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A b s t r a c t 

Measurements of ultrasound wave v e l o c i t y and 

attenuation are used to i n v e s t i g a t e the s t r u c t u r e of 

Na20-B2P2-Si02 g l a s s e s . The propagation c h a r a c t e r i s t i c s 

of l o n g i t u d i n a l and shear waves between 1.3°K and 400°K 

at frequencies between 12 MHz and 60 MHz are dominated 

by a broad and int e n s e a c o u s t i c l o s s peak whose height 

and p o s i t i o n are frequency s e n s i t i v e . Of the previously 

proposed models f o r the mechanism of the a c o u s t i c l o s s , 

which a l s o occurs i n other inorganic g l a s s e s , the u l t r a 

sound absorption i s most c o n s i s t e n t with a thermally 

a c t i v a t e d s t r u c t u r a l r e l a x a t i o n i n v o l v i n g the tran s v e r s e 

v i b r a t i o n of an oxygen atom between two p o t e n t i a l w e l l s 

of equal or n e a r l y equal depth i n the plane of a non

l i n e a r cation-oxygen-cation bond. An Akhieser type 

a c o u s t i c phonon-thermal phonon i n t e r a c t i o n i s shown not 

to be r e s p o n s i b l e for the observed l o s s . An attempt 

frequency of 10''"̂ Hz and a d i s t r i b u t i o n of a c t i v a t i o n 

energies out to 12 K cal/mole but with a mean value of 

about 3 K cal/mole are found for the r e l a x a t i o n mechanism 

i n the Na20-B202-Si02 g l a s s e s . 

The absolute value and the temperature c o e f f i c i e n t 

of ultrasound v e l o c i t y , and the maximum ac o u s t i c l o s s 

are strongly dependent on the t o t a l Na20 content of the 

g l a s s e s . Ultrasound propagation c h a r a c t e r i s t i c s are 

a l s o a f f e c t e d by phase-separation inducing heat treatment: 

the steady r i s e i n the height of the l o s s peak and the 

complex behaviour of the ultrasound v e l o c i t y with time 



of treatment suggest t h a t s t r u c t u r a l rearrangement i s 

s t i l l t a k i n g place i n the i n d i v i d u a l g l a s s y phases 

even a f t e r long periods of heat treatment. 

Also reported i s the e x i s t e n c e of a small 

a c o u s t i c l o s s peak at l i q u i d helium temperatures i n the 

Na20-B202-Si02 g l a s s e s . This feature of the ultrasound 

absorption spectrum i s c h a r a c t e r i s t i c of many t e t r a h e d r a l l y 

coordinated i n o r g a n i c g l a s s e s . On the assumption of an 

Arrhenius a c t i v a t i o n process f o r t h i s l o s s peak, an 

a c t i v a t i o n energy of 60 ± 15 cal/mole and an attempt 

frequency of lO''"'̂  to 10'''̂  Hz i s i n d i c a t e d . 
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Intr o d u c t i o n 

The e l a s t i c i t y and a n e l a s t i c i t y are b a s i c 

p r o p e r t i e s of any s o l i d . Ultrasound v e l o c i t y and atten

uation measurements provide b a s i c knowledge of these 

p r o p e r t i e s and hence f u r n i s h much information on the 

s t r u c t u r e and interatomic binding i n m a t e r i a l s . As the 

phonons emitted from an ultrasound source are both 

coherent and monochromatic they are of p a r t i c u l a r value 

i n experimental determinations of l a t t i c e processes and 

i n t e r a c t i o n s . These phonons are of much lower frequency 

than those involved i n the conduction of heat. Thermal 

c o n d u c t i v i t y too can provide a great deal of information 

about l a t t i c e p rocesses, but the phonons involved are 

incoherent and because of t h e i r wide range of frequencies 

they are a f f e c t e d by a l a r g e r v a r i e t y of s c a t t e r i n g 

processes than the ultrasound phonons. 

As y e t u l t r a s o n i c s t u d ies i n g l a s s e s have been 

l i m i t e d to one or two component systems and few d e t a i l s 

are a v a i l a b l e f o r multicomponent or phase separated 

g l a s s e s , many of which are of te c h n o l o g i c a l importance. 

The present concern has been a study of the e l a s t i c and 

a n e l a s t i c behaviour of Na2O-B203-SiO2 ternary g l a s s e s 

with the o b j e c t of gaining i n f o m a t i o n on the i n t r i n s i c 

p r o p e r t i e s of the m a t e r i a l s and on the e f f e c t s of g l a s s -

i n - g l a s s phase separation. An attempt i s al s o made to 

c l a r i f y the b a s i c absorption mechanism i n inorganic 

g l a s s e s about which there i s a t present much controversy. 

