a n g u l a r channels. Each 

ch£innel was continuously evacuated by a r o t a r y piamp, and on pouring, the 

vacuum c r e a t e d caused the g l a s s to be f o r c e d some 1 cm to 2 cms down the 

channels before i t s o l i d i f i e d . The mould was dismantled and i n d i v i d u a l 

specimens p o l i s h e d on each broad f a c e t o h yAl^O^, l e a v i n g the f i n a l o p t i c a l 

path l e n g t h as approximately 2.5 mm. 

To take account of the m u l t i p l e r e f l e c t i o n s a t the i n t e r f a c e s , i n 

the c a l c u l a t i o n of the absorption c o e f f i c i e n t , ( a ) , the R e f r a c t i v e I n d i c e s 

of the d i f f e r e n t melts were measured, (to w i t h i n 1% a t Sodium D - 589.3 nm), 

usi n g an Abbe re f r a c t o m e t e r . 

The y-ray induced o p t i c a l absorption, i . e . the d i f f e r e n c e between 

the a b s o r p t i o n c o e f f i c i e n t s before and a f t e r i r r a d i a t i o n , was c a l c u l a t e d 

and p l o t t e d . The r e s u l t i n g curves were analysed i n t o t h e i r Gaussian com

ponent bands u s i n g a Hewlett-Packard curve r e s o l v e r . 

2.3.3 V i b r a t i o n a l S p e c t r o s c o p y 

I n f r a - r e d a b s o r p t i o n and Raman s c a t t e r i n g measurements v/ere made 

upon a l l o f t h e g l a s s specimens and a l i m i t e d number o f ceramic specimens. 

(a) I.R. a b s o r p t i o n 

The g l a s s e s and ceramics were f i n e l y ground and p r e p a r e d as KBr d i s c s 
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by a standard die pressing technique. Room temperature absorption spectra 

between 2.5 jam and 40 |im, (4000 cm"''" 250 cm""'"), were measured on a 

Perkin-Elmer model 475 double beam spectrometer. 

(b) Raman S c a t t e r i n g 

A Varian-Carey model 82 Raman spectrometer, i n conjunction w i t h a 

Spectra Physics model 164 Argon-Iron l a s e r operating at 514.5 nm, were 

used t o record Raman spectra from the as-produced and p r e - c r y s t a l l i z a t i o n 

heat t r e a t e d glasses. For these measurements rectangular glass blocks 

were founded and two 'ends' and one 'face' p o l i s h e d t o \ uAl^O^ leaving 

f i n a l specimen dimensions o f 8 m m x 7 m m x 6 m m (see diagram below). 

The e x c i t i n g l a s e r beam was d i r e c t e d through the specimen between the 

p o l i s h e d ends and a m u l t i p l e pass arrangement used t o i n t e n s i f y the 

s c a t t e r e d s i g n a l . The r a d i a t i o n was i n c i d e n t along the x-axis and p o l a r i z e d 

i n the z - d i r e c t i o n . The sca t t e r e d r a d i a t i o n was c o l l e c t e d along the y-axis, 
o 

i . e . a t 90 t o the i n c i d e n t beam, the sc a t t e r e d i n t e n s i t y being the sum o f 

r a d i a t i o n p o l a r i z e d i n the z and x d i r e c t i o n s . A l l spectra were recorded 

a t room temperature w i t h a bandwidth of 10 cm ''". 

z 
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CHAPTER 3 

CHARACTERISATION STUDIES OF THE GLASS-CERAMICS 

The work which t h i s Chapter r e p o r t s characterises the nature of the 

ceramics formed from the d i f f e r e n t melt compositions. The c r y s t a l l i n e 

phases present i n each ceramic were established from x-ray d i f f r a c t o m e t e r 

spectra and the morphology and size o f the ceramic c r y s t a l s was determined 

by a combination o f p o l a r i s i n g microscope, scanning e l e c t r o n microscope 

and x-ray back r e f l e c t i o n techniques. 

3.1 X-Ray D i f f r a c t o n ^ t e r Results 

3.1.1 Melts ( 1 ) , (2) and (3) (the low t i t a n i a ceramics) 

Results described l a t e r i n the Chapter show t h a t specimens from these 

melts are, a f t e r c r y s t a l l i z a t i o n f o r two hours a t 1000°C, only p a r t l y 

c r y s t a l l i n e , i . e . there i s surface c r y s t a l i z a t i o n only. Consequently the 

c • t a l phases present i n the ceramics formed from the above compositions 

•7ê  i s t u d i e d only a f t e r twenty hour treatments a t 1000°C. 

Figure 3.1 shows the x-ray d i f f r a c t i o n spectra from glass melt (1) 

subjected t o a v a r i e t y o f p r e - c r y s t a l l i z a t i o n heat treatments followed by 

c r y s t a l l i z a t i o n a t 1000°C. The spectra are e s s e n t i a l l y the same, the 

p r i n c i p a l d i f f e r e n c e being the e l i m i n a t i o n (on the bottom trace) of the 

l i n e marked Q. The anal y s i s o f these spectra i s the r e f o r e t y p i f i e d i n 

Figure 3.2 where the f i f t e e n most intense l i n e s (neglecting Q) are l a b e l l e d , 

and compared w i t h the A.S.T.M. data f o r high c o r d i e r i t e (Card No. 13-293). 

The p r i n c i p a l phase i s c l e a r l y high c o r d i e r i t e ( l i n e s 1 t o 15), the 

unaccounted l i n e s being those marked D, E and Q. The l i n e Q i s the 100% 

l i n e o f g-quartz, b u t , a t present, the i d e n t i f i c a t i o n o f the l i n e s D and E, 

which are c e r t a i n l y not associated w i t h e i t h e r the high c o r d i e r i t e nor the 
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ol MELT 1. HEAT TREATED AT lOOO'C 

FOR 2 0 H R S . 8 

13 

bl MELT1. HEAT TREATED AT 750*C 

FOR 2ViHRS; THEN 1000*C 

FOR 20 MRS. 

:c\ MELT 1. HEAT TREATED AT 800*C 

FOR 2:4 H R S ; THEN 1000*C 

FOR 20 H R S 

d l MELT1. HEAT TREATED AT 850'C 

FOR 211 HRS; THEN lOOO'C 

FOR 20 HRS. 

w 

2 9 = 7 7 
29 = 11 

FIG.3.1. X-RAY DIFFRACTOMETER SPECTRA; 29 FROM 11' to 77*; CoK- RADIATION. 

(DOTTED PEAKS ARE BPO^ REFERENCE MARKERS) 
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3-quartz, has not been attempted. Table 3.1a q u a n t i f i e s the r e s u l t s 

shown i n Figure 3.1 and analysed i n Figure 3.2. 

The spectra from glass (1) c r y s t a l l i z e d a t 1200°C are almost i d e n t i c a l 

t o the 1000°C spectra, the d i f f e r e n c e s being the absence o f a B-quartz l i n e 

and the i n t e n s i f i c a t i o n o f the l i n e s marked D and E. The experimental 

spectra are shown i n Figure 3.3 and t h e i r analysis presented i n Figure 3.4, 

where i t i s c l e a r t h a t again high c o r d i e r i t e i s the p r i n c i p a l phase. The 

l a t t i c e parameters o f the 1200°C ceramics are i d e n t i c a l t o those of the 

1000°C ceramics and a separate t a b l e i s not presented. Extending the 

c r y s t a l l i z a t i o n p e r i o d t o twenty hours leaves the d i f f r a c t i o n spectrum 

unchanged (see Figure 3.5 traces (a) and (d)) . 

The c r y s t a l l i z e d specimens of glasses (2) and (3) have d i f f r a c t i o n 

spectra again dominated by the set of high c o r d i e r i t e l i n e s (1 t o 15). 

This i s shown i n Figures 3.5 and 3.6. As w i t h glass ( 1 ) , only the 1000°C 

spectra show the 3-quartz l i n e , which i s i n t u r n reduced by in c r e a s i n g 

the p r e - c r y s t a l l i z a t i o n heat treatment temperature. I n a d d i t i o n the l i n e s 

D and E are again present and perhaps r a t h e r more intense on those specimens 

c r y s t a l l i z e d a t 1200°C. A new l i n e U, not present on the glass (1) spectra 

i s present i n the spectra of glasses (2) and (3) c r y s t a l l i z e d a t 1000°C. 

The foregoing r e s u l t s may be summarised as f o l l o w s . E s s e n t i a l l y 

the low t i t a n i a glasses (glasses (1) (2) and ( 3 ) ) , c r y s t a l l i z e out i n t o 

h i g h c o r d i e r i t e a t both 1000°C and 1200°C. The a d d i t i o n of t i t a n i a i n 

the glass (2) and (3) compositions i s not observed t o s i g n i f i c a n t l y a f f e c t 

the l a t t i c e parameters o f the c o r d i e r i t e or the i n t e n s i t y r a t i o s o f the 

d i f f r a c t i o n l i n e s . Some 3-quartz i s present i n the specimens c r y s t a l l i z e d 

a t lOOO^C, and indeed, the only discernable e f f e c t o f the p r e - c r y s t a l l i z a t i o n 

heat treatments i s t o reduce, and even t u a l l y e l i m i n a t e t h i s phase. The 

l i n e s as y e t not accounted f o r are those marked D, E and U. 



Experimental Data A.S.T.M. Data 

Peak 
! I d e n t i f i c a t i o n I n t e n s i t y ( % ) -10 

Parameter(x 10 m) C o r d i e r i t e * L i n e s 
! 
j (JJ (dj (Jj (4) 

1 85 8.36 • 100 8.48 

2 25 4.84 30 4.89 

3 20 4.68 • 16 4.68 

4 50 4.09 50 4.09 

Q 35 3.42 

5 70 3.36 55 3.38 

6 75 3.12 65 3.14 

7 100 3.00 85 3.03 

D 8 2.87 

8 30 2.62 25 2.64 

80 2.51 

9 15 2.34 12 2.34 

10 15 2.08 12 2.10 

11 20 1.867 16 1.875 

12 15 1.798 10 1.800 

13 25 1.684 30 1.688 

14 10 1.580 10 1.589 

15 15 1.487 8 1.494 

* Card No. 13-293 

Table 3.1; The l a t t i c e parameters or Melt (1) c r y s t a l l i z e d 

a t 1000 C. ( I n t e n s i t y f i g u r e s from F i g u r e 3.2). 



o) MELT 1. HEAT TREATED AT 

1200'C FOR 2 H R S 

15 u 

b) MELT 1. HEAT TREATED AT 750 C 

FOR 2 ! i H R S ; T H E N 1200'C 

FOR 2 HRS. 

c ) MELT 1. HEAT TREATED AT 800*C 

FOR 2% H R S ; THEN 1200'C 

FOR 2 HRS. 

AM/ 

. d) MELT 1. HEAT TREATED AT 850 C 

FOR 2» iHRS; THEN 1200"C 

FOR 2 HRS. 

V WW 

iyWW'Ui'WvW 

VJ\J 

2 6 = 7 7 ° 
26=11 

FIG.3.i.X-RAY DIFFRACTOMETER SPECTRA; 29 FROM tr t o T T ; CoK=. RADIATION. 

(DOTTED PEAKS ARE BPOj REFERENCE MARKERS) 
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7 6 

o) MELT 2. HEAT TREATED AT 1000*0 

FOR 20 HRS. 

13 

« 1 1P : 9 

b) MELT 2. HEAT T R E A T E D AT 1200 C 

FOR 20HRa 

1/ 

WW 
7 6 

c ) MELT1. HEAT TREATED AT 1200*C 

FOR 20 HRS. 

15 

13 

« 12 
10 

d) MELT 1. HEAT TREATED AT 800'C 

FOR 2» HRS; THEN 1200'C 

FOR 20 HRS. 

\ 
.28=11° 

29 = 77 

FIG.̂ .5.X-RAY DIFFRACTOMETER SPECTRA, 29 FROM 11' t o 7 r ; CoK« RADIATION. 

(DOTTED PEAKS ARE BPOj REFERENCE MARKERS) 
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o) MELT 3. HEAT TREATED AT 1000'C 

FOR 20HRa 

13 
8 0 

; 9 

b) MELT 3. HEAT TREATED AT 800'C 

FOR 2h H R S ; THEN lOOO'C 

FOR 20HRa 

cl MELT 3 HEAT TREATED AT 1200*C 

FOR 2 HRS. 

d) MELT a HEAT TREATED AT 1200'C 

FOR 20 HRS. 

1/ V 

[J 

WW 

29=77 

1 
29 = 11 

FIG.3.6.X-RAY DIFFRACTOMETER SPECTRA; 29 FROM ll* toTT; CoK« RADIATION. 

(DOTTED PEAKS ARE BPOj REFERENCE MARKERS) 



3.1.2 Melts (4) and ( 5 ) , (the high t i t a n i a ceramics), 

c r y s t a l l i z e d a t 1000°C 

The d i f f r a c t i o n spectra from melts (4) and (5) c r y s t a l l i z e d a t 

1000°C w i t h and w i t h o u t p r e - c r y s t a l l i z a t i o n heat treatments are shown i n 

Figures 3.7 and 3.8. I n both compositions the spectrum i s dominated by 

the set o f l i n e s marked A t o J and the 3-quartz l i n e Q. The 20 p o s i t i o n s 

of the s e t A J (and the associated l a t t i c e parameters) remain unchanged 

w i t h both composition, p r e - c r y s t a l l i z a t i o n heat treatments and c r y s t a l 

l i z a t i o n p e r i o d . The p r e - c r y s t a l l i z a t i o n treatments are e f f e c t i v e i n 

reducing the 3-quartz l i n e . 

Figure 3.9 compares a t y p i c a l trace from Figures 3.7 and 3.8 w i t h 

A.S.T.M. data f o r E n s t a t i t e (Card No. 7-216), Although not a complete f i t , 

t C c ; c o r r e l a t i o n i s good, s u f f i c i e n t t o suggest t h a t the set o f l i n e s A -»• J 

are associated w i t h an e n s t a t i t e - l i k e phase. I t i s f i n a l l y noted t h a t a l l 

o f the spectra from these samples have a suggestion o f a l i n e (X^) a t 

29 '\' 24°. This l i n e i s not associated w i t h e i t h e r the e n s t a t i t e or 3-quartz 

phases and a discussion o f i t s o r i g i n i s deferred a t present. The q u a n t i 

t a t i v e d e t a i l s o f the spectrum shown i n Figure 3.9 are presented i n Table 3.2. 

This set of r e s u l t s may be summarised as f o l l o w s . The glass (4) and 

(5) compositions when c r y s t a l l i z e d a t 1000°C produce ceramics whose major 

c r y s t a l l i n e phase i s an e n s t a t i t e - l i k e phase. This phase i s s t a b l e , 

( i . e . i t s l a t t i c e parameters are i n v a r i a n t ) , w i t h p r e - c r y s t a l l i z a t i o n heat 

treatments, d u r a t i o n o f c r y s t a l l i z a t i o n and melt composition, alt'nough the 

amount o f the minor 3-quartz phase i s s e n s i t i v e to these parameters. I t 

i s now c l e a r t h a t the D and E l i n e s present i n those ceramics who major 

phase i s h i g h c o r d i e r i t e , are the two most intense l i n e s o f the e n s t a t i t e 

phase; the t h i r d most intense l i n e , (B), cannot be resolved from l i n e 6 

of the h i g h c o r d i e r i t e phase. 



0 ) MELT U. HEAT TREATED AT 1000 C 

FOR 2 H R a 

I H 

b) MELT U. HEAT T R E A T E D AT 750"C 

FOR 2 * H R S ; THEN lOOO'C 

FOR 2 HRS. 

c ) MELT 4. HEAT T R E A T E D AT 800*C 

FOR 2 H R S ; THEN 1000'C 

FOR 2 HRS. 

d) MELT 4. HEAT TREATED AT 850 C 

FOR 2h H R S ; THEN 1000 C 

FOR 2 H R S 

- I 

e) MELT 4. HEAT TREATED AT lOOO'C 

FOR 20 HRS. 

f) MELT 4. HEAT TREATED AT 800*C 

FOR 2 t i H R S ; THEN 1000 C 

FOR 20 HRS. 

ii / 

29 = 7 7 ° 
29=11 

FIG.i.7.X-RAY DIFFRACTOMETER SPECTRA; 29 FROM r to 77-; CoK=. RADIATION. 

(POTTED PEAKS ARE BPO4 REFERENCE MARKERS) 



b). >CLT 5 HEAT TREATED AT 750 C 

FOR 2>i HRS; THEN lOOO'C 

at MELT 5. lOOO'C FOR 2 H R S 

c t KELT 5 HEAT TREATED AT 800 'C 

FOR 2h HRS; THEN lOOO'C 

FOR 2 H R S 

d). MELT 5. HEAT TREATED AT 850'C 

FOR 24 HRS; THEN lOOO'C 

FOR 2 HRS 

e). MELT 5. HEAT TREATED AT 

1000'C FOR 20 H R S 

11 '^t 

t). MELT 5. HEAT TREATED AT 850 C 

FOR 2'4 H R S ; THEN lOOOt 

FOR 20 HRS 

29 = 11 
2 9 = 7 7 ° 

FIG.3.&. X-RAY DIFFRACTOMETER SPECTRA; 29 FROM W rolT; C o K - RADIATION. 

(DOTTED PEAKS ARE BPOj REFERENCE MARKERS) 
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Experimental Data A.S.T.M. Data 

1 Peak 

* I l e n t i f i c a t i o n 

i 

I n t e n s i t y ( % ) 
(JJ 

L a t t i c e 

Parameter (x 10 ^^m) 
P r i n c i p a l 

E n s t a t i t e * L i n e s 
m (£) 

10 4.31 

Q 80 3.42 

A 20 3.27 35 3.30 

B 45 3.14 100 3.17 

I C 20 2.92 44 2.94 

i 

1 
100 2.87 

87 2.87| 

23 2.83) 

26 2.71 

i 

i 
f 

E 

F 

70 

10 

2.50 

2.46 

43 2.53j 

51 ^•'^^1 

31 2 . 4 7 ) 

G 15 2.08 
24 2.11) 

21 2.10 

H 10 1.960 24 1.960 

I 15 1.606 20 1.603 

i 

J 20 1.482 34 1.485 

22 1.470 

Card No. 7-216 

Table 3.2; The l a t t i c e parameters of Melt (4) c r y s t a l l i z e d 

a t 1000 C. ( I n t e n s i t y f i g u r e s from F i g u r e 3.9) 



- /b 

3.1.3 M e l t s (4) and (5) c r y s t a l l i z e d a t 1200°C 

The s p e c t r a f r o m t h e s e ceramics are r a t h e r more complex t h a n those 

p r e v i o u s l y c o n s i d e r e d and i t i s necessary t o c o n s i d e r each h e a t t r e a t m e n t 

and c o m p o s i t i o n s e p a r a t e l y . 

( i ) M e l t (4) c r y s t a l l i z e d a t 1200°C f o r 2 h o u r s : -

The p r e - c r y s t a l l i z a t i o n h e a t t r e a t m e n t s markedly a f f e c t t h e s p e c t r a 

f r o m t h i s range o f c e r a m i c s . T h i s e f f e c t i s shown i n F i g u r e 3.10. We t a k e 

f o r a n a l y s i s t h e sp e c t r u m o f t h e d i r e c t l y c r y s t a l l i z e d c e r a m i c , and t h e 

s p e c t r u m o f t h e specimen c r y s t a l l i z e d a f t e r h e a t t r e a t m e n t a t 850°C, i . e . 

t r a c e s (a) and (d) o f F i g u r e 3.10. 

The a n a l y s i s o f t h e sp e c t r u m o f t h e d i r e c t l y c r y s t a l l i z e d specimen 

i s shown i n F i g u r e 3.11 where i t i s a p p a r e n t t h a t h i g h c o r d i e r i t e i s t h e 

p r i n c i p a l phase, w i t h , i n a d d i t i o n , some e n s t a t i t e , ( c h a r a c t e r i s e d by t h e 

A J s e t o f l i n e s ) , as t h e second most p r o m i n e n t phase. I t i s i n t e r e s t i n g 

t o n o t e t h a t t h e peaks and B^, a s s o c i a t e d w i t h e n s t a t i t e b u t n o t r e s o l v e d 

i n t h e 1000°C c e r a m i c s , a r e p r e s e n t i n t h i s s p e c t r i m . I n a d d i t i o n t o t h e 

two p r i n c i p a l phases t h e r e a r e l i n e s due t o r u t i l e > ( t h e 100% l i n e i s 

marked 'R'), and t h e as y e t u n e x p l a i n e d . 

The a n a l y s i s o f t h e spectrum f r o m a sample i d e n t i c a l t o t h a t above 
o 

b u t f o r a p r e - c r y s t a l l i z a t i o n h e a t t r e a t m e n t a t 850 c i s shown i n F i g u r e 

3.12. The h i g h c o r d i e r i t e , e n s t a t i t e and r u t i l e l i n e s a r e a g a i n p r e s e n t , 

t h e e n s t a t i t e : c o r d i e r i t e r a t i o h a v i n g s i g n i f i c a n t l y i n c r e a s e d , b u t now 

i n a d d i t i o n a s e t o f l i n e s marked X̂^ X^ i s i n evidence.- The phase g i v i n g 

r i s e t o t h i s group o f l i n e s i s a l m o s t c e r t a i n l y S i l i c a '0', (A.S.T.M. c a r d 

No. 12-708), a ' s t u f f e d ' s i l i c a phase w i t h a d i s t o r t e d q u a r t z s t r u c t u r e 

(see T a b l e 3.3). 



o) MELT 4. HEAT TREATED AT 1200 C 

FOR 2 H R S . 

b). MELT t. HEAT TREATED. AT 750*C 

FOR 2 ) i H R S ; THEN 12O0'C 

FOR 2 H R S 

c ) MELT U. HEAT TREATED AT 800*C 

FOR 2% H R S ; THEN 1200 'C 

FOR 2 HRS. 

d) MELT U. HEAT T R E A T E D AT 850*C 

FOR Th. H R S ; THEN 1200"C 

FOR 2 HRS. 

V 

2 6 = 7 7 
26 = 11 

FIG.3.I0.X-RAY DIFFRACTOMETER S P E C T R A ; 29 FROM 11' to IT, CoK« RADIATION. 

(DOTTED P E A K S A R E B P O i R E F E R E N C E M A R K E R S ) 
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! 

A.S. T.M. Data f o r 
i The X s e r i e s S i l c a '0' * 

i 
1 Peak 
E 
1 

I d I d 

i 75 4.33 40 4.32 

^2 100 3.38 100 3.38 

1 

35 2.016 - -
1 
i ^4 40 1.835 60 1.842 

i 

20 1.570 25 1.568 

1 The Y s e r i e s 
i 

A.S.T.M. Data 

MgSiO^ ** 

f o r 

1 l-eak I d I d 

V 
'1 

100 3.175 100 3.17 

1 
40 2.91 40 2.91 

i 20 2.73 20 2.73 

20 2.55 20 2.55 

y 20 2.30 20 2.31 

b 30 1.97 20 

20 

1.98 

1.97 

* Card No. 12-708 

Card No. 11-273 

Table 3.3: The l a t t i c e p a r a m e t e r s o f t h e X and Y 

s e r i e s o f d i f f r a c t i o n l i n e s . 



( i i ) M e l t (4) c r y s t a l l i z e d a t 1200°C f o r 20 h o u r s : -

The d i f f r a c t i o n l i n e p a t t e r n s f r o m t h e s e specimens a r e t y p i f i e d 

i n F i g u r e 3.13. The p a t t e r n s a r e v e r y s i m i l a r t o t hose f r o m t h e low 

t i t a n i a c o m p o s i t i o n s c r y s t a l l i z e d a t t h i s t e m p e r a t u r e , i . e . a m i x t u r e o f 

t h e d o m i n a n t c o r d i e r i t e l i n e s and t h e weaker e n s t a t i t e l i n e s , w i t h i n 

a d d i t i o n some l i n e s f r o m t h e r u t i i e p r e s e n t i n t h e s e c e r a m i c s . I t i s 

e v i d e n t a l s o t h a t t h o s e ceramics w h i c h were p r e - h e a t t r e a t e d and c r y s t a l 

l i z e d a t 1200°C f o r two h o u r s were m e t a s t a b l e i n terms o f t h e i r c r y s t a l 

l i n e phases. 

( i i i ) M e l t (5) c r y s t a l l i z e d a t 1200°C:-

T y p i c a l d i f f r a c t o m e t e r t r a c e s f r o m t h e s e specimens are shown i n 

F i g u r e 3.14, There a r e no s i g n i f i c a n t changes i n t h e c r y s t a l phases w i t h 

t h e v a r i e d p r e - h e a t t r e a t m e n t s , b u t t h e f i g u r e shows t h a t t h e specimens 

c r y s t a l l i z e d f o r two h o u r s have m e t a s t a b l e c r y s t a l phases, i . e . t h e two 

hour and t w e n t y h o u r specimens have d i f f e r e n t s p e c t r a . 

The t r a c e s f r o m t h e specimens c r y s t a l l i z e d f o r two hours c o n s i s t 

o f t h e dominant s e t f r o m h i g h c o r d i e r i t e , t o g e t h e r w i t h l i n e s f r o m 

e n s t a t i t e , r u t i l e and t h e ' s t u f f e d ' s i l i c a phase ( t h e X s e r i e s ) . The 

p r i n c i p a l change i n t h e p a t t e r n on moving t o t h e 20 h o u r s c r y s t a l l i z e d 

specimens i s t h e d i s a p p e a r a n c e o f t h e e n s t a t i t e and s i l i c a '0' l i n e s 

(D, E and t h e X s e r i e s ) , and t h e emergence o f a new s e t o f l i n e s denoted 

Y^, Y^, e t c . T h i s s e t i s due t o a polymorph o f MgSiO^, (A.S.T.M. 11-273), 

a f a c t w h i c h i s e s t a b l i s h e d i n T a b l e 3.3, and i t would seem t h a t t h e 

p r i n c i p a l change on e x t e n d i n g t h e c r y s t a l l i z a t i o n p e r i o d o f t h e s e samples, 

i s t h e l o s s o f t h e m e t a s t a b l e MgSiO^ and SiO^ phases ( l i n e s A J and t h e 

X s e t ) , and t h e appearance o f a polymorph o f t h e e a r l y MgSiO^ phase. 

D u r i n g t h i s change t h e dominant h i g h c o r d i e r i t e phase and t h e r u t i l e 

phase r e m a i n u n a l t e r e d . 



MELT 4. HEAT TREATED AT 1200 °C 

FOR 2b HRS. 

MELT 4. HEAT TREATED AT 850 C 

FOR Vh H R S ; THEN 1200°C 

FOR 20 HRS. 

t 
29=77" 28 = 11° 

FIG.3.liX-RAY DIFFRACTOMETER SPECTRA; 29 FROM r to 7 7 ° ; CoK« RADIATION. 

(DOTTED P E A K S A R E BPOt R E F E R E N C E M A R K E R S ) 



• E L T 5. HEAT T R E A T E D AT 1200°C 

FOR 2 H R S . 

MELT 5. HEAT T R E A T E D AT 800 "C FOR 

2 f t H R S ; THEN 1200*C FOR 2 HRS. 

WELT 5. HEAT T R E A T E D AT 1200 C 

FOR 20 HRS. 

13 

12 11 10 R,l 

MELT 5. HEAT TREATED AT 800°C FOR 

2 V i H R S i THEN t 2 0 0 * C FOR 20 HRS. 

2 9 = 77 26 = 11 

FIG.3.1W.X-RAY DIFFRACTOMETER SPECTRA^ 29 FROM 11' t o 7 r ; C o K - RADIATION. 

(DOTTED P E A K S A R E B P O j R E F E R E N C E M A R K E R S ) 



A f i n a l comment may be made about the one d i f f r a c t i o n l i n e as 

y e t unexplained t h a t i s the l i n e marked U on the d i f f r a c t i o n t r a c e s . 

F i g u r e 3.15 ( t r a c e s (a) and (b)) shows the d i f f r a c t i o n p a t t e r n from melts 

(4) and (5) heat t r e a t e d a t 850°C. The g l a s s (4) p a t t e r n i s i n d i c a t i v e 

o f g l a s s y s c a t t e r only, i . e . t h i s sample has not c r y s t a l l i z e d , but the 

melt (5) p a t t e r n shows a strong l i n e U a t 26 = 28° (d = 3.70 A ) . T h i s i s 

the l i n e observed p r e v i o u s l y i n melts (2) and ( 3 ) , and a s e a r c h of the 

A.S.T.M. index has f a i l e d to determine the phase with which i t i s a s s o c i a t e d . 

R a i s i n g the heat treatment temperature of the melt (5) specimens 

to 900°C produces a d i f f r a c t i o n spectrum which i s very s i m i l a r to t h a t from 

the 1000°C c r y s t a l l i z e d specimens, and i t i s c l e a r t h a t the unknown phase 

has been r e p l a c e d by the s t a b l e e n s t a t i t e - l i k e phase p r e v i o u s l y d i s c u s s e d . 

3.2 P o l a r i s i n g Microscope, X-Ray back r e f l e c t i o n , and SEM r e s u l t s 

T h i s work compliments the d i f f r a c t i o n r e s u l t s by e s t a b l i s h i n g the 

s i z e and morphology of the c r y s t a l l i t e s i n the v a r i o u s ceramics. 

3.2.1 Melts ( 1 ) , (2) and (3) (the low t i t a n i a ceramics) 

The ceramic specimens from these melt compositions were s t u d i e d 
I 

f i r s t w i t h the p o l a r i s i n g microscope. Photomicrographs from melt (1) 
o o 

c r y s t a l l i z e d a t 1000 C and 1200 C are shown i n F i g u r e s 3.16 and 3.17 

r e s p e c t i v e l y . I t i s apparent t h a t the 1000°C specimens have both a 'surface' 

and a 'bulk' c r y s t a l l i z a t i o n . The ' s u r f a c e ' c r y s t a l l i t e s are d e n d r i t i c i n 

form, and, i t can be assumed, o r i g i n a t e from n u c l e a t i o n s i t e s a t the s u r f a c e 

o f the sample, whereas the c r y s t a l l i t e s i n the i n t e r i o r of the specimen are 

s p h e r u l i t i c i n form and have apparently o r i g i n a t e d a t n u c l e a t i o n s i t e s i n 

the i n t e r i o r of the specim.en. The s i z e of the s p h e r u l i t i c c r y s t a l s v a r i e s 

by an order of magnitude and i s i n the region 25 fim 250 ^im. 



O) MELT L HEAT T R E A T E D AT 850*C 

FOR 2/1 HRS. 

b) MELT 5. HEAT T R E A T E D AT 8 5 0 ' C 

FOR 2)4 HRS. 

c ) MELT 5. HEAT T R E A T E D AT 900*C 

FOR 2>iiHRS. 

d ) MELT S. HEAT T R E A T E D AT 9 5 0 * C 

FOR 2X1 H R S 

1 ^ 

29= 77 ° 29= 11 

FIG.3.I5.X-RAY DIFFRACTOMETER SPECTRA; 29 FROM ir t o 7 r ; CoK« RADIATION. 

• (DOTTED P E A K S A R E BPO^ R E F E R E N C E M A R K E R S ) 



R i f e ^ 

1.11 

FIG. 3.1̂ . PHOTOMICROGRAPHS OF MELT 1 

CRYSTALLIZED AT 1000 C. ( 20hrs,) 

[a] Surface and interior of specimen. 

[b] Interior of specimen ( higher 

magnification ) 



FIG.3.17. PHOTOMICROGRAPHS OF MELT 1 

CRYSTALLIZED AT 1200*̂ 0 (20hrs.) 

la] Surface and interior of specimen 

[b] As [al, but at a higher magnific. n 



The m i c r o g r a p h s f r o m the 1200°c specimens show no evidence o f 

a ' b u l k ' c r y s t a l l i z a t i o n . The d e n d r i t i c c r y s t a l l i t e s , w h i c h have p r e 

sumably o r i g i n a t e d f r o m t h e s u r f a c e o f t h e specimen, e x t e n d t o t h e c e n t r e 

o f t h e specimen where t h e i r g r o w t h i s a r r e s t e d by t h e d e n d r i t e s o r i g i n a t i n g 

f r o m t h e ' o p p o s i t e ' s u r f a c e . 

S u p p o r t i n g e v i d e n c e c o n c e r n i n g t h e n a t u r e o f t h e c r y s t a l l i t e s i n 

t h e m e l t (1) ceramics was o b t a i n e d by X-ray b a c k - r e f l e c t i o n s t u d i e s . 

F i g u r e 3.18(a) shows t h e p h o t o g r a p h f r o m a r e g i o n i n t h e i n t e r i o r o f a 

m e l t (1) specimen c r y s t a l l i z e d a t 1000°C. The r i n g s a r e ' s p o t t y ' i n d i c a 

t i v e o f a coarse g r a i n e d m a t e r i a l w i t h a s i g n i f i c a n t p r o p o r t i o n o f i t s 

c r y s t a l l i t e s g r e a t e r t h a n 100 ^m. B a c k - r e f l e c t i o n photographs from t h e 

i n t e r i o r o f m e l t (1) specimens c r y s t a l l i z e d a t 1200°C (and fr o m t h e s u r f a c e 

r e g i o n o f t h e 1000°C specimens), a r e t y p i f i e d i n p h o t o g r a p h (c) o f F i g u r e 

3. i s , ( t h e i n c i d e n t beam i s '\'90° t o t h e a x i s o f t h e d e n d r i t e s ) . The 

d i f f r a c t i o n r i n g s a r e c o n t i n u o u s i n n a t u r e b u t o f n o n - u n i f o r m i n t e n s i t y . 

T h i s i s i n d i c a t i v e o f a f i n e g r a i n e d s t r u c t u r e w i t h a p r e f e r r e d o r i e n t a t i o n 

o f t h e c r y s t a l axes, e x a c t l y what w o u l d be e x p e c t e d f r o m d e n d r i t i c o r 

coiomnar c r y s t a l s n u c l e a t e d a t , and g r o w i n g f r o m , t h e s u r f a c e o f t h e specimen. 

M e l t s (2) and (3) c r y s t a l l i z e d a t 1000°C and 1200°C e x h i b i t e d a 

s i . T j i i a r t y p e o f c r y s t a l l i z a t i o n b e h a v i o u r t o t h a t o f m e l t (1) , i . e . a t 

1000°c t h e r e was e v i d e n c e o f ' s u r f a c e ' and ' b u l k ' c r y s t a l l i z a t i o n and a t 

1200°C t h e c r y s t a l l i z a t i o n appeared t o have o r i g i n a t e d a t t h e s u r f a c e o n l y . 