Before a d e t a i l e d d i s c u s s i o n of the propagation of e l a s t i c 

.'1 2 8 NOV 1972 



- 2 -

waves i n a disordered system can be undertaken i t i s 
p e r t i n e n t to d i s c u s s the term 'g l a s s ' and to mention the 
i n c i d e n c e of g l a s s - i n - g l a s s phase separation and i t s 
consequences. 

1.1 What i s a g l a s s ? 

The v i t r e o u s or g l a s s y s t a t e i s c h a r a c t e r i z e d 

by the absence of both s t r u c t u r a l p e r i o d i c i t y and symmetry, 

One widely accepted opinion i s that a g l a s s i s a super

cooled l i q u i d ; although one method of preparation of a 

g l a s s i s to cool a l i q u i d through i t s f r e e z i n g point 

without the occurrence of c r y s t a l l i z a t i o n , and t h i s 

behaviour conforms to such a d e s c r i p t i o n , g l a s s e s such 

as g e l s d r i e d by evaporation, copolymers prepared by 

chemical r e a c t i o n or evaporated f i l m s should a l s o be 

included. S t r u c t u r a l models for g l a s s e s f a l l roughly 

i n t o two c a t e g o r i e s ; those which regard g l a s s e s as highly 

d e f e c t c r y s t a l s and those which are based on s t a t i s t i c a l 

concepts p e c u l i a r to the l i q u i d or gaseous s t a t e . X-ray 

d i f f r a c t i o n from p o l y c r y s t a l s with i n c r e a s i n g l y small 

g r a i n s i z e becomes p r o g r e s s i v e l y very much l i k e t h a t from 

g l a s s e s , which could on one hand i n d i c a t e that g l a s s e s 

are i n f a c t c r y s t a l l i n e m a t e r i a l s w i t h very small g r a i n 

s i z e s . However, B e l l and Dean (1968), on the other hand, 

have shown t h a t b a l l and spoke models o f v i t r e o u s Si02 

constructed on the random network theory of Zachariasen 

(1932) show a t h e o r e t i c a l r a d i a l d i s t r i b u t i o n function 

and c o n f i g u r a t i o n a l entropy i n very good agreement with 



- 3 -

experimentally determined values. Thus many d i f f i c u l t i e s 
a r i s e i n the comparison between the two main s t r u c t u r a l 
c l a s s i f i c a t i o n s even for g l a s s e s which are simple i n 
terms of chemical composition. I t would be l i m i t e d 
value to d i s c u s s here the merits of the various models 
w i t h i n each c l a s s i f i c a t i o n as only a minimal amount of 
i n f e r e n c e can be drawn as to the l i k e l y s t r u c t u r e of 
the multicomponent g l a s s e s of t h i s present study. A 
b e t t e r s t a r t i n g point f o r an understanding of the term 
' g l a s s ' i s through the preparation and properties of 
such m a t e r i a l s . 

1.2 Under What conditiohs. can a g l a s s be f ormed? 

L i q u i d s s o l i d i f y i n t o the g l a s s y s t a t e , i f they 

can be cooled through the c r y s t a l l i z a t i o n temperature 

range r a p i d l y enough to exclude the formation of. c r y s t a l 

n u c l e i . A g l a s s i s to be d i s t i n g u i s h e d from a m a t e r i a l 

formed by discontinuous s o l i d i f i c a t i o n i n which the s o l i d 

mass grows i n the parent l i q u i d a t the s o l i d - l i q u i d 

i n t e r f a c e . Formation of a g l a s s occurs r a t h e r by a 

continuous i n c r e a s e i n v i s c o s i t y on the lowering of the 

l i q u i d temperature. 

There i s a stage i n the cooling process,, c a l l e d 

the g l a s s t r a n s i t i o n range, where the v i s c o s i t y may 

i n c r e a s e py s e v e r a l orders of magnitude over about 10°K. 

The g l a s s t r a n s i t i o n temperature Tg i s i t s e l f determined 

by the cooling r a t e ; Figure 1.1 shows the e f f e c t of 

d i f f e r e n t cooling r a t e s on the s p e c i f i c volume V of a 
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g l a s s forming l i q u i d and i l l u s t r a t e s the d i f f e r e n t Tg's 
of the f i n a l g l a s s e s . D i f f e r e n t cooling r a t e s r e s u l t i n 
d i f f e r e n t g l a s s d e n s i t i e s and hence by i m p l i c a t i o n 
s t r u c t u r e s ; thus the cooling r a t e can e f f e c t any p h y s i c a l 
property of a g l a s s which i s density or s t r u c t u r e 
s e n s i t i v e . Another concept connected with the thermal 
h i s t o r y of a g l a s s , which i s met with i n the course of 
t h i s t h e s i s , i s t h a t of the f i c t i v e temperature T at which 
the i n t e r n a l s t r u c t u r e of a g l a s s sample would be at 
equilibriiam. On cooling a g l a s s below i t s Tg point the 
i n t e r n a l s t r u c t u r e i s frozen i n as s t r u c t u r a l r e l a x a t i o n 
times sharply i n c r e a s e with the r i s e i n v i s c o s i t y ; i n 
general T i s equal to Tg. The f i c t i v e temperature of a 
g l a s s may be changed by annealing at the required 
temperature f o r a time long enough for s t r u c t u r a l 
re-arrangement to occur. 

1.3 Phase separatidh i n g l a s s e s 

During recent years i t has become i n c r e a s i n g l y 

evident t h a t many g l a s s e s o r i g i n a l l y thought to be 

homogeneous i n c h a r a c t e r are i n f a c t separated on a 

submicroscopic s c a l e i n t o two or morfe d i s t i n c t but s t i l l 

g l a s s y phases. Even v i s i b l y c l e a r g l a s s e s l i k e Pyrex -

i t s e l f a sodium b o r o s i l i c a t e g l a s s - are thought to be 

heterogeneous i n c h a r a c t e r , as w e l l as the opalescent 

g l a s s e s produced by heat treatment of c e r t a i n compositions 

i n , f o r example, the s o d a - l i m e - s i l i c a and a l k a l i 

b o r o s i l i c a t e systems. Techniques used to r e v e a l the 

phase separated nature of various g l a s s e s have been 
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e l e c t r i c a l conduction and d i e l e c t r i c l o s s (Charles, 1964), 

e l e c t r o n microscopy (Vogel and Gerth, 1962) and small 

angle X-ray d i f f r a c t i o n (Porai9:Koshits and Andreyev, 1958) 

Any experimental method which i s able to a s s i s t i n the 

e l u c i d a t i o n of the s t r u c t u r e s of such g l a s s e s and the 

mechanisms involved i n the separation processes w i l l be 

a v a l u a b l e technique i n the r a p i d l y expanding f i e l d of 

g l a s s p h y s i c s . 

The morphologies of phase separated g l a s s e s are 

of two types: droplets of a second phase dispersed i n 

a matrix of the complimentary composition, and a s t r u c t u r e 

where the two phases are completely interconnected. 

F a c t o r s such as thermal h i s t o r y and composition decide 

which morphology a g l a s s w i l l take and a l s o determine 

the s c a l e of the separation which may be anywhere between 

about 50 £ and 10 p. A more d e t a i l e d d e s c r i p t i o n of 

g l a s s - i n - g l a s s s e p a r a t i o n w i l l be found i n Chapter 4. 

The Na2O-B203-SiO2 g l a s s system forms the b a s i s 

f o r many commercial m a t e r i a l s of t e c h n o l o g i c a l importance. 

Over a region of the ternary diagram along the 320^-3102 

edge, with low and r e s t r i c t e d values of Na20 content, 

metastable i m m i s c i b i l i t y i s e x h i b i t e d . I f the r a t i o of 

Si02 to ^2^3 high, chemically durable glasses of low 

c o e f f i c i e n t of thermal expansion r e s u l t , and i t i s i n 

t h i s area of composition that g l a s s e s with the trade 

names of Pyrex, Simax and Phoenix r e s i d e . As the r a t i o 

i s lowered p a s t u n i t y , g l a s s e s r e s u l t from which the high 

B2O3 phase can be reached, providing that t h i s phase i s 
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continuous. Such g l a s s e s form the s t a r t i n g composition 

f o r the high Si02 (about 96wt%) porous and consolidated 

Vycor m a t e r i a l . I t i s w e l l known that c a r e f u l control 

on both Na20 content and thermal h i s t o r y i s e s s e n t i a l to 

achieve the d e s i r e d r e s u l t i n the production of t h i s 

l a t t e r g l a s s ; t h i s f a c t i t s e l f suggests that a p a r t i c u l a r 

phase separated s t r u c t u r e i s p r e r e q u i s i t e f o r the f i n a l 

product and th a t the chemical and p h y s i c a l processes 

i n v o l v e d must be terminated before e q u i l i b r i u m i s 

reached. 