N e v e r t h e l e s s a s i g n i f i c a n t q u a n t i t a t i v e change o c c u r r e d , most n o t a b l y 

between m e l t (1) and m e l t s (2) and (3). F i g u r e 3.19 p r e s e n t s t h e m i c r o 

graph., f r o m m e l t s (2) and (3) c r y s t a l l i z e d a t 1000°C and comparison w i t h 

F i g u r e 3.16 shows t h a t t h e s p h e r u l i t i c c r y s t a l s i n t h e i n t e r i o r o f m e l t s 

(2) and (3) are s i g n i f i c a n t l y s m a l l e r , (20 p.m -> 100 .jim) , t h a n t h o s e i n t h e 

m e l t (1) specimens (25 |im ->• 250 jam). T h i s o b s e r v a t i o n i s s u p p o r t e d by t h e 



FIG. 3.i8. X-RAY BACK REFLECTION 

PHOTOGRAPHS FROM :— 

la] Interior of melt 1 crystallized at 1000*C(20hrsl 

[ b ] " * * 2 • « « I 
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[d] 
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« 1200 C N 



FIG. 3.n. PHOTOMICROGRAPHS OF MELT 3 
CRYSTALLIZED AT 1000**C. { 20 hrs.) 

[a] Surface and interior of specimen. 
[b] Interior of specimen at higher magnific.'̂  

[d] 

H'rr-

FIG.3.IS. PHOTOMICROGRAPHS OF MELT 2 

CRYSTALLIZED AT 1000*0. (20hrs.) 

la) Surface and interior of specimen 

[b] Interior of specimen at higher magnified 



comparison o f b a c k - r e f l e c t i o n p h o t o g r a p h s f r o m m e l t s ( 1 ) , (2) and ( 3 ) , 

i . e . F i g u r e 3.18(a) and (b) shows t h a t t h e d i f f r a c t i o n r i n g s from t h e 

m e l t (1) c e r a m i c s , ( a ) , a r e s i g n i f i c a n t l y more ' s p o t t y ' t h a n t h o s e from 

m e l t ( 2 ) , ( b ) . F i g u r e 3.19 a l s o s u g g e s t s , and b a c k - r e f l e c t i o n r e s u l t s con

f i r m t h a t t h e r e i s a s l i g h t r e d u c t i o n i n t h e average c r y s t a l l i t e s i z e when 

moving f r o m m e l t (2) t o m e l t ( 3 ) . A f i n a l comparison o f F i g u r e s 3.16 and 

3.19 r e v e a l s t h a t i n a d d i t i o n t o t h e r e d u c t i o n o f t h e c r y s t a l l i t e s i z e , t h e 

e x t e n t o f t h e s u r f a c e d e n d r i t i c g r o w t h i n t h e m e l t (2) and (3) specimens 

i s a p p r o x i m a t e l y one h a l f o f t h a t i n t h e m e l t (1) specimens. 

M e l t s (2) and (3) c r y s t a l l i z e d a t 1200°C are c h a r a c t e r i s e d by 

m i c r o g r a p h s s i m i l a r t o t h o s e o f F i g u r e 3.17 and b a c k - r e f l e c t i o n photographs 

s i m i l a r t o F i g u r e 3 . 1 8 ( c ) , and we conclude t h a t i n these specimens, as i n 

m e l t ( 1 ) , t h e c r y s t a l s are s u r f a c e n u c l e a t e d and columnar i n n a t u r e . 

To t h i s p o i n t , o n l y 20 hour c r y s t a l l i z a t i o n s have been c o n s i d e r e d . 

T h i s i s because samples o f m e l t s ( 1 ) , (2) and ( 3 ) , a l t h o u g h f u l l y c r y s t a l 

l i z e d a f t e r 2 h o u r s a t 1200°C, a r e o n l y p a r t l y c r y s t a l l i n e a f t e r 2 h o u r s 

a t 1000°C. T h i s i s c l e a r l y i n d i c a t e d i n F i g u r e 3.20 where t h e f r a c t u r e 

s u r f a c e o f m e l t (2) i s shown. The i n t e r i o r o f t h i s specimen showed no 

s t r u c t u r e up t o t h e h i g h e s t m a g n i f i c a t i o n s p o s s i b l e w i t h t h e S.E.M. employed, 

(10 t h o u s a n d t i m e s ) , t h e f r a c t u r e s u r f a c e g i v i n g a l l t h e i n d i c a t i o n s o f a 

g l a s s y f r a c t u r e . B a c k - r e f l e c t i o n measurements and P o l a r i i z i n g Microscope 

o b s e r v a t i o n s a l s o f a i l e d t o d e t e c t c r y s t a l s i n t h e i n t e r i o r o f t h e specimens 

whereas t h e s x i r f a c e o f t h e specimens was c l e a r l y c r y s t a l l i n e . 

3.2.2 M e l t s (4) and (5) ( t h e h i g h t i t a n i a c e r a m i c s ) 

F i g u r e s 3.21 and 3.22 a r e m i c r o g r a p h s o f m e l t s (4) and (5) r e 

s p e c t i v e l y , each c r y s t a l l i z e d a t 1000°C. These a r e t h r e e i m p o r t a n t f e a t u r e s . 

F i r s t l y , t h e c r y s t a l s i z e i s g r e a t l y reduced i n comparison w i t h t h e low 

t i t a n i a specimens; s e c o n d l y , t h e d e n d r i t i c ' s u r f a c e ' c r y s t a l l i z a t i o n i s 

c o m p l e t e l y suppressed i n f a v o u r o f t h e ' b u l k ' s p h e r u l i t i c c r y s t a l l i t e s ; 



F I G . 3.20. S.E.M. PHOTOGRAPHS OF MELT 2 

CRYSTALLIZED AT 1000**C FOR 2hrs. 

[a] Surface and interior of specimen, 

[b] Interface between crystall ine 

surface and glassy interior of 

specimen. 



/0k 

F I G . 3.21. PHOTOMICROGRAPHS OF MELT A 

[q] end [b] Crystallized at 1000 *̂0 (20hrs.) 
^========'= without pre-heat treatment. 

[a] Surface and interior of specimen, 
[bl Surface of [a] at a higher magnified 

[c] and [dl : — Pre-heated at 800'*C for Tk hrs., 
then crystallized at 1000'C. 

[c] Surface and interior of specimen. 
[d] Interior of [ c ] at a higher magnific? 



F I G . 3 . 2 2 . 

Photomicrograph of Melt 5 

Cr ystalizad at 1000'C 
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and t h i r d l y , as F i g u r e 3.21 s u g g e s t s , t h e p r e - c r y s t a l l i z a t i o n h e a t t r e a t 

ments have l i t t l e , i f . any, e f f e c t upon t h e n a t u r e o f t h e c r y s t a l l i z a t i o n 

o r upon t h e s i z e o f t h e c r y s t a l l i t e s . T h i s f i n a l o r t h i r d f e a t u r e , shown 

hfctre f o r t h e m e l t (4) c o m p o s i t i o n , was observed t h r o u g h o u t t h e range o f 

c o m p o s i t i o n s s t u d i e d , i . e . t h e s i z e and n a t u r e o f t h e c r y s t a l l i t e s were 

i n d e p e n d e n t o f t h e p r e - c r y s t a l l i z a t i o n h e a t t r e a t m e n t s . 

No d e t a i l s o f t h e c r y s t a l l i z a t i o n i n t h e m e l t (4) and (5) com-
o 

p o s i t i o n s c r y s t a l l i z e d a t 1200 C c o u l d be d i s c e r n e d under t h e p o l a r i z i n g 

m i c r o s cope and t h e c h a r a c t e r i z a t i o n i n v e s t i g a t i o n methods were extended t o 

s t u d i e s w i t h t h e Scanning E l e c t r o n Microscope (S.E.M.). The topography o f 

t h e f r a c t u r e s u r f a c e s and o f t h e s i i r f a c e s a f t e r p o l i s h i n g and e t c h i n g i n 

h y d r o f l u o r i c a c i d was i n v e s t i g a t e d . As t y p i c a l o f t h e r e s u l t s f r o m t h e 

h i g h t i t a n i a specimens, t h e f r a c t u r e s u r f a c e s , { ( a ) and ( c ) ) , and t h e 

p o l i s h e d / e t c h e d s u r f a c e s , ( ( b ) and ( d ) ) , o f m e l t (5) specimens c r y s t a l 

l i z e d a t 1000°c and 1200°C, a r e shown i n Figxire 3.23. The i n t e r p r e t a t i o n 

o f t h e s e p h o t o g r a p h s c a n n o t be as u n e q u i v o c a l as t h a t o f t h e p o l a r i s i n g 

m i c r o s cope p h o t o g r a p h s . N e v e r t h e l e s s , what i s a p p a r e n t i s t h a t t h e m e l t 
(5), (and m e l t ( 4 ) ) , specimens a re m i c r o c r y s t a l l i n e when c r y s t a l l i z e d a t ' 

o o 

b o a i 1000 C and 1200 C. B a c k - r e f l e c t i o n r e s u l t s c o n f i r m t h i s v iew; 

F-L'̂ u 3 3.18(d) p r e s e n t s t h e b a c k - r e f l e c t i o n p h o t o g r a p h from a sample o f 

melz (5) c r / s t a l l i z e d a t 1200°C and t h e c o n t i n u o u s n a t u r e o f t h e r i n g s , 

even i n the. absence o f p o l a r i s i n g microscope i n f o r m a t i o n , a f f i r m s t h e 

r r i i c r o c r y s t a l l i n e n a t u r e o f t h e s e specimens. S t u d i e s o f t h e whole r e g i o n 
o 

o f t h e f r a c t u r e d and e t c h e d s u r f a c e s o f t h e 1200 C ceramics showed t h a t 

t h e n a t u r e o f t h e c r y s t a l l i z a t i o n was, as w i t h t h e 1000°C c e r a m i c s , i d e n t i c a l 

chrougho'it t h e specimen, i . e . t h e ' s u r f a c e ' n u c l e a t e d c r y s t a l l i z a t i o n i s 

sup p r e s s e d by t h e ' b u l k ' n u c l e a t e d c r y s t a l l i z a t i o n . The p r e c i s e s i z e o f 

t h e c r y s t a l l i t e s i n t h e 1200°C specimens c o u l d n o t be d e t e r m i n e d w i t h 

c e r t a i n t y , b u t a comparison o f t h e e t c h e d s u r f a c e o f t h e 1000°C specimen. 



(a) (b) 

Id) 

Fi<;.S.2d. S.E.M. Photographs of Melt 5 

(a) Crystalized at lOOO'C for 2 0 h r s . — fracture surface. 

(b) Crystalized at 1000*C for 20hrs. — fracture surface 

after polishing (U PAI2O3) then etching (17o HF) for 30 sec. 

(c) Crystalized at 1200*C for 20hrs. — fracture surface. 

(d) Crystalized at 1200*C for 20hrs. — fracture surface 

after polishing (Viip AI2O3) then etching (17oHF)for 30 sec. 



( F i g u r e 3.22), shows t h a t t h e p r i n c i p a l areas o f r e l i e f c o u l d r e a s o n a b l y 

be a s c r i b e d t o i n d i v i d u a l c r y s t a l l i t e s . I f t h e r e f o r e , t h e areas o f r e l i e f 

i n F i g u r e 3.23(d) are i n d i v i d u a l c r y s t a l l i t e s , t h e n t h e r e i s a s i g n i f i c a n t 

r e d u c t i o n i n t h e c r y s t a l l i t e s i z e w i t h i n t h e i200°C ceramics compared w i t h 
o 

t h e 1000 C specimens. T h i s i s somewhat s p e c u l a t o r y r e c a l l i n g t h a t t h e 

c r y s t a l t y p e i s d i f f e r e n t i n t h e 1200°C and 1000°C ceramics. 

The h i g h T i 1200°C c e r a m i c s , a l t h o u g h much s t r o n g e r t h a n any o f 

t h e c o a r s e g r a i n e d low T i c e r a m i c s , were n o t i c e a b l y e a s i e r t o f r a c t u r e t h a n 

t n e m e c h a n i c a l l y s t r o n g 1000°C speciinens. I n g e n e r a l , t h e f r a c t u r e s t r e n g t h 

o f a g l a s s - c e r a m i c w i l l be enhanced i f t h e f r a c t u r e t a k e s a t o r t u o u s p a t h 

t h r o u g h t h e c e r a m i c , and t h u s f r a c t u r e s t r e n g t h i n c r e a s e s i n t h e d i r e c t i o n : -

s m a l l g r a i n > l a r g e g r a i n , a n d i n t e r g r a n u l a r , ( a l o n g t h e g r a i n b o u n d a r i e s ) , 

> t r a n s g r a n u l a r f r a c t u r e ( a c r o s s t h e g r a i n s ) , (3.1). The n a t u r e o f t h e 

f r a c t u r e depends upon t h e s t r e s s e s i n t h e c r y s t a l l i t e s and t h e r e s i d u a l 

g, ass. I f t h e e x p a n s i o n c o e f f i c i e n t o f t h e c r y s t a l i s g r e a t e r t h a n t h a t 

o f t h e r e s i d u a l g l a s s phase t h e n , i n t h e r a d i a l d i r e c t i o n , (normal t o i n t e r 

f a c e ) , b o t h c r y s t a l and g l a s s a r e i n t e n s i l e s t r e s s , and i n t h e c i r c u m f e r e n 

t i a l d i r e c t i o n t h e s t r e s s e s are compressive i n t h e g l a s s and t e n s i l e i n t h e 

c r y s t a l . T h i s s i t u a t i o n f a v o u r s an i n t e r g r a n u l a r f r a c t u r e . I f t h e c r y s t a l 

has a s m a l l e r e x p a n s i o n c o e f f i c i e n t t h a n t h e s u r r o u n d i n g g l a s s t h e n s i m i l a r 

s t r e s s arguments, (3.1), show t h a t t r a n s g r a n u l a r f r a c t u r e w i l l be f a v o u r e d . 

We do n o t know t h e c o m p o s i t i o n s o f t h e r e s i d u a l g l a s s e s ; however t h e ' 

e x p a n s i o n c o e f f i c i e n t o f C o r d i e r i t e i s low i n comparison w i t h E n s t a t i t e (3.2) 
o 

and iz i s p l a u s i b l e t h a t t r a n s g r a n u l a r f r a c t u r e i s f a v o u r e d i n t h e 1200 c 

C o r d i e r i t e c e r a m i c s , and t h a t i n t e r g r a n u l a r f r a c t u r e i s l i k e l y i n t h e 1000°C 

Enstac.L-ce c e r a m i c s . T h i s w o uld be c o n s i s t e n t w i t h t h e o b s e r v a t i o n o f t h e 

r e l a t ; /.̂  f r a c t u r e s t r e n g t h s o f t h e s e ceramics. U n f o r t u n a t e l y , t h e f r a c t u r e 

s u r f a c e s theiTiselves, ( F i g u r e s 3.23 (a) and (c) ) , p a r t l y due t o t h e r e s o l u t i o n 

o f t h e S.E.M. employed, do n o t c l e a r l y i n d i c a t e t h e n a t i i r e o f t h e f r a c t u r e . 



32 

a l t h o u g h t h e appearance o f 3.23(a), t h e s u r f a c e o f t h e 1000°c c e r a m i c , i s 

v e r y s i m i l a r t o S.E.M. ph o t o g r a p h s o f i n t e r g r a n u l a r f r a c t u r e s u r f a c e s 

p r e s e n t e d i n r e f e r e n c e (3.2). There i s no c l e a r correspondence e i t h e r 

between t h e f r a c t u r e d and e t c h e d s u r f a c e s o f a g i v e n specimen, a l t h o u g h 

a g a i n , as w i t h F i g u r e s 3.23 (b) and ( d ) , a comparison o f F i g u r e 3.23(a) 

amd (c) r e i n f o r c e s t h e i m p r e s s i o n t h a t t h e 1200°C ceramics a r e r a t h e r f i n e r 

g r a i n e d t h a n t h e 1000°C cer a m i c s . Thus t h e h i g h e r mechanical s t r e n g t h o f 

t h e E n s t a t i t e c e r a mics as compared w i t h t h e C o r d i e r i t e ceramics would seem 

t o o r i g i n a t e f r o m t h e r e l a t i v e e x p a n s i o n c o e f f i c i e n t s o f t h e c r y s t a l and 

g l a s s phases r a t h e r t h a n t h e c r y s t a l l i t e s i z e . 

The v i s u a l appearance o f t h e f r a c t u r e s u r f a c e s suggested t h a t 

t h e r e c o u l d be an a d d i t i o n a l f a c t o r t o c o n s i d e r . The E n s t a t i t e ceramics 

had s h i n y s p e c u l a r r e f l e c t i n g s u r f a c e s , whereas t h e C o r d i e r i t e ceramic 

s u r f a c e s were m a t t d i f f u s e r e f l e c t o r s . Thus i t was p l a u s i b l e t h a t t h e r e 

was a much g r e a t e r q u a n t i t y o f r e s i d u a l g l a s s i n t h e E n s t a t i t e ceramics 

t h a n i n t h e C o r d i e r i t e c e r a m i c s , and c o n s e q u e n t l y , a q u a n t i t a t i v e phase 

a n a l y s i s s t u d y was u n d e r t a k e n . 

3. 3 Q u a n t i t a t i v e Phase A n a l y s i s 

An I n t e r n a l S t a n d a r d t e c h n i q u e was used t o d e t e r m i n e t h e amount 

o f each c r y s t a l l i n e phase i n t h e c e r a m i c s . T h i s method o f a n a l y s i s has 

been employed by K i t a i g o r o d s k i i e t a l (3.3) upon a s i m i l a r ceramic system, 

and a c o m p l e t e t h e o r e t i c a l t r e a t m e n t o f t h e t e c h n i q u e has been p i ^ D l i s h e d 

by K l u g and A l e x a n d e r (3.4). E s s e n t i a l l y , a known q u a n t i t y o f an i n t e r n a l 

s t a n d a r d i s mixed i n t o t h e ceramic powder and t h e d i f f r a c t i o n spectrum 

r e c o r d e d . The t o t a l i n t e n s i t y o f t h e l i n e s f r o m t h e s t a n d a r d , ( I ) , and 
s 

t h e l i n e s f r o m a g i v e n c r y s t a l l i n e phase i n t h e c e r a m i c , ( I ^ ) , a r e , i f t h e 

q u a n t i t y o f s t a n d a r d remains c o n s t a n t , r e l a t e d t o t h e w e i g h t f r a c t i o n , (x^) 

o f t h e s p e c i f i c c r y s t a l phase by 



k ^ 
s 

where k i s a c o n s t a n t w h i c h i n p r a c t i s e i s d e t e r m i n e d by p r e p a r i n g m i x t u r e s 

o f t h e s t a n d a r d and c r y s t a l phase i n v a r y i n g r a t i o s , and, a f t e r a n a l y s i s 

o f t h e d i f f r a c t o g r a m s f r o m t h e s e m i x t u r e s , a c a l i b r a t i o n c u r v e may be 

p r e p a r e d . 

Such a method r e q u i r e s p u r e specimens o f t h e c r y s t a l phases t o be 

a n a l y s e d , and u n f o r t u n a t e l y i n t h i s work, t h e a v a i l a b l e m i n e r a l specimens 

o f t h e main c r y s t a l l i n e phases, E n s t a t i t e and C o r d i e r i t e , were n e i t h e r 

s u f f i c i e n t l y p u r e n o r o f t h e c o r r e c t m o d i f i c a t i o n . Thus a q u a n t i t a t i v e 

a n a l y s i s o f t h e s e phases was n o t p o s s i b l e and t h e a p p a r e n t l y h i g h e r g l a s s 

..'ontent o f t h e E n s t a t i t e ceramics c o u l d n o t be v e r i f i e d . We were a b l e 

however t o p r e p a r e a c a l i b r a t i o n c u r v e f o r R u t i l e , u s i n g BPO^ as t h e 

i n t e r n a l s t a n d a r d , and t h i s c a l i b r a t i o n i s shown i n F i g u r e 3.24. Each 

p o i n t i s t h e average o f f i v e c a l i b r a t i o n s a t a c o n s t a n t Ti02:BP0^ r a t i o , 

i n v o l v i n g summation o f t h e t h r e e most i n t e n s e r u t i l e l i n e s and t h e two 

most i n t e n s e BPO^ l i n e s f r o m each d i f f r a c t o g r a m . The d o t t e d l i n e s r e p r e 

s e n t t h e extremes o f t h e i n d i v i d u a l c a l i b r a t i o n s , and as such are t o l e r a n c e 

l i m i t s f o r t h e c a l i b r a t i o n c u r v e . 

R u t i l e i s c l e a r l y i n d i c a t e d i n t h e d i f f r a c t o g r a m s o f m e l t s (4) and 

(5) c r y s t a l l i s e d a t 1200°C ( F i g u r e s 3.13 and 3.14). The q u a n t i t y o f BPO^ 

i n t h e s e t r a c e s i s 5 w t . % and by summation o f t h e r u t i l e and BPO, l i n e s and 
4 

t h e use o f F i g u r e 3.24 we make t h e f o l l o w i n g assessments:-

(a) M e l t (4) - 1200°c f o r 20 h o u r s : - R u t i l e c o n t e n t 4,9% 

( T o l e r a n c e 3.9% > 5%) 

(b) M e l t (5) - 1200°C f o r 2 h o u r s : - R u t i l e c o n t e n t 'V'8% 

( T o l e r a n c e 6.5% -> 9%) 

(c) M e l t (5) ~ 1200°C f o r 20 h o u r s : - R u t i l e c o n t e n t '^9.4% 

( T o l e r a n c e 7.8% -> >10%) 
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I t w o u l d seem t h e r e f o r e t h a t t h e R u t i l e phase accounts f o r most 

i f n o t a l l o f t h e added TiO^ i n t h o s e h i g h t i t a n i a c eramics w h i c h have 

C o r d i e r i t e as t h e m a j o r c r y s t a l phase. The a n a l y s i s above however does 

n o t p r e c l u d e t h e presence o f s p e c t r o s c o p i c a l l y s i g n i f i c a n t q u a n t i t i e s 

o f t i t a n i u m i n phases o t h e r t h a n R u t i l e . 
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CHAPTER 4 

ELECTRON SPIN RESONANCE 

4.1 Theory 

4.1.1 Free I o n and S o l i d S t a t e Resonance 

I n a f r e e atom o r i o n o f t h e 3d t r a n s i t i o n s e r i e s , Russell-Saunders 

(L-S) and s p i n - o r b i t c o u p l i n g combine t o f o r m s p e c t r o s c o p i c s t a t e s 

c h a r a c t e r i s e d by t h e i r s p i n , o r b i t a l and t o t a l a n g u l a r momenta ( i . e . S, L 

and J ) . The (2J + 1) s p a t i a l degeneracy o f each s t a t e i s l i f t e d by an 

e x t e r n a l m a g n e t i c f i e l d , (H), and a s m a l l o s c i l l a t i n g magnetic f i e l d p e r 

p e n d i c u l a r t o H can i n d u c e t r a n s i t i o n s between t h e l e v e l s when t h e 

resonance c o n d i t i o n 

hv = g^3H 

( 3 i s t h e Bohr magneton, v = f r e q u e n c y o f o s c i l l a t i o n ) . 

i s s a t i s f i e d . The Lande s p l i t t i n g f a c t o r g , i s s p e c i f i e d e x a c t l y f o r a 
J 

g i v e n S, L, J t e r m , h a v i n g t h e v a l u e 2, (2.0023 w i t h c o r r e c t i o n s ) , f o r 

s p i n - o n l y magnetism (L = 0) and 1 f o r o r b i t a l - o n l y magnetism (S = 0) . 

W i t h i n a g i v e n t e r m t h e (2J + 1) l e v e l s a r e e q u a l l y spaced, and resonance 

o c c u r s a t a s i n g l e f i e l d w hatever may be i t s o r i e n t a t i o n . 

I n t h e s o l i d , t h e 3d e l e c t r o n s o f t h e i r o n group are f u l l y exposed 

t o t h e e l e c t r o s t a t i c f i e l d ( c r y s t a l f i e l d ) o f i t s n e i g h b o u r s w i t h t h e 

e f f e c t t h a t t h e o r b i t a l s a r e ' l o c k e d ' i n t o t h e f i e l d , and t h e o r b i t a l 

c o n t r i b u t i o n t o t h e magnetic moment o f t h e i o n i s l a r g e l y 'quenched'. 

The s p i n moment, however, h a v i n g no d i r e c t i o n i n t e r a c t i o n w i t h t h e c r y s t a l 

f i e l d i s f r e e t o o r i e n t a t e i n an e x t e r n a l magnetic f i e l d . 

The complete K a m i l t o n i a n , w i t h t h e o r d e r s o f magnitude o f t h e 

energy t e r m s a p p r o p r i a t e t o a para m a g n e t i c i o n o f t h e f i r s t t r a n s i t i o n 

s e r i e s , t a k e s t h e f o r m 



5 - 1 4 - 1 ^ ^ = H (Coulomb t e r m 1 0 cm ) + H ( c r y s t a l f i e l d t e r m 1 0 cm ) t o t a l c F 

2 - 1 

+ H ( s p i n - o r b i t c o u p l i n g term-v-10 cm i n t h e f r e e i o n ) 

+ H (Zeeman t e r m 1 cm S + s m a l l e r terms. 

As i n t h e f r e e i o n , t h e dominant Coulomb t e r m d e t e r m i n e s t h e e l e c t r o n i c 
3 4 

c o n f i g u r a t i o n and L-S t e r m ( i . e . 3d , F) b u t , H b e i n g g r e a t e r t h a n H , 
F L. S. 

t h e s p i n and o r b i t a l magnetic moments a re almos t c o m p l e t e l y de-coupled. 

4 . 1 . 2 The Sp i n H a m i l t o n i a n 

E.S.R. measxirements a re concerned w i t h t r a n s i t i o n s between l e v e l s 

s p l i t a t most by a few cm \ and, i n t h e f o r m a l i s m due t o Abraham and Pryce 

(4.1) , o n l y t e r m s o f t h i s magnitude i n t h e f u l l H a m i l t o n i a n a r e c o n s i d e r e d . 

T h i s t r i m c a t e d e x p r e s s i o n i s t h e S p i n H a m i l t o n i a n . 

H = 3H.(L + 2 S ) + XL.S + AI.S (+ s m a l l e r terms) ( 4 . 1 ) 

The f i r s t t e r m i s due t o t h e Zeeman i n t e r a c t i o n w i t h a g i v e n LS 

t e r m , t h e second expresses t h e s p i n - o r b i t c o u p l i n g w i t h i n t h e t e r m , and 

t h e t h i r d a r i s e s f r o m t h e i n t e r a c t i o n o f t h e e l e c t r o n i c and n u c l e a r mag

n e t i c moments when I 7̂  0. A and A are t h e s p i n - o r b i t and h y p e r f i n e 

c o u p l i n g c o n s t a n t s r e s p e c t i v e l y . 

I n most c i r c u m s t a n c e s t h e c r y s t a l f i e l d c o m p l e t e l y removes t h e 

o r b i t a l degeneracy and t h e ground s t a t e i s an o r b i t a l s i n g l e t , 

( < 0 | L ^ | 0 > = 0 , p = x , y , z ) . I n a d d i t i o n t h e d e - c o u p l i n g o f t h e s p i n 

and o r b i t a l momenta a l l o w AL.S t o be t r e a t e d as a p e r t u r b a t i o n on t h e 

Zeeman t e r m , and t o second o r d e r , i . e . t a k i n g account o f t h e m i x i n g o f 

h i g h e r o r b i t a l s t a t e s i n t o t h e ground s t a t e due t o t h e r e m a i n i n g s p i n -

o r b i t c o u p l i n g , e q u a t i o n ( 4 . 1 ) becomes ( 4 . 2 ) : 

H = gH.g.S + S.A.I + S.D.S. + ( s m a l l e r terms) ( 4 , 2 ) 
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where g, A and D a r e t e n s o r q u a n t i t i e s w h i c h may be s a t i s f a c t o r i l y d e f i n e d 

i n terms o f t h e i r v a l u e s a l o n g 3 p r i n c i p a l axes ( x , y and z ) , t h e z a x i s 

b e i n g t a k e n by c o n v e n t i o n t o be t h e p r i n c i p a l a x i s o f symmetry o f t h e 

c r y s t a l f i e l d . 

I f t h e e x t e r n a l f i e l d H has d i r e c t i o n c o s i n e s t, m, and n w i t h 

r e s p e c t t o t h e x, y and z axes t h e n t h e Zeeman t e r m i n e q u a t i o n (4.2) 

becomes, (4.2) 

H (Zeeman) = ggH.S (4.3) 
S 

wnere 

2 «2 2 2 2 2 2 g = -t g + m g + n g (4.4) X y z 

I n c l u d i n g t h e h y p e r f i n e t e r m t h e S p i n H a m i l t o n i a n becomes (4.2) 

ffg (Zeeman) = g3H,S + AI.S (4.5) 

where 

g\^ = l^q^R- + m^gV + n^g^A^ (4.6) ^x x ^y y ^z z 

E q u a t i o n s (4.3) t o (4.6) express t h e d i v e r g e n c e o f t h e energy 

l e v e l s o f t h e gro u n d LS t e r m i n a f i e l d H, i n terms o f t h e parameters g 

and A w h i c h may be d e t e r m i n e d d i r e c t l y f r o m t h e e x p e r i m e n t a l resonance 

spect r u m . C o n v e r s e l y , e s t i m a t i o n o f t h e g and A parameters a p p r o p r i a t e 

t o a p a r t i c u l a r t e r m and c r y s t a l f i e l d a l l o w s t h e p r e d i c t i o n , i . e . 

s i m u l a t i o n o f , t h e e x p e r i m e n t a l spectrum. 

The t h i r d t e r m i n t h e H a m i l t o n i a n o f e q u a t i o n (2), t h e s p i n - s p i n 

t e r m , has t h e e f f e c t o f s p l i t t i n g t h e s t a t e s w i t h d i f f e r i n g magnetic 

quantum numbers, (when t h e ground t e r m has S > ^ and t h e c r y s t a l f i e l d 

symmetry i s l e s s t h a n c u b i c ) , even i n z e r o magnetic f i e l d . I t g i v e s 

r i s e t o a ' f i n e s t r u c t u r e ' i n t h e spectrum w i t h t h e (2S + 1) i n d i v i d u a l 

t r a n s i t i o n s o c c u r r i n g a t d i f f e r e n t f i e l d s . 



4.1.3 The Resonance C o n d i t i o n s 

A s s o c i a t e d w i t h t h e S p i n H a m i l t o n i a n o f e q u a t i o n (4.3) are t h e . 

energy l e v e l s 

E = gSHM (4.7) 

where M i s t h e magnetic quantum number a p p r o p r i a t e t o each o f t h e (2S + 1) 

s t a t e s d e g e n e r a t e i n z e r o magnetic f i e l d . The s e l e c t i o n r u l e AM = ±1 

f o r t h e a l l o w e d t r a n s i t i o n s g i v e s t h e resonance c o n d i t i o n 

hv = ggH (4.8) 

The H a m i l t o n i a n o f e q u a t i o n (4.5) has energy l e v e l s 

E = g6HM + AMm (4.9) 

where m i s t h e m a g n e t i c quantum number o f t h e (21 + 1) n u c l e a r s p i n s t a t e s . 

The s e l e c t i o n r u l e AM - ± 1 , Am = 0 g i v e s f o r t h e main t r a n s i t i o n s 

. . . hv = ggH + Am (4.10) 

Thus t h e h y p e r f i n e i n t e r a c t i o n s p l i t s a g i v e n e l e c t r o n i c t r a n s i t i o n i n t o 

( 2 l + 1) components w i t h a f i e l d s p a c i n g o f (Am/g3). 

4.1.4 The S i n g l e C r y s t a l Resonance Spectrxom 

F i g u r e 4.1 shows t h e h y p o t h e t i c a l s p ectrum o f an i o n w i t h S = h, 

1 = 0 , when t h e r e i s complete a n i s o t r o p y i n t h e g f a c t o r , i . e . 

^1 ^ " x̂̂  ^ ^2^ " V ^ ^3^ "^z^ 

E x p e r i m e n t a l l y , o n l y one a b s o r b t i o n l i n e would be observed i f 

a l l o f t h e parcunagnetic i o n s were i n i d e n t i c a l s i t e s i n t h e s i n g l e c r y s t a l 

m a t r i x . The magnetic f i e l d (H) a t w h i c h resonance o c c u r s , i s d e t e r m i n e d 

by t h e o r i e n t a t i o n o f H w i t h r e s p e c t t o t h e c r y s t a l axes, and would l i e 
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between t h e extremes and and s a t i s f y t h e c o n d i t i o n 

hv 

where g i s g i v e n by e q u a t i o n ( 4 , 4 ) . 

4.1.5 Resonance S p e c t r a o f P o l y c r y s t a l l i n e M a t e r i a l s 

R o t a t i n g t h e p r i n c i p a l axes o f t h e c r y s t a l w h i l s t t h e d i r e c t i o n 

o f t h e ma g n e t i c f i e l d i s k e p t c o n s t a n t r e s u l t s i n an a b s o r b t i o n o f power 

a t f i e l d s between and ( F i g u r e 4.1) s a t i s f y i n g t h e resonance con

d i t i o n , ( e q u a t i o n ( 4 . 1 1 ) ) , A p o l y c r y s t a l l i n e sample approximates t o 

an ensemble o f s i t e s randomly o r i e n t a t e d t o t h e magnetic f i e l d , and t h u s 

t h e a b s o r b t i o n s p e c t r u m i s t h e sum ov e r t h e resonance c o n d i t i o n s s a t i s f i e d 

by a l l o f t h e s i t e s . Such a sum i s termed a POWDER PATTERN. For an 

S = ^, 1 = 0 i o n , c h a r a c t e r i s t i c powder s p e c t r a and t h e i r f i r s t d e r i v a t i v e s 

a r e shown i n F i g u r e 4.2. 

When t h e r e i s a h y p e r f i n e s p l i t t i n g o f t h e e l e c t r o n i c t r a n s i t i o n , 

t h e powder p a t t e r n w i l l t a k e t h e f o r m o f F i g u r e 4.3, which i s drawn f o r 

an S = h, 1 = h i o n . Each t r a n s i t i o n i s s p l i t i n t o two components and t h e 

r e s u l t a n t a b s o r b t i o n s p e c t r u m i s i n e f f e c t t h e sum o f two i n d i v i d u a l 

p a t t e r n s . 

When t h e H a m i l t o n i a n c o n t a i n s t h e Zeeman t e r m o n l y , a n a l y t i c 

e x p r e s s i o n s f o r t h e powder p a t t e r n a r e p o s s i b l e and have been e v a l u a t e d 

f o r t h e case o f a x i a l symmetry (4.3) and o r t h o r h o m b i c symmetry (4,4) o f 

t h e p a r a m a g n e t i c s i t e . However, when a d d i t i o n a l terms a re necessary i n 

t h e H a m i l t o n i a n o r when t h e e f f e c t s o f b r o a d e n i n g o f t h e s i n g l e c r y s t a l 

l i n e w i d t h a r e i n c l u d e d , n u m e r i c a l methods o r computer based t e c h n i q u e s 

become e s s e n t i a l . 



AbsoTbtion [ S i H ] , Absorbtion [S(H)^ 

H 

H 

FIG. 4.2. Powder spectra from sites with (a) Axial 

Symmetry (b) Orthorhombic Symmetry. 

Upper Traces:- Absorbtion Spectrum. 
Lower Traces:- First Derivative of Spectrum. 
Full Lines:- Idealized Spectra with 8 Function 
Absorbtion by Individual Crystallites. 
Dotted L ines: - 'Rea l 'Spect ra , i.e. the Effect of 
Crystallite Line Broadening. 
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4.1.6 Computer S i m u l a t i o n o f Powder S p e c t r a 

Assuming t h a t each i n d i v i d u a l o r c r y s t a l l i t e has an e q u a l p r o 
b a b i l i t y o f b e i n g o r i e n t a t e d i n any element o f s o l i d a n g l e dn w i t h r e s p e c t 
t o t h e a p p l i e d f i e l d H, t h e shape f u n c t i o n S(H) ( o r powder p a t t e r n ) i s 
g i v e n by (4.4,4.5,4,6) 

/•(H + dH) 

S(H) dH = y I 1 (£1) dn(H ) (4.12) 
m H 

where S(H) r e p r e s e n t s t h e n o r m a l i z e d a m p l i t u d e o f t h e resonance absorb

t i o n s i g n a l a t t h e f i e l d H. The i n t e g r a t i o n i s o v e r t h e elements o f s o l i d 

a n g l e such t h a t H < H < (H + dH) where H i s t h e resonance f i e l d d e r i v e d 
m m 

f r o m an a p p r o p r i a t e resonance c o n d i t i o n , e.g. ( e q u a t i o n ( 4 . 1 1 ) ) . The 

q u a n t i t y 1 (n) i s t h e t r a n s i t i o n p r o b a b i l i t y f o r t h e m^^ component o f 
m 

t h e s p e c t r u m w h i c h , f o r t h e M (M - 1) e l e c t r o n i c t r a n s i t i o n i s p r o p o r 

t i o n a l t o , ( 4 . 2 ) : 

S(S + 1 ) - M(M - 1) 

Except f o r s t r o n g a n i s o t r o p y i n g, 1 (fi) i s independent o f t h e 
m 

a n g l e w h i c h t h e o s c i l l a t i n g f i e l d i n d u c i n g t r a n s i t i o n s makes w i t h t h e 

p r i n c i p a l axes o f t h e system and may be t a k e n o u t s i d e t h e i n t e g r a l . Thus 

f o r a system w i t h o n l y one e l e c t r o n i c t r a n s i t i o n ( i . e . S = ^) t h e 1 (0) 

m 
t e r m may be n e g l e c t e d , and e q u a t i o n (4.12) reduces t o 

-(H + dH) 
i - i 

S(H) dH = — J dfJ (4. 13) 

The s i m u l a t i o n p r o c e d u r e i s e f f e c t i v e l y a n u m e r i c a l e v a l u a t i o n 

o f e q u a t i o n ( 4 . 1 3 ) . 

4.1.7 D e t a i l s o f t h e Computation 

I t i s c o n v e n i e n t t o d e f i n e t h e o r i e n t a t i o n o f t h e p r i n c i p a l axes 

o f t h e c r y s t a l l i t e w i t h r e s p e c t t o H i n terms o f t h e E u l e r i a n angles 
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6 and (j) , (see F i g u r e 4.4). Then, equal elements of s o l i d angle dfi 

correspond to equal u n i t s of sin0 . dS , dfj) , or equal areas i n 

d(cos6) . d^ space. I n terms of 9 and (j) the g and A parameters defined 

i n equations (4.4) and (4.6) become. 

g = 2 . 2„ . 2^ 2 2„ 2 2 2, g^ s m 0 s m ^ + s m 6 cos ^ + cos i (4.14) 

\ 2 2 
.^1 ^1 

2 • . 2. . 2^ 2 2 2„ 2^ 2 2 2, s m e s m <p + A2 g2 s m 6 cos 9 + g„ cos '3 ̂ 3 (4.15) 

Thus as cos 6 and (j) are incremented over the whole s o l i d angle, 

the corresponding resonance f i e l d s are c a l c u l a t e d from 

H R 

or 

hv 
g3 

hv 
gB 

Am 
g3 

(4.16) 

i n which g and A are e v a l u a t e d f o r a p a r t i c u l a r 6 and (j) from (4.14) and 

(4.15). The number of times t h a t t h i s procedure generates a resonance 

f i e l d between and Ĥ ^̂ ^̂ ^ i s then histogrammed on a magnetic f i e l d 

a r r a y H, , H„ H . The complete histogram i s the shape f u n c t i o n S (H) 1 2 n 

(or powder p a t t e r n ) . 

The powder p a t t e r n i s now convoluted w i t h an appropriate s i n g l e 

c r y s t a l l i n e s h a p e f u n c t i o n . E s s e n t i a l l y , each value S(H)^, ^'^^^ 2' 

corresponding to Ĥ ,̂ Ĥ ,-*- i s m u l t i p l i e d by the appropriate normalized 

fvmction to generate the smoothed absorption l i n e s shown i n the upper 

t r a c e s of Fi g u r e 4.2 (dashed l i n e s ) . 

The f i n a l s t e p i s to eva l u a t e the f i r s t d e r i v a t i v e of the absorp

t i o n l i n e , (Figure 4.2), f o r comparison with the expermental data. 



Cos oc = n = Cos e 
Cos p ^ £ = S i n 0 S i n / 
Cos 

^ ^ 9 3 ^ / 

( j 0 . d 0 

S i n s , d a 

60. 

X 

FIG. 4.4. Spherical geometry parameters employed 

in power pattern simulations. 
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4.1.8 Resonance S p e c t r a o f Amorphous M a t e r i a l s 

A g l a s s y m a t e r i a l a p p r o x i m a t e s t o a p o l y c r y s t a l l i n e o r powdered 

m a t e r i a l i n t h a t t h e p r i n c i p a l axes o f t h e paramagnetic s i t e a r e randomly 

o r i e n t a t e d w i t h r e s p e c t t o t h e a p p l i e d f i e l d . I n a d d i t i o n , t h e b a s i c 

randomness o f t h e s t r u c t u r e i t s e l f suggests a smooth d i s t r i b u t i o n o f t h e 

H a m i l t o n i a n p a r a m e t e r s d e s c r i b i n g t h e s i t e . We make t h e assumption i n 

t h i s work t h a t t h e r e e x i s t s an i d e n t i c a l ensemble o f randomly o r i e n t e d 

s i t e s f o r each l o c a l e n v i r o n m e n t . Then, t h e complete powder p a t t e r n i s 

t h e siam o f many i n d i v i d u a l p a t t e r n s due t o each i n d i v i d u a l s i t e , i . e . 

each s e t o f g and A p a r a m e t e r s . F o l l o w i n g t h i s , the' composite p a t t e r n 

i s b roadened w i t h an i s o t r o p i c s i n g l e c r y s t a l l i n e f u n c t i o n and t h e f i r s t 

d e r i v a t i v e t a k e n . F i g u r e 4.5 i l l u s t r a t e s t h i s p r o c e s s f o r an a x i a l l y 

s y i m n e t r i c s i t e w i t h a d i s t r i b u t i o n i n t h e ĝ ^ parameter. 

4.1.9 The Lineshape F m c t i o n s 

Other t h a n i n s t r u m e n t a l sources o f b r o a d e n i n g t h e resonance l i n e 

i s broadened by two main mechanisms, s p i n - l a t t i c e i n t e r a c t i o n and s p i n - s p i n 

i n t e r a c t i o n . 

S p i n - l a t t i c e i n t e r a c t i o n s a r e t h e means whereby t h e s p i n system 

reduces i t s s p i n t e m p e r a t u r e t o e q u i l i b r i u m f o l l o w i n g t h e a b s o r p t i o n o f 

microwave power. The c h a r a c t e r i s t i c r e l a x a t i o n t i m e f o r t h e pro c e s s T^ 

i s r e l a t e d t h r o u g h t h e U n c e r t a i n t y P r i n c i p l e t o t h e l i n e w i d t h 2AH a t 

h a l f peak a b s o r p t i o n by , 

AH = A . ' gB 2irT^ 

and t h e l i n e s h a p e a s s o c i a t e d w i t h t h i s p r o c e s s i s t h e L o r e n t z i a n f u n c t i o n , 



(3) (2) (1) 
A- J 

b in ) 

FIG. 4.5. Powder pattern shape functions for 3 sites 

with identical g^̂  parameters but differing ĝ ^ 

parameters, (a) Components of pattern. 
(b) Total pattern (not to scale), with 

the effect of line broadening shown dotted. 
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FIG. 45. Characteristic fa) Lorentzian 

(b) Gaussian line shapes. 



F ( H - H) o 

2/a 

2/a H -H 
o 

+ 1 
(4.17) 

( t h e f u n c t i o n i s n o r m a l i z e d i.e. 
00 

r 
F(H - H) dH = 1 o 

where t h e p a r a m e t e r o i s t h e w i d t h (magnetic f i e l d u n i t s ) o f t h e absorp-

t i o a l i n e a t h a l f i n t e n s i t y , and i s t h e f i e l d a t maximum a b s o r p t i o n . 

The s p i n - s p i n o r d i p o l a r b r o a d e n i n g mechanism i s a consequence 

o f t h e l o c a l v a r i a t i o n s o f magnetic f i e l d due t o t h e i n d i v i d u a l d i p o l e 

f i e l d s . The a b s o r p t i o n l i n e a s s o c i a t e d w i t h t h i s mechanism i s t h e 

G(H - H) = — . — exp 
(H -H)' o 

2(a^) 
(4,18) 

where now t h e p a r a m e t e r 0^ i s t h e h a l f w i d t h o f t h e l i n e a t maximvmi 

s l o p e . 

R e l a t i n g t h e d i p o l a r p r o c e s s t o a r e l a x a t i o n t i m e T^ we have. 

(4.2,4.5,4.7,4.8): 

g3 TTT, 
[4.19) 

J i _ 
g3 

1.254 
2irT„ (4.20) 

The c h a r a c t e r i s t i c shapes o f t h e f u n c t i o n s , and t h e s i g n i f i c a n c e 

o f t h e l i n e w i d t h p a r a m e t e r s and a r e shown i n F i g u r e 4,5. 
L \3 
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4.2 E x p e r i m e n t a l R e s u l t s ' 

P a r t 1: S p e c t r a f r o m t h e g l a s s samples 

A f t e r Y i r r a d i a t i o n a l l o f t h e g l a s s samples gave a spectrum con

s i s t i n g e s s e n t i a l l y o f two l i n e s , t h e f i r s t o r i g i n a t i n g f r o m a h o l e c e n t r e 

(g > 2.0023), and t h e second an e l e c t r o n c e n t r e i d e n t i f i e d as a Ti"^"*" i o n . 

4.2.1 The Ti"^"*" s p e c t r a 

F i g u r e 4.6 shows t h e e x p e r i m e n t a l s p e c t r a f r o m t h e range o f g l a s s 

c o m p o s i t i o n s s t u d i e d , t h e dominant l i n e s b e i n g marked 'hole c e n t r e ' and 

' T i " ^ ^ ' . The spectrum f r o m g l a s s 1 i s n o t i n c l u d e d because, c o n t a i n i n g no 

TiO^, i t does n o t show a T i ^ ^ l i n e . 

A f t e r c o r r e c t i n g f o r s p e c t r o m e t e r g a i n , saii5)le q u a n t i t y , e t c . , 

t h e T i ' ^ s p e c t r a o f t h e u n t r e a t e d g l a s s e s were f o u n d t o be a l m o s t i d e n t i c a l 

t h r o u g h o u t t h e range o f c o m p o s i t i o n s . S l i g h t q u a n t i t a t i v e d i f f e r e n c e s a r e 

p r e s e n t , as i n d i c a t e d i n T a b l e 4.1, where t h e g v a l u e s o f t h e c h a r a c t e r i s t i c 

p o i n t s o f t h e l i n e a r e t a b u l a t e d . 

W i t h i n any g i v e n c o m p o s i t i o n , p r e - c r y s t a l l i z a t i o n h e a t t r e a t m e n t 

has no e f f e c t on t h e g v a l u e s , t h e f o r m , o r t h e i n t e n s i t y o f t h e Ti"^"*" 

l i n e . T h i s i s shown i n F i g u r e 4.7 where s p e c t r a f r o m g l a s s 4 e x e m p l i f y 

t h i s p o i n t . 

I n essence t h e r e f o r e , t h r o u g h o u t t h e range o f c o m p o s i t i o n s and p r e -
3+ 

h e a t t r e a t m e n t s t h e T i l i n e remains c o n s t a n t , and we n e x t c o n s i d e r t h e 

g v a l u e s and s i t e symmetry a s s o c i a t e d w i t h t h i s l i n e by comparing t h e 

s p e c t r u m f r o m g l a s s 3 w i t h computer s i m u l a t i o n s o f t h e l i n e . 

4.2.2 S i m u l a t i o n s o f t h e T i " ^ ^ l i n e i n g l a s s 3 

F i g u r e s 4.8 and 4.9 show t r i a l s i m u l a t i o n s assuming an a x i a l l y 

s y m m etric s i t e f o r t h e t i t a n i u m i o n , and e m p l o y i n g g v a l u e s d e r i v e d f r o m 

t h e peaks o f t h e e x p e r i m e n t a l f i r s t d e r i v a t i v e . 



FIG.Ct. Radiation induced C s.r. spectra 
of untreated glasses as a function 
of glass composition ; ^ dose = 5 Mrad, 
frequency 9-463 GHz. 
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I^kLM± J H ^ g VALUES OF THE LIUF ASSOCIATED WITH 

a) The positive peak (G1) ") 

b) The base line crossing (0 2) 

c) The negative peai< |G3) 

> i.e. 

SPECTRA FROM GLASS SAMPLES ; -

Sample 1 G1 ! G2 G3 
1 — 

1 AH ( pk-pk width ) 

Glass 2 1-975(0) 1-953(1) 1-929(8) 78 gauss. 

Glass 3 1-97317) .1-951(3) 1-928(5) 78 gauss. 

Glass 4 1-971(7) 1-9^8(2) 1-926(6) 78 gauss. 

Glass 5 1-971(2) 1-9/»7(2) ^^92^9) 80 gauss. 

® SPECTRA FROM CERAMIC SAMPLES:-

SAMPLE CrystallizP 
' Temp. ; G1 ! 

1 1 G2 
1 

1 G3 1 1 
1 AH 

GLASS 2 lOOO '̂C 1-958(9) 1-9A6(7) 1-911 (4) 86 gauss 

I I 1200°C 1-959(8) 1-944(7) 1-911(6) 87 " 

GLASS 3 1000°C 1-959(0) 1-946(6) 1-911(6) 85-5 
I I 1200°C 1-960(1). 1-944(6) 1-911(9) 87 " 

GLASS 1000°C 1-960(7) 1-944(7) 1-923(4) 67 " 

I I 1200°C 1-959(9) 1'943{9) 1-911(8) 87 n 

GLASS 5 i o o o * ' c 1'960(2) 1-943(8) 1-922(9) 67 " 

I I 1200°C 1-960(^) 1-942(9) 1-911 (4) 88-5 .» 



FIG.If.7.Radiation induced ?. s.r. spec'.ra 
in Glass i as a function of pre-
crysiallizaiion. heat Irealment; y-dose = 5Mfad, 
frequency 9-463GHz; (a) untreated glass, 
(b),(c)and(d) heat treated lor 2T hours a! 
750'C,800'C and 850"C respectively. 
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MAGNETIC FIELD (mT) 
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(1-9285) 
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FIG. 4..8. Computer simulations of the Ti ^* spectrum in Glass 3 . The f ield axis is plotted for a 

frequency of 9-472 GHz; (a) experimental spectrum, (b),(c),(d),(e), and ( f ) simulat ions wi th CTQ = Igauss, 

5 gauss, 10 g a u s s , 20 gauss, and /.O gauss respectively. Axial symmetry is a s s u m e d ; the g values 

employed in the accompanying simulations are derived from the points shov/n on the experimental 

spectrum. » 
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The Gaussian and L o r e n t z i a n l i n e f u n c t i o n s g e n e r a t e s p e c t r a w h i c h 

a r e b r o a d l y s i m i l a r w i t h some f e a t u r e s d i s c e r n a b l y d i f f e r e n t , n o t a b l y t h e 

s l o w e r r e t u r n t o t h e base l i n e o f t h e L o r e n t z i a n d e r i v a t i v e s . I t i s 

p r e c i s e l y - t h i s f e a t u r e o f t h e spectrum, i . e . t h e r e t u r n t o t h e base l i n e 

f r o m t h e peak a s s o c i a t e d w i t h g^^, w h i c h a l l o w s t h e d e t e r m i n a t i o n o f t h e 

most s u i t a b l e l i n e s h a p e f u n c t i o n . U n f o r t u n a t e l y , because o f t h e h o l e c e n t r e , 

t h i s f e a t u r e i s l o s t f r o m t h e e x p e r i m e n t a l spectrum. 

S i m u l a t i o n s assuming an o r t h o r h o m i c t i t a n i u m s i t e a r e shown i n 

F i g u r e 4.10. I n t h i s case o n l y t h e Gaussian broadened s p e c t r a a re shown. 

A t low and moderate v a l u e s o f t h e l i n e b r o a d e n i n g parameters 

and a , t h e s p e c t r a f r o m a x i a l and o r t h o r h o m b i c s i t e s a r e q u i t e d i f f e r e n t , L 

b u t as a and a a r e i n c r e a s e d t h e s i m u l a t i o n s become r e m a r k a b l y s i m i l a r . G L 

I t i s a l s o a p p a r e n t t h a t a t h i g h v a l u e s o f a and a t h e 'peaks' o f t h e 
G L 

d e r i v a t i v e cease t o c o r r e s p o n d t o g, and g„ ( o r g^ and g^) . 

F i g u r e 4.11 shows t h e b e s t f i t s i m u l a t i o n s f o r b o t h symmetries 

a f t e r a d j u s t m e n t o f t h e g v a l u e s t o g i v e peaks and base l i n e c r o s s i n g s 

c o r r e s p o n d i n g t o t h e f i e l d p o s i t i o n s o f t h e s e f e a t u r e s on t h e e x p e r i m e n t a l 

s p e c t r u m . I t i s c l e a r l y i m p o s s i b l e on t h e b a s i s o f t h i s f i g u r e t o be 

c e r t a i n o f t h e s i t e symmetry, i n d e e d , even t h e most s u i t a b l e l i n e shape 

f u n c t i o n c a n n o t be d e t e r m i n e d . The f e a t u r e w h i c h i s c o n s i s t e n t a c r o s s t h e 

b e s t f i t s p e c t r a i s t h e s m a l l e r ' n e g a t i v e ' peak o f t h e e x p e r i m e n t a l t r a c e 

when compared w i t h t h e s i m u l a t i o n s . 

F i g u r e s 4.12 and 4.13 show t h e e f f e c t s on t h e spectrum o f a d i s t r i 

b u t i o n i n t h e g^ o r g^ p a r a m e t e r s . The d i s c r e p a n c y i n t h e e x p e r i m e n t a l 

and s i m u l a t i o n peak h e i g h t s i s e l i m i n a t e d , a l t h o u g h t h e h i g h f i e l d ' t a i l ' 

c a n n o t be r e p r o d u c e d e x a c t l y . F u r t h e r s i m u l a t i o n s were n o t a t t e m p t e d , i t 

now b e i n g c l e a r t h a t t h e b r o a d , f e a t u r e l e s s Ti"^"*" l i n e c o u l d be s i m u l a t e d 

w i t h r e a s o n a b l e a c c u r a c y by v a r i o u s s e t s o f p a r a m e t e r s , no one s e t o f 

w h i c h c o u l d be g i v e n p r e c i d e n c e o v e r t h e o t h e r s . 
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t h e g v a l u e s e m p l o y e d in the s i m u l a t i o n s are de r i v ed f rom th*e po in t s shov /n on the e x p e r i m e n t a l 

s p e c t r a . 
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FIG.4 ' .12.Comparison of experimental Ti ^* spect rum with best fit simulations 

using distributed values for g^^. l exper imental , simulation) 

(a )ax ia l symmetry , cr^=31g; (b) axial s y m m e t r y , cr. = 105g. The field ax is is 

plotted for a frequency of 9-A72 G H z . • 
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4.2.3 The Hole Centre Spectrum 

The hole c e n t r e s from each of the g l a s s compositions before heat 

treatment are shown i n F i g u r e 4.14, Unlike the Ti"^"*" l i n e , s i g n i f i c a n t 

d i f f e r e n c e s are p r e s e n t i n the hole c e n t r e s of the d i f f e r e n t compositions. 

G l a s s e s 1 and 2 have i d e n t i c a l s p e c t r a which are i n most ways comparable 

w i t h the g l a s s 3 spectrum, but on moving to g l a s s e s 4 and 5 the spectrum 

i s n o t i c e a b l y changed. 

Within a given g l a s s composition the hole spectrum i s u n a l t e r e d 

by p r e - c r y s t a l l i z a t i o n heat treatments. T h i s i s i l l u s t r a t e d i n Figure 4.15 

wherein the s p e c t r a from samples of g l a s s 4 are represented. 

Consequently, there are two b a s i c l i n e s h a p e s to account f o r , one 

a s s o c i a t e d w i t h the low TiO^ g l a s s e s and one with the higher TiO^ g l a s s e s . 

4.2.4 S i m u l a t i o n s of the g l a s s hole c e n t r e s 

The base g l a s s , ( g l a s s 1 ) , c e n t r e i s p l o t t e d on a reduced f i e l d a x i s 

i n F i g u r e 4.16 and 4.17 along w i t h t r i a l s i m u l a t i o n s employing both l i n e -

shape f u n c t i o n s . I t i s c l e a r t h a t i n p a r t i c u l a r a L o r e n t z i a n f u n c t i o n of 

s u i t a b l e h a l f - w i d t h , combined w i t h a c o r r e c t choice of ĝ ^ and g^, could 

g i v e a reasonable f i t to the p o r t i o n of the l i n e below the base l i n e , but 

t h a t no combination of parameters would adequately account f o r the l i n e 

shape above the base l i n e . A reasonable f i t to the experimental spectrum 

c o u l d only be achieved by g r e a t l y d i s t r i b u t i n g the g^ parameter, (combined 

w i t h a very s l i g h t d i s t r i b u t i o n o f g ^ ) - The b e s t f i t s i m u l a t i o n and i t s 

a s s o c i a t e d parcimeters i s shown i n F i g u r e 4.18. 

The spectrum of the 10% TiO^ sample ( g l a s s 5 ) , being t y p i c a l of the 

high TiO^ (5% and 10%) hole c e n t r e spectrum, i s p l o t t e d on a reduced f i e l d 

a x i s i n F i g u r e 4.19, and accompanied by t r i a l s i m u l a t i o n s ; the value 

was chosen by i n s p e c t i o n of the second d e r i v a t i v e of the absorption l i n e . 
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Again, the s i m u l a t i o n s suggest t h a t no combination of g^, g^ and g^ combined 

w i t h e i t h e r l i n e s h a p e f u n c t i o n could adequately account f o r the observed 

spectrum. I n t h i s i n s t a n c e i t vras n e c e s s a r y to invo]<;e s i g n i f i c a n t d i s t r i 

b u t i o n s of both g^ and g^ i n order to account f o r the experimental spectrum. 

The s i m u l a t i o n and b e s t f i t parameters are shown i n F i g u r e 4.20. 

Thus the hole spectrum i n the low TiO^ g l a s s e s d e r i v e s from a c e n t r e 

w i t h two reasonably w e l l defined p r i n c i p a l g v a l u e s , and one r a t h e r i l l 

d e f i n e d g v a l u e . On the other hand, the spectrum i n the high TiO^ g l a s s e s 

i s a consequence of a c e n t r e w i t h one w e l l defined g value, ( i d e n t i c a l to 

one of the p r i n c i p a l g v a l u e s i n the low TiO^ g l a s s e s ) , and two much l e s s 

vvell d e f i n e d g v a l u e s . 

The g l a s s 3 spectrum, not e x p l i c i t l y considered here, i s c h a r a c t e r 

i s e d by the absence of the p o s i t i v e peak, although i n other d e t a i l s i t 

more c l o s e l y resembles the low TiO^ l i n e . T h i s i s a consequence of a s l i g h t 

broadening of g^, although not n e a r l y to the extent found i n the high TiO^ 

g l a s s e s . 

P a r t 2 S p e c t r a from the c r y s t a l l i / e d , i . e . ceramic samples 

A f t e r Y-ii^3^adiation two l i n e s dominate the spectrum from these 

samples. The e x t r e m i t i e s of the l i n e s merge, w i t h one l i n e d i s p l a c e d 

s l i g h t l y below and one l i n e s l i g h t l y above the f r e e s p i n resonance f i e l d . 

The high f i e l d l i n e i s absent i n the g l a s s 1 composition, and only appears 

upon the a d d i t i o n o f 0.2% TiO^, i . e . i n g l a s s 2, and consequently the two 

l i n e s a r e designated as a 'hole c e n t r e ' and a ' T i ^ ^ c e n t r e . ' 

4.2.5 The Ti'^"'" s p e c t r a 

The s p e c t r a from each g l a s s composition, w i t h and without pre-

c r y s t a l l i z a t i o n heat treatment, and c r y s t a l l i z e d for both two and twenty 
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hours a t both 1000 ° c and 1200°C were st u d i e d . Specimens of g l a s s e s 2 and -

3 c r y s t a l l i z e d f o r 12 hours a t 1000°C e x h i b i t e d only s u r f a c e c r y s t a l l i z a t i o n , 

and s p e c t r a from these samples under the above c o n d i t i o n s are not considered. 

Before a n a l y s i n g the s p e c t r a , we c o n s i d e r the e f f e c t of the above v a r i a b l e s ° 

on the T i ^ ^ spectrum. 

The s p e c t r a from the bulk c r y s t a l l i n e specimens of g l a s s e s 2 and 3, 

c r y s t a l l i z e d a t 1000°C f o r 20 hours are t y p i f i e d by the s p e c t r a of F i g u r e 

4.21. The f i g u r e suggests, and c l o s e r a n a l y s i s confirms, t h a t the pre-

c r y s t a l l i z a t i o n heat treatments have no e f f e c t on the spectrum. 

G l a s s e s 2 and 3 are bulk c r y s t a l l i n e a f t e r only 2 hours a t 1200°C, 

and F i g u r e 4,22 shows s p e c t r a from sanples of g l a s s 3, (as t y p i c a l of both 

g l a s s e s ) , w i t h v a r y i n g pre-heat treatments and c r y s t a l l i z a t i o n p e r i o d s . 

Again, the f i g u r e suggests t h a t n e i t h e r of these v a r i a b l e s m a t e r i a l l y 

a f f e c t the spectrum, and c l o s e r a n a l y s i s shows t h i s to be t r u e , although 

s m a l l v a r i a t i o n s between the s p e c t r a of samples c r y s t a l l i z e d a t 1000°C 

and 1200°C are p r e s e n t . 

Specimens of g l a s s e s 4 and 5 are bulk c r y s t a l l i n e a f t e r 2 hours a t 

both 1000°C and 1200°C. F i g u r e 4.23 shows s p e c t r a from g l a s s 4, (as ^ 

t y p i c a l of both c o m p o s i t i o n s ) , c r y s t a l l i z e d a t 1000°C f o r 2 and 20 hours, 

w i t h and without pre-heat treatment. A f t e r a l l o w i n g f o r spectrometer gain 

and sample q u a n t i t y , a n a l y s i s shows t h a t the l i n e shape and p o s i t i o n are 

u n a l t e r e d by e i t h e r pre-heat treatment or c r y s t a l l i z a t i o n p e r i o d , but 

c l e a r l y the form of the l i n e d i f f e r s from t h a t of the low t i t a n i a specimens 

c r y s t a l l i z e d a t the same temperature. 

The s p e c t r a from g l a s s e s 4 and 5 c r y s t a l l i z e d a t 1200°C are t y p i f i e d 

by F i g u r e 4.24, where i t i s y e t again apparent -that the shape and p o s i t i o n 

of the resonance l i n e i s independent of the pre-heat treatment or c r y s t a l 

l i z a t i o n p e r i o d . Compared w i t h the low TiO^ 1200 ° c l i n e there i s a 

d i s c e r a b l e change i n the form of the high TiO^ l i n e , but not to the extent 
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o f the low t o high TiO^, 1000°C l i n e noted p r e v i o u s l y . 

The g values o f the c h a r a c t e r i s t i c p o i n t s on the c r y s t a l l i z e d Ti"^"*" 

l i n e are l i s t e d i n Table 4.1. 

4.2.6 Analysis and s i m u l a t i o n of the Ti^"*" l i n e s i n the ceramic 

samples 

We consider f i r s t the high TiO^ (glasses (4) and (5) 1000°c l i n e , 

(Figure 4.23). This l i n e may be simulated by assuming a centre w i t h orthor-

hombic symmetry and a d i s t r i b u t i o n (greater than g ^ ) , i n the g^ and g^ 

parameters. Figure 4.25 shows the b e a t - f i t s i m u l a t i o n } the Hamiltonian 

parameters employed are i n d i c a t e d on the diagram, and, as the f i g u r e shows, 

the c o r r e l a t i o n o f s i m u l a t i o n and experiment i s good. 

The experimental l i n e from the low TiO^ specimens (e.g. glass (3) , 

c r y s t a l l i z e d a t 1000°C (Figure 4.21) has features which again require a 

s i t e o f orthorhombic symmetry and a d i s t r i b u t i o n i n g^ and g^. Figure 4.26 

(upper) compares the experiment:al and simulated l i n e s . The s i m u l a t i o n 

adequately reproduces the e s s e n t i a l features o f the experimental l i n e , i . e . 

the suggestion o f a double p o s i t i v e peak and the greater i n t e n s i t y o f the 

negative peak; (note t h a t the second, more intense, p o s i t i v e peak i s 

absent on the experimental trace due t o the merging of t h i s peak i n t o the 

even more intense hole centre l i n e ) . Nevertheless, t h i s l i n e cannot be 

reproduced w i t h the exactness o f the high TiO^ l i n e , and the p o s s i b i l i t y 

o f an u n d e r l y i n g resonance emerges. Consequently, included i n Figure 4.25 

(upper) i s a low i n t e n s i t y t r a c e o f the high Ti02 l i n e p r e v i o u s l y considered. 

A summation o f t:his l i n e and 1:he s i m u l a t i o n gives, a f t e r s c a l i n g , an almost 

exact f i t t o the experimental l i n e . This i s shown i n the lower trace o f 

the same Figure, the h i g h TiO^ l i n e being 7% - 8% o f the composite l i n e , 

although t h i s value could reasonably be between 4% and 12% depending" upon 

the p r e c i s e choice o f s i m u l a t i o n parameters and the smoothing o f the 
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simulated t r a c e n e c e s s a r i l y i n v o l v e d when a. range of d i s c r e t e values are 

used t o reproduce the e f f e c t s o f a smooth d i s t r i b u t i o n i n a g parameter, 

( t h i s approximation produces undulations i n the simulated l i n e whenever 

the separation o f the d i s c r e t e components becomes comparable w i t h the l i n e 

w i d t h o f the broadening f u n c t i o n ) . 

The l i n e s from the ceramics c r y s t a l l i z e d a t 1200°C, (both low and 

high TiO^), are c l o s e l y r e l a t e d i n t h e i r q u a n t i t a t i v e f e a t ures, i . e . the 

peak p o s i t i o n s and base l i n e crossings, t o the l i n e j u s t considered, the 

low TiO^ 1000°C l i n e . The most s t r i k i n g changes are q u a l i t a t i v e , i . e . 

change o f shape, and i n p a r t i c u l a r the r a t i o o f the p o s i t i v e and negative 

peak i n t e n s i t i e s . The previous l i n e having been shown t o be a mixture of 

two l i n e s , i t was not s u r p r i s i n g when i t was found t h a t a s i n g l e s i t e was 

not responsible f o r e i t h e r o f the 1200°C l i n e s . No combination of 

Hamiltonian parameters could adequately simulate the 1200°C lineshapes. 

Figure 4.27 t h e r e f o r e attempts t o reproduce the 1200°C l i n e s from 

combinations o f the 1000°C (experimental) l i n e s . The upper trace shows the 
o 

low TiO^ 1200 C l i n e compared w i t h a composite l i n e derived from the low and 

hig h Ti02 1000°C experimental l i n e s i n the r a t i o i n d i c a t e d i n the f i g u r e , 

i . e . 100 (low Ti02) : 20 (high TiO^). (The r a t i o s quoted are on the basis 

o f area o f f i r s t d e r i v a t i v e which i s not d i r e c t l y r e l a t e d t o the abundance 

o f the p a r t i c u l a r paramagnetic s i t e ) . The lower t r a c e o f Figure 4.27 com

pares the high TiO^ 1200°c l i n e and a composite l i n e derived from the 

1000°C l i n e s i n the r a t i o 100 (low Ti02) : 30 (high TiO^). 

The Figure shows t h a t t h i s procedure i s , i n essence, successful, 

v e r i f y i n g t h a t the 1200°C l i n e s are amalgams o f resonances from two d i f 

f e r e n t s i t e s . I t i s nonetheless t r u e t h a t some features o f the l i n e s are 

not reproduced by assuming a simple summation o f the 1000°C experimental 

l i n e s , i . e . the base l i n e crossing p o i n t i s not q u i t e c o r r e c t and the 

q u a l i t a t i v e f eatures o f the p o s i t i v e peak o f the low TiO^ and the negative 
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peak o f the high TiO^ l i n e s are not accurately reproduced. Thus one or 

both o f the u n d e r l y i n g l i n e s have undergone some q u a l i t a t i v e changes from 

t h e i r 1000°c lineshapes on i n c r e a s i n g the c r y s t a l l i z a t i o n temperature t o 

1200°C. 

To e s t a b l i s h the degree o f v a r i a t i o n o f the Hamiltonian parameter of 
o o the 1000 C s i t e s when moving t o the 1200 C resonance l i n e s , we analyse the 

high TiO^ 1200°C l i n e by assuming t h a t the resonance l i n e from the high 

TiO^ 1000°c specimens i s unchanged. This procedure i s shown i n Figure 4.28, 

where the upper t r a c e shows the experimental l i n e together w i t h a new 

simulated l i n e , having the Hamiltonian parameters on the f i g u r e , and the 

a p p r o p r i a t e i n t e n s i t y experimental l i n e from the high Ti02 1000°C data, 

(40% o f the s i m u l a t i o n i n t e n s i t y ) . The lower trace o f t h i s Figure compares 
o 

the 1200 C experimental l i n e w i t h a composite l i n e derived from the com

ponent l i n e s shown i n the upper t r a c e . The correspondence i s now very good, 

s i g n i f i c a n t l y b e t t e r than t h a t o f Figure 4.27. Comparison o f the Hamiltonian 

parameters o f the s i m u l a t i o n i n Figure 4.28 w i t h those p r e v i o u s l y employed 

i n the a n a l y s i s o f the low Ti02 1000°C l i n e (Figure 4.26) shows t h a t only 

s l i g h t v a r i a t i o n s i n the parameters have occurred when the c r y s t a l l i z a t i o n 
o 

temperatixre i s increased t o 1200 C, although the precise nature o f the 

changes i s a d m i t t e d l y a s u b j e c t o f speculation. 