Many important p r o p e r t i e s of a g l a s s are s t r u c t u r e 

s e n s i t i v e and are dependent on the phase-separation which 

i s i t s e l f a microscopic structure-forming process. A 

knowledge of the mechanisms involved i n g l a s s - i n - g l a s s 

s e p a r a t i o n i s thus of d i r e c t t e c h n o l o g i c a l i n t e r e s t . A 

primary purpose of t h i s present work i s to as s e s s i f 

ultrasound propagation i s a u s e f u l t o o l i n the study of 

g l a s s y phase sep a r a t i o n phenomena and to report on the 

e f f e c t s i n the mechanical p r o p e r t i e s due to phase 

se p a r a t i o n i n the g l a s s e s . 

1.4 V i b r a t i o n s i n c r y s t a l s and g l a s s e s 

A consequence of the absence of adequate models 

f o r the s t r u c t u r e of g l a s s e s i s t h a t the t h e o r e t i c a l 

treatment of v i b r a t i o n s i n such disordered systems i s 

made d i f f i c u l t . The absence of p e r i o d i c i t y precludes 

the use of the mathematical procedures a v a i l a b l e f o r 

c r y s t a l l a t t i c e s ; t h i s l a c k of q u a n t i t a t i v e knowledge 
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i s a r e c u r r e n t problem throughout the f i e l d of g l a s s 

p h y s i c s , A b r i e f comparison w i l l be made here between 

the s a l i e n t features of the wave propagation c h a r a c t e r i s t i c s 

i n c r y s t a l l i n e s o l i d s and the more scant d e t a i l s of those 

i n g l a s s y m a t e r i a l s to i d e n t i f y the most important 

d i f f e r e n c e s and s i m i l a r i t i e s r e l e v a n t to the present 

study. 

For a s o l i d which contains N atoms the v i b r a t i o n s 

may be considered as the superposition of 3N independent 

normal modes. I n a c r y s t a l system, which e x h i b i t s 

p e r i o d i c i t y i n the l a t t i c e , these normal modes are plane 

waves and are c h a r a c t e r i z e d by a frequency o), a wave 

vect o r and a p o l a r i z a t i o n . Where there are C atoms 

i n the p r i m i t i v e c e l l of the l a t t i c e there are 3 a c o u s t i c 

branches to the phonon spectrum, where the atoms v i b r a t e 

i n phase, and 3C^3 o p t i c a l branches, where the atoms 

v i b r a t e out of phase. The frequency of a p a r t i c u l a r 

mode depends on the wave vector; a t y p i c a l p l o t of t h i s 

r e l a t i o n s h i p f o r a c r y s t a l with 2 atoms per p r i m i t i v e 

c e l l i s shown i n Figure 1.2: I n the long wavelength 

l i m i t , where the c r y s t a l behaves as an e l a s t i c continuum, 

the phase v e l o c i t y oj/q.. and the group v e l o c i t y doj/dq. are 

equal. A decrease i n the group v e l o c i t y of the a c o u s t i c 

modes occurs as the value of approaches i t s maximum 

valu e , a phenomenon known as d i s p e r s i o n . The maximum 

value of q. i s defined by the l a t t i c e parameter. 

A g l a s s however has no long-range order. As a 

r e s u l t of t h i s n o n - p e r i o d i c i t y the normal modes are i n 



CO 

Rgure 1.2 Schematic plot of frequency against wave number 
; ] for lattice waves in a crystal wltt» two atoms 
<Jw ^ > per primitive cell . : 

- '1... • • L ' 
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general not plane waves. T h e o r e t i c a l c a l c u l a t i o n s of one 

dimensional models of a g l a s s (Dean, 1964; Anderson, 1965) 

suggest t h a t away from the long wavelength l i m i t the 

w-g. r e l a t i o n s h i p l o s e s i t s b a s i c s i m p l i c i t y . There e x i s t s 

an i n c r e a s i n g l y wide range of frequencies for each wave 

ve c t o r and at very short wavelengths the d i s t i n c t i o n 

between a c o u s t i c a l and o p t i c a l phonon modes is not w e l l 

defined. However, i n the long wavelength l i m i t , a g l a s s 

s t i l l behaves as an e l a s t i c continuum and the normal 

waves are e s s e n t i a l l y plane waves. The wavelengths of 
-2 

ultrasound a t lOMHz- are t y p i c a l l y about 5.10 cm and 

consequently see l i t t l e of the non-periodicity of the 

s t r u c t u r e . U l t r a s o n i c s t r e s s waves may be t r e a t e d as 

long wavelength normal modes of a g l a s s and t h e i r 

propagation c h a r a c t e r i s t i c s of v e l o c i t y and attenuation 

are i s o t r o p i c . 