To summarise the analysis of the Ti'^^ spectra from the ceramic 

specimens, we f i n d t h a t the l i n e s from the ceramics c r y s t a l l i z e d a t 1000°C 

are s a t i s f a c t o r i l y accounted f o r by resonances from two s i t e s with d i f 

f e r i n g Hamiltonian parameters. I n the case of the high Ti02 1000°c speci

mens almost complete c o r r e l a t i o n w i t h the experimental trace i s afforded 

by the s i m u l a t i o n o f Figure 4.25, i . e . the resonance l i n e o r i g i n a t e s from 

a s i n g l e Ti^"*^ s i t e , but t o account f o r the low Ti02 1000°C l i n e we must 

invoke a composite l i n e whose predominant component i s from a new Ti^"*^ 

s i t e (Figxire 4.26), w i t h t h e high Ti02 l i n e again present as a minor. 
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(7% - 8%), component. The l i n e s from the 1200°C ceramics do not originate 

from a single Ti"^^ s i t e ; rather, they are composite l i n e s of what are 

e s s e n t i a l l y the 1000°C experimental l i n e s , one or both of which has iin(3er-

gone small changes i n i t s Hamiltonian parameters. 

4.2.7 The hole centre spectra 

Spectra from a l l of the glass compositions under a l l combinations of 

p r e - c r y s t a l l i z a t i o n and c r y s t a l l i z a t i o n heat treatments were studied and 

the spectra are t y p i f i e d i n Figures 4,29, 4.30 and 4.31. 

Figure 4.29 shows the variations in the spectrum as a function of 
o 

glass composition, (1000 C c r y s t a l l i z a t i o n s being chosen). Figure 4.30 

shows the spectra from glass (4) c r y s t a l l i z e d at 1000°C with varied pre-

c r y s t a l l i z a t i o n heat treatments. As with a l l previous spectra, compo

s i t i o n a l differences are present, but p r e - c r y s t a l l i z a t i o n heat treatments 

have no e f f e c t on the e.s.r. l i n e . 

The e s s e n t i a l 1200°C spectra are shown i n Figure 4,31 with glasses 

(3) and (4) as examples. Slight differences are present between these 

spectra and the 1000°C spectra, and even a change in the c r y s t a l l i z a t i o n 

period a l t e r s the form of the spectrum s l i g h t l y , but o v e r a l l , the c r y s t a l 

l i z a t i o n hole centre has a c h a r a c t e r i s t i c multiple peaked structure, and 

a constant resonance f i e l d position, only the envelope of the l i n e i s 

changing. 

4,2,8 Analysis and simulation of the ceramic hole centre spectra 

For analysis we take two l i n e s at the apparent extremes of the 

lineshape, the l i n e s from glasses (2) and (4) c r y s t a l l i z e d at 1000°C 

(Figure 4.29). These l i n e s are plotted on extended f i e l d axes i n Figure 

4.32 where i t i s c l e a r that t:±ie f i e l d positions of the multiple peaks in 

the l i n e s are i d e n t i c a l , and that i t i s the envelope, p a r t i c u l a r l y i n the 



327 0mT 

Glass 1 

3420mT 327-OmT 3420 ml 

Glass 2 

327 0mT 

Glass 3 

3/,20mT 

Glass 5 

3420mT 
327 0mT 

FIGW«».Radiation induced e.s.r. spectra of hole centre as a function of glass 

composition , all glasses ' crystallized by healing at lOOO'C for 20 hours, 

dose : 5 Mrad) 



I 
3/ .20mT 327-OmT 327-OmT 342-OinT 

3 4 2 C m T 327 0mT 3<2-0mT 327 0mT 

335-8mT 

FIGlfcio.Kadiation induced e.s.r. spect ra of hole centre in G lass 4 a s a (unction of 

pre-cryslallization heat treatment; (a) untreated ; (b) , ( c ) , and (d) heat Ircat-cd for 2'/2 

hours at 750 'c , 800'C and 850*C respectively and subsequently crystall ized at 

lOOO'C for 20 hours, - dose = 5 M r a d ) 



327-OmT 

G L A S S 3 

(a) 

327 0 m 

G L A S S < 

(a) 

3 i 2 0 m T 3270 mT 

G L A S S 3 

(b) 

3 i 2 0 m T 327 0 mT 

342-OmT-

1 ' 

G L A S S 4 

( b ) 

3 i 2 0 mT 

FiaVil- Radiation induced e.s.r. spectra of hole centre in glasses 3 and 4 

crystallised (without pre - heat - treatment ) at 1200 °C (a) for 2 hours, (b) for 

20 hours. 



A r /] l\ s 

341-0 
-t-

329-0 320-0 3310 3320 3330 oo-iO 3 

Glass 2 

1—. _ H 1 \ H - H 
335 0 336 0 1 337-0 330 0 339-0 3 40-0 / 

329-0 530 0 331-0 332 0 333 0 3340 3350 336-ol 3370 338-0 339 0 340 0 / 

mT 

Glass 4 

141-0 

Fig. K^'i.. i^GdiQticn induced hole cenlres in Glasses 2 (upper) ond 4 (lower) cry:;iol!ized 

oi lOOCC for 2(.) flours. Tiie li&id axis is pioUed for a frcqiiency of 0 -170 G Hz; 

•y--dos(-; = 5 Mi ad 
6 



54 

region 336 t o 337 mT, which d i f f e r e n t i a t e s the l i n e s . 

Figure 4.33 shows the second d e r i v a t i v e t r a c i n g s o f the hole 

centres i n glasses (2) and (4) c r y s t a l l i z e d a t 1000°C ( i . e . the second 

d e r i v a t i v e spectra corresponding t o the f i r s t d e r i v a t i v e t r a c i n g s o f 

Fig i i r e 4.32). The spectrum o f both glasses consists o f two sets o f s i x 

e q u a l l y spaced l i n e s (marked 1 t o 6 and A t o F i n Figure 4.33). I n 

a d d i t i o n , the spectrum o f glass (2) has the e x t r a peaks marked L l and L2, 

and the glass (4) spectxum the peaks L2 and L3. The constant f i e l d sep

a r a t i o n w i t h i n each set o f s i x i n d i c a t e s a hyperfine i n t e r a c t i o n w i t h a 

nuclear spin o f ^2 • 

Extending the c r y s t a l l i z a t i o n p e r i o d t o 100 hrs. produced, on the 

second d e r i v a t i v e , a suggestion o f a t h i r d set o f s i x l i n e s , (not d i s -

cernable on the f i r s t d e r i v a t i v e ) . An attempt was thus made t o simulate 

the hole centre spectrum assuming a s i t e w i t h orthorhombic symmetryj an 

i n t e r a c t i o n w i t h a nucleus o f spin ^2 t and an i s o t r o p i c coupling constant 

o f 8.4 X lO"'^ cm~^ ( i . e . |AJ = = |A |̂ = 8.4 x lO"'* c m ~ S } the 

p r i n c i p a l g values were evaluated from the second d e r i v a t i v e t r a c i n g s , i . e . 

the c e n t r a l value o f each set o f s i x hyperfine l i n e s . 

The t r i a l s i mulations are shown i n Figure 4.34 where they are com

pared witJi the c r y s t a l l i z e d glass (4) centre. The simu l a t i o n assuming a 

unique value f o r g^ although reproducing the f i e l d p o s i t i o n s o f the e x p e r i 

mental 'peaks' f a i l s t o reproduce the c o r r e c t envelope, (note the base l i n e 

c r o s s i n g p o i n t ) , and also generates three 'peaks' on the low f i e l d side of 

•the s i m u l a t i o n not present i n the experimental spectrum. A s l i g h t d i s t r i 

b u t i o n o f g^ s u c c e s s f u l l y removes the surplus o f peaks, r e p l a c i n g them w i t h 

a low f i e l d 'shoulder', but the i n c o r r e c t envelope remains. 

At t h i s p o i n t we r e f e r t o the glass (4) second d e r i v a t ^ t - t r a c i n g 

(Figiire 4.33). • Superimposed on t o the t r a c i n g from the c r y s t a l l i z e d glass 

(4) i s the second d e r i v a t i v e spectrum from an u n c r y s t a l l i z e d specimen o f 
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t h i s glass. The a d d i t i o n a l peaks marked L 2 and L 3 on the c r y s t a l l i z e d 

t r a c i n g s , correspond t o the peaks on the second d e r i v a t i v e of the high 

TiO^ glassy specimens. This suggested a c o n t r i b u t i o n t o the t o t a l spectrum 

from t h e glassy hole centre i n the high TiO^ glasses. 

Figure 4 . 3 5 (upper) shows the c r y s t a l l i z e d centre w i t h the u n c r y s t a l -

l i z e d centre superimposed. The d i f f e r e n c e spectrim, i . e . the c r y s t a l l i z e d 

d e f e c t , ( f u l l l i n e ) , minus the u n c r y s t a l l i z e d defect (dashed l i n e ) i s 

shown below, where i t i s compared w i t h the b e s t - f i t s i m u l a t i o n employing 

the Hamiltonian parameters i n d i c a t e d on the diagram. The f i t i s very good, 

the o n l y s i g n i f i c a n t v a r i a t i o n o c c u r r i n g i n the region 3 6 0 t o 3 7 0 mT, and 

we conclude t h e r e f o r e t h a t the c r y s t a l l i z e d hole centre i s e s s e n t i a l l y an 

amalgam o f the glassy hole centre f o r t h i s composition and a l i n e from a 

s i t e w i t h the symmetry and Hamiltonian parameters i n d i c a t e d i n Figure 4 . 3 5 . 

A s i m i l a r a n a l y s i s o f the c r y s t a l l i z e d glass 2 centre, assuming t h a t 

there i s a c o n t r i b u t i o n from the centre i n the u n c r y s t a l l i z e d glass o f t h i s 

composition, i s not so successful, almost c e r t a i n l y due t o the presence of 

a s t r o n g a d d i t i o n a l centre i n d i c a t e d by the peak a t g = 2 . 0 0 9 3 on the 

second d e r i v a t i v e from t h i s composition. The e f f e c t o f t h i s resonance i s 

to markedly a l t e r the f i r s t d e r i v a t i v e i n the region 3 6 0 t o 3 7 0 mT, and 

the s i m u l a t i o n , although reproducing the p o s i t i o n and the number o f the 

h y p e r f i n e peaks, i s only a reasonable f i t t o the envelope a t the 'wings' 

of the d i f f e r e n c e spectrum. Nevertheless i t i s c e r t a i n t h a t the centre 

responsible f o r the h y p e r f i n e s t r u c t u r e i n the glass ( 4 ) , whose e s s e n t i a l 

f e a t u r e s have been evaluated from the analysis o f the l i n e from t h i s glass, 

i s again present i n the c i r y s t a l l i z e d glass 2 specimens, although i n t h i s 

case combined w i t h a l i n e or l i n e s whose exact nature cannot be determined. 
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4.3 Discussion 

The nature o f the r a d i a t i o n produced hole and e l e c t r o n centres and 

the s t r u c t i a r a l i n f o r m a t i o n which may be i n f e r r e d from t h e i r spectra are now 

discussed. We consider f i r s t the Ti"^^ spectra. 

4.3.1 E.S.R. d' ions i n cubic, t e t r a g o n a l and t r i g o n a l c i r y s t a l f i e l d s 

Isofrequency p l o t s o f the r o t a t i o n a l symmetry o f the e.s.r. l i n e s 

from an i o n i n a s i n g l e c r y s t a l w i l l o f t e n allow the coordination number o f 

the i o n and the d e t a i l e d nature o f the paramagnetic s i t e t o be resolved. I n 

p o l y c r y s t a l l i n e or glassy specimens e.s.r. measurements provide only the 

shape and f i e l d p o s i t i o n o f the resonance l i n e , and o f i t s e l f , being depen

dent o n l y upon the p o i n t symmetry o f the s i t e , the shape o f the l i n e i s not 

s u f f i c i e n t t o i n f e r the c o o r d i n a t i o n s t a t e o f the i o n (4.9). I n some cases, 

n o t a b l y the Fe"^^ i o n , s i t e s w i t h a defined symmetry have been c o r r e l a t e d 

w i t h resonance l i n e s a t three s p e c i f i c f i e l d p o s i t i o n s , ( i . e . three g values) 

(4.10). No such agreement e x i s t s as t o the nature of the s i t e s responsible 

f o r the Ti"^^ resonance l i n e s i n glass. We consider t h e r e f o r e the character

i s t i c s o f the resonance l i n e expected from the Ti"^"*^ i o n , (d' c o n f i g u r a t i o n ) , 

i n octahedral c o o r d i n a t i o n and under d i s t o r t i o n s o f the cubic f i e l d which 

leave a x i a l symmetry, (minimum 3 - f o l d a x i s ) , a t the c e n t r a l i o n . The 

a p p r o p r i a t e o r b i t a l l e v e l diagrams are shown i n Figure 4.36 (4.11-4.15). 

The e l e c t r o n i c ground s t a t e i s an o r b i t a l doublet whenever the octahedron 

i s elongated along the t r i a d or t e t r a d axes, and an o r b i t a l s i n g l e t f o r 

compressions o f the ligands along the 3 and 4 - f o l d axes. Theory shows t h a t 

when an o r b i t a l doublet i s the ground s t a t e , then, as w i t h p e r f e c t octahedral 

c o o r d i n a t i o n , one or both p r i n c i p a l g values are zero and no resonance l i n e 

i s observed, (4.14) (4.16) . When the p e r t u r b a t i o n o f the octahedron i s such 

as t o leave an o r b i t a l s i n g l e t ground s t a t e , then the nature o f the p e r t u r 

b a t i o n may be discerned from the shape o f the e.s.r. l i n e by n o t i n g t h a t 
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ĝ ^ > g,, i n D̂ ^ symmetry, and ĝ ^ < g^i i n Ĉ ^ symmetry (4.14,4.16,4.11). 

Rhombic terms i n the c r y s t a l f i e l d e l i m i n a t e a l l but the Kramers degeneracy, 

(Figure 4.36). 

At room temperature, only the lowest o r b i t a l i s populated i n a d' 

system. The displacement o f the p r i n c i p a l g values from g^, the f r e e 

e l e c t r o n value (2.0023), i s due t o the admixing o f the higher o r b i t a l l e v e l s 

i n t o the ground s t a t e wavefunction (4.2), and i s t h e r e f o r e dependent upon 

the magnitude o f the o r b i t a l s p l i t t i n g s and s p i n - o r b i t coupling constants 

(A). For ions i n a t e t r a g o n a l l y d i s t o r t e d cubic f i e l d Pryce (4.17) gives. 

2.0023 

g„ = 2.0023 

1 -
E ( x 2 ) ( y z ) - E(xy) 

4A_ 
2 2 ' E(x - y ) - E(xy) 

(21) 

i n terms o f X and the o r b i t a l s p l i t t i n g s (Figure 4.36). When the separation 

w i t h i n the lower t r i p l e t i s s m a l l , i . e . f o r small t e t r a g o n a l d i s t o r t i o n s , 

the g values depart markedly from g^ (equation ( 2 1 ) ) . i n a d d i t i o n , the 

s p i n - l a t t i c e r e l a x a t i o n time T^ i s very s h o r t , (Van Vleck (4.18) proposes 

T^ ~ ( l o w e r t r i p l e t s p l i t t i n g ) ^ ) , leading t o very broad resonance l i n e s , 

(equation (19)), and resonance can only be observed a t cryogenic temperatures. 

As examples of the general p r i n c i p l e s o u t l i n e d above we would s i t e 

the T i t anium Alums and the c r y s t a l l i n e Ti02 polymorphs. The Aliams, (and 

most hydrated t i t a n i u m s o l u t i o n s ) , have the Ti^"*" ions i n s i t e s which have 

a small t r i g o n a l d i s t o r t i o n o f the octahedral ligands. I n a l l instances, 

measurements a t LN^ tenperature and below are necessary t o observe the 

resonance l i n e , and i n a d d i t i o n a l l the spectra have ĝ ^ <( g„ (4.14,4.19,4.20). 

The room temperature s t a b l e form of TiO„, r u t i l e , has the T i ions i n D̂ ^ 
I 4 h 

symmetry w i t h two long and four shorter bonds t o oxygens, i . e . i n a t e t r a g -

3+ 4+ 
o n a l l y elongated octahedron. Resonance l i n e s from d' i o n s , (e.g. T i ,V ) , 



a t s u b s t i t u t i o n a l t i t a n i i r a i s i t e s have not been confirmed. I n f a c t , 

although most o f the e.s.r. l i n e s from r u t i l e and anatase anneal out a t 

between 77 K and 300 K, i t has been shown (4.21 ,4.22 ) t h a t the d' resonance 

s i g n a l s o r i g i n a t e from ions a t i n t e r s t i t i a l s i t e s , where the symmetry i s 

again D̂ ,̂ but now the e s s e n t i a l deformation o f the octahedron o f ligands 

i s a compression along the t e t r a d a x i s , i . e . there are four long and two 

sh o r t bonds t o oxygen. The resonance l i n e s from t h i s s i t e have gj_ > g„ . 

Our an a l y s i s o f the Ti'^'*^ spectra from the glass specimens i n d i c a t e s 

9j. ^ 5M ^^^^ combined w i t h the f i e l d p o s i t i o n and room temperature 

s t a b i l i t y o f the resonance l i n e s , our discussion above s t r o n g l y suggests 

t h a t the Ti"^"*^ ions are most l i k e l y t o be s i t u a t e d a t the centre of a group 

o f octahedral ligands which have a s i g n i f i c a n t compression along the 4-fold 

a x i s . We now consider published spectra and models of the T i ^ ^ s i t e s i n 

glass. 

4.3.2 Spectra and Models o f the Ti^"*^ s i t e s i n glass 

I n some quartz and high s i l i c a glasses quadravalent t i t a n i u m can 
4+ 

assume f o u r c o o r d i n a t i o n , s u b s t i t u t i n g f o r S i and a c t i n g as a glass 

former (4.23). Some authors (4.24) consider t h a t up t o 10 mol.% o f TiO^ 

can be i n c o r p o r a t e d i n t o the network, and consider t h a t t h i s replacement 

i s responsible f o r the extremely low expansion c o e f f i c i e n t s o f T i - S i glasses. 

Other workers (4.25,4.26) place the s o l u b i l i t y l i m i t a t less than 1%, 

arguing t h a t above t h i s l e v e l [ T I O ^ J groups are replaces by TiO^ groups. 

However, i n a l l multicomponent glasses c o n t a i n i n g s i g n i f i c a n t amounts of 

glass m o d i f i e r s , ( i . e . Na, Mg e t c . ) , the overwhelming evidence suggests 

t h a t the t i t a n i u m i s quadravalent and i n octahedral groups. 

Almost a l l authors (4,27 - 4.40) have ascribed the broad, u s u a l l y 

assymetric l i n e , w i t h a baseline crossing i n the region o f g 1.93 - 1.96, 

and a peak t o peak f i r s t d e r i v a t i v e w i d t h of from 40 t o 110 gauss, t o the 
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Ti"^"*" i o n i n t h e i r glasses. This l i n e i s observed a t room temperature 

i n a l l i r r a d i a t e d t i t a n i a doped s i l i c a t e and borate glasses, although 

o c c a s i o n a l l y measurements a t 77 K are necessary t o observe the resonance 

i n phosphate glasses (4.27). The T i ^ ^ i on i s u n i v e r s a l l y concluded to be 

a t the centre of a d i s t o r t e d octahedron o f oxygen ions. Yafer e t a l (4.28) 

consider the d i s t o r t i o n t o be e s s e n t i a l l y t r i g o n a l , whereas Garif,yanov e t a l , 

(4.32) consider the d i s t o r t i o n e s s e n t i a l l y t e t r a g o n a l . Kim e t a l (4.33) 

i n a study o f A l k a l i - T i t a n a t e glasses, observe two i r r a d i a t i o n l i n e s which 

they ascribe t o Ti^"*" ions i n d i f f e r e n t s i t e s . A sharp l i n e w i t h gj^ = 1.9904 

r n2-

and g„ = 1.9810 i s associated w i t h an e l e c t r o n trapped a t a TiO^ u n i t 

( i . e . two non-bridging oxygen ion s , (n.b.o.), per octahedron), and a much 

broader l i n e w i t h ĝ ^ = 1.975 and g„ = 1.89 i s ascribed t o electrons trapped 

a t TiO^ u n i t s ( i . e . one n.b.o. per octahedron). Arafa and co-workers 

(4.35-4.39) i n a s e r i e s o f papers on s i l i c a t e and borate glasses, also 

observe a sharp and a broad l i n e due t o Ti"^^ i n two s i t e s . The sharper 

l i n e , denoted 1^, has ĝ ^ = 1.975 and ĝ ^ = 1.936 and i s ascribed t o a (_TiOg 

u n i t (4 n.b.o. per octahedron). The broad l i n e , denoted T^, has a base 

'line c r o s s i n g a t g 1.946 and i s ascribed t o [^TiOg u n i t s ( a l l oxygen 

b r i d g i n g ) . I n both Arafa's and Kim's work the sharp l i n e dominates t l i e 

s p ectra from the low t i t a n i a , h i g h a l k a l i glasses, and, as the t i t a n i a 

content i s increased beyond '̂ 1 mol.%, the broad l i n e i n t e n s i f i e s and 

dominates t h e spectrima a t moderate Ti02 concentrations. 

We consider here t:hat n e i t h e r o f the models above des c r i b i n g the 

centres responsible f o r the broad resonance l i n e s , are appropriate t o the 

Ti"^"*" e.s.r. l i n e observed i n t h i s work. The analysis of the i r r a d i a t i o n 

produced o p t i c a l bands, described i n the next chapter, i n d i c a t e s t h a t the 

radi o c h e m i c a l l y reduced Ti"^"^ ions are i n centrosymmetric s i t e s , and as such, 

Kim's r T i O ^ l u n i t s are not appropriate here. Arafa's T centre, w i t h 
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f o u r non-bridging and two b r i d g i n g oxygen ligands would seemingly produce 

the s i t e symmetry of a t e t r a g o n a l l y elongated octahedron a t the Ti^"*" i o n , 

and our previous arguments have i n d i c a t e d t h a t i t i s u n l i k e l y t h a t such 

s i t e s would produce room temperature e.s.r. l i n e s except i n the presence 

o f very s t r o n g t e t r a g o n a l or othorhombic d i s t o r t i o n s . We have proposed 

t h a t our resonance spectra are most l i k e l y t o a r i s e from t i t a n i u m s i t e s 

where two o f the s i x titanium-oxygen bonds are s i g n i f i c a n t l y shorter than 

the remaining fo u r . I t i s speculation t o define the complex ex a c t l y . 

However, i n the formalism o f the b r i d g i n g oxygen non-bridging oxygen 
r 1 2 -

approximation, [TiO^J xjnits would provide s u i t a b l e t r a p p i n g s i t e s , and 

we c a u t i o u s l y ascribe the glassy Ti"^"*^ spectra t o these u n i t s . 

4 . 3 . 3 E.S.R. as a probe o f the glass s t r u c t u r e 

The most formidable problem i n work i n v o l v i n g radiochemical reduction 

i s the one of g e n e r a l i t y , i n t h a t inferences must be made about the general 

behaviour o f an i o n (or paramagnetic centre) , by observing only a small 

f r a c t i o n o f the t o t a l number o f ions. I n t h i s work the concentration of 
3 + 1 7 

T i was 5 x 1 0 spins per gram, and, w i t h i n a f a c t o r of two, was constant 

f o r a l l glass compositions. This represents from 3% of the t o t a l T i ions 

i n glass ( 2 ) t o 0 . 0 7 % i n glass ( 5 ) . Nevertheless, t h i s l i m i t a t i o n has not 

prevented other workers p o s t u l a t i n g general behaviour f o r t h e i r ions and 

we s h a l l do l i k e w i s e , although q u a l i f y i n g a l l assertions because of the 

necessary e x t r a p o l a t i o n . 

The e.s.r. parameters which may a l t e r dioring a s t r u c t u r a l change 

w i t h i n the glass due t o compositional changes or heat treatments, are l i n e -

shape, l i n e p o s i t i o n (changes i n the g v a l u e s ) , and l i n e i n t e n s i t y . With 

reference t o the T i ^ ^ i o n we discuss the s i g n i f i c a n c e o f each i n t u r n , the 

discussion i n most cases being appropriate t o any S = h centre whether 

i n t r i n s i c or r a d i a t i o n produced. 



(a) Changes i n l i n e p o s i t i o n 

There i s not a u n i f i e d method o f i n t e r p r e t i n g the shape and p o s i t i o n a l 

changes o f an e.s.r. l i n e from a glass which i s undergoing s t r u c t u r a l changes. 

P o s i t i o n a l changes, i . e . g value changes, r e s u l t from changes i n the chemical 

environment o f the i o n and i n some cases (4.41,4.42) the g values of a 

given i o n i n known c r y s t a l l i n e compounds, have, by i n t e r p o l a t i o n o f tliese 

values, been used t o i n f e r the presence of intermediate chemical compounds 

from the measiired g values o f the ion i n the glass. We i n t h i s work can 

o n l y equate g value changes t o e i t h e r ( i ) stereochemistry changes, i . e . 

changes i n the s i t e symmetry, or ( i i ) covalency changes, i . e . bonding o f 

i d e n t i c a l TiO^ groups t o d i f f e r e n t complexes, r e s u l t i n g i n a change of the fa 
covalency of the T i - 0 bond (4.41). 

(b) Changes i n l i n e shape 

I t i s p o s s i b l e f o r the dominant change t o be a 'sharpening' of the 

e.s.r. l i n e , i . e . a r e d u c t i o n i n the s i n g l e c r y s t a l l i n e w i d t h w ithout 

s i g n i f i c a n t changes i n the p r i n c i p a l g values. Some authors equate such 

a r e d u c t i o n i n the l i n e w i d t h w i t h an 'ordering' i n the neighbours of the 

paramagnetic i o n (4.33,4.34,4.43), i . e . 'sharper' l i n e s = more 'ordered' 

glass. Other authors, (4.31,4.32), contend t h a t a broadening of the l i n e 

i s i n d i c a t i v e of an o r d e r i n g i n the paramagnetic i o n ligands. Only studies 

which i n v o l v e observations o f the l i n e a t d i f f e r e n t temperatures and a t 

d i f f e r e n t microwave frequencies can give an unequivocal i n t e r p r e t a t i o n of 

lineshape changes. The p r i n c i p a l l i n e broadening mechanism must be estab

l i s h e d . I f , as i s l i k e l y i n glasses, a s t a t i s t i c a l d i s t r i b u t i o n o f the 

c r y s t a l f i e l d s experienced by an i o n causes d i s t r i b u t i o n s i n the g parameters, 

then tiiese d i s t r i b u t i o n s w i l l become p r o g r e s s i v e l y less important as the 

microwave frequency i s lowered, and a l i n e w i d t h reduction upon reduction 

o f the microwave frequency i s s u f f i c i e n t t o e s t a b l i s h t h a t g d i s t r i b u t i o n s 
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are the main cause o f l i n e broadening. Measurements o f t h i s nature have 

been made by Peterson e t a l C4.29) on a T i doped borate glass, where i t 

was e s t a b l i s h e d t h a t indeed g d i s t r i b u t i o n s were responsible f o r the broad 

glassy l i n e s a t X-band frequencies. 

On the other hand, i f s p i n - l a t t i c e r e l a x a t i o n mechanisms are p r i n c i 

p a l l y responsible f o r the l i n e w i d t h , then one should expect the l i n e s t o 

'sharpen' as the observation temperature i s lowered, ( d i p o l a r broadening 

mechanisms are not considered here because the Ti"^"*" concentration i s w e l l 

below the l e v e l a t which one might expect s i g n i f i c a n t broadening due t o 

t h i s mechanism (4.43) T^ i s reduced and the r e l a x a t i o n broadening i n t e n 

s i f i e d when the s p l i t t i n g between the ground s t a t e o r b i t a l and the higher 

o r b i t a l s i s reduced. This would r e s u l t from a reduction i n the d i s t o r t i o n s 

o f the TiO^ u n i t s , i . e . i n the s p i n - l a t t i c e broadening regime, a broadening 

of the l i n e could reasonably be i n t e r p r e t e d as an 'ordering' w i t h i n the 

glass. 

To e s t a b l i s h the dominant l i n e broadening mechanism the spectra from 

some glasses and some ceramics were recorded a t 77 K on a Varian spectro

meter. A r e d u c t i o n o f the s i n g l e c r y s t a l l i n e w i d t h by a f a c t o r of three or 

f o u r could be expected i f s p i n - l a t t i c e e f f e c t s were dominant, (T^ ̂  (Temp.) ^ 

i n the ' d i r e c t ' r egion (4.7) and o_ <^ iT ) ^ - equation (19)). The 
L 1 

concomitant lineshape changes from such a reduction i n a (e.g. Figures 
L 

4.8 and 4.9) were e n t i r e l y absent from the spectra, which although the 

q u a l i t y was moderate, appeared q u i t e unchanged from the room temperature 

spectra. I n t h i s work, t h e r e f o r e , we i n t e r p r e t lineshape changes t o be 

an i n d i c a t i o n of changes i n the d i s t r i b u t i o n s o f the g parameters. 

(c) Line I n t e n s i t y V a r i a t i o n s 

More than one e.s.r. l i n e from the same i o n , p a r t i c u l a r l y i f t h a t 
1 9 

io n has a d or d e l e c t r o n i c c o n f i g u r a t i o n , i s a cl e a r i n d i c a t i o n of the 



presence o f t h a t i o n i n d i f f e r e n t chemical environments C4 .42 ,4 .44,4 .45) . 

The reverse however i s not t r u e , i . e . t h a t one e.s.r. l i n e i s i n d i c a t i v e 

o f the presence of the i o n i n a s i n g l e s i t e only, because, as pr e v i o u s l y 

discussed, many s i t e symmetries would not produce R.T. spectra, even f o r 

ions which are paramagnetic i n t h e i r normal o x i d a t i o n s t a t e . I n t e n s i t y 

changes from l i n e s associated w i t h paramagnetic ions are i n d i c a t i v e o f 

changes i n the r e l a t i v e abundances o f the d i f f e r e n t s i t e s , but i n a com

p e t i t i v e t r a p p i n g s i t u a t i o n , then, as Friebele p o i n t s out ( 4 . 4 6 ) , the various 

s i t e s compete f o r the r a d i a t i o n produced holes and e l e c t r o n s , and the f i n a l 

i n t e n s i t y o f a l i n e i s as much a measure of the t r a p deptJi as of the 

r e l a t i v e abundance o f the s i t e w i t h which i t i s associated. Thus the i n t e n 

s i t y o f the l i J i e from a s p e c i f i c s i t e may change g r e a t l y as a r e s u l t o f 

changes i n s t r u c t u r e s (perhaps i n a separate glass phase), w i t h which i t 

i s i n competition, and e q u a l l y , a centre may have a constant i n t e n s i t y 

e.s.r. s i g n a l even though the number o f i t s p o t e n t i a l t r a p p i n g s i t e s 

increase, i f the number o f t r a p p i n g centres p r o v i d i n g charge compensation 

remains constant. Without t h e r e f o r e some knowledge of the probably s t r u c 

t u r a l changes attendant upon a change o f composition or upon heat treatment, 

an i n t e r p r e t a t i o n o f the i n t e n s i t y changes o f the e.s.r. signals i s 

l a r g e l y meaningless ( 4 . 4 7 ) . 

(d) R e l a t i v e d i s t r i b u t i o n s o f the Hamiltonian parameters 

We draw no conclusion i n this s e c t i o n on the T i ^ ^ spectra, from the 

e x t r a d i s t r i b u t i o n s o f tJie g^ or g„ parameters which are evident from the 

computer simulations. This f e a t u r e o f the experimental spectra i s d i s 

cussed i n more d e t a i l i n the next section which considers the hole spectra. 
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4.3.4 S t r u c t u r a l Inferences from the Tj"^^ spectra 

I n the l i g h t o f the previous discussion we now make our f i n a l 

conclusions. 

The spectrum from each o f the d i f f e r e n t glass compositions contains 

a s i n g l e Ti"^^ l i n e only. We have suggested t h a t t h i s l i n e o r i g i n a t e s from 

t i t a n i u m ions a t the centre of a t e t r a g o n a l l y compressed octahedron o f 

oxygen ions. 'The invariance o f t h i s l i n e w i t h composition changes suggests 

t h a t no new t i t a n i a complexes are formed as the TiO^ content o f the glasses 

i s increased, although i t must be admitted t h a t were r u t i l e nuclei:^ t o form 

i t i s extremely u n l i k e l y t h a t these regions would produce a R.T. e.s.r. s i g n a l , 

and thus t h e i r presence would not be detected. I n a d d i t i o n , the f a c t t h a t 

the form o f the Ti"^^ l i n e s are unaffected by p r e - c r y s t a l l i z a t i o n heat t r e a t 

ments, i s an i n d i c a t i o n t h a t the s t a t i s t i c a l d i s t r i b u t i o n s o f the c r y s t a l 

f i e l d parameters a t the T i s i t e s , responsible f o r the broad glassy l i n e s , 

are not reduced by these heat treatments, i . e . there i s no evidence of 

an 'ordering' w i t h i n the sphere o f the T i i o n s , and, by i m p l i c a t i o n , there 

i s no suggestion o f an 'ordering' o f the glass. We i n t e r p r e t the constant 

i n t e n s i t y o f the resonance l i n e s t o be a consequence o f the constancy 

i n the number and nature o f the other hole and e l e c t r o n trapping s i t e s i n 

the g l a s s , r a t h e r than an i n d i c a t i o n t h a t new T i s i t e s , which do not give 

R.T. e.s.r. s i g n a l s , are formed a t Ti02 concentrations above "^0.2%. 

On c r y s t a l l i z a t i o n o f the glasses, two Ti"^^ l i n e s become evident. 

The inference must be t h a t each l i n e i s c h a r a c t e r i s t i c of a d i f f e r e n t Ti^"*^ 

s i t e each w i t h orthorhombic symmetry. I n the c r y s t a l l i z a t i o n process, the 

d i s t r i b u t i o n s o f the Hamiltonian parameters are reduced, i . e . the l i n e s 

become sharper, although the parameters o f the ' c r y s t a l l i n e ' l i n e s (Figures 

4.25 and 4.26) are c e r t a i n l y d i f f e r e n t t o those of the 'glassy' l i n e 

(Figures 4.12 and 4.13), n e i t h e r ' c r y s t a l l i n e ' l i n e a r i s i n g simply from an 



' o r d e r i n g ' , i . e . a re d u c t i o n i n the g parameter d i s t r i b u t i o n s of the 

'glassy' s i t e s , and thus some change i n the environment o f the t i t a n i u m 

ions has occurred. The exte n t o f the g parameter changes are not so 

great as t o imply l a r g e changes w i t h i n the T i s i t e s , indeed the spectra 

suggest t h a t w h i l s t becoming less random on c r y s t a l l i z a t i o n , the t i t a n i u m 

complexes are not appreciably changed. 