C H A P T E R T W O 

ELASTICITY AND ANELASTICITY OF 

SOLIDS 
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I n t r o d u c t i o n 

A body i s deformed under the a c t i o n of e x t e r n a l 

f o r c e s . I t i s s a i d to be e l a s t i c i f i t returns to i t s 

o r i g i n a l dimensions a f t e r the removal of these f o r c e s , 

and the s u b j e c t of e l a s t i c i t y i s the d i s c u s s i o n of the 

r e l a t i o n s h i p between applied s t r e s s and r e s u l t a n t s t a i n . 

I f , however, the s t r e s s and s t r a i n are not 

s i n g l e - v a l u e d functions of each other, the s o l i d i s s a i d 

to be a n e l a s t i c . Such a property i s observed i n a s o l i d 

where s t r e s s and/or s t r a i n time d e r i v a t i v e s are present 

i n the equation r e l a t i n g s t r e s s and s t r a i n . I n t h i s 

type of s o l i d , there i s a h y s t e r i s i s e f f e c t when the s t r e s s 

i s o s c i l l a t o r y . Energy d i s s i p a t i o n w i l l occur over the 

range of frequencies where the s t r a i n cannot keep up with 

the a l t e r n a t i o n i n s t r e s s . 

T h i s chapter i s concerned with the equation 

of motion f o r both e l a s t i c a l l y a n i s o t r o p i c and i s o t r o p i c 

s o l i d s , and the velocity, of high-frequency u l t r a s o n i c • 

s t r e s s waves are obtained as a s o l u t i o n to t h i s equation. 

A l s o d i s c u s s e d i s the standard l i n e a r a n e l a s t i c s o l i d 

model of Zener (1947). The r a t e of d i s s i p a t i o n of energy 

of the s t r e s s wave as a function of frequency i s deduced 

fo r a n e l a s t i c m a t e r i a l s which e x h i b i t s t r e s s - s t r a i n 

r e l a t i o n s h i p s c h a r a c t e r i s t i c of t h i s type of s o l i d . The 

l a s t s e c t i o n d e a l s with the various methods of expressing 

the r a t e of energy d i s s i p a t i o n , or attenuation, of an 

ultrasound wave, and r e l a t e s these q u a n t i t i e s to the 

i n t e r n a l f r i c t i o n manifested i n a s o l i d . 
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2.1:1 D e f i n i t i o n of S t r e s s 

The s t r e s s tensor represents the components 

of f o r c e a c t i n g on an elemental area of the s o l i d , and 

denotes the force per u n i t area i n the i d i r e c t i o n on 

the plane normal to the j d i r e c t i o n . 

2.1.2 D e f i n i t i o n of S t r a i n 

The i d e a of s t r a i n i s connected with the d i s 

placement of a po i n t i n a body. I f , as a r e s u l t of 

deformation, the cordinates of a po i n t x (x^, x^, x^) 

are moved to x^^+u^, X2+U2, x^+u^/ the u q u a n t i t i e s 

are the displacement vec t o r s and the s t r a i n s are defined 

by (e.g. Nye, 1957) 

T / dn. 9 u . \ 

For example. 

e 11 8x^ 2.2 

- , 9U t 8U^ 
I I 1 . ^ 1 2.3 1̂2 2A 3X2 ^̂ 1 

T h i s second rank tensor i s the symmetrical part of the 

C a r t e s i a n tensor d e s c r i b i n g the point displacement i n 

a body; the anti-symmetrical p a r t 

^ / 9 u^ 9 u. \ 

i s concerned with r o t a t i o n a l movement with which we are 

not concerned here. The simple p h y s i c a l meaning of the 
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components of the s t r a i n tensor e^^ i s t h a t with i 
equal to j , the component represents the f r a c t i o n a l 
change i n length of a l i n e p a r a l l e l to the x^ d i r e c t i o n , 
and with i not equal to j , i t i s twice the change i n 
the angle o r i g i n a l l y defined by the x^ and Xj d i r e c t i o n s . 

2.1.3 Hookes Law 

Th i s law s t a t e s t h a t the s t r a i n i n a body i s 

p r o p o r t i o n a l to the s t r e s s a c t i n g upon i t . Thus, 

r e l a t i o n s h i p s i n v o l v i n g the fourth rank tensors C..,,, 

known as the e l a s t i c s t i f f n e s s constants of the s o l i d , 

may be w r i t t e n 

a. . = C. ., , e, , 2.5 1] i ] k l k l 

T h i s i s the most general l i n e a r s t r e s s - s t r a i n r e l a t i o n 

s h ip which i n d i c a t e s zero s t r a i n under conditions of 

zero s t r e s s , and r e s u l t s i n 81 e l a s t i c s t i f f n e s s constants 

i n the equations of type 

'̂ 11 " ^1111^11 ^112^12 ^1123^^13 ^1121^21 ^1122^22 

^1123^23 ^1131^31 ^ ^1132^32 ^ ^1133^33 ^'^ 

From the symmetry of s t r e s s and sifein, we obtain 

^ i j k l ^ S i j l " ^ i k l j ^ S i l j ^ ' ^ 

which reduces the number of independent e l a s t i c constants 

to 36. A f u r t h e r condition t h a t the e l a s t i c p o t e n t i a l i s 
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a f u n c t i o n of s t a t e , and i s independent of the path by 
which i t i s reached g i v e s 

* ^ i j k l " ^ j l i k 2.8 

l e a v i n g a t o t a l of 21 independent constants, which i s the 

number a s s o c i a t e d with the c r y s t a l c l a s s of lowest 

symmetry, the t r i c l i n i c system. 

For ease of w r i t i n g the fourth rank tensor 

^ i j k l ' ^ condensed matrix notation i s used as follows: 

Tensor Notation 11 22 33 23,32 13,31 12,21 

Matrix Notation 1 2 3 4 5 6 

For example, ^•^•^^2 w r i t t e n C^g, and ^2^22 ^44* 

2.1.4 A d i a b a t i c and Isothermal E l a s t i c Constants 

As the entropy i s e f f e c t i v e l y constant under 

the conditions of an u l t r a s o n i c measurement, the 

a d i a b a t i c e l a s t i c constants are obtained. The d i f f e r e n c e 

between the a d i a b a t i c constants, C ? j ^ j ^ , and isothermal 

constants C^^-^-^ i s given by the equation (Nye 1957) 

where A.̂ ^ and are the temperature c o e f f i c i e n t s of 

s t r e s s a t constant s t r a i n , T i s the absolute temperature, 

and C^ i s the s p e c i f i c heat at constant volume. This 

g i v e s r i s e to a d i f f e r e n c e between the a d i a b a t i c and 

i s o t h e r m a l e l a s t i c constants no g r e a t e r than 1%. 
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2.1.5 C r y s t a l l i n e and I s o t r o p i c Systems 

Writing the complete s e t of s t r e s s - s t r a i n 

r e l a t i o n s h i p s i n matrix notation, we obtain 

"11 ^11 ^12 ^13 ^14 ^15 ^16 ^11 

"22 ^12 ^22 ^ 4 ^25 S e ^22 

^33 ^13 ^23 ^33 ^ 4 ^35 ^ 3 6 ^33 

"23 ^14 S 4 S 4 ^44 ^45 ^46 ^23 

"31 ^15 S 5 ^35 ^ 4 5 S 5 ^56 ^31 

"12 ^16 ^46 ^56 ^66 ^12 

2.10 

C r y s t a l l i n e symmetry of a s o l i d reduces the 

number of independent e l a s t i c constants needed to 

d e s c r i b e completely the s t r e s s - s t r a i n r e l a t i o n s h i p i n 

a s o l i d from 21 f o r the t r i c l i n i c system to 3 for the 

c u b i c system, where the C^^j^j^^ matrix becomes 

^11 ^12 ^ 1 2 . ° ^ 

^12 ^11 ^12 0 ° 

^12 ^12 ^11 ° ° 

0 0 0 0 

'44 

0 0 0 0 ^ ( C i i - C , 2 ) 



- 14 -

For an i s o t r o p i c s o l i d , the c o e f f i c i e n t s must be 
independent of the rect a n g u l a r axes chosen, which 
produces the conditions 

^12 ^ ^13 " S 3 ' ^44 " ^55 ~ ^66 ^'^^ 

1̂1 = S2 = S3 ' ^44 = (̂ 11-̂ 12 /̂2 

Thus, f o r an i s o t r o p i c system, two independent e l a s t i c 

constants, X and y, known as the Lame constants may 

be defined such that 

C 12 ~ ^' ^11 ~ ^'^^Vi' ^ 4 4 ~ VI 2 . 1 2 

I n t h i s s i t u a t i o n , the s t r e s s - s t r a i n law may be w r i t t e n 

^ i j = ^ ^ i j ^ k k ^ 2.13 

where 6 i s the Kronecker d e l t a function which has the 

p r o p e r t i e s : 

= 1 f o r i = j 2.14 

6^^ = 0 f o r i j 

2.1.6 The Equation of Motion 

To d e r i v e the equation of motion f o r a s t r e s s 

wave i n an e l a s t i c contimum, the forces a c t i n g on an 

elemental volume are considered. On examination of the 

f o r c e s on opposite p a i r s of faces of a small p a r a l l e l e 

piped, the components of the for c e s r e s u l t i n g from the 

d i f f e r e n c e s between these p a i r s of forces are obtained. 
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From Newton's equation of motion i s found the 
r e l a t i o n s h i p 