The Harailtonian parameters o f the two ' c r y s t a l l i n e ' l i n e s which form 

the composite Ti'^^ e.s.r. l i n e s o f the ceramic specimens, remain e s s e n t i a l l y 

unchanged throughout the range o f ceramics from the various glass compositions 

and c r y s t a l l i z a t i o n temperatures, only t h e i r r e l a t i v e p roportions i n a 

given ceramic vary. The ceramics whose p r i n c i p a l c r y s t a l l i n e phase i s 

E n s t a t i t e - l i k e , i . e . melts (4) and ( 5 ) , c r y s t a l l i z e d a t 1000°C, have a 

'pure' e.s.r. l i n e , t h a t i s , i t can be simulated assuming a si n g l e T i s i t e 

only. The C o r d i e r i t e ceramics have composite l i n e s which are dominated by 

a Ti"^"*" l i n e from a second s i t e and which contain varying proportions of 

the f i r s t , i . e . E n s t a t i t e , l i n e . The X-ray d i f f r a c t i o n r e s u l t s show t h a t 

whenever C o r d i e r i t e i s the major c r y s t a l l i n e phase, there i s an i n d i c a t i o n 

o f the presence o f some E n s t a t i t e - l i k e phase. The d i f f r a c t i o n l i n e s D and 

E, c h a r a c t e r i s t i c o f the E n s t a t i t e phase are, f o r a given glass composition, 

some two t o fou r times more intense on the diffractograms o f the 1200°C 

ceramics than on those from t:he 1000°C ceramics ( c . f . Figures 3.1 and 3 . 3 ) . 

When we observe t h a t the analysis o f the e.s.r. l i n e s shows t h a t ~ 8% o f 

the Ti"^^ l i n e i n t e n s i t y from a specimen o f melt (3) c r y s t a l l i z e d a t 1000°C 

i s due t o the 'pure' e.s.r. l i n e from the E n s t a t i t e ceramics, and t h a t t h i s 
o 

c o n t r i b u t i o n increases t o '^30% i n the same glass c r y s t a l l i z e d a t 1200 C, 

the c o r r e l a t i o n o f the pr o p o r t i o n s of the two c r y s t a l phases, ( i . e . 

E n s t a t i t e and C o r d i e r i t e ) , w i t h the i n t e n s i t i e s o f the two component l i n e s , 

becomes evident. (We would not expect, from previous discussion, t h a t the 

r e l a t i v e i n t e n s i t i e s o f the component e.s.r. l i n e s be i n d i r e c t r e l a t i o n s h i p 

w i t h the r e l a t i v e p r o p o r t i o n s o f the c r y s t a l phases). 
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I t appears t h e r e f o r e t h a t some T i ions are incorporated i n t o the 

E n s t a t i t e and C o r d i e r i t e c r y s t a l phases, and, i n the simultaneous presence 

o f both phases, T i ions are lo c a t e d i n each phase. Measurements reported 

l a t e r i n t h i s t h e s i s suggest t h a t the parent glasses have a phase 

separated s t r u c t u r e and t h a t the primary c r y s t a l phases are heterogen-

eously nucleated by a metastable phase which c r y s t a l l i z e s from a separate 

t i t a n i u m r i c h glass phase. Thus, although by no means i n d i c a t i n g t h a t 

such a process i s a c t i v e , the ubiquitous nature o f the t i t a n i u m ions i n 

the ceramic specimens, (X-Ray d i f f r a c t i o n also i n d i c a t e s a TiO^ phase, 

R u t i l e , i n the C o r d i e r i t e ceramics), i s perhaps t o be expected. 

We consider now the e.s.r. hole spectra. 

4.3.5 Oxygen associated hole centres (O.H.C.) 

Radiation produced paramagnetic centres, (R.P.C.), i n oxide glasses 

have been widely r e p o r t e d , e.g. references (4.31,4.33,4.34,4.40,4.48-4.55) 

s p e c i f i c a l l y concern S = h hole centres. The general nature of r a d i a t i o n 

'damage' centres i n glass has been reviewed by Griscom (4.56). Figure 4.37 

i s a schematic showing the most common 'defects' o f the glass uework 

i t s e l f , (excluding m o d i f i e r associated t r a p s ) , and the associated paramagnetic 

centres a f t e r i r r a d i a t i o n . Considering only the hole centres, then, 'defect' 

(1) i s a non-bridging oxygen (n.b.o.) s i n g l y bonded t o a network former, 

i n our case a S i l i c o n i o n . The n.b.o. may be considered a negative p o i n t 

d e f e c t i f i t s charge compensating c a t i o n i s absent or displaced, and may 

t h e r e f o r e t r a p a p o s i t i v e hole. 'Defect' (2) may occur i f R̂  i s A l or B, 

( t r i v a l e n t i o n s ) , and R i s S i (quadravalent). Then, the negative Si-O-Al 

complex may also provide a t r a p p i n g s i t e f o r a p o s i t i v e hole. The above 

centres are g e n e r a l l y r e f e r r e d t o as oxygen associated hole centres^ (O.H.C.)j 

because the Hamiltonian parameters o f these centres have been found t o be 
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l a r g e l y i n d e p e n d e n t o f t h e t y p e o f a l k a l i i n t h e g l a s s C4.49), o r in d e e d 

o f t h e main g l a s s - f o r m i n g c a t i o n s , e.g. Boron t 4 . 5 5 ) , T i t a n i u m C4.33) o r 

S i l i c o n ( 4 . 5 4 ) . Griscom (.4.56) and T a y l o r (4.56a) have c o l l a t e d t h e pub

l i s h e d r e s u l t s f r o m o x i d e g l a s s e s , and by comparison o f t h e d e r i v e d 

H a m i l t o n i a n p a r a m e t e r s o f o u r ' g l a s s y ' h o l e c e n t r e s ( F i g u r e s 4.18 and 4.20), 

w i t h t h e p u b l i s h e d d a t a we can be r e a s o n a b l y c e r t a i n t h a t t h e c e n t r e s 

r e s p o n s i b l e f o r o u r e . s . r . l i n e s are h o l e s t r a p p e d a t oxygen i o n s , i . e . 

O.H.C's. For reasons d i s c u s s e d l a t e r we f e e l t h a t , i n t h e g l a s s specimens, 

t h e s p e c i f i c d e f e c t i n v o l v e d i s t h a t o f d e f e c t ( l ) , i . e . h o l e s t r a p p e d a t 

n.b.o. bonded t o S i ions:. R a d i c a l s o f t h e t y p e 0~ and 0~ are u n l i k e l y t o be 

p r e s e n t i n s i g n i f i c a n t q u a n t i t i e s i n s i l i c a t e g l a s s e s (4.57) and, even t h e n , 

t h e g v a l u e s o f t h e s e c e n t r e s a r e n o t so w e l l c o r r e l a t e d w i t h t h e g's o f 

ou r c e n t r e s as a r e t h e O.H.C. para m e t e r s . 0^ r a d i c a l s i n TiO^ have 

s i m i l a r g's t o o u r low t i t a n i a c e n t r e ( 4 . 5 8 ) . However t h e q u a n t i t y o f TiO^ 

i n t h e base g l a s s , ( m e l t 1 ) , i s l e s s t h a n t h e number o f paramagnetic c e n t r e s 

and so an 0^ r a d i c a l a s s o c i a t e d w i t h TiO^ i s a l s o an u n l i k e l y c e n t r e f o r 

o u r e . s . r . l i n e . 

4.3.6 Models o f t h e O.H.C. i n g l a s s 

S c h r e u r s (4.54) has propose d t h a t a h o l e c e n t r e w i t h g^ = 2.003, 

g^ = 2.009, g^ = 2.019 and w h i c h he denotes HCl, i s due t o a h o l e l o c a l i z e d 

a t t h e two n.b.o's. o f an j^SiO^ ^ t e t r a h e d r o n , i . e . a SiO^ u n i t w i t h two 

b r i d g i n g and two n o n - b r i d g i n g oxygens. . A second h o l e c e n t r e HC2 wh i c h has 

a x i a l symmetry, and w h i c h Schreurs proposes i s a h o l e t r a p p e d a t a s i l i c a t e 

t e t r a h e d r o n w i t h t h r e e n.b.o's. ( [^SiO^_ ) , i s dominant i n h i g h a l k a l i 

g l a s s . 

G r iscom (4.55,4.56) has propose d m o l e c u l a r o r b i t a l b o n d i n g schemes 

f o r t h e O.H.C's. i n v o l v i n g b r i d g i n g and n o n - b r i d g i n g oxygen i o n s , 

( d e f e c t s (2) and (1) r e s p e c t i v e l y , o f F i g u r e 4.37). The proposed s t e r i c 
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b o n d i n g p i c t u r e and e l e c t r o n i c l e v e l s o f t h e n.b.o, d e f e c t a r e shown i n 

F i g u r e 4.38. The g r o m d s t a t e o f t h e h o l e i s i n a rr t y p e o r b i t a l w h i c h 

Griscom c o n s i d e r s i s a t a s l i g h t l y h i g h e r energy t h a n t h e l o n e p a i r non-

b r i d g i n g l e v e l ( a ^ ^ ' ^ ' ) . The g v a l u e s o f such a c e n t r e a r e g i v e n by 

^1 
C X 

g g (1 + (22) 
^ e 

g 'V g { ! + - ? - ) 
2 

where and a r e c o n s t a n t s o f t h e o r d e r o f 0.1 - 1.0 ( 4 . 7 ) , X i s t h e 

s p i n - o r b i t c o e f f i c i e n t o f t h e 0 i o n , and Â ^ and a r e t h e energy 

s e p a r a t i o n s o f t h e l e v e l s shown i n F i g u r e 4.38. Using t h i s model we con

s i d e r t h e s i g n i f i c a n c e o f t h e d i s t r i b u t i o n s i n t h e g parameters. 

4.3.7 R e l a t i v e d i s t r i b u t i o n s o f t h e p r i n c i p a l g v a l u e s 

The s l o w e r base l i n e r e t u r n o f t h e f i r s t d e r i v a t i v e t r a c i n g on t h e 

h i g h f i e l d s i d e o f e l e c t r o n s p e c t r a , and on t h e low f i e l d s i d e o f h o l e 

s p e c t r a , i s a f e a t u r e b o t h o f t h e s p e c t r a r e c o r d e d h e r e , and o f a l l pub

l i s h e d s p e c t r a f r o m S = h p a r a m a g n e t i c s i t e s i n g l a s s , and a l t h o u g h n o t e d 

u n c r i t i c a l l y by many a u t h b r s , and a s c r i b e d t o an excess d i s t r i b u t i o n o f one 

p r i n c i p a l g v a l u e r e l a t i v e t o t h e o t h e r ( s ) by some (4.50,4.53), o n l y one 

group o f w o r k e r s (4.55,4.59) have a t t e m p t e d t o i n t e r p r e t f r o m fundamental 

t h e o r y t h e s t r u c t u r a l s i g n i f i c a n c e o f these a p p a r e n t d i s t r i b u t i o n s . T h i s 

f i n a l g r o u p have a n a l y s e d t h e b r i d g i n g oxygen d e f e c t , ( d e f e c t ( 2 ) ) , and we 

c o n s i d e r t h e i r r e s u l t s i n t h e n e x t s e c t i o n , w h e r e i n we c o n s i d e r t h e s p e c t r a 

f r o m t h e ceramic specimens. A t p r e s e n t we a r e concerned w i t h t h e a n a l y s i s 

o f d e f e c t ( 1 ) , w h i c h f o r reasons p r e s e n t e d l a t e r , appears t o be t h e c e n t r e 

r e s p o n s i b l e f o r t h e h o l e s p e c t r a i n t h e g l a s s Specimens. 
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I n anrarphous m a t e r i a l s one would e x p e c t a s t a t i s t i c a l d i s t r i b u t i o n 

o f t h e c r y s t a l f i e l d s a t t h e p a r a m a g n e t i c s i t e s . Thus t h e o r b i t a l ground 

s t a t e s o f t h e S = *5 h o l e and e l e c t r o n systems observed i n t h i s work would 

have a d i s t r i b u t i o n o f e n e r g i e s , i . e . t h e r e would be a 'spread' i n t h e 

g r o u n d s t a t e o f t h e Ti"^"^ i o n , ( F i g u r e 4.36), and o f t h e i r ^ ground s t a t e 

o f t h e O.H.C. ( F i g u r e 4.38). As a p r o p o r t i o n o f t h e energy s e p a r a t i o n 

between t h e ground and h i g h e r o r b i t a l s t h i s s pread i s g r e a t e s t f o r t h e 

l e v e l s l y i n g c l o s e s t t o t h e ground s t a t e , (assuming no a d d i t i o n a l d i s t r i 

b u t i o n s o f t h e h i g h e r l e v e l s ) . Thus i n s p e c t i o n o f e q u a t i o n s (21) and (22) 

shows t h a t 

6g^ < 6g2 < <5g3 o r 6g_^ < 6g,, 

where 6g r e p r e s e n t s t h e d i s t r i b u t i o n o f a parameter and ĝ ^ o r i s t h e 

p r i n c i p a l v a l u e c l o s e s t t o g . Thus a d d i t i o n a l d i s t r i b u t i o n s o f t h e 
e 

p r i n c i p a l g's f u r t h e s t d i s p l a c e d f r o m g^ i s a r e s u l t t o be e x p e c t e d from 

t h e g r o u n d s t a t e d i s t r i b u t i o n s g e n e r a t e d by i s o t r o p i c c r y s t a l f i e l d 

v a r i a t i o n s . T h i s argument o f c o u r s e i s p e c u l i a r t o g l a s s y m a t e r i a l s , t h e 

e f f e c t w o u l d be a b s e n t f o r s i t e s e x p e r i e n c i n g i d e n t i c a l c r y s t a l f i e l d s 

such as m i g h t be e x p e c t e d i n w e l l formed c r y s t a l l i n e m a t e r i a l s . 

Q u a n t i f y i n g t h e e x p e c t e d d i s t r i b u t i o n s r e q u i r e s a knowledge o f t h e 

a p p r o p r i a t e o r b i t a l l e v e l d i a g r a m and t h e r e l a t i o n s h i p between t h e c r y s t a l 

f i e l d s p l i t t i n g p a r a m e t e r s and t h e p r i n c i p a l g v a l u e s f o r t h e s i t e under 

c o n s i d e r a t i o n . U s i n g t h e w e l l documented r e l a t i o n s h i p s f o r t h e Ti^"*^ i o n , 

i . e . F i g u r e 4.36 and e q u a t i o n ( 2 1 ) , and t h e s t a n d a r d r e s u l t s : 

and 3g 

where and are t h e energy s p l i t t i n g s between t h e ground xy and 
2 2 

xz/yz l e v e l s and t h e xy and (x - y ) l e v e l s r e s p e c t i v e l y , we have by 
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s u b s t i t u t i n g t h e p a r t i a l d i f f e r e n t i a l s f r o m e c j u a t i o n (21) 

On e n t e r i n g t h e c r y s t a l f i e l d p a r a m e t e r s A^ and A^ c a l c u l a t e d f r o m 

t h e g v a l u e s d e r i v e d i n t h e s i m u l a t i o n o f F i g u r e 4 . 1 2 , and w i t h t h e s i m p l i 

f y i n g a s sumption t h a t 6A^ we have 

6g 

6g 0 .85 

i . e . t h e d i s t r i b u t i o n o f g„ is'some 20% g r e a t e r t h a n t h a t o f g^. An 

e s t i m a t e d f i g u r e o f 

^ 0 . 6 
I I 

i s p l a u s i b l e f r o m t h e s i m u l a t i o n s o f F i g u r e 4 . 1 2 . T h i s i s n o t s u f f i c i e n t l y 

removed f r o m t h e c a l c u l a t e d f i g u r e , g i v e n t h e u n c e r t a i n t i e s i n t h e c a l c u l a 

t i o n and o f t h e c o n t r i b u t i o n s o f t h e d i f f e r e n t l i n e w i d t h b r o a d e n i n g 

mechanisms t o t h e e x p e r i m e n t a l l i n e , t h a t any s a f e c o n c l u s i o n s r e g a r d i n g 

t h e n a t u r e o f t h e c r y s t a l f i e l d s a t t h e T i s i t e s , can be drawn f r o m t h e 

a d d i t i o n a l d i s t r i b u t i o n s e v i d e n t i n b o t h t h e g l a s s y and c r y s t a l l i n e T i " ^ ^ 

s p e c t r a . 

P a r t i a l d i f f e r e n t i a t i o n o f e q u a t i o n (22) c o u l d i n p r i n c i p l e g i v e an 

e s t i m a t e o f t h e e x p e c t e d r e l a t i v e d i s t r i b u t i o n s i n t h e p r i n c i p l e g's o f 

t h e O.H.C. due t o s t a t i s t i c a l d i s t r i b u t i o n s w i t h i n t h e IT ground s t a t e . 

However t h e v a l u e s o f t h e c o n s t a n t s and i n these ec^ations have n o t 

been q u o t e d i n t h e l i t e r a t u r e and are d i f f i c u l t t o e s t i m a t e a c c u r a t e l y 

enough t o make such an e x e r c i s e m e a n i n g f u l . We s p e c u l a t e t h e r e f o r e upon 

t h e i n t e r p r e t a t i o n o f t h e b r o a d d i s t r i b u t i o n s f o u n d i n a s i n g l e parameter. 
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Cg^} f i n t h e low t i t a n i a g l a s s e s (J'igure 4,18), and I n two o f t h e p a r a 

m e t ers ( g ^ and g ^ ) , i n t h e h i g h t i t a n i a g l a s s e s ( F i g u r e 4.20). 

The energy l e v e l scheme shown i n F i g u r e 4.38 i m p l i e s t h a t d i s t r i 

b u t i o n s o f g^ and g^ a r i s e f r o m d i s t r i b u t i o n s i n t h e c r y s t a l f i e l d parameters 

and A^ w h i c h , f r o m t h e s t e r i c b o n d i n g p i c t u r e o f t h i s same f i g u r e , 

w o u l d r e s u l t f r o m v a r i a t i o n s i n t h e c r y s t a l f i e l d s e x p e r i e n c e d by t h e TT 
X 

^ NB 

and o r b i t a l s r e s p e c t i v e l y , ( i g n o r i n g a t t h i s stage t h e d i s t r i b u t i o n s 

w i t h i n IT ) . Thus i n t h i s scheme, d i s t r i b u t i o n s o f g„ and g. (beyond t h a t 

e x p e c t e d f r o m g r o u n d s t a t e d i s t r i b u t i o n s ) , r e f l e c t t h e 'randomness' o f 

t h e c r y s t a l f i e l d i n d i r e c t i o n s a p p r o x i m a t e l y p e r p e n d i c u l a r t o t h e S i - 0 bond ( TT^), and p a r a l l e l to the bond ( a ^ ^ ) . i t i s pure s p e c u l a t i o n to Y 
e q u a t e d i s t r i b u t i o n s o f g^ o r g^ t o s p e c i f i c d i r e c t i o n s r e l a t i v e t o t h e 

S i - 0 bond u n l e s s i t i s known wh i c h o f t h e l e v e l s , ir o r a , l i e s c l o s e s t 

t o i r ^ , e.g. a l a r g e d i s t r i b u t i o n o f g^ i m p l i e s t h a t t h e c r y s t a l f i e l d i s 

most "random' i n a d i r e c t i o n p a r a l l e l t o t h e S i - 0 bond i f i s c l o s e s t 

t o T T ^ , b u t , w i t h t h e l e v e l scheme o f F i g u r e 4.38 a d i s t r i b u t i o n i n g^ 

i m p l i e s t h a t t h e randomness i s g r e a t e s t i n a d i r e c t i o n p e r p e n d i c u l a r t o t h e 

S i - 0 bond. The mechanism r e s p o n s i b l e f o r t h e s p l i t t i n g o f t h e IT and TT 
^ X 

m o l e c u l a r o r b i t a l s i s n o t known ( 4 , 5 6 ) , and t h u s t h e u n c e r t a i n t y i n t h e 

o r i e n t a t i o n o f t h e random f i e l d d i r e c t i o n s c annot be r e s o l v e d . N e v e r t h e l e s s , 

i f a g r o u n d s t a t e d i s t r i b u t i o n i s n o t r e s p o n s i b l e f o r t h e d i s t r i b u t i o n s 

o b s e r v e d h e r e , t h e n we may conclude t h a t t h e n.b.o's. w h i c h p r o v i d e t h e 

h o l e t r a p p i n g s i t e s , a r e , i n t h e low T i g l a s s e s , a t s i t e s where t h e 

c r y s t a l f i e l d i s w e l l d e f i n e d i n two dimensions and r a t h e r l e s s w e l l d e f i n e d 

i n t h e t h i r d d i m e n s i o n , and i n t h e h i g h T i g l a s s e s t h e n.b.o. s i t e s have 

c r y s t a l f i e l d s w h i c h a r e w e l l d e f i n e d i n a s i n g l e d i r e c t i o n o n l y . 

T h i s argument appears t o t h i s a u t h o r r e a s o n a b l e f o r t h e M.O. scheme 

o f t h e n.b.o. d e f e c t p r o p o s e d by Griscom ( 4 . 5 6 ) . I t cannot be t a k e n however 

as a g e n e r a l r e s u l t f o r o t h e r p a r a m a g n e t i c c e n t r e s w i t h q u i t e d i f f e r e n t 

b o n d i n g schemes - see l a t e r . 
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4.3.8 S t r u c t u r a l I m p l i c a t i o n s o f t h e Q.H.C. s p e c t r a f r o m t h e g l a s s 

specimens 

The q u e s t i o n i s now i n what t y p e o f s i l i c a t e s t r u c t u r e would t h e non-

b r i d g i n g oxygens bonded t o a s i n g l e s i l i c o n i o n be expe c t e d t o e x p e r i e n c e 

c r y s t a l f i e l d s o f t h e n a t u r e d i s c u s s e d above? I n g e n e r a l t e r m s , s t r u c t u r e s 

i n w h i c h t h e n.b.o's. are a t t a c h e d t o SiO^ u n i t s w h i c h are i n two dimen-
4 

s i o n a l ' s h e e t s ' , and i n wh i c h t h e 'sheets' are j o i n e d by t h e p r e d o m i n a n t l y 

i o n i c bonds o f a l k a l i o r a l k a l i e a r t h i o n s , would appear t o s a t i s f y t h e 

r e q u i r e m e n t f o r a c r y s t a l f i e l d w h i c h i s w e l l d e f i n e d i n t h e two dimensions 

o f t h e s i l i c a t e ' s h e e t s ' , and r a t h e r l e s s w e l l d e f i n e d i n a t h i r d , i . e . 

• a c r o s s ' t h e ' s h e e t s ' , under t h e r e a s o n a b l e assumption t h a t t h e arrangement 

o f t h e SiO^ t e t r a h e d r a w i t h i n t h e sheets i s r a t h e r b e t t e r t h a n t h e o r d e r i n g 

between t h e l a y e r s o f t e t r a h e d r a . S t r u c t u r e s c o n s i s t i n g o f s i l i c a t e c h a i n s , 

i . e . one d i m e n s i o n a l s i l i c a t e s t r u c t u r e m i g h t be expected t o g i v e oxygen s i t e s 

where t h e c r y s t a l f i e l d i s w e l l d e f i n e d i n t h e dimension a l o n g t h e s i l i c a t e 

c h a i n , and r a t h e r more random i n t h e r e m a i n i n g two dimensions c o r r e s p o n d i n g 

t o t h e o r d e r i n g o f t h e c h a i n s r e l a t i v e t o one anoth e r . 

The p r o p o s a l i s t h e r e f o r e t h a t t h e g l a s s h o l e c e n t r e s are oxygen 

a s s o c i a t e c e n t r e s , and, more s p e c i f i c a l l y , t h a t t h e h o l e s a r e l o c a t e d i n t h e 

IT o r b i t a l s o f oxygen i o n s bonded t o a s i n g l e s i l i c o n i o n , i . e . a t n.b.o's. 

i n t h e s i l i c a t e framework. A s p e c u l a t i v e e x p l a n a t i o n o f t h e shape o f t h e 

resonance l i n e s and t h e v a r i a t i o n s observed upon t h e a d d i t i o n o f t i t a n i u m 

t o t h e base g l a s s , i s t h a t t h e s i l i c a t e u n i t s t o w h i c h t h e n.b.o. a r e 

bonded have a two d i m e n s i o n a l (sheet) arrangement i n t h e low t i t a n i a g l a s s e s , 

and a one d i m e n s i o n ( c h a i n ) arrangement i n t h e h i g h t i t a n i a g l a s s e s . 

We show i n t h e n e x t c h a p t e r t h e c o r r e l a t i o n o f an o p t i c a l band found 

i n a l l o f t h e g l a s s e s w i t h t h e e . s . r . h o l e c e n t r e s . T h i s a b s o r p t i o n band 

i s s u f f i c i e n t l y n ear t o t h e o p t i c a l band a s s o c i a t e d by Schreurs (4.54) w i t h 
2 

t h e HC2 c e n t r e , t h a t t h e l o c a t i o n o f o u r O.H.C. a t j^SiO^ ̂  u n i t s i s 
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r e i n f o r c e d . l _ S i 0 ^ J t e t r a h e d r a a r e p r e s e n t i n b o t h o f t h e p r i n c i p a l 

c r y s t a l l i n e s i l i c a t e s f o u n d on d e v i t r i f i c a t i o n o f t h e g l a s s e s , and t h e i r 

p resence i n t h e g l a s s e s themselves i s n o t s u r p r i s i n g . There i s however 

a c o n f l i c t w i t h t h e p r o p o s a l j u s t d i s c u s s e d i n t h a t SiO^J^ t e t r a h e d r a 

may f o r m s i l i c a t e c h a i n s b u t n o t sheets w h i c h r e q u i r e t h e d i s i l i c a t e 

SiO^J u n i t . T h i s paradox can be s o l v e d by d e t a i l e d c o n s i d e r a t i o n o f t h e 

C o r d i e r i t e and E n s t a t i t e s t r u c t u r e s . T h i s i s d e f e r r e d u n t i l f u r t h e r e x p e r i 

m e n t a l r e s u l t s r e l e v a n t t o t h e argument have been p r e s e n t e d . 

4.3.9 The Ceramic Hole Centres 

The h o l e c e n t r e s o f t h e ceramic specimens are markedly d i f f e r e n t f r o m 

27 

t h e g l a s s y h o l e c e n t r e s , h a v i n g a h y p e r f i n e i n t e r a c t i o n w i t h a s i n g l e A l 

n u c l e u s , ( I = ^/2^ • '^^ a d d i t i o n , t h e p r i n c i p a l g v a l u e s o f t h i s c e n t r e 

a r e s i g n i f i c a n t l y d i f f e r e n t f r o m t h o s e o f t h e g l a s s y c e n t r e s . 

H o l e c e n t r e s h a v i n g a h . f . i n t e r a c t i o n w i t h A l are a l s o w i d e l y 

r e p o r t e d , (4.12,4,31,4,60-4.68). O'Brien (4.60) showed t h a t i n her 

A l doped q u a r t z c r y s t a l s , X - i r r a d i a t i o n p r o d u c e d h o l e s r e s i d i n g i n t h e non-

b o n d i n g o r b i t a l o f an oxygen i o n b r i d g i n g between a S i i o n and a s u b s t i 

t u t i o n a l A i i o n . Most w o r k e r s s i n c e have c o n f i r m e d t h i s a n a l y s i s , con

c l u d i n g t h a t t h e r a d i a t i o n p r o d u c e d c e n t r e w i t h a h . f . i n t e r a c t i o n w i t h 

A l u m i n i u m , i s , i n b o t h a l u m i n o s i l i c a t e g l a s s e s and c r y s t a l s , a h o l e a t a 

IT t y p e o r b i t a l o f an oxygen b r i d g i n g between ^SiO^"] and AlO^ ^ t e t r a h e d r a , 

e.g. (4.12,4.66). T h i s i s t h e c e n t r e shown s c h e m a t i c a l l y i n F i g u r e 4.37, 

i . e . d e f e c t ( 2 ) . 

The u n i f o r m i t y i n t h e r e p o r t e d g v a l u e s o f t h e O.H.C. d i s c u s s e d 

p r e v i o u s l y , ( d e f e c t ( 1 ) ) , i s n o t matched by a s i m i l a r u n i f o r m i t y i n t h e g 

p a r a m e t e r s o f t h e A l a s s o c i a t e d h o l e c e n t r e - a l t h o u g h t h e a n a l y s e s are 

o f t e n q u e s t i o n a b l e , and we c a n n o t t h e r e f o r e p o s i t i v e l y i d e n t i f y t h e c e n t r e 

o b s e r v e d h e r e f r o m a comparison o f i t s d e r i v e d g v a l u e s w i t h t h o s e v a l u e s 



p u b l i s h e d i n t h e l i t e r a t u r e . However, t h e c o u p l i n g c o n s t a n t s | A ^ | , I A ^ 

and I A ^ I o f our c e n t r e , i% 9 g a u s s ) , compare w e l l w i t h t h e r e p o r t e d 

c o u p l i n g c o n s t a n t s o f t h e A l a s s o c i a t e d c e n t r e s , w h i c h range f r o m 6 gauss 

(4.65) t o 9.5 gauss ( 4 . 6 3 ) , cind w i t h a r e a s o n a b l y c e r t a i n t y we a s s i g n o u r 

c e r a m i c h o l e c e n t r e s t o h o l e s t r a p p e d a t Si-O-Al b r i d g i n g oxygens. 

The e v i d e n c e i n t h e l i t e r a t u r e suggests t h a t A l i o n s i n o c t a h e d r a l 

g r o ups do n o t produce a h . f . h o l e spectrum. T h i s i s p r o b a b l y a consequence 

o f t h e sp"^ h y b r i d i z a t i o n o f A l i n t e t r a h e d r a l c o o r d i n a t i o n w h i c h would 

i n c r e a s e t h e Fermi c o n t a c t i n t e r a c t i o n (4.2) and t h u s t h e h y p e r f i n e i n t e r 

a c t i o n compared w i t h t h e n o n - h y b r i d i z e d p - t y p e b o n d i n g o f A l i n AlO^ groups. 

A l t e r n a t i v e l y , c o v a l e n t - i o n i c changes i n t h e n a t u r e o f t h e bonds, g i v i n g 

t h e c o n v e r s e o f an e f f e c t f o u n d by T a y l o r (4.69) f o r t h e h . f . s p l i t t i n g i n 

t h e resonance f r o m Mn^^ i o n s , may be r e s p o n s i b l e . Whatever t h e reason, t h e 

r e s u l t seems w e l l e s t a b l i s h e d , e.g. G r u n i n e t a l (4.12,4.66) found i n c r y 

s t a l l i n e a l u m i n o s c i l i c a t e s t h a t a-Spodumene w i t h A l i n 6 - f o l d c o o r d i n a t i o n 

gave an i r r a d i a t i o n h o l e spectrum w i t h o u t h . f . , and, on h e a t t r e a t m e n t o f 

t h e c r y s t a l s and t h e c o n v e r s i o n t o t h e 3 f o r m where A l i s i n 4 - f o l d , a h o l e 

sDectrum w i t h an A l a s s o c i a t e d h . f . i n t e r a c t i o n appeared a f t e r i r r a d i a t i o n . 

We must c o n s i d e r t h e r e f o r e whether t h e appearance o f a resonance 

s i g n a l w i t h r e s o l v e d h y p e r f i n e o n l y i n t h e c r y s t a l l i z e d specimens i s 

e v i d e n c e o f a c o o r d i n a t i o n change o f t h e A l i o n s f r o m 6 i n t h e g l a s s t o 

4 i n t h e cer a m i c s . We t h i n k n o t . The g r e a t m a j o r i t y o f workers have, 

l i k e o u r s e l v e s , o b s e r v e d a ' f e a t u r e l e s s ' resonance i n t h e g l a s s , w i t h t h e 

h . f . l i n e s o n l y i n t h e c e r a m i c s , e.g. ( 4 . 3 1 ) . I t i s e x t r e m e l y u n l i k e l y ' 

t h a t , o f t h e g r e a t ..Variety o f g l a s s e s s t u d i e d , none would c o n t a i n AlO 
5 

gr o u p s . I n a d d i t i o n , t h e work o f Royak e t a l (4.61) w h e r e i n G e h l e n i t e 

c r y s t a l s (CaO-Al^O^-SiO^) , were s l o w l y f u s e d , r e s u l t i n g i n t h e disappearance 

( i n t h e g l a s s ) , o f t h e h . f . l i n e s p r e s e n t i n t h e c r y s t a l l i n e s p e c t r a , w o uld 

n o t s u p p o r t a c o o r d i n a t i o n change h y p o t h e s i s . 
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I s t h e r e f o r e t h e random n a t u r e o f t h e g l a s s y phase r e s p o n s i b l e f o r 

t h i s g e n e r a l e f f e c t ? We w o u ld argue so, b u t , i t cannot s i m p l y be an 

i n h e r e n t l i n e b r o a d e n i n g , i . e . reduced r e s o l u t i o n , e f f e c t , because two 

groups o f w o r k e r s have o b s e r v e d , a l b e i t p o o r l y r e s o l v e d , h o l e c e n t r e s w i t h 

an A l a s s o c i a t e d h . f . i n t e r a c t i o n , i n t h e i r s i l i c a t e g l a s s e s (4.62,4.65). 

I n a d d i t i o n , i n s t u d i e s o f B o r a t e g l a s s e s (4.55,4.56a), w h i c h are n o t 

t h o u g h t t o be l e s s ' d i s o r d e r e d ' t h a n s i l i c a t e g l a s s e s , t h e g l a s s h o l e 

s p e c t r u m i s a l m o s t e n t i r e l y t h e Boron Oxygen Hole Centre (B.O.H.C), 

c h a r a c t e r i s e d by a c l e a r l y r e s o l v e d h . f . i n t e r a c t i o n w i t h a ^^B. n u c l e u s , 

and w h i c h has been a n a l y s e d as a h o l e t r a p p e d a t an oxygen i o n b r i d g i n g 

between 3 and 4 c o o r d i n a t e d b o r o n i o n s , and as such i s analogous t o o u r 

A l a s s o c i a t e d c e n t r e . A l s o a g a i n s t a s i m p l e ' r a n d o m i z a t i o n ' h y p o t h e s i s 

i s t h e g a n a l y s i s w h i c h has shown t h a t two d i s t i n c t s i t e s a r e r e s p o n s i b l e 

f o r t h e l i n e s i n t h e g l a s s and ceramic specimens. 

We a r e l e f t t h e r e f o r e w i t h t h e concept o f c o m p e t i t i v e t r a p p i n g ( 4 . 4 6 ) . 

We must c o n c l u d e t h a t d e f e c t (1) i s t h e dominant c a p t u r e c e n t r e i n t h e 

g l a s s specimens and t h a t d e f e c t (2) i s dominant i n t h e c e r a m i c s , and t h a t 

t h e i n t e n s i t y o f t h e resonance s i g n a l s f r o m t h e s e c e n t r e s i s n o t a d i r e c t 

measure o f t h e r e l a t i v e numbers o f each o f t h e c e n t r e s i n t h e g l a s s e s and 

t h e c e r a m i c s . I n t h e c r y s t a l s t r u c t u r e o f C o r d i e r i t e and E n s t a t i t e t h e r e 

a r e l a r g e numbers o f n.b.o., i . e . d e f e c t ( 1 ) , and e q u a l l y , t h e g l a s s e s 

must c o n t a i n Si-O-Al s t r u c t u r e s , i . e . d e f e c t ( 2 ) . 

The work o f B i k b a u e t a l (4.63) i s most i l l u m i n a t i n g t o t h i s argument. 