,3a 
= 2.15 

where p i s the dens i t y of the medium, and s i s the 

displacement v e c t o r . Hence 

' ^ I j k l - S j f = » l ^ 2.16 

and from equation 2.1 

! i k i 1 j \ _ ^ JS-

9Xj 2 9x^8Xj 

Combination of equations 2.5 and 2.17 gives 
C.^ i j k l 9Xj^9Xj 9x^9Xj 1 

As C . = C. . n , , we can r e w r i t e t h i s as i ] k l 13 Ik 

2.17 

^ + = 2p s, 2.18 

^ = pa, 2.19 ' i j k l 9x. 9x, " ̂ 1 

The problem i s now to solve t h i s equation f o r a plane 

wave of the type 

^ _ ^ ^i(wt-k.x) T -i -ts o s ^ = s ^ ^ e — — (1 = 1,2,3) 2.20 

where k (k^^, k2/ k^) i s a wave vector normal t o the 

planes of constant phase, and i s equal to. (w/.v) -n, 

n (n^, n2/ n^) i s a u n i t vector normal to the wave 

f r o n t , w i s the wave angular frequency, and v i s the 
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phase v e l o c i t y . The p a r t i c l e displacement vector s 
i s i n general not p a r a l l e l to the wave vector k. 

S u b s t i t u t i n g equation 2.20 i n t o equation 2.19 

produces 

9^3 I o / 2 , 2, i{wt-k3^ ^ = -n,n.So„ (w /v )e 2.21 

and combining t h i s with the equation of motion 2.15 we 

obtain 

^ i j k J l ^o, = pv^ So. 2.22 

Expansion of these r e l a t i o n s h i p s leads to the C h r i s t o f f e l 

equations: 

(^ljl£^j^rP^^)Soi + ^ l j 2 i l ^ j ^ S S j 3 i l ^ j " £ S ^ ° 

S j U ^ (Sj2£"j^-P^')SG2 ^ S j 3 i l ^ j ^ S o 3 = 0 2.23 

2, C 3 j U ^ Sj2£"j^.2o2 + ( C 3 . 3^n.n^- pv ) S03 = 0 

For these equations to be s a t i s f i e d f o r a l l SQ^, the 

determinant of the c o e f f i c i e n t s must be equal to zero, 

y i e l d i n g a ci i b i c equation i n v^. These three roots 

r e p r e s e n t the v e l o c i t i e s of three d i f f e r e n t waves, with 

mutually orthogonal displacement vectors but with p a r a l l e l 

propagation d i r e c t i o n s . I n general, these displacements 

are n e i t h e r perpendicular nor p a r a l l e l to the propaga

t i o n d i r e c t i o n . 
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To f i n d these three s o l u t i o n s , an expansion 
of equation 2.23 f o r a l l j and I values i s undertaken, 
T h i s produces a determinant of the form 

h i -

1 2 

'13 

'12 

h2 -

^23 

'13 

^23 

L 3 3 -

= 0 2.24 

where 

^11 = ^lCll+^2^66^^3S5-'2n2n3C55+2n3n^C^5+2n^n2C^g 2.25 

'12= ^^16-'^2S6^^3^45-'"2^3(^46^S5^+^3h(VS6) 

+n^n2(C^2-'^66) 

^ 3 = "lh5^^2^46^^3^35-'^2^3(^45-*-S6!+^3h(h3^S5) 

+n^n2(C^4+C5g) 

4 2 = -lC66-^^2S2^'^^44^2n2n3C24+2n3n3_C4g+2n^n2C2, 

^ 3 = ^lC56+^2^24+^^24-^^2'^3 (^44-^43^ ̂ ^3^1 ̂ S6tS5) 

^-33 = ^lC55+^2^44-*-^3^33-'2n2n3C34+2n3n^C35+2n3^n2C45 

The vinit v e c t o r s Cn^^, n2/ n3) are then 

s u b s t i t u t e d f o r the propagation d i r e c t i o n r e q u i r e d , as 

are the C^^j^^ values according to the symmetry of the 

s o l i d under c o n s i d e r a t i o n . For example, f o r plane wave 
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propagation i n a cubic c r y s t a l i n the <100>, the 
determinant i s reduced to 

C 4 4 - PV 

0 

0 

C44 - PV 

^11 -

= 0 2.26 

i n d i c a t i n g two waves of v e l o c i t y ( C ^ ^ / p ) " ^ and one wave 

of v e l o c i t y (C^^/P)^. 