H i s o b s e r v a t i o n s o f t h e r a d i a t i o n i n d u c e d h o l e c e n t r e s i n A l doped ('̂ '0,2 a)t.%) 

SiO^J u n i t s - 4 n.b.o. p e r t e t r a h e d r a , ) 

showed t l i a t t h e A l a s s o c i a t e d c e n t r e w i t h i t s h . f . s t r u c t u r e dominated 

t h e s p e c t r u m . C l e a r l y t h e r a t i o o f Si-O-Al s t r u c t u r e s t o S i - 0 s t r u c t u r e 

was v e r y s m a l l i n t h e s e c i r y s t a l s , n e v e r t h e l e s s , t h e h o l e r e s i d e d a t t h e 

b r i d g i n g r a t h e r t h a n t h e n o n - b r i d g i n g oxygen. We proposed h e r e t h e r e f o r e 



t h a t i n t h e g l a s s t h e v a r i a t i o n s o f l o c a l charge n e u t r a l i t y a r e much 

g r e a t e r t h a n i n t h e c r y s t a l s , g i v i n g many S i - 0 s i t e s where t h e charge 

compensating i o n i s f u r t h e r removed, o r even absent f r o m , i t s s t e r i c 

p o s i t i o n e x p e c t e d i n t h e c r y s t a l l i n e f o rm. Thus t r a p s o f t h i s n a t u r e , 

i . e . d e f e c t ( 1 ) , have a l a r g e r c a p t u r e c r o s s - s e c t i o n o r t r a p d e p t h t h a n t h e 

b r i d g i n g oxygen t r a p s i n t h e g l a s s specimens, and t h e e . s . r . l i n e shows no 

h . f . l i n e s . * 

I n t h e s p e c t r a f r o m t h e low T i g l a s s e s we have observed on t h e h i g h 

f i e l d s i d e o f g^, two v e r y weak l i n e s s e p a r a t e d by 8 - 1 0 gauss. I n t e r e s t i n g l y 

t h i s p a i r o f l i n e s a r e n o t p r e s e n t i n t h e h o l e spectrum o f t h e h i g h T i g l a s s e s . 

These weak l i n e s may be e v i d e n c e o f a weak resonance w i t h an A l a s s o c i a t e d 

h . f . i n t e r a c t i o n , i m d e r l y i n g t h e dominant ' f e a t u r e l e s s ' , l i n e . T h i s r e s u l t 

was n o t c o n s i s t e n t l y s t u d i e d because o f t h e v e r y weak s i g n a l s and because 

i t s p o s s i b l e r e l e v a n c e was n o t a p p r e c i a t e d . However, we n o t e t h a t P a v l u s h k i n 

e t a l (4.31.) have o b s e r v e d an A l a s s o c i a t e d h . f . c e n t r e i n a l l c r y s t a l l i n e 

compounds d e r i v e d f r o m t h e c r y s t a l l i z a t i o n o f a g l a s s o f C o r d i e r i t e c o m p o s i t i o n , 

w i t h t h e e x c e p t i o n o f an u n s t a b l e Magnesium-Aluminium-Titante phase, w h e r e i n 

t h e e . s . r . l i n e remains unchanged f r o m t h e ' f e a t u r e l e s s ' g l a s s y l i n e , 

( n o t u n r e a s o n a b l y as t h e r e a r e no Si-O-Al bonds i n t h i s p h a s e ) . P l a c i n g 

t h e s e o b s e r v a t i o n s t o g e t h e r , we n o t e t h a t an a s s o c i a t i o n o f t h e A l i o n s w i t h 

T i i o n s when t i t a n i u m i s added t o t h e g l a s s , would produce t h e a d m i t t e d l y 

weak e f f e c t s i n t h e h o l e s pectrum j u s t d e s c r i b e d , i . e . t h e disappearance o f 

t h e p a i r o f ' h y p e r f i n e ' l i n e s . 

The a n a l y s i s o f t h e h o l e c e n t r e s has shown t h a t i d e n t i c a l c e n t r e s 

e x i s t i n b o t h t h e C o r d i e r i t e and Ens t a t i t e - l i k e c e r a m i c s . We n o t e t h a t i n 

* The o n l y i s o t o p e o f S i w i t h a non-zero n u c l e a r s p i n , i . e . ^ ^ S i i s o n l y 
4.7% abundant ( 4 . 7 0 ) , and t h u s h . f . i n t e r a c t i o n s w i t h S i n u c l e i i a re 
n o t o b s e r v e d i n g l a s s e s w i t h o u t i s o t o p i c e n r i c h m e n t { 4 . 5 6 a ) . 
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t h e C o r d i e r i t e s t r u c t u r e , a l l o f t h e A l i o n s a r e t e t r a h e d r a l l y co

o r d i n a t e d , and a l l a r e bonded t h r o u g h a b r i d g i n g oxygen t o a S i i o n 

( 4 . 7 1 ) , and t h u s t h e presence o f Si-O-Al c e n t r e s i s exp^ected. The 

E n s t a t i t e s t r u c t u r e c o n t a i n s no Si-O-Al bonds and we must c o n s i d e r where 

t h e A l i o n s a r e l o c a t e d i n t h e s e ceramics g i v e n t h a t t h e e . s . r . s p e c t r a 

demand SiO^ - AlO^ groups b r i d g e d by Si-O-Al bonds. P r e v i o u s a r g u 

ments show t h a t we cannot e x c l u d e t h e e x i s t e n c e o f A l i o n s i n b o t h t h e 

c r y s t a l l i n e and j l a s s phases o f t h e c e r a m i c , a l t h o u g h i t i s u n l i k e l y t h a t 

t h e s e i o n s a r e s o l e l y i n t h e r e s i d u a l g l a s s , and we c o n s i d e r t h e i r p r o b a b l e 

p o s i t i o n i n t h e E n s t a t i t e s t r u c t u r e . The two n o n - e q u i v a l e n t i n t e r s t i t i a l 

s i t e s between s i l i c a t e c h a i n s a r e 6 - f o l d c o o r d i n a t i o n s i t e s and t h u s t h e 

d i r e c t s u b s t i t u t i o n o f A l i o n s f o r S i i o n s o f t h e c h a i n seems more p r o b a b l e 

t h a n t h e e x i s t e n c e o f t h e A l i o n s between t h e c h a i n s . 

F i n a l l y , we c o n s i d e r t h e d i s t r i b u t i o n o f g^ r e l a t i v e t o g^ and g^ 

fo u n d f o r a l l o f t h e b r i d g i n g oxygen c e n t r e s i n t h i s work. T h i s d i s t r i 

b u t i o n i s a f e a t u r e o f t h e B.O.H.C. d i s c u s s e d p r e v i o u s l y . G r i s c o m (4.56) 

o b s e r v e d t h a t t h e m o l e c u l a r o r b i t a l b o n d i n g scheme f o r t h e oxygen i o n 

b r i d g i n g S i and A l i o n s may be ex p e c t e d t o be s i m i l a r t o t h e M.O. scheme 

f o r t h e oxygen b r i d g i n g between 3 and 4 c o o r d i n a t e d boron i o n s , and t h e r e 

f o r e t h e a n a l y s i s by t h e s e w o r k e r s o f t h e B.O.H.C. (4.55,4.56,4.59), 

s h o u l d be r e l e v a n t t o t h e O.H.C. i n o u r cer a m i c s . They conclude t h a t 

t h e excess d i s t r i b u t i o n s i n g^ r e s u l t f r o m v a r i a t i o n s o f t h e B ( I I I ) - 0 - B ( I V ) 

bond a n g l e s , i . e . b y anal o g y t h e Si-O-Al bond a n g l e s i n o u r specimens. 

T h i s i s an a t t r a c t i v e p o s t u l a t e i n t h a t i t i s w e l l e s t a b l i s h e d t h a t such 

s t a t i s t i c a l d i s t r i b u t i o n s o f t h e bond a n g l e s i s a f e a t u r e o f a l l g l a s s e s 

( 4 . 7 2 , 4 . 7 3 ) , and we can perhaps i n f e r t h a t t h e s e d i s t r i b u t i o n s a r e s t i l l 

p r e s e n t i n t h e c e r a m i c s c r y s t a l l i z e d f r o m t h e g l a s s e s . 



The p r i n c i p a l c o n c l u s i o n s o f t h i s c h a p t e r w i l l be summarised 

i n t h e f i n a l c h a p t e r o f t h i s t h e s i s , where t h e y w i l l be combined w i t h 

t h e r e s u l t s from t h e f o l l o w i n g e x p e r i m e n t a l c h a p t e r s t o produce a 

s c e n a r i o o f t h e s t r u c t u r a l changes w h i c h o c c u r as TiO^ i s added t o t h e 

base g l a s s c o m p o s i t i o n . 
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CHAPTER 5 

OPTICAL ABSORPTION SPECTRA 

T h i s Chapter p r e s e n t s the r e s u l t s of o p t i c a l absorption s t u d i e s on 

the g l a s s e s as produced, and a f t e r Y i r r a d i a t i o n . The d i f f e r e n t i a l s p e c t r a 

are a n a l y s e d i n t o Gaussian component bands and the s i g n i f i c a n c e of these 

bands d i s c u s s e d . 

5.1 Experimental S p e c t r a 

The absorption s p e c t r a of each of the f i v e g l a s s compositions, 

w i t h and without p r e - c r y s t a l l i z a t i o n heat treatment, were measured, and, as 

r e p r e s e n t a t i v e of the range of g l a s s e s , s p e c t r a from melts ( 1 ) , (3) and (5) 

are p r e s e n t e d i n F i g u r e s 5.1, 5.2 and 5.3. The absorption c o e f f i c i e n t (a) 

i s c a l c u l a t e d from the measured t r a n s m i s s i o n I according to 
r o T t ^ 

Ln 
a 

Is. (16 n^) 
^ t (n + 1 ) ^ , 

where I ^ i s the beam i n t e n s i t y , n i s the r e f r a c t i v e index and d i s the 

saiDple t h i c k n e s s , (see Appendix I I ) , Also shown i n these f i g u r e s are the 

a b s o r p t i o n s p e c t r a of the same specimens a f t e r i r r a d i a t i o n with 1 Mrad of 

Y ~ r a y s . 

The most n o t i c e a b l e e f f e c t of the a d d i t i o n of TiO^ on the pre-

i r r a d i a t i o n s p e c t r a i s the i n c r e a s e d u. v. absorption which, i n melts (4) and 

(5) produced a brown-red c o l o u r a t i o n , melt (5) being r a t h e r darker than 

melt (4) and melts ( 1 ) , (2) and (3) have no c o l o u r a t i o n . Of p a r t i c u l a r 

i n t e r e s t i n t h i s work, however, i s the a d d i t i o n a l aborption produced by the 

y - i r r a d i a t i o n , and, i n F i g u r e s 5.4, 5.5 and 5.6 the d i f f e r e n t i a l "absorption 

( i . e . the absorption c o e f f i c i e n t a t a s p e c i f i c wavelength a f t e r i r r a d i a t i o n 

minus the absorption a t t h a t wavelength p r i o r to i r r a d i a t i o n ) i s presented. 

The lower t r a c e s of each of these f i g u r e s show the d i f f e r e n t i a l absorption 
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a f t e r an 'annealing' heat treatment at 200°C. 

Figures 5 . 1 , 5 . 2 and 5 .3 show that the p r e - c r y s t a l l i z a t i o n heat 

treatments, p a r t i c u l a r l y at the higher temperatures, s h i f t s the 'u.v. edge' 

to longer wavelengths. This e f f e c t i s small i n melts ( 1 ) , (2) and (3) and 

more pronounced i n melts (4) and ( 5 ) . However, Figures 5 . 4 , 5 .5 and 5 .6 

show that the induced y-ray absorption i s independent of p r e - c r y s t a l l i z a t i o n 

heat treatment, apart from a s l i g h t l y increased absorption at higher heat 

treatment temperatures. Certainly, no new i r r a d i a t i o n centres giving rise 

to an absorption i n the wavelength range studied, (240 nm ->• 1000 nm) , are 

produced by heat treatment and from t h i s point, as with the e.s.r. spectra, 

we deal with compositional effects only. 

The analysis of the d i f f e r e n t i a l spectrum of melt ( 1 ) , (Figure 5 . 4 ) , 

i s shown i n Figure 5 . 7 (the abscissa i s now a linear energy scale, i.e. 

wavenumber). Three bands of Gaussian form ( 5 . 1 ) can be resolved i n the upper 

trace, and, as the lower trace shows, these bands, although diminished i n 

i n t e n s i t y , are s t i l l the p r i n c i p a l components aft e r the sample has been 

annealed' f o r four hours at 200°C. The analysis of the melt (2) and (3) 

d i f f e r e n t i a l spectra y i e l d similar results, but the melt (4) and (5) spectra 

are d i f f e r e n t enough t o warrant separate discussion. The analysed spectrum 

of melt ( 5 ) , as t y p i c a l of both melts (4) and ( 5 ) , i s shown i n Figure 5 . 8 ( a ) , 

traces (b) and (c) being the d i f f e r e n t i a l spectra af t e r one hour and four 

hours at 200°C. Five bands are resolved i n t h i s spectrum and these bands 

remain tJie components of the spectrum a f t e r 'annealing' heat treatments. 

Figures 5 . 7 and 5 . 8 therefore encompass the o p t i c a l bands created i n the 

glasses upon y - i r r a d i a t i o n and the decay characteristics of these bands 

upon heat treatment of the speciments at 200°C. 

F i n a l l y , therefore, i n Figure 5 . 9 , the growth characteristics of 

the o p t i c a l bands are t y p i f i e d . The figure shows the d i f f e r e n t i a l spectra 

of a Melt (4) specimen a f t e r i r r a d i a t i o n with doses of 1 Mrad and 300 Mrad. 



£ 

UJ 
o 
li-
ll_ LU O O 
z o 
h-Q. 
DC O CO 
m 
< 

AO 36 32 28 24 20 16 12 8 

• WAVENUMBER (cm'^IO"^) 

CD 0-2 

WAVENUMBER (cm'^IO"^) 

FIG.5.7. Dif ferent ial absorption in glass l . ( I M r a d ) 

a) before. b) af ter Ahrs at 200''c . 



{,.UJ3) iN3;Didd30D NOiidyosav 

p 

o X 
I 
£ 
u 

a: lU 
CD 
3 
Z 
(U 

I 

in 
CO 

p p 

o 

ill 

CO 

Z 

I 

1 1 1 •—r 1 1 

o / 

-
/ 

V 1 1 1 r 

V 

1 1 \ 
P 00 <£> 

— 6 6 
V <N o 
o 6 

( UJO) lN3IDIdd300 Noiidyosav 

m 
z 

I 

ra 

o 
• o o 
<N 

2 

O 
o o o 

r: 
— CO 

o J= 

iN3i3id33oo Noiidyosav 

o I/) 
ra 

CO 
O 
U. 

(U 
M— 
CC 

JQ 

2! 
o 
4) 



E o 

I— 
•z. 

UJ 
cJ 
LL 
LL 
LU 
O 
O 

Q. 

O 
CO 
m 
< 

E 

QJ 
O 
U_ 
U_ 
111 
O 
o 

DL 

o cn 
< 

40 36 32 28 24 20 16 12 

WAVENUMB.ER (cm"\ lO"^) 

8 

40 36 32 28 24 20 16 

WAVENUMBER ( c m " \ l 0 " ^ ) 

FIG.5.*1. Differential absorbtion in glass 4 
a) after 1 M rad b) after 300 Mrads 



8o -

No new bands are created, and, to varying extents, a l l of the induced bands 

increase i n i n t e n s i t y upon prolonged i r r a d i a t i o n beyond 1 Mrad. This 

general statement i s true for a l l of the glasses studied, and a more detailed 

discussion of growth characteristics follows i n the next section. 

5 . 2 Discussion of the Experimental Spectra 

Radiation induced colour centres i n s i l i c a t e , phosphate and borate 

glasses, and i n c r y s t a l l i n e s i l i c a t e s , have been extensively studied and 
(5 2) 

the early definative work i s reviewed by L e l l , ' (simple and binary 

s i l i c a t e s and glasses), and by Bishayf^*"^^ (multicomponent glasses). The 

E.M. radiation i s not capable of creating s t r u c t u r a l defects, but only of 

changing the electronic d i s t r i b u t i o n , and thereby generating trapped holes 
(5 4) 

and electrons at 'defects' already present i n the specimen. ' In quartz 

and fused s i l i c a there are numerous bands between 200 nm and 230 nm̂ '̂̂ ^ 

due to hole and electron traps at defects (e.g. oxygen vacancies, Si-Si 

bridges e t c . ) , i n the s i l i c a network, but i n the region studied here, most 

published spectra from i r r a d i a t e d s i l i c a t e glasses resolve to three pri n c i p a l 

bands i n the region of 620 nm ( 1 6 . 1 x 10"^ cm S» 430 nm ( 23 .3 x 10"^ cm 

and 310 nm ( 3 2 . 3 x 10^ cm S.̂ '̂̂^ Indeed, the s i m i l a r i t y i n the form of 

the spectra from s i l i c a t e , phosphate and borate glasses, indicated a common 

o r i g i n f o r the d e f e c t s O n e defect common to a l l glasses i s the non-

bridged oxygen, and i t seems l i k e l y that holes trapped at n.b.o's. are 

responsible f o r each of the three aforementioned bands. The precise nature 

of each defect i s returned to l a t e r . 

We consider now the analysis of the spectra reported here (Figures 

5 . 7 and 5 , 8 ) . Absorption bands at approximately 25 x 10^ cm ̂  and 

17 X 10^ cm ^ are present i n both samples and indeed i n the spectra of 

a l l of the glasses studied. A band at approximately 32 x 10"^ cm i s 

cle a r l y i d e n t i f i e d i n the glass (1) specimen, (and also i n glasses (2) and ( 3 ) , 
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and, although a precise position and int e n s i t y cannot be established for 

t h i s band i n melts (4) and ( 5 ) , i t i s probable that i t i s present i n these 

melts too. In addition, the melts (4) and (5) have bands at approximately 

28 - 29 X 10"^ cm ^ which are not present i n melts ( 1 ) , (2) and ( 3 ) . There 

i s also some indication of a weak band i n the 11 .5 x 10"^ cm~̂  region i n 

melt ( 5 ). The p o s s i b i l i t y of a correlation between an optical band and the 

e.s.r. hole centre previously discussed i s now considered. 

The area beneath the Gaussian optical bands i s proportional to the 

product a^U where i s the peak value of the absorption coefficient and 

U i s the band width at half peak i n t e n s i t y , and, from Smakula's equation!^' 

the numer of colour centres i s given by 

0 .87 X 10^^ n N = X — 5 r- a U 

where f i s the o s c i l l a t o r strength and n i s the refractive index. Con

sidering f to be constant and knowing n to vary by only 5% across the range 

of glasses, we assume proporti o n a l i t y between the product a U and the number 
m 

of colour centres. The number of spins contributing to a given e.s.r. l i n e 

i s also proportional to the area beneath the absorption cuive, which we 
(5 8) 

f i n d by double integration of the experimental f i r s t derivative spectrum. 

Throughout the range of glass samples studied the in t e n s i t i e s of the 

hole and electron e.s.r. resonances could be correlated to within a factor 

of two, and w i t h i n t h i s experimental accuracy the i n t e n s i t i e s of the signals 

i n d i f f e r e n t glasses was found to be constant. However, to compliment the 

o p t i c a l absorption studies, i n a l i m i t e d number of specimens of melts (1) 

and ( 5 ) , the i r r a d i a t i o n growth and heat treatment decay of the e.s.r. 

i n t e n s i t i e s were measured with greater care, ( i . e . as regards the sample 

position i n cavity, sample quantity, microwave power, e t c . ) . An examination 

of the e.s.r. and o p t i c a l data for these melts revealed a correlation between 

the 25 X 10'^ cm ^) o p t i c a l band and the e.s.r. hole centre. The results 



- 88 

are summarised i n Tables 5.1 and 5.2. 

Table 5.1 shows that the general decrease i n the 25 x 10^ cm~̂  band 

as the t i t a n i a content i n the glasses increases, i s mirrored by a similar 

decrease i n the e.s.r. hole centre intensity, at l e a s t at each end of the 

composition range. In addition. Table 5.2 shows that within a given glass 

composition the i r r a d i a t i o n growth and 'annealing' decay of the two signals 

i s , within the l i m i t s of measurement, i d e n t i c a l . That i s , although the 

25 X 10"̂  cm ^ optical band i n melt (1) increases at a greater rate with 

i r r a d i a t i o n dose than the same band i n melt (5), the e.s.r. signal behaves 

correspondingly, increasing i n melt (1) rather more quickly than i n melt (5) 

Also, the o p t i c a l band i n melt (1) decays more slowly than i n melt (5), and 

t h i s e f f e c t i s p a r a l l e l e d by the e.s.r. signals i n these melts. There i s , 

therefore, a strong correlation between the 25 x 10"̂  cm ^ optical band and 

the radiation induced e.s.r. hole centre considered i n the previous 

Chapter. 

(5 9) 

The work of Stroud et a l ' on Soda-Silica glass doped with cerium, 

established that bands at 22.7 x 10^ cm ^ and 16.1 x 10"̂  cm ^ are hole 

traps. His interpretation, l a t e r confirmed by Mackeŷ ,̂ *̂ '̂ ^ i s that the 

traps are normally f i l l e d ir-orbitals associated with non-bridged oxygens 

on glass forming tetrahedra. Schreurs^^'^^^ extended t h i s work and cor

related the HCl and HC2 e.s.r. l i n e s discussed previously, with the optical 

bands above. On the basis of the intensity changes i n the optical and 

e.s.r. signals with glass composition, Schreurs assigned the HCl centre 

to the 'V'23 X 10"̂  cm ^ o p t i c a l band and the HC2 centre to the 16 x 10"̂  cm ^ 

o p t i c a l band, and proposed that the HCl/23 x 10^ cm ^ absorption was due 
2-

to a hole trapped at a n.b.o. attached to an (SiO^) tetrahedron, i . e . 

an SiO^ unit with two non-bridging oxygens. This work has correlated an 

e.s.r. hole centre with an o p t i c a l band at 25 x 10"̂  cm ^. The s i m i l a r i t y 

of the hole centre found i n t h i s work and the HCl centre has been previously 



Table 5.1; A comparison of the i n t e n s i t i e s of the 

25 X 10"̂  cm o p t i c a l band and the e.s.r. 

hole centre in glasses (1) and (5) after 

a 1 Mrad dose of 7-rays. 

Glass No. Optical (a U) m e.s.r. ( J J ^ .dH). 

1* 1.0* 1.0 * 

2 0.9 ** 

3 0.9 ** 

4 0.8 ** 

0.6 

* e.s.r. and o p t i c a l i n t e n s i t i e s are r e l a t i v e to 
the melt (1) i n t e n s i t i e s which are normallized 
to unity for both signals. 

** These specimens were not examined. 



Table 5.2; The growth and decay c h a r a c t e r i s t i c s of the 
25 X 10 cm optical band and the e.s.r. hole 
centre i n glasses (1) and (5). 

60 IRRADIATION GROWTH ( C o y-rays) 

Dose Glass 1 Glass 5 
(Mrad) e.s.r. optical e.s.r. optical 

0.5 0.7 0.8 0.8 0.8 
1.0* 1.0 * 1.0 1.0 * 1.0 
10 2.0 1.8 1.5 1,4 

300 3.2 2.8 2.4 2.2 
600 3.5 3.1 2.5 2.3 

HEAT TREATMENf DECAY (at 200° C following 1 Mr) 

Time Glass 1 Glass 5 

e.s-r. optical e.s.r. optical' 

0 hrs.* l.o * 1.0 1.0 * 1.0 

1 hr 0.40 0.34 0.17 0.13 

1 4 hrs. 0.2.1 
0.18 1 0.09 0,07 

* Tne e.s.r. and opti c a l i n t e n s i t i e s of both glasses 
are normalized to unity af t e r a 1 Mrad exposure. 
Thereafter, intensity figures are rela t i v e to the 
inte n s i t y at 1 Mrad. 
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noted, and we now.consider the association of the 23 x 10"̂  cm~^ band 

found by Schreurs and the 25 x lO'̂  cm~̂  band found i n this work. 

Kats^^'"*^ established that the position of the 'V' 23 x 10"̂  cm~̂  band 

was quite sensitive to the type of a l k a l i i n the glass. Studies of 30 mol.% 

of d i f f e r i n g a l k a l i s showed that although the 32 x 10"̂  cm"'̂  and 16 x 10'̂  cm"'̂  

bands changed very l i t t l e throughout the range of a l k a l i s studied, the 
3 - 1 3 - 1 23 X 10 cm band had i t s peak at 24.1 x 10 cm for Li^O at one extreme 

and at 20.4 x 10"̂  cm ^ for CS2O at the other. They ascribed t h i s effect to 

the s i z e of the a l k a l i ion, i . e . i t s ionic radius. However, as each of the 

ions studied was monovalent perhaps the c r i t e r i o n may well have been the 
2 

ionic f i e l d strength, (Z/r ) . Continuing the se r i e s of modifier ions to 

Mĝ"*̂  therefore, with i t s r e l a t i v e l y high f i e l d s trength,^^*may well 

account for the s h i f t to shorter wavelengths which we observe for t h i s band. 

With caution therefore, we ascribe the 25 x 10"̂  cm ^ optical band 

and the e.s.r. hole resonance to a single centre, that centre, following 
r n2-

Schreurs, being a hole trapped at a non-bridged oxygen ion i n an t.SiO^_ 

unit. 

Thus we return to the remaining bands present i n a l l of the glass 

specimens, those at 32 x 10^ cm ^ and 17 x 10"̂  cm ^. The 17 x 10^ cm ^ band 

i s ascribed by Schreurs^^* to a hole trapped at a n.b.o. at an SiO^]"^ 

unit , (the HC2 centre), and Yokota^ ̂ ' ̂  ^ and Karapetyan^^ *'̂'̂^ ascribe the 

32 X 10"^ cm ^ band to a hole trapped at an a l k a l i vacancy neighbouring a 

non-bridging oxygen ion. We should therefore consider the apparent absence 

of any aluminium associated or Ti"^"*" optical bands. 

Aluminium i n glass terms i s an intermediate oxidef^'^^^ and i n both 

c r y s t a l s and glass i t i s found i n both 4- and 6-fold co-ordination with 

oxygen. Due to this undertainty of co-ordination state i n glass there i s 

a corresponding uncertainty i n the position and assignment of aluminium 

associated colour centres i n glass. However, i n known co-ordination states. 
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e.g. when quartz i s doped with Al as an impurity, (Al i n 4-fold) , the main 

i r r a d i a t i o n band i s at 21.0 x 10"̂  cm ^ and i s associated with a hole 

trapped at an oxygen atom bonded to the Aluminium i n an TAIO.!" unit!^'"'"^^ 
4-' 

There i s also a much weaker band at 16.1 x 10'̂  cm"'''. The e.s.r. properties 

of t h i s defect, i . e . i t s associated hyperfine structure, have been discussed 

previously. I n s i l i c a t e glasses, the hole trapped at an oxygen on an [AIO^I " 

unit i s correlated with an o p t i c a l band at 18.2 x 10"̂  cm"''". ̂ '̂'''̂ ^ Thus we 

must conclude, due to the absence of bands i n the 18 - 21 x 10^ cm"''' region 

that there i s no evidence of [AIO^] units, although t h i s must be a very weak 

statement. 

I n structures where Al i s known to e x i s t i n 6-fold co-ordination, 

e.g. corundum, (Al^O^) , there are many y-irradiation produced bands, ̂ '̂̂ '̂ ^ 

most notably i n the wavelength range studied here at 24.8 x 10"̂  cm ^. This 

band has also been found by Bauer^^'^^^ i n y-irradiated Al^O^, and ascribed 

to a hole on an n.b.o. attached to an [AlOg] unit and s t a b i l i z e d by an 
2+ 

associated divalent impurity, (Fe ) . They find that an a x i a l e.s.r. signal 

with Hamiltonian parameters = 2.007 and g„ = 2.012 i s associated with the 

o p t i c a l band. Other authors have correlated t h i s band, (at 25.6 x 10^ cm ^ 

i n t h e i r work), with a s i x l i n e hyperfine e.s.r, signal!^*^'^^ Neither of 

the above e.s.r. l i n e s are present i n the glasses studied here, and as 

before we conclude that the band at 25 x 10^ cm ^ i s most l i k e l y due to a 
2-

hole trapped at an (SiO^) unit. We consider now the optical absorption 
produced by the titanium ion i n other glass and c r y s t a l systems. 

4+ o 
Quadravalent titanium, i . e . T i , i s a d system and produces no 

'c r y s t a l f i e l d ' bands, although charge transfer absorption, which i s 
(5 19) 4+ Laporte allowed ' and thus intense, i s possible between the Ti ion 

and the surrounding ligands. We return to charge transfer absorptions 

l a t e r . The s p l i t t i n g of the D̂ ground state of the Ti"^^ ion by various 

types of distortion of the ligand octahedron has been discussed i n the 
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previous chapter, and, from previous arguments, we reproduce i n Figure 

5.10 the roost probably energy l e v e l diagram (neglecting the possible 

orthorhombic s p l i t t i n g ) . The opti c a l transitions from the ground state are 

indicated i n the diagram. The c r y s t a l f i e l d s p l i t t i n g parameter. A, i s 

the energy separation between the lower l e v e l s of the original doublet 

and t r i p l e t created by the cubic c r y s t a l f i e l d , (in perfect octahedral co

ordination i t i s the energy difference between the E and T„ l e v e l s ) , and 
g 2g 

gives r i s e to the strongest c r y s t a l f i e l d absorption. 5, represents the 

energy s p l i t t i n g within the lower t r i p l e t due to the tetragonal distortion 

and t h i s gives r i s e to a weaker, longer wavelength absorption which i s 
V, -.̂  • ^ (5.19,5.20,5.21) „ (5.22) often observed as a shoulder on the main band. Pryce 

developed relationships between the position of the e.s.r. resonance absorp

tion and the optical bands, which, i n terms of Figure 5.10, may be written. 

and 

4 g^ X 
(5.1) 

- 9,.) 

^ e ^ 
(5.2) 

where g i s the free electron g value, (2.0023), and X i s the spin-orbit 

coupling constant. For the free T̂ "̂*" ion X = 154 cm~̂ .̂ *̂̂ ^̂  Using 

the above relationships and the values of g^^ and deduced from the 

simulated resonance spectra, (Figure 4.12) we obtain 

and 

3 -1 
A = 17.1 X 10 cm (585 nm) 

6 = 7.9 X 10"̂  cm"''" (1266 nm) 

In fact , most of the reported T."̂ "̂  ^B, optical bands l i e i n the 
1 ^ ^g Ig 
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region of 20 x 10^ cm""̂ , (500 nm) !^-''-^'^-^°'^'^^^ We should, therefore, 

consider whether or not the 17 x 10^ cm ''' band i n our glasses i s due to 

Ti"^^ absorption. 

At the onset t h i s would seem improbable, noting that the band i s 

observed i n a l l glasses, including glass (1) with no added Ti02. This 

glass shows only a very weak absorption i n the region g 'v. 1.96 and there

fore at most a very small quantity of T i ^ ^ i s present, at le a s t two orders 

of magnitude smaller than that i n the glasses with added Ti02. Neverthe

l e s s , a comparison of the i r r a d i a t i o n growth and thermal annealing of the 

T i ^ ^ e.s.r. signal and the 17 x 10"̂  cm ^ optical band i s made in Table 5.3 

for a sample of Glass 5. The table c l e a r l y shows that a single centre 

i s not responsible for both of these signals, and we must conclude that 
3+ 

the T i opti c a l absorption i s either too weak to be observed, or that i t 

i s so broad that i t cannot be resolved. Thus we consider the expected 

i n t e n s i t y of the T i ^ ^ op t i c a l absorption. 

For states which have wavefvinctions of the same parity, (either 

even or odd), the integral of the electronic dipole moment between the 

states vanishesf^'^^^ and transitions induced by E.M. radiation are 

Laporte forbidden, i . e . the selection rule becomes 

A£ = ± 1 

The 'd' electron wave functions are a l l of even parity and thus inter-d 

t r a n s i t i o n s are forbidden. Relaxation of t h i s rule occurs whenever the 

ion i s not at a centre of symmetry, due to the mixing of the 'd' and 'f' 

o r b i t a l wavefunctions, or, i f the ion i s i n a centrosymmetric environ

ment, vibronic coupling allows some, although a le s s e r , relaxation of the 

rule!^*^^^ I t i s found therefore^^'^^^ that the 'crystal f i e l d ' bands, 

(inter-d t r a n s i t i o n s ) , of the iron group tra n s i t i o n metals i n tetraheciral 

co-ordination are some 10 - 100 times more intense than those of the same 



Table 5.3; The growth and decay c h a r a c t e r i s t i c s of 
the 17 X 10 cm"''' optical band and the 
Ti-^"*" e.s.r. signal i n glass (5), 

] • 

IRRADIA TION GROWTH (̂ "̂ Co y-rays) 

Dose (Mrad) e.s.r. optical 

1 Mrad* 

300 Mrad 

1.0* 

1.2 

1.0* 

3.2 

HEAT TREATMENT DECAY (at 200°C following 1 Mrad) 

Time e.s.r. optical 

0 hrs.* 

1 hr. 

4 hrs. 

1.0* 

0.6 

0.5 

1.0* 

0.3 

0.12 

The e.s.r. and opti c a l i n t e n s i t i e s are normallized 
to unity after a 1 Mrad exposure. Thereafter intensity 
figures are r e l a t i v e to the intensity at 1 Mrad. 
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ion in octahedral co-ordination. For the Ti"̂ "*" ion in centrosymmetric 

encironments, e.g. [Ti (H^O) g]"^"^ (crystal) ̂ "̂̂ "̂ ^ and t i t a n i a doped Na^O -

^2^3 gl^ssf^'^*^^ the peak value of the extinction coefficient e i s found 

to be between 5 and 15 l i t r e per mole per cm, ( £. m cm "'') , whereas in 

glasses where the Ti"̂ "*̂  ion has l o s t i t s centrosymmetric s i t e due to the 

co-ordination of one of i t s surrounding oxygen ions with a hydroxyl (0-H) 
(5.21,5.26) ^ , ^ ^ - 1 - 1 group, the value of e i s found to be in the range 250-500 Zm cm 

and s i g n i f i c a n t colouration of the glass r e s u l t s . The concentration of 

radiochemically produced Ti^"*^ ions in the glasses studied here was 5 x 10"''̂  

spins per gram, and was constant within a factor of two through the range 

of glasses studied (Chapter I V ) . Thus we expect, (Appendix I I ) , the peak 

value of the absorption c o e f f i c i e n t (a) to be within the range 0.05-0,15 

cm when the T i ^ ^ ion i s i n a centrosymmetric s i t e and 1.0 - 2.5 cm ^ i f 

i t i s i n a non-centrosymmetric environment. 

An upper l i m i t to the peak Ti^"*^ absorption can be estimated by 

assvmiing that af t e r annealing, the residual absorption in the 17x10^ cm ^ 

region i s due e n t i r e l y to the Ti^"*" ion. The e.s.r. resonance signal decay, 

(Table 5.3), shows that the signal i s 50% of i t s original intensity after 

four hours at 200°C, i . e . there are now 2.5 x 10'''̂  Ti^"*" ions per gram of 

melt. Thus the 17 x 10'̂  cm ^ band peak value of a = o.l cm after 

annealing, gives a maximum molar extinction coefficient of 40 Zm ^ cm ^ 

for the Ti"^^ ion. I t i s concluded therefore that the radiochemically pro

duced Ti"^^ giving r i s e to the e.s.r. electron centre i s at the centre of 

symmetry of an octahedral s i t e . 

The presence of Ti"^^ in tetrahedral symmetry was excluded by 

o p t i c a l absorption measurements, (not presented here), which were extended 
2 

to longer wavelengths ( up to 2 \im). In a tetrahedral f i e l d the D ground 

state i s again s p l i t intro a t r i p l e t T^^ and a doublet E^ with, in t h i s 

case, the doublet lying below the t r i p l e t . The t o t a l s p l i t t i n g between 
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4 the doublet and t r i p l e t i s /g A , where A i s the octahedral s p l i t t i n g 
parameter, and thus from previous considerations one would expect the 
absorption band from tetrahedral Ti"^^ to be intense, ( e 100 - 500 Jto"'''cm"''') , 
and i n the region 7 8 x 10"̂  cm ^, (1300 - 1400 nm). No such band i s 
found and tetrahedral T i ^ ^ i s excluded from the present considerations. 

F i n a l l y , on the topic of Ti"̂ "*̂  absorption, we note that i t i s to be 

expected that the opt i c a l band due to t h i s ion would be broadened by the 

range of cirystal f i e l d parameters suggested in the simulations, (note 

relat i o n s (5.1))^^'^^^ However the conclusion of a centrosymmetric 

octahedral s i t e for the Ti'^^ ion i s s t i l l the most reasonable conclusion. 

The e f f e c t or e f f e c t s responsible for the colouration of the 5% 

and 10% glasses remains unclear. As TiO^ i s added to the base glass the 

absorption 'edge' i s shi f t e d to lower frecjuencies and, in melts 4 and 5, 

the ' t a i l ' of t h i s edge extends well into the v i s i b l e and gives these glasses 

t h e i r red/brown colour. P r e - c r y s t a l l i z a t i o n heat treatments of melts 4 and 

5 causes a further s h i f t to lower frequencies eind a consequent darkening of 

the glasses. 

The colouration i s unlikely to be due to charge transfer absorptions 
4+ 

of the T i ion, which are i n the u.v. (5.28,5.29). However in other glass 

systems the presence of t r a n s i t i o n elements in addition to titanium (e.g. 

Fe, V, Cu, etc.) has been observed to produce Ti-O-M charge transfer bands 

in the short wave v i s i b l e region, (5.28,5.30,5.31,5.32), and i t i s argued, 

(5.28,5.30), that iipon heat treatment , the displacement of the u.v. 'edge' 

which i s observed i n some of these systems^ i s due to an increase i n the 

nvimber of Ti-O-M bonds, i . e . an increase i n the intensity of the band. Fe^^ 

i s the most abundant met a l l i c impurity i n our glasses, ( 5 p.p.m.), and,. 
3+ 4+ 

from the published data upon Fe - 0 - T i complexes, (5.30) > we have 

extrapolated from the comparatively large Fe^^ concentrations of the 

published work ( 1 wt.%), to an expected absorption coefficient at our Fe"̂ "*" 



concentrations. Although t h i s i s precarious, we arrive at em expected 

absorption at 350 nm, the observed peak of the Fe-O-Ti charge transfer 

group, which i s two orders of magnitude greater than that observed i n 

t h i s work and thus iron titanate groups i n the glass seem unlikely to be 

responsible for the shortwave v i s i b l e absorption. 

Maurer (5.33) and Varshal et a l (5.34) ascribe the darkening of 

t h e i r glasses as TiO^ i s added to a l i g h t scattering effect. In a phase 

separated glass, the point to point variations i n the refractive index 

causes the l i g h t beam to be scattered, and i n the standard spectrophotometer 

used i n t h i s work t h i s scattering would be indistinguishable from a true 

absorption process. The 'absorption edge' s h i f t which i s attendant upon 

the p r e - c r y s t a l l i z a t i o n heat treatments, i s also observed by these workers 

and ascribed to a change i n the wavelength position of the scattering peak 

due to changes i n the dimensions of the phase separated regions. 

The measurements of t h i s work were primarily intended to study the 

behaviour of the radiation induced bands, and the comparatively high intensity 

of t h i s short wavelength absorption has prevented us from identifying 

whether the changes i n the 'edge' position are due to intensity variations 

of a fixed wavelength peak or^ to changes i n the position of a fixed 

i n t e n s i t y peak, and therefore we cannot e f f e c t i v e l y differentiate between 

the charge-transfer and the scattering mechanisms. We note the effect 

p r i n c i p a l l y because i t i s one of the. few measurements made i n t h i s work 

which proved to be s e n s i t i v e to the p r e - c r y s t a l l i z a t i o n heat treatments. 
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CHAPTER 6 

VIBRATIONAL SPECTRA 

In t h i s Chapter the r e s u l t s of infra-red (I.R.) absorption and 

Raman scattering measurements are presented and discussed. 

6,1 Results and Analysis 

Both I.R. and Raman spectra were recorded for a l l of the glass 

specimens. The I.R. absorption of a limited number of ceramic specimens 

were also recorded. 

6.1.1 I.R. absorption spectra 

Figure 6.1 i s a composite diagram of the I.R. absorption spectra 

from Glasses 1, 3 and 5, both with and without p r e - c r y s t a l l i z a t i o n heat 

treatments. The absorption peaks are broad and i l l - d e f i n e d but i t i s clear 

that no siibstantial changes i n the spectra have resulted from the addition 

of Ti02 to the base glass composition, or indeed within any pa r t i c u l a r 

composition due to p r e - c r y s t a l l i z a t i o n heat treatments. The main 'high' 

and 'low' frequency peaks occur at 1080 cm ^ and 450 cm "'" with shoulders 

on these peaks at '^1200 cm ^, "̂ 9̂40 cm "'" and '^550 cm The absorption 

on a l l traces at '̂ '3500 cm ''' i s due to 0-H 'group' vibrations!^"'''^ 

Ceramic specimens at each end of the compositional range, i . e . 

melts 1 and 5, were also studied and the spectra are presented in Figures 

6.2 and 6.3. Again a common feature i s that the p r e - c r y s t a l l i z a t i o n heat 

treatments have no e f f e c t upon the resulting spectra. The spectra from 

melt 1 c r y s t a l l i z e d at 1000°C and 1200°C and from melt 5 c r y s t a l l i z e d at 
o 

1200 C are q u a l i t a t i v e l y s i m i l a r , the most s t r i k i n g change occurring 

between these two spectra and those from the ceramic made from melt 5 

c r y s t a l l i z e d at 1000°C. This i s not iinexpected, Xr-ray d i f f r a c t i o n having 
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shown a broadly s i m i l a r p r i n c i p a l c r y s t a l phase in the f i r s t three 

ceramics and a markedly different phase in the l a t t e r specimen. We con

sider now the r e s u l t s of the Raman scattering experiments. 

6.1.2 Raman Scattering Spectra 

The spectra from melts 1, 2, 3, 4 and 5 are shown i n Figures 6.4 

and 6.5. Again, i t i s c l e a r that within a composition, the pre-

c r y s t a l l i z a t i o n heat treatments leave the spectra unaltered. There are, 

however, unlike the I.R. spectra, clear differences i n the spectra from 

the d i f f e r e n t glasses. The analysis of these spectra into their compon

ent Gaussian bands i s shown i n Figures 6.6, 6.7, 6.8 and 6.9. Essentially, 

but for melt 4, which has at le a s t three strong bands, the glassy Raman 

spectra between 300 cm ^ and 1300 cm ^ resolve into two main bands plus 

two or three minor bands- The most s t r i k i n g change in the spectra as 

TiO^ i s added to the base glass, i s the s h i f t to lower frequencies of the 

main high frequency band, and the smaller but definite s h i f t i n the same 

dire c t i o n , of the low frequency peak. The minor bands remain largely 

unchanged during the compositional and main peak changes, although there 

i s an increase i n the r e l a t i v e intensity of the 730 cm ^ band as the 

t i t a n i a content increases. 

6.2 Discussion 

6.2.1 Vibrational Spectra i n S i l i c a t e Glasses 

Absorption of I.R. radiation i s possible whenever a vibrational 

mode changes the permanent e l e c t r i c dipole moment of the molecular unit. 

Raman scattering however w i l l occur whenever a vibrational mode changes 

the p o l a r i z a b i l i t y of the molecule. I n t h i s case the incident radiation 

of frequency v i s scattered with sidebands ±v^ where i s a fundamental 

of the molecule. 
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For molecules whose point group i s known, the number of vibrational 

modes and t h e i r Raman and/or I.R. a c t i v i t y , may be foiind from the group 
(6 2) 

character tables. " The a c t i v i t i e s are mutually exclusive i f the 

molecule has a centre of symmetry, but, i f there i s no centre of symmetry, 

e.g. the SiO^ group i n symmetry, then some, but not necessarily a l l , 

of the modes of vibration may be both I.R. and Raman active. Thus the 

q u a l i t a t i v e features, i . e . the number of bands i n the vibrational spectrum, 

may be predicted. The v i b r a t i o n a l energy levels however are determined 

by the force constants of the s p e c i f i c molecular bends; the intensity of 

a given band depends upon the derivative of the e l e c t r i c dipole moment 

with respect to small displacements, (I.R. spectriam), or of the polar-

i z a b i l i t y , (Raman spectrum), for the vibrational mode concerned. Thus the 

Raman and I.R. spectrum of a given material often have markedly different 

appearances although the information from each spectrum may be complementary. 

The vibrational spectra of a and 8 quartz have been successfully 

c o m p u t e d f ^ ' a n d , assuming a disordered quartz structure, i . e . a 

d i s t r i b u t i o n of bond angles and strengths around those found in quartz, 
as a model of vitreous s i l i c a f ^ " ^ ^ the main features of the glassy spectrum 

(6.6,6.7,6.8) 

have been derived. Multicomponent glasses, however, contain 

s i l i c a tetrahedra with one, two, three or four non-bonding oxygens (n.b.o.), 

i . e . t h e i r basic s t r u c t u r a l units may be the [si0^3~, [siO^]]^ , {[siO^l"^ , 

or the [siO^ ^ groups. Theoretical studies^^'^'^'^^ have shown that 

these units incorporated into a c r y s t a l l i n e or vitreous material w i l l 

have c h a r a c t e r i s t i c 'group' frequencies!^''^^ Thus the existence of these 

s i l i c a t e groups i n a glass, can, i n p r i n c i p l e , be inferred by a comparison 

of the vibrational spectrum of the glass, and the vibrational spectra of 

c r y s t a l l i n e s i l i c a t e s known to contain s p e c i f i c s i l i c a t e groups. This 

approach has been successfully employed by Konijnendijk "''̂^ i n identifying 

borate groups i n borate and b o r o s i l i c a t e glasses, and by numerous authors 



involved with lunar glasses. This technique, i . e . the use of the pub

li s h e d spectra from s i l i c a t e minerals and glasses to 'fingerprint' 

s t r u c t u r a l units within the glasses, has been used here. The lack of 

t r a n s l a t i o n a l symmetry causes the glassy spectra to be weak, the peaks 

broad, cuid.the d e t a i l simple, compared with the intense, sharp, complicated 

spectra from the c r y s t a l s . However, i n most cases, the c r y s t a l l i n e spectra 

and the spectra from the glass of the same composition do have similar 

features, although there are exceptions'^*•'"''"^ To f a c i l i t a t e further 

discussion we now c l a s s i f y the s i l i c a t e minerals according to the SiO^ groups 

which they contain. 

(a) O r t h o s i l i c a t e s 

These structures are formed with isolated {]si0^3^ r a d i c a l s , 

e.g. the o l i v i n e s , garnets, etc. 

(b) Metasilicates 

When two [siO^^j'* tetrahedra cross l i n k the metasilicate compounds 

of [ s i ^ O ^ ] ^ units are formed. As the chain lengthens the basic 

s t r u c t u r a l unit becomes CsiO^l i i . e . long chains of tetrahedra 

each with two non-bridging oxygens. The [ s i O ^ chains, in various 

morphologies form the pyroxene group of minerals, e.g. Enstatite, 

Diopside etc. 

(c) D i s i l i c a t e s 

Cross linking of the [siO^J chains forms the doiible chains of 

the amphibole group of minerals. Further cross linking produces 

a sheet structure of basic unit , i . e . one n.b.o. per 

tetrahedron. This i s the s t r u c t u r a l unit of the micas. 

S980 
SECTION 
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(d) Framework S i l i c a t e s 

A l l tetrahedra now share each of their; four corners, i . e . the basic 

unit i s now [ s i O ^ ] . A l l of the c r y s t a l l i n e polymorphs of s i l i c a 

have t h i s structure at S.T.P. Isomorphous substitution of S i by 

Al and other ions also produces a three dimensional network typified 

i n the feldspar and ultramarine group of minerals. 

The metasilicates are of p a r t i c u l a r i n t e r e s t here. X-ray diffraction 

having shown that they are the main c r y s t a l l i n e products in a l l of the 

d e v i t r i f l e d glasses. Within t h i s c l a s s of s i l i c a t e s , structures e x i s t 

(6 9 ) 

with from two to seven SiO^ tetrahedra i n the repeat units of the chain ' 

forming either i n f i n i t e chains or in some cases rings with three or more 

[s i O ^ l tetrahedra per ring. This f i n a l group can be c l a s s i f i e d as Ring 

or Cyclo-silicates.^''''^^ Because the I.R. absorption i s determined 

primarily by short range dipole forces of e s s e n t i a l l y nearest neighbour 

interactions i t i s not expected to be sensitive to configurational changes 

within a metasilicate chain. The Raman scattering however i s sensitive to 

the break-up of t r a n s l a t i o n a l order over several xinit c e l l s in a c r y s t a l 

l i n e material •'•"̂^ and one may expect configurational changes to be 

r e f l e c t e d i n changes in the Raman spectrum!^'^'^'^"'''^ We return to this 

point l a t e r during the discussion of the experimental Raman spectra, but 

f i r s t we consider the I.R. spectra. 

6.2.2 The I.R. Spectra 

Tartre '̂'̂^ established that the co-ordination state of many 

ions i n glass may be inferred from the position of the main high frequency 

I.R. bands. For a given ion, XO^ tetrahedral groups w i l l vibrate at 

higher frequencies then XO^ octahedral groups. In addition, a given group 
o 
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w i l l v i b r a t e a t a h i g h e r frequency i n a 'condensed', ( m u l t i p l y bonded) 

s t a t e than i n an ' i s o l a t e d ' , ( f r e e r a d i c a l ) s t a t e . For most ions t h e r e 

f o r e t h e r e a r e two frequency 'bands' corresponding to 'condensed' and 

' i s o l a t e d ' XO^ and XO^ groups. S i l i c a i s the p r i n c i p a l component of the 

g l a s s e s s t u d i e d here and we c o n s i d e r f i r s t the c h a r a c t e r i s t i c f r e q u e n c i e s 

of SiO^ groups. 

Most c r y s t a l l i n e s i l i c a polymorphs, fused s i l i c a , and many com-

m e r i c a l high s i l i c a g l a s s e s such as Vycor, have been s t u d i e d and the main 

I.R. bands cataloguedi^-^'^'^'^-^°'^-^^'^-^^' The framework [ s i O ^ ] 

t e t r a h e d r o n has i t s main bands, ( i n both g l a s s e s and c r y s t a l s ) , i n the 

1070 - 1090 cm and 440 - 480 cm ^ regions. These bands are a s c r i b e d 

r e s p e c t i v e l y to the asymmetric i n t r a t e t r a h e d r a l s t r e t c h i n g motion (v^) 

•^SiO^'^Si, and the bending modes (v^) S - | ^ i - O between t e t r a h e d r a and 

S i - ^ - S i w i t h i n t e t r a h e d r a . I n addition, an i n t e r t e t r a h e d r a l s t r e t c h i n g 

v i b r a t i o n (v^) •<-Si - 0 - Si-*- produces l e s s i n t e n s e bands a t 700 and 

800 cm ^. The 1070 - 1090 cm band has a shoulder on the high frequency 

s i d e a t '^1180 cm i n the c r y s t a l l i n e s i l i c a t e s . Lowering the symmetry 

of the tetrahedron from T^, (or i n o q u a r t z ) , i n c r e a s e s the number of 

I.R. bands'^* •̂ ^̂  i . e . the two F^ I.R. a c t i v e modes i n T^ decompose to 

8 I.R. modes i n C^^. Thus i n the c r y s t a l l i n e forms, the symmetry of the 

SiO^ u n i t i s i n d i c a t e d by the number of I.R. bands. The g l a s s y bands are 

very much broader and o f t e n merge, preventing a symmetiry assignment. How

ever, the s i l i c a t e g l a s s e s do m i r r o r the ' s h i f t ' to lower frequencies which 

i s observed i n the main high frequency c r y s t a l l i n e s i l i c a t e bands when 

the number of n.b.o's. i n c r e a s e . E s s e n t i a l l y , bands a t frequencies lower 

than the 1070 - 1080 cm main peak of the framework tetrahedron, become 

more i n t e n s e , e.g. i n most c r y s t a l l i n e m e t a s i l i c a t e s , ( [ s i O ^ J ^ u n i t s ) , 

t n e r e are th r e e main high frequency bands i n the 850 - 1080 cm region, 

a l l of comparable i n t e n s i t y ! ^ ' ' ' ' ^ ^ The frequency ' s h i f t ' i s continued 



i n the c r y s t a l l i n e o r t h o s i l i c a t e s , where now the low frequency s e c t i o n of 

the group of bands between 850 and 1080 cm ^ has g r e a t l y i n c r e a s e d i n 

i n t e n s i t y a t the expense of the high frequency s e c t i o n of t h i s group, such 

t h a t a band a t 'V'870 cm i s now the most i n t e n s e I.R. peak, and the high 

frequency band a t '̂ -1060 cm ''" has decayed aLmost completelyf^' 

The m u l t i p l e high frequency peaks of the c r y s t a l l i n e s i l i c a t e s 

broaden t o one or two main peaks i n the g l a s s y s i l i c a t e s p e c t r a . At low 

c o n c e n t r a t i o n s of n.b.o's. a peak a t '\^950 cm taken by many authors to 

be i n d i c a t i v e of the S i - O t e r m i n a l s t r e t c h i n g model^''^^'^'^'^'^'^'^^ appears 

as a shoulder on the i n t e n s e 1050 - 1080 cm v i t r e o u s s i l i c a peak. As the 

g l a s s m o d i f i e r s i n c r e a s e to the m e t a s i l i c a t e r a t i o , these peaks assume 

• 4. , , • ^ (6.10,6.14,6,19) ^ ^ ^ approximately equal i n t e n s i t i e s . I n some systems the above 

peaks merge to a s i n g l e broad peak a t ^-980 cm ^. The e f f e c t of i n c r e a s i n g 

the m o d i f i e r / s i l i c a r a t i o i s to s h i f t t h i s peak to lower f r e q u e n c i e s ! ^ ' 

I n a l l but cases of s p e c i a l founding techniques, (small volume melts, 

r a p i d quenching, e t c . ) , the m e t a s i l i c a t e r a t i o r e p r e s e n t s the approximate 

l i m i t o f g l a s s formation i n s i l i c a t e melts!^"^^^ and no I.R. data have 

been foimd f o r g l a s s e s beyond the m e t a s i l i c a t e composition. 

I n most binairy s i l i c a t e g l a s s e s and c r y s t a l s of d i s i l i c a t e and 

m e t a s i l i c a t e compositions, the I.R. absorption i n the region of 1200 cm ^ 

i s v e r y weak. Excep t i o n s occur when the g l a s s phases separate i n t o 
(6 22) 

high s i l i c a and high a l k a l i r egions; " i t i s suggested t h a t then the 

high frequency p a r t of the spectriam, and i n p a r t i c u l a r the high frequency 

shoulder a t '^'1200 cm on the main '^1060 cm peak, i s due to the high 

s i l i c a r e g i o n , and the band i n the region of ^.950 cm ^ i s due to the 

high a l k a l i phase. T h i s e x p l a n a t i o n a p p l i e s here, so the %1200 cm ^ and 

940 cm ''' bands could be c h a r a c t e r i s t i c of a high s i l i c a region and a region 

of d i s i l i c a t e or m e t a s i l i c a t e composition. The 1080 cm band would be 

common to each of these g l a s s phases. 



The constancy of the s p e c t r a throughout the compositional range 

independently i n d i c a t e s a corresponding constancy of the s i l i c a t e u n i t s 

w i t h i n the g l a s s . The bending modes i n the region of 450 cm are l a r g e l y 

i n v a r i a n t i n p o s i t i o n as the p r o p o r t i o n of n.b.o's. i n c r e a s e s w i t h i n the 

g l a s s , changing only some 30 - 40 cm ^ between the extremes of v i t r e o u s 

s i l i c a and a m e t a s i l i c a t e glassf^''^^^ The broadness of the experimental . 

bands would make such s h i f t s to higher f r e q u e n c i e s d i f f i c u l t to d e t e c t i n 

our g l a s s e s . I n c o n t r a s t , t h e high frequency s t r e t c h i n g peaks should r e f l e c t 

s i g n i f i c a n t changes of the s t r u c t u r a l u n i t s (SiO^ t e t r a h e d r a ) , i n terms of 

the number of non-bridged oxygens per tetrahedron. T h i s i s not to say 

t h a t c o n f i g u r a t i o n a l changes w i t h i n a m e t a s i l i c a t e or d i s i l i c a t e region 

could be d i s c e r n e d ; a study of a range of pyroxene m i n e r a l s , ( SiO^J 

c h a i n s ) , showed t h a t only very s l i g h t v a r i a t i o n s were p r e s e n t i n the s p e c t r a 

from d i f f e r e n t pyroxene chains!^'"^^^ I n p r i n c i p l e , the number of { ^ i O ^ ^ 

u n i t s i n the repeat u n i t of the c h a i n can be e s t a b l i s h e d from the number 

o f bands i n the 550 - 750 cm region, and the p o s i t i o n s of the three main 

high frequency peaks are c h a r a c t e r i s t i c of the p a r t i c u l a r pyroxene. How

ever, f i r s t c l a s s c r y s t a l l i n e s p e c t r a are necessary to detect these v a r i a 

t i o n s , and, i n a g l a s s , where the bands are g r e a t l y broadened, the I.R. 

s p e c t r a from pyroxenes with d i f f e r e n t c o n f i g u r a t i o n s may be expected to be 

i n d i s t i n g u i s h a b l e from one another. We t u r n now to the aluminium, magnesium 

and t i t a n i u m groups p r e s e n t i n the g l a s s e s . 

The c o - o r d i n a t i o n s t a t e of the aluminium ion when moderate amounts 

( '^10 mol-%), of ^12*^3 added to high s i l i c a melts i s d i f f i c u l t to 

determine by I.R. spectroscopy. I n the F e l d s p a r minerals where l a r g e 

amounts of A l s u b s t i t u t i o n a l l y r e p l a c e S i i n the l a t t i c e , t here are 

s i g n i f i c a n t changes i n the form of the high frequency bands, and, because 

of the lower f o r c e constant of the A l - O bond, these bands are d i s p l a c e d 

to lower frequencies.^^" •'•̂^ However when Al^O^ i s added to s i l i c a t e g l a s s e s 
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together with equimolar amounts of a l k a l i to allow the A l ion to assume 

f o u r - f o l d c o - o r d i n a t i o n , the changes i n the I.R. s p e c t r a are b a r e l y d i s -
n 

c e r a b l e a t 10 wt.% A l 0 , and the p r i n c i p a l e f f e c t of 25 wt.% A l O, i s to 
^ 2. -i 2 3 

d i s p l a c e the main high frequency s i l i c a t e bands by approximately 40 cm~\ ^^'•^^^ 

The [ A I O ^ group bending v i b r a t i o n s are i n the region of the [siO^]] bending 

modes, i . e . a t 450 cm c h a r a c t e r i s t i c s t r e t c h i n g bands of 

[AlOg] groups f a l l i n the region 450 - 650 cm""'". ^̂'"'•'̂ ^ These bands are 

weak, and i n high s i l i c a t e g l a s s e s are u s u a l l y swamped by the low frequency 

s i l i c a bending modes. Thus, i n multicomponent, p o s s i b l y phase separated, 

s i l i c a t e g l a s s e s , the c l e a r i d e n t i f i c a t i o n o f aluminium co-ordination i s 

T u ^ u v ^1 ^ (6.24,6.25,6.26) b e s t accomplished by X-ray f l u o r e s c e n c e spectroscopy, using 

Corundum and F e l d s p a r standards. 

The [.MgOg] group f r e q u e n c i e s are i n the region 360 - 480 cm (^'^'*'^'23) 

and i n s i l i c a t e g l a s s e s a r e swamped by the S i - O - S i bending modes. CwgO^ 
V. V. • c , ^ - 7 ^ -1 • (6.14,6.23) groups absorb i n the 500 - 700 cm region. 

The c h a r a c t e r i s t i c asymmetric s t r e t c h i n g mode, (F ) , of the GriO 1 
l u 6 

group g i v e s r i s e t o a s e r i e s of bands i n the 400 - 680 cm region when 

t i t a n i u m i s i n c o r p o r a t e d i n t o the o c t a h e d r a l s i t e s of mineral s t r u c t u r e s 
„ , (6.14,6.18,6.24,6.27,6.28) such as the P e r o v s k i t e s . I n s i l i c a t e g l a s s e s 

however, q u i t e l a r g e q u a n t i t i e s of TiO^ ( 25 mol.%) incorporated i n t o an 

a l k a l i s i l i c a t e g l a s s f a i l e d to produce any c l e a r bands i n the region of 

600 cm ^^^'^"^^ and we t h e r e f o r e would not expect the presence of t i O ^ 

groups, i n the pro p o r t i o n s p o s s i b l e i n our g l a s s e s , to produce new bands 

or even to a l t e r n o t i c e a b l y the lower frequency region of the spectrum. 

[ri O ^ ] ] groups i n m i n e r a l s , e.g. BaTiO^, produce much stronger c h a r a c r e r i s t i c 

s t r e t c h i n g bands i n the 700 - 900 cm ^ r e g i o n ! ^ " T h e 

apparent absence of any a d d i t i o n a l absorption i n t h i s region when ^'102 i s 

added t o the base g l a s s composition would seem to preclude the bulk of the 

t i t a n i u m i o n s assiming t h i s c o - o r d i n a t i o n , although our experimental s p e c t r a 



are not s u f f i c i e n t l y resolved to eliminate the p o s s i b i l i t y that some 

titanium i s in L'^iO^J groups. We now consider the spectra from the ceramic 

specimens. 

Langer et a l ^ ^ * ^ ^ ^ d e v i t r i f i e d a stochiometric Cordierite glass 

and studied both the glass and the c r y s t a l l i n e products by I.R. spectros

copy. Their glass exhibited three broad maxima at '̂ -1100 cm ^, 935 cm ^ 

and 440 cm i n close agreement with our glass spectra. The 1200 cm ^ 

shoulder found here i s only j u s t discernable i n Langer's spectra. A com

parison of the spectra from our ceramics which have Cordierite as the 

p r i n c i p a l c r y s t a l phase, with the published spectra of Cordierite by 

Langerf^'^^^ Lyon^''^^^ and Gregory '̂'̂^ shows that a l l of the major peaks 

in our spectra are ascribable to the Cordierite phase. The s l i g h t varia

tions i n the spectra from different ceramic specimens, a l l of which have 

Cordierite as the major phase, are probably due to the minor c r y s t a l l i n e 

phases present i n the specimens. For example, the spectra from glass 1 
o o 

c r y s t a l l i z e d at both 1000 C and 1200 C, i . e . Figures 6.2 and 6.3, are 

i d e n t i c a l i n the position and the number of the I.R. bands. However, the 

1200°C specimen shows some additional absorption at 570 - 580 cm and at 
-1 o 1100 cm when compared with the 1000 C specimen. Reference to the X-ray 

d i f f r a c t i o n data for these specimens. Figure 3.1 and 3.3, shows the growth 

of the l i n e s E and F, the main li n e s of the E n s t a t i t e - l i k e phase, in the 

d i f f r a c t i o n spectrum of the 1200°C specimen. Figure 6.2 shows that the 
o 

E n s t a t i t e - l i k e phase, t y p i f i e d by glass 5, c r y s t a l l i z e d at lOOO C, has 

absorption bands in the 570 - 580 cm ^ and 1100 cm regions; and thus 

the variations in the spectra of the melt 1 ceramics are reasonably 

accounted for by the higher proportion of the E n s t a t i t e - l i k e phase present 

i n the 1200°C ceramics. I t i s equally true that the spectra from melt 1 

and melt 5 show small differences, most notably i n the additional absorption 

between 550 cm and 750 cm shown in the melt 5 spectrum. Both ceramics 



have Cordierite as the major c r y s t a l l i n e phase, however they d i f f e r in 

that the melt 5 specimen contains a s i g n i f i c a n t quantity of r u t i l e , 

(Figure 3.14). Rutile produces a single broad I.R. band with i t s 'peak' 

i n the 6CX) - 650 cm regionf^'"^^^ and t h i s most probably accounts for 

the extra absorption shown by the melt 5 specimen. 

The I.R, spectrum of melt 5 c r y s t a l l i z e d at 1000°C, (Figure 6.2), 

i s quite different from the other spectra, i . e . the Cordierite specimens. 

X-ray d i f f r a c t i o n suggests an E n s t a t i t e - l i k e phase in this specimen 

(Figure 3.8). Estep et al^^'"*"^^ have presented I.R. spectra from a range 

of pyroxene minerals, including Enstatite. A comparison of the i r reference 

spectra and that from the melt 5 ceramic, shows that whilst the ceramic 

spectra are l e s s well resolved than Estep's spectra, they undoubtedly are 

of pyroxene form, exhibiting a l l of the major pyroxene absorption bands. 

The type of pyroxene cannot be distinguished, indeed the best f i t i s made 

witJ-i a specimen shocked to 1 Mbar, but the chain s i l i c a t e nature of the 

p r i n c i p a l c r y s t a l phase i n these ceramics i s established. The shoulder at 

1260 cm present i n the spectra of these ceramics, i s absent from any 

of the reference pyroxene spectra. Our X-ray d i f f r a c t i o n measurements have 

shown a strong <10l> g-quartz l i n e , and we speculate therefore that t h i s 

I.R. band originates from a high quartz or high quartz s o l i d solution 

c r y s t a l phase. We consider now the Raman spectra. 

6.2.3 The Raman Spectra 

High s i l i c a c r y s t a l l i n e compounds and glasses, e.g. quartz and 

vitreous s i l i c a , have only weak Raman l i n e s in the 800 - 1200 cm ''• wave-

number region, i . e . the S i - O - S i antisymmetric stretch which produces 

the atrong I.R. peak at 1080 cm and the shoulder at 1180 cm i s only 

a weak Raman scattering mode}^''*^ and produces only weak Raman bands at 

these positions. The S i - 0 - S i bending vibration i s the strongest Raman 

modef^'^^ producing a broad peak i n the region of 440 cm with a sharp 



shoulder/peak at 490 cm and, i n high s i l i c a glasses, these peaks 

dominate the Raman spectrum!^''^"'•^ In addition i n these glasses, 

there are medium-weak peaks at 800 cm •'' and 600. cm 

The s i l i c o n terminal oxygen bond i s more polarizable than 

the s i l i c o n -H> bridged oxygen bond, and consequently, the S i - 0 

stretching vibration produces strong Raman bands i n the high frequency por

tion of the spectrum. Thus, as glass modifiers, i . e . K, Na, etc. are added 

to a high s i l i c a glass, a strong Raman band at 'v 1080 - 1100 cm ̂  appears, 

and increases i n intensi t y as the modifier content i s increased.^^" ̂'̂ ^ This 

band i s assigned to an S i - 0 stretching mode within an [ s i O ^ ] d i s i l i c a t e 
.^(6 .8 ,6 .11 ,6 .33) ' . ^ . . . . . . 

unit, and i t dominates the high frequency region as the 

modifiers are increased up to approximately the d i s i l i c a t e composition. 

Indeed, a l l published spectra from c r y s t a l l i n e and glassy d i s i l i c a t e s have 
^ • ̂ - 1- J ^ n - , 1 ^ -1 (6 .8 ,6 .11,6 .33,6 .13) ,^ a c h a r a c t e r i s t i c band at 'V' 1100 cm , (Interestingly, 

i t i s hazardous to assijme the presence of d i s i l i c a t e units from the appear

ance of a peak at 'VllOO om in the I.R. spectrum of a glass which may 

possibly be phase separated and containing a high or vitreous s i l i c a phase, 

because of the strong band at t h i s wavenumber from the S i - 0 - S i stretch 

of the framework SiO^^ unit. No such d i f f i c u l t y i s present i n the inter

pretation of the Raman spectrvun from such a glass, because of the extremely 

weak scattering from the high s i l i c a phase at wavenumbers above 800 cm ''"). 

As the modifier content i s increased beyond the d i s i l i c a t e ratio, a 

band at 950 - 980 cm ^ grows i n intensity.^^* ^ ' T h i s band i s 

assigned to the S i - 0 stretching vibration within an |^SiO^J^ unit, i . e . 

a metasilicate t e t r a h e d r o n . ^ ^ ' ^ " ^ ^ The cataloguing of spectra from a 
, (6 .10,6.13,6.34,6.35) ^ ^ . v , . -i . T I 

se r i e s of pyroxene minerals, has shown that almost a l l ^ 

(discussed later)^ have a c h a r a c t e r i s t i c high frequency peak in the 970 -

1010 cm ^ region. Equally, studies of metasilicate r a t i o glasses have 

showii an intense Raman peak in t h i s region, (usually a s l i g h t downward 
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s h i f t of frequency of some 20 - 30 cm ^ occurs, bringing the glass peaks 

into the region 950 - 990 ^^'^^ ̂ ^-^0,6.11,6.3^) 

C r y s t a l l i n e o r t h o s i l i c a t e s have a doublet at 'v 820 and 850 cm"''' 
(6.13,6.34) r "14-

c h a r a c t e r i s t i c of the [_SiO^J unit. Although some Lunar glass 

specimens have shown peaks i n t h i s region)^''^'^^ these peaks are rather 

'sharp' for glass specimens, and, as previously noted, ortho s i l i c a t e 

glasses are unlikely. We now interpret our Raman spectra. 

The melt 1 glasses have t h e i r main high frequency peak in the meta-

s i l i c a t e wavenumber region. The broad low frequency peak at 500 cm may 

well be a composite of two bands. The I.R. spectra suggested the presence 

of a high s i l i c a glass phase, which would be expected to produce a strong 

broad peak at 440 cm ^. Combined with the metasilicate peak at '\-590 cm ,̂ 

t h i s band may merge to give the observed maximum at 500 cm Certainly 

t h i s e f f e c t i s present i n the spectra of Brower et al^^*"'''^ where their 

l i t h i u m - s i l i c a t e glasses, known to phase separate, produce broad peaks at 

555 cm ^ and 470 cm The peaks are only j u s t resolved in th e i r spectra 

and we assume here that t h i s resolution has been l o s t in the spectra from 

our glasses. Some additional support of t h i s interpretation i s afforded 

by the weak bands at 1160 and 795 cm which are compatible with the 

presence of a high or vitreous s i l i c a glass phase. 

As TiO^ i s added to the base glass composition, the prin c i p a l 

e f f e c t upon the Ramcin spectrum i s the growth of a band at 910 cm ^ and the 

concomitant decay of the 1000 cm ^ band, u n t i l at the composition of melt 

4, (5% TiO^)» the bands are of comparable intensity, and in the melt 5 

(10% TiO^) glasses, the 910 cm ''" band dominates the high frequency region. 

During t h i s process the minor bands remain largely xinchanged, although 

the '^120 cm ^ band appears to increase in r e l a t i v e intensity, and the 

broad low frequency peaik s h i f t s some 40 - 50 cm ~ to lower wavenxambers. 

I f the observed frequency s h i f t of the high frequency band were ascribable 



to a change i n the average number of n.b.o's. per s i l i c a tetrahedron, 

then one should expect s i m i l a r band changes in the I.R. spectra of the 

glasses, and certain l y such major changes are absent from these spectra. 

We consider therefore the ef f e c t of configurational changes within the 

metasilicate chains. 

©askell^^*^^ has considered some simple pyroxene chain structures, 

and i n p a r t i c u l a r the vibrational modes which are allowed for various 
r 12~ 

arrangements of the [SiO^J tetrahedra. He concludes that modes which 

involve phase relationships between the vibrations of atoms i n adjacent 

tetrahedra, are quite sensitive to changes in the translational symmetry 

of the chain, although c h a r a c t e r i s t i c 'group' vibrations e x i s t for a l l 

arrangements, corresponding to atomic motions within a single tetrahedron. 

The I.R. bands are determined primarily by the short range dipolar forces 

of nearest neighbour interactions,^^''''"^^ and, whilst sensitive to changes 

i n the co-ordination cations, these bands are largely constant for a 

s p e c i f i c .SiO^j group, i . e . for s i l i c a tetrahedra with none, one, two,three 

or four n.b.o's. per tetrahedron. The Raman i n t e n s i t i e s and frequencies 

are s e n s i t i v e to changes i n the transl a t i o n a l order of a s p e c i f i c SiO^ 

groupf^'•'"•^^ and a plausible explanation of the constancy i n the I.R. 

bands with simultaneous changes in the high frequency Raman peaks, i s that 

the glasses a l l contain a phase whose str u c t u r a l groups are e s s e n t i a l l y 

s i m i l a r , but that the arrangement of these groups r e l a t i v e to one another, 

i s changing as TiO^ i a added to the base glass composition. The high 

frequency peaks i n the Raman and I.R. spectra of our glasses indicate that 

the most probable common group i s the SiO^^^ tetrahedron, and we now 

consider possible configurations. 

The calculations ,̂ '̂̂ ^ and the experimental data,̂ '̂•'"'̂ ^ suggest 

that high frequency peak changes somewhat l e s s , ( '\,30 an ̂ ), than the 

observed value of 90 cm would re s u l t from configuration changes within 



the metasilicate chain. Data presented by Fabel et al^^'"^"*^ contain Raman 

spectra from a ser i e s of po l y c r y s t a l l i n e pyroxenes including Enstatite 

(MgSiO ) , Diopside (CaMgSi O ) , and Spodumene (LiAlSi„0_). The principal 
•3 Z D 2 6 

high frequency peaks of Enstatite and Diopside are displaced by only 

10 cm r e l a t i v e to one another, but compared with these minerals, the 

Spodumene peak i s displaced some 60 cm ^ to higher wavenimibers. Spodumene 

i s s i m i l a r i n structure to Diopside except for the replacement of the 

large Ca and Mg ions by the smaller, higher f i e l d strength L i and Al ions. 

The r e s u l t i s a closer packing of the SiO^ tetrahedra and a smaller unit 

celi.''^" "'"̂^ In our glass specimens therefore we could expect a s h i f t of 

the Raman peaks to lower frequencies i f Al ions co-ordinating SiO^ ̂  

tetrahedra were removed from that sphere of co-ordination. Such frequency 

s h i f t s are e s s e n t i a l l y due to changes in the force constant of the S i - 0 

band, and as such we should expect to see similar changes in the I.R. 

spectra. Allowing for the poor resoltiiiilon of the I.R. spectra, the large 

90 cm frequency s h i f t of the high frequency Raman peaks does not appear 

in these spectra, and a mechanism additional to changes in the cation 

co-ordination must be responsible for the Raman spectra effects. 

In the Cordierite structure, i . e . the main c r y s t a l l i n e product of 

the low t i t a n i a glasses, there are s i x membered rings of [siO^f tetrahedra. 

The s i x membered tetrahedral rings are i d e a l l y composed of five SiO^ 

totrahedra and one -AlO^ tetrahedron. These rings are linked l a t e r a l l y 

and horizontally by Mg ions i n 6-fold and Al ions in 4-fold co-ordination^'^"^ 

P r e f e r e n t i a l removal of the Al ions would r e s u l t i n an enrichment of the 

Mg:Si r a t i o and the breaking of the s i x membered rings of s i l i c a tetrahedra, 

i . e . short chains of tetrahedra would be formed. We are not aware of any 

th e o r e t i c a l work which has considered s p e c i f i c a l l y the extended vibrational 

modes of ring and chain metasilicate structures, and equally there are no 

reported measurements of the Raman spectra from c y c l o s i l i c a t e s of the 
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above are speculative. However, i f such a change i s responsible for the 

Raman bands at 1000 cm ^ and 910 cm the f a c t that the l a t t e r peak f a l l s 

outside of the range reported for other metasilicate glasses and pyroxene 

minerals, may be accounted for by the short chains which would r e s u l t from 

the breaking of the s i x membered rings of s i l i c a tetrahedra. Gaskell's 

calculations^^'^^ assumed short chains of tetrahedra, and he deduced a 

figure of 900 cm for the terminal stretch of the metasilicate unit. 

However other calculationsf^'"^^^ again using a limited number of tetrahedral 

units, have calculated this frequency to be at "̂ -960 cm ^ for the chains 

of a K^SiO^ glass i n close agreement with the observed value .̂ '̂ 

In whichever manner the Raman spectra are interpreted, i t i s clear 

that tJie addition of TiO^ causes a change i n the structure of the s i l i c a t e 

network. Two d i s t i n c t bands are present i n the Raman spectrum and t h i s 

indicates the formation of two d i s t i n c t groups, rather than a gradual 

metamorphosis from one group to another, i . e . a configurational or gradual 

cation change within the s i l i c a t e units. The nature of the change there

fore i s consistent with the process suggested above. 

Turning now to the other changes i n the Raman spectra upon the 

addition of TiO^, and i n p a r t i c u l a r the s h i f t to lower frequencies of the 

main low frequency peak, we note that p a r t i c u l a r l y i f the glass has a 

phase separated structure, t h i s change may have a number of possible 

origins. An increase i n the amount of the s i l i c a r i c h phase, (relative 

to other glass phase(s)), or a decrease i n the metasilicate phase, would 

produce such a displacement. An additional p o s s i b i l i t y i s afforded by 

Brawer et al!^'"'"''"^ These authors have calculated the change i n frequency 

of the strongest Rman bands of a d i s i l i c a t e sheet structure when the 
A 

S i - O - S i intertetrahedral bond angle i s increased from 130° to 180°, 

(vitreous s i l i c a has a range of bond angles between 120° and 180° with a 



- 114 

most probable value of 144°.̂ "̂"̂ ^̂  They conclude (as does Gaskell ̂ ^'^^) , 

that the high frequency stretching modes are largely insensitive to bond 

angle changes, but that the low frequency bending modes move to lower 

frequencies as the bond angle increases. A change in the bond angle 

would be expected during a c y c l o s i l i c a t e chain s i l i c a t e configurational 

change. We do not know whether phase separation and changes in the re l a t i v e 

quantities of phases within the glass, or bond angle changes, (or indeed 

some other mechanism), i s responsible for the movement of the low frequency 

Raman peak during the addition of TiO^^ but i n the next chapter we s h a l l 

discuss a mechanism which i s consistent with, i . e . would r e s u l t in, both 

of the changes described above. F i n a l l y therefore we discuss the other 

i o n i c groups within the glass, i . e . T i , Mg and Al groups. 

The addition of large amounts (up to 30 mol.%) of ̂ 12*̂ 3 ^° s i l i c a t e 

and b o r o s i l i c a t e melts has been shown ''"̂^ not to produce new bands i n 

the 200 1200 cm •'' region ascribable to aluminivmi units. The only d i s -

cemable e f f e c t was to s l i g h t l y depress the frequency of the main s i l i c a t e 

bands. Aiuminii^i co-ordination i s usually inferred from changes in the 

c h a r a c t e r i s t i c s i l i c a t e peaks. 

The Mg groups are expected to scatter i n the low frequency region 

because of the much reduced Mg - 0 force constantf^*^^^ and the strong 

s i l i c a t e bending modes and the long Rayleigh t a i l found i n most glasses, 

make Mg group vibrations d i f f i c u l t to detect i n high s i l i c a t e glasses. 

For these reasons there i s l i t t l e information i n the l i t e r a t u r e regarding 

Mg Raman bands in s i l i c a t e glasses. 

Titanixim groups have been reported to produce Raman bands in 

s i l i c a t e g l a s s e s ! ^ ' " ^ ^ ^ They conclude that the main stretching band 

i s i n the 900 - 980 cm ''• region for TiO^ groups, and the 600 - 770 cm ̂  

region for TiO. groups. The bands are weak compared with the scattering 

by the s i l i c a t e groups and the interpretation of the spectra i n the above 

papers i s equivocal. The most intense Raman modes of Rutile, the A^^ and 
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modes, give bands at 450 cm"""" and 612 cm""'"̂ '̂̂ '̂̂ ''̂ -'"̂  (titanium i n 

octahedral co-ordination). Our experimental spectra do not indicate any 

new bands which may be ascribed to T i units, and we conclude that the T i 

co-ordination cannot be deduced from the Raman spectra. We note f i n a l l y 

that the band at 730 cm present i n a l l glasses has not been ascribed 

to any s t r u c t u r a l unit and i t s origin remains unclear. 

6,3 Conclusions 

The form of the I.R. spectra from the glasses i s consistent with 

x.he co-existence of two glass phases, one of which i s high s i l i c a , and 

one of which i s high alkaline earth. The shoulder at ^ 1200 cm ^ i s 

suggestive of a high s i l i c a phase, and the position and intensity of the 

peak/shoulder at '̂ .-940 cm i s indicative of a metasilicate phase. 

Allowing for the poorly resolved glassy spectra, the constancy of the I.R. 

spectra throughout the range of compositions and p r e - c r y s t a l l i z a t i o n heat 

treatments, i s interpreted to mean that within each of the phases, the 

niimber of non-bridged oxygens per SiO_^ tetrahedron remains unaltered, i . e . 

the 'group' I . a . modes are unchanged. 

The 'high frequency' Raman bands originate from the high alkaline 

earth phase, the high s i l i c a phase would be a weak scatterer in this wave-

nviiTiber region. The occurrence of these bands i n the wavenumber region 

in which the c r y s t a l l i n e metasilicates and the metasilicate r a t i o glasses 

s c a t t e r , i s strong confirmation of the present of [SiO^ s i l i c a t e units 

i n the high alkaline earth phase. The two high frequency bands indicate 

two d i s s i m i l a r metasilicate structures, and we have proposed that the two 

structures are the precursors of the major c r y s t a l l i n e phases which pre

c i p i t a t e upon d e v i t r i f i c a t i o n of the glasses, namely Cordierite in the 

low T i glasses (rings of [^^^4 tetrahedra), and a pyroxene similar to 

E n s t a t i t e , (one dimensional chains of j^SiO^J tetrahedra. 
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, A mechanism by which such changes could take place, involves the 

pre f e r e n t i a l removal of Al ions from the co-ordination spheres of the 

s i l i c a tetrahedra. This i s discussed further in the next chapter. 

Although some changes i n the I.R. spectnom could be expected through 

perturbations of the 'group' vibrational modes of the s i l i c a t e units due 

to changes i n the co-ordination cations, we have proposed that p r i n c i p a l l y 

the 'extended' vibrational modes are affected by the configurational 

changes suggested, and that t h i s i s manifest i n the Raman bands character

i s t i c of each metasilicate configuration. 
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CHAPTER 7 

FINAL DISCUSSION AND CONCLUSIONS 

7.1 The Glass Structure 

The glass specimens have given an e.s.r. l i n e from the radio-

chemically reduced Ti^"*^ ions which i s invariant with both compositional 

changes and pre-nucleation heat treatments. We consider that the titanium 

ions responsible for t h i s resonance signal are s i x co-ordinated and at cen-

trosymmetric s i t e s of e s s e n t i a l l y D^^ symmetry resulting from a compression 

of the octahedral ligands along the tetrad axis. An orthorhombic component 

may be present at these s i t e s although the broad resonance l i n e s do not 

allow the existence of such a f i e l d to be substantiated or rejected. This 

r e s u l t may not be taken x i n c r i t i c a l l y to be t y p i c a l of the whole of the 

ti t a n i i m ions in the glass, because, as argued i n Chapter 4, many possible 

titanium complexes, including the c r y s t a l l i n e forms of t i t a n i a , either do 

not provide stable electronic traps or do not produce room temperature e.s.r. 

signals. Such an e f f e c t appears to be present i n the ceramic specimens. 

Here, we have observed two resonance l i n e s whose r e l a t i v e i n t e n s i t i e s in a 

given specimen have been correlated with the r e l a t i v e quantities of the 

major c r y s t a l l i n e phases Cordierite and En s t a t i t e , and the inference was 

that the signals giving r i s e to the composite l i n e originated from T i ions 

i n each of these phases. However we now note that the X-ray di f f r a c t i o n 

data eliminates the p o s s i b i l i t y of T i ions existing in large quantities 

i n these phases, both on the grounds that the index plane spacings are 

almost unchanged as T i i s added and therefore there i s no suggestion of 

s o l i d solutions forming, and because the quantitative analysis shows that 

at l e a s t 80% of the titanium i s i n the r u t i l e phase. We conclude therefore 

that the ceramic resonance l i n e s are not t y p i c a l of the titanium as a 

whole i n these specimens. 
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Although not rejected by direction observation of the T i ^ ^ resonance 
spectra, i t i s unlikely that the major part of the t i t a n i a i n the glasses 

e x i s t s as TiO^ (e.g. Rutile) complexes. We argue that the 'inert' nature 

of such complexes does not properly explain the changes i n the glass 

structure observed i n t h i s work, and we favour the concept of titaniim 

as a chemically active agent in the glass structure. 

The dominant e.s.r. hole centres i n the glass specimens are non-

bridging oxygen ions which are singly bonded to SiO^ tetrahedra. From the 

lineshape cinalysis, and using a molecular o r b i t a l scheme suggested by 

Griscom et a l (4.56), we have concluded that these n.b.o's. are bonded to 

SiO^ units which have a 'sheet' structure i n the base and low t i t a n i a 

glasses and which convert to 'chain' structures as the t i t a n i a content 

increases. 

The p r i n c i p a l low temperature phases which c r y s t a l l i z e from the low 

and high t i t a n i a glasses are Cordierite and Enstatite respectively. 

E n s t a t i t e i s a chain s i l i c a t e (7.1), consisting of i n f i n i t e chains of SiO^ 

metasilicate units. Cordierite however i s not a sheet s i l i c a t e , i t i s 

c l a s s i f i e d (7.1) as a ring or c y c l o s i l i c a t e . The Cordierite structure i s 

e s s e n t i a l l y one of s i x membered SiO^ rings connected l a t e r a l l y and v e r t i c a l l y 

by Al and Mg ions. Within the s i l i c a t e rings half of the SiO^ tetrahedra 

r 12-
are associated with MgO octahedra and may be considered metasilicate SiO. 

5 L ^. 
units, and half are associated with AlO^ tetrahedra and are therefore more 
properly d i s i l i c a t e iinits SiO^ . The s i l i c a t e rings are arranged i n 

'sheets' with the rings of each sheet arranged v e r t i c a l l y above one another 

i n long 'columns'. We cannot here deduce from the Cordierite structure 

whether a l a t e r a l or v e r t i c a l misregistry of the rings i s more probable, 

we note only that i f the basic randomness of the glass structure i s 

achieved i n our specimens by displacements of the 'sheets' of s i l i c a t e 

rings r e l a t i v e to one another, then t h i s would generate the type of s i l i c a t e 
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structure and n-b.o. trapping s i t e s which we have argued are responsible 

for the dominant hole resonance in the low t i t a n i a glasses. 

Our proposal i s therefore that the hole centre spectra are indicating 

s i l i c a t e structure i n the glasses which are the precursors of the major low 

temperature c r y s t a l l i n e phases. 

The vibrational spectra give some support to t h i s t h e s i s . The 

main high frequency scattering peak from the low t i t a n i a glasses i s at 

rather higher frequencies than the high frequency peaks from the c r y s t a l 

l i n e metasilicates and glasses of the metasilicate composition, but well 

below the high frequency peaks of the c r y s t a l l i n e and glass d i s i l i c a t e s . 

Thus the ring type s i l i c a t e structure with i t s equal proportion of meta

s i l i c a t e and pseudodisilicate units, would seem to f i t well the observed 

scattering frequency. The growth and ultimate dominance of a peak at lower 

frequencies as TiO^ i s added to the glass i s interpreted as a breaking of 
r "12-

the s i l i c a t e rings into short chains of SiO^ tetrahedra. The observed 

frequency s h i f t of ~100 cm ^ i s not mirrored by similar changes i n the 

I.R. spectra, and we have concluded that in addition to nearest neighbour 

coordination changes which may s l i g h t l y increase the average number of 

n.b.o's. per SiO^ unit, although not, (from the I.R. data), to the extent 

of a d i s i l i c a t e ->metasilicate conversion, t h i s frequency s h i f t must be 

p a r t i a l l y , i f not largely due to the ring—»-chain configurational change, 

an e f f e c t which has some precident in the c r y s t a l l i n e metasilicate spectra. 

The abnormally low wavenumber of the main high frequency peak from the high 

t i t a n i a glasses may be due to the fact that the s i l i c a t e chains are short, 

(originating from the s i x membered rings), or to the presence of Al ions 

substituting for S i ions i n the chain. We have concluded from the study 

of the e.s.r. hole spectra of the ceramics that bridging SiO^ and AlO^ 

groups e x i s t in both the c r y s t a l l i n e ring and chain s i l i c a t e s ( i . e . the 

E n s t a t i t e and Cordierite ceramics), and i t i s reasonable to suppose therefore 



- 123 -

that the chain structures i n the glasses should incorporate some AlO^ 
tetrahedra into the s i l i c a t e chains. Thus we fe e l that the Raman spectra 
are consistent with the existence of ring and chain s i l i c a t e structures in 
the glasses, the conversion being effected upon the addition of TiO^. 

The high frequency shoulder at ~1200 cm ^ which i s present in the 

I.R. spectrum of a l l of the glasses, i s t y p i c a l of a high s i l i c a framework 

structure, and there i s a suggestion therefore of a phase separated glass 

structure. In addition, the micrographs of Chapter 3 show that a l l ceramics 

c r y s t a l l i z e d at 1000°C have a surface and a volume c r y s t a l l i z a t i o n which i s 

t y p i c a l of phase separated glasses, and that the addition of quite small 

amounts of '^^0^, i . e . below the l e v e l at which the changes in the glass 

structure j u s t discussed take place, noticeably reduces the size of the 

volume c r y s t a l l i t e s , and therefore by implication perhaps the dimensions 

of the phase separated regions. We now introduce a mechanism whereby the 

addition of TiO^ to the glass would generate the structural changes within 

the glass which we have suggested are implied by the e.s.r. and vibrational 

spectra. 

7.2 The Role of Ti02 

Russian workers (7.2,7.3,7.4,7.5) have established that in the 

MgO-Al^O^-SiO^ system there are regions of metastable phase separation, 

(sub-liquidus), which extend from the SiO^-Al^O^ and SiO^-MgO sides of the 

ternary' phase diagram. I f y , the MgOzAL^O^ mole r a t i o , i s greater than 

unity the system w i l l phase separate into high Mg and high S i phases, and, 

i f 7 i s l e s s than unity^ the system w i l l separate into high Al and high S i 

phases. The approximate regions of iimniscibility, (at 1000°c), suggested 

by these authors are shown in Figure 7.1. I t has been argued (7.6) that 
2+ 

i t i s the high ionic f i e l d strength of the Mg ion, (compared with most 
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other glass modifiers), which renders the Si-O-Al bond r e l a t i v e l y 
unstable by the formation of AlO Mg complexes, and thereby promotes 
the phase separation of the glass sytem. I f , as TiO^ i s added to the 
gl a s s , the titanium ions p r e f e r e n t i a l l y combine with Mg or Al ions i n 
order to achieve t h e i r required oxygen coordination, the residual glass 
composition w i l l be shifted toward the SiO^-Al^O^ or MgO-SiO^ sides of the 
phase diagram. Because one of the primary products of c r y s t a l l i z a t i o n in 
our glasses i s an En s t a t i t e phase i t would seem that the T i ions are pre
f e r e n t i a l l y combining with Al ions. Such a process would displace the 
residual glass composition along the l i n e ABC in Figure 7.1, I f each mole 
of TiO combines with one mole of Al 0 to form Al TiO complexes then the 
residual glass compositions would be A (1 wt.% TiO^), B (5 wt.% TiO^) and 
C (10 wt.% Ti02). These compositions would then degrade to approximately 
1 and 1', 2 and 2' and 3 and 3' respectively. The high s i l i c a glass 
phases represented by 1, 2 and 3 l i e close to the Y = 1 mole r a t i o and would 
therefore have the Feldspar or framework s i l i c a t e structure. These phases 
would give r i s e to the observed high frequency I.R. band. The increasingly 
high Mg phases represented by 1', 1' and 3' are, we consider, responsible 
for the high frequency Raman peaks, and are the phases from which the e.s.r. 
hole centre absorptions originate. This conclusion i s e s s e n t i a l l y based 
upon the observations that the high s i l i c a phase i s l i k e l y to be a weak 
Ramaa scattering phase, and that t h i s phase would also contain many fewer 
non-bridging oxygen ions, (the 'defect' which we have concluded provides 
the hole trapping s i t e s and gives r i s e therefore to the e.s.r. absorption 
at g ^ g^) , than the high Mg phase. Our previous discussion indicates 
therefore that the st r u c t u r a l elements of 1' would be s i l i c a t e rings, and 
consequently, upon c r y s t a l l i z a t i o n , the ring s i l i c a t e Cordierite i s the 
primary phase. The s t r u c t u r a l elements of 3' would be s i l i c a t e chains, 
and hence the emergence of the chain s i l i c a t e Enstatite upon c r y s t a l l i z a t i o n 
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of the glass. We presume the high s i l i c a phase to have a higher c r y s t a l 
l i z a t i o n temperature than the high Mg phase. 

7. 3 Unresolved Problems 

The phase separation mechanism and i t s promotion by the added TiO^ 

accounts for many of the observations in t h i s work. However we note that 

the formation of any, titanate complex which displaces the residual glass 

further into the region of immiscibility would produce the structural 

changes discussed. In the MgO-Al^O^-SiO^ glass system embryonic Al2TiO^ 

and MgTiO^ c r y s t a l s with a pseudo-brookite structure, and t h e i r s o l i d 

solutions (Mg-Al-Titanates), have been observed (7.6,7.7). In the s i s t e r 

Li^O-Al^O^-SiO^ system Dohforty et a l (7.8) have observed 50 X Al2Ti20^ 

c r y s t a l l i t e s which heterogeneously nucleate the primary phase. In this 

work we have made no d i r e c t observation of Al-Ti or Mg-Al-Ti complexes, 

we have rather inferred t h e i r existence from the structural changes in the 

s i l i c a t e networks of the glass. The point symmetry of the T i ions, deduced 

from the nature of the Ti^"*" e.s.r. l i n e i s , of i t s e l f , i n the absence of 

published Hamiltonian parameters for t h i s ion i n structures which are 

possible i n the g l a s s , not s u f f i c i e n t to suggest a s p e c i f i c titanium con

taining complex. 

There remains an important dilemma. Glasses of compositions such 

as B and C of Figure 7.1, without added TiO^, do not produce the micro-

c r y s t a l l i n e ceramics observed i n t h i s work. Thus, in addition to promoting 

the phase separation i n the manner described, the T i complexes must be 

invo:..ved in the c r y s t a l l i z a t i o n process, most proljably as discussed in 

Chapter I as surface active agents which reduced the i n t e r f a c i a l free 

energy between the major glass phases and thereby reduce the dimensions 

of the phase separated regions, or as heterogeneous n u c l e i i upon which the 

primary phase grows, or possibly i n a combination of each of these processes. 
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We introduce therefore a pertinent observation. Figures 7.2 and 7.3 

show the oxygen hole centre and Ti"̂ "*̂  e.s.r. spectra from a sample of Melt 5, 

the 10% TiO^ glass. Traces (a) and (c) of each of these figures are t y p i c a l 

of the glassy and c r y s t a l l i n e materials, and these resonance l i n e s have 

been analysed previously. (Chapter I V ) . Trace (b) in each figure arises 

from a specimen i n the early stages of c r y s t a l l i z a t i o n and corresponds with 

the X-ray d i f f r a c t i o n trace (b) of Figure 3.15, i . e . the trace having only 

the l i n e marked '0', (d = 3.70 8). There i s only one d i r e c t mention of t h i s 

d i f f r a c t i o n l i n e i n the l i t e r a t u r e , that of Christoserov et a l (7.9), 

who also find the phase associated with the l i n e to be vinstable in that 

i t e x i s t s only within a narrow temperature region, and who, l i k e ourselves, 

have been unable to identify the phase. The point here i s that our observa

tion indicates that the change i n the Ti"̂ "*̂  lineshape takes place when the 

unidentified phase appears and before there i s any suggestion, (by standard 

X-ray d i f f r a c t i o n ) , of the p r i n c i p a l Enstatite phase. Although not iden

t i c a l to the 'stable' c r y s t a l l i n e l i n e (trace c) , t h i s Ti'^^ l i n e , (trace b) , 

c l e a r l y resembles the ' c r y s t a l l i n e ' rather than the 'glassy' resonance l i n e 

(Figure 7.3), and the inference i s therefore that the T i ions giving r i s e 

to the e.s.r. signals are part of, or closely associated with, the metastable 

phase responsible for the d i f f r a c t i o n l i n e 'U'. However, when t h i s phase i s 

replaced by the E n s t a t i t e phase, the Ti'^^ l i n e , although s l i g h t l y broadened 

remains almost unchanged, (c.f. Figures 7.3 and 3.15). The structural 

implications of t h i s r e s u l t are not clear to us. I t suggests that the 

e a r l i e s t phase to c r y s t a l l i z e i s the Titanium containing phase, and that 

t h i s phase i s assimilated into the subsequent Enstatite phase, perhaps by 

a diffusion process s i m i l a r to that described by Hench et a l (7.10) during 

the growth of Li^SiO^ c r y s t a l s from a metastable Li^SiO^ phase, although 
2+ 

i n our case probably involving the diffusion of Mg ions. Inspection of 

Figure 7,2 trace (b), shows that although the T i ^ * l i n e closely resembles 
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i t s ' c r y s t a l l i n e ' form, the hole centre, whilst indicating the development 
of a hyperfine interaction, more closely resembles the 'glassy' l i n e . 
We have i n t h i s work broadly divided the oxygen associated hole spectra 
into a l i n e dominant i n the glasses and which ar i s e s from holes trapped at 
non-bridging oxygen ions and a l i n e dominant i n the ceramics, displaying a 
hyparfine interaction with an Al nucleus, and a r i s i n g from holes trapped 
at oxygen ions bridging four coordinated S i and Al ions. We have argued 
that the n.b.o- are primarily located i n the high modifier glass phase, 
and thus i t i s not xinexpected that the e.s.r. l i n e associated with t h i s 
'defect' remains dominant i n the metastable,partially cr y s t a l l i n e , specimens 
because t h i s phase i s , at t h i s stage, unaltered. 

This f i n a l s e r i e s of observations upon the chronology of the T i ^ ^ 

lineshape changes indicates that the T i containing phase i s involved i n the 

i n i t i a l stages of c r y s t a l l i z a t i o n , although they do not c l e a r l y favour 

e i t h e r the ' c r y s t a l l i t e ' or 'surfactant' mechanisms. They also suggest 

that the Ti"^"*" l i n e s which have been observed i n the glassy specimen are 

t y p i c a l of those ions which are involved in the early stages of c r y s t a l 

l i z a t i o n . The invariance of the glassy Ti"^"*" l i n e s with p r e - c r y s t a l l i z a t i o n 

heat treatments now strongly suggests that there are no structural changes 

within the titanium containing glass phase as a r e s u l t of such heat treatments. 

7. 4 Further Work 

I t would appear that 'nucleation' effects are compressed into a 

narrow temperature i n t e r v a l close to the temperature at which the f i r s t 

metastable c r y s t a l l i n e phase appears, and indeed 'nucleation' may well 

consi s t e n t i r e l y of the appearance of t h i s phase. The present measurements 

have been spread over a range of compositions, p r e - c r y s t a l l i z a t i o n and 

c r y s t a l l i z a t i o n temperatures;and times, and the studies in the region of 

i n i t i a l c r y s t a l l i z a t i o n are not s u f f i c i e n t l y detailed. We suggest therefore 
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a duality of measurements, both e.s.r. and transmission electron microscopy 
plus electron d i f f r a c t i o n , upon specimens of a single composition, (e.g. 
Melt ( 5 ) ) , at temperature in t e r v a l s of 5°C in a range of ±50°C about the 
temperature at which the f i r s t c r y s t a l l i n e phase appears. Such measurements 
would we think confirm our b e l i e f that i t i s the titanium containing glass 
phase which i s the origin of the i n i t i a l c r y s t a l phase, and place a better 
chronology upon the s t r u c t u r a l char.ges which are occurring in t h i s phase 
pr i o r to c r y s t a l l i z a t i o n and during the growth of the Enstatite phase; i n 
addition, the simultaneous data from the electron microscope could indicate 
the location of the i n i t i a l c r y s t a l l i z a t i o n and the nature of the glass 
phases, ( i . e . whether the titanium phase i s i n droplet form or i n a surface 
layer around the primary droplet phase). In t h i s way i t should be possible 
to distinguish between the ' c r y s t a l l i t e ' or surfactant' hypotheses discussed 
previously. 

A clearer understanding of the chemical nature of the titanium con

taining glass phase could possibly be obtained i n the following manner. I f , 

as suggested, the addition of Ti02 to the base glass causes Al ions to be 

removed from the coordination spheres of the s i l i c a t e rings, and to form 

A l - T i complexes, then t h i s almost certai n l y implies a coordination change, 

(of the Al i o n s ) , from four to s i x . X-ray fluorescence studies using 

Corrundum and Feldspar standards could determine the porportion of four and 

s i x coordinated Al ions and a study of the changes would give an indication 

of the type of T i - A l or Ti-Al-Mg complex formed (e.g. Al^TiO^ or Al^TiO^). 

The next stage would be an e.s.r. study of irradiated single c r y s t a l s or 

powders of an appropriate Titanium containing complex, i n the hope that the 

Hamiltonian parameters found would correlate with the resonance l i n e s of 

the glasses studied here. 

F i n a l l y , on a different vein, we note that the need to s e n s i t i s e 

some titanium ions by radiochemical reduction i s a severe limitation to 
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the general interpretation of the structural state of the titaniiam as a 

whole. There i s some argument therefore for doping the glass with an ion 

which i s chemically s i m i l a r to titanium and which might be expected to form 

s i m i l a r complexes, but which i s paramagnetic i n i t s most common oxidation 

s t a t e . I n addition^ an electronic ground state configuration giving spectra 

which are r e l a t i v e l y e a s i l y interpreted i n amorphous and polycrystalline 
4+ 

materials i s preferable. In both respects the V ion (d') i s attra c t i v e . 

This ion could be monitored, (by e.s.r.) through the glass to ceramic con

version without the need for radiochemical reduction. 
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APPENDIX I 

BOLTZMAN?>/STATISTICS OF S = ^ SPIN STATES 

For an S = *s spin system the r a t i o of the number of spins i n the 

upper 1 + > l e v e l to those in the - h> ground state i s 

AE 
kT 

The energy separation, AE, of the states i s given by the resonance 

condition 

AE = g g H 

-24 -1 

which for X-band frequencies gives 3 = 9.273 x 10 J T , and H = 0,33 T. 

Thus for the 'free' electron resonance, g = 2.0023, we have 
AE = 6.1 x lO"^'^ J 

At room temperature (300 K) 

N 
^ = 0.999 (Al.l) 

^. -

At l i q u i d Heliiiin temperatures (4.2 K) 

N 
= 0.902 (Al.2) 

^ - h> 

Thus, of the ground state spins, "V-IO ̂  are 'available' for ja-wave 

absorption at R.T., and 10 are 'available' at l i q u i d helium temperatures. 



APPENDIX H 

OPTICAL UNITS AND CALCULATIONS 

= beam in t e n s i t y 

I ^ = transmitted beam intens i t y 

d = specimen thickness 

c = molar concentration of colour centres i n moles/litre. 

1. Optical Density (O.D.):-
I 

o.D. = L o g i o r • 

2. Absorption Coefficient ( a ) : -

a = cm 
d 

3. Molar Extinction Coefficient ( e ) : -

O.D. - - 1 -1 e = — - l i t r e mol cm c.d. 

Relationship between a, e and O.D.:-

O.D. = e.c.d = 2—J 

Xhus 

a = 2.3 . c 
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Calculation of absorption c o e f f i c i e n t ; -

In terms of the opti c a l constant n and < , the r e a l and imaginary parts 

of the complex re f r a c t i v e index, the re f l e c t i o n at an interface, defined as 

I_ 

may be written 2 2 (n - 1) + K 
2 2 (n + 1) + K 

(at normal incidence) . 

4 -1 

For a ^ 10 cm , i . e . at wavelengths s u f f i c i e n t l y removed from the 

absorption edge, t h i s reduces to 

o _ (n - 1)^ 
(n + 1)' 

For multiple refections we have 

(1 - R).' 

Therefore 

1 - (n - 1) 
(n + 1)' 

-ad 

16n ' -ad 
4 e 

(n + 1)^ 

r h u E 

(n + 1 

Abscissa u n i t s : -

Thus 

1 eV = 8065.7 cm -1 1239.8 nm 

Wavelength i n nm. 10 
Wavenumber i n cm -1 



The following programs generate the f i r s t derivative e.s.r.'powder' 

spectrum for systems with :-

PROG (1) :- (a) Zeeman term only i n the Spin Hamiltonian. 

(b) S = J • 

,(c) ĝ ^ ̂  ^2 ^ ^3' 

(d) Distributed g2 and g^ parameters. 

PROG ( 2 ) ! - (a) Zeeman plus Hyperfine terms i n the Spin Hamiltonian. 

(b) S = | , I = f . . 

(c) ^ g^. 

(d) Distributed g^ parameter. 
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