Determination of the mode of the plane wave i s 

c a r r i e d out by s u b s t i t u t i n g these v e l o c i t i e s back into 

the C h r i s t o f f e l equations 2.23 and c a l c u l a t i n g the 

p a r t i c l e displacement vectors SQ. for each v e l o c i t y ; 
2 2 2 

the r e l a t i o n s h i p nj^+n2+n3 = 1 e x i s t s as n i s a u n i t vector, 

and i s used i n t h i s c a l c u l a t i o n . The combination of 

p a r t i c l e displacement vector and propagation d i r e c t i o n 

d e s c r i b e s the mode as e i t h e r l o n g i t u d i n a l or shear. I n 

the above example, one l o n g i t u d i n a l wave of v e l o c i t y 

{C^^/p)^ and two shear waves of v e l o c i t y ( C ^ ^ / p ) ^ are 

obtained. 

Isotropy of the e l a s t i c constants, where a l l 

d i r e c t i o n s are equi v a l e n t , reduces equation 2.26 to 

y - p v 

0 y - p v 

(x+2y). - p v 

= 0 2.27 
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i n d i c a t i n g a l o n g i t u d i n a l wave o f v e l o c i t y (A + 2 y / p ) ^ 
aid a shear wave o f v e l o c i t y ( p / p ) ^ . These d i f f e r e n t 
modes o f p r o p a g a t i o n are always pure modes f o r an 
i s o t r o p i c s o l i d ; t h e p a r t i c l e d isplacement v e c t o r i s 
p a r a l l e l t o t h e d i r e c t i o n o f p r o p a g a t i o n f o r t h e 
l o n g i t u d i n a l o r compressional mode, and p e r p e n d i c u l a r 
t o t h e d i r e c t i o n o f p r o p a g a t i o n f o r t h e shear or t r a n s v e r s e 
mode. The energy f l u x v e c t o r , which d e f i n e s t h e d i r e c t i o n 
o f f l o w o f a c o u s t i c energy i s a l s o p a r a l l e l t o t h e 
d i r e c t i o n o f p r o p a g a t i o n o f t h e wave, n o t u s u a l l y t h e 
case f o r a c r y s t a l l i n e a n i s o t r o p i c s o l i d . 

Thus t h e second o r d e r e l a s t i c c o n s t a n t s , com

ponents o f t h e f o u r t h rank t e n s o r , may be c a l c u l a t e d 

i n an i s o t r o p i c s o l i d from measurements o f t h e l o n g i t u d i n a l 

and shear wave u l t r a s o u n d v e l o c i t i e s . From these con

s t a n t s t h e Young's modulus E, Poissons r a t i o v, Shear 

modulus y, and Bulk modulus K , may be found t h e 

r e l a t i o n s h i p s : 

E = pVg (3V^ - 4V^)/(V^ - V^) 2.28 

V = (V^ - 2 V ^ ) / ( 2 ( v 2 - V^)) 2.29 

y: = pVg 2.30 

K = p(3V^ - 4V^)/3 2.31 

2.2.1 A n e l a s t i c i t y o f s o l i d s 

The p r o p e r t y o f a s o l i d whereby t h e s t r e s s and 

s t r a i n are n o t u n i q u e l y r e l a t e d i n t h e p r e - p l a s t i c range 

i s c a l l e d a n e l a s t i c i t y . E a r l y attempts were made by 
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Meyer (1874) and V o i g t (1892) t o g e n e r a l i z e t h e equations 
o f c l a s s i c a l e l a s t i c i t y t h e o r y t o i n c l u d e an account 
o f a n e l a s t i c phenomena. These accounts were based on 
t h e assumption t h a t t h e s t r e s s components are a l i n e a r 
f u n c t i o n o f b o t h s t r a i n and s t r a i n r a t e , and were o f t h e 
f o r m 

a = a e + b e 2.32 

where t h e d o t i n d i c a t e s d i f f e r e n t i a t i o n w i t h r e s p e c t t o 

t i m e . S o l i d s obeying t h i s law are c a l l e d V o i g t s o l i d s 

and m a n i f e s t a f t e r - e l a s t i c i t y . These s o l i d s do n o t 

e x h i b i t i n s t a n t a n e o u s s t r a i n . A mechanical analogue w i t h 

t h e s t r e s s - s t r a i n r e l a t i o n s h i p i s i l l u s t r a t e d i n F i g u r e 2.1. 

However, most s o l i d s do show an i n s t a n t a n e o u s 

s t r a i n , and t h e model o f V o i g t has been m o d i f i e d by 

Zener (1947) t o i n c l u d e t h i s b e h a v i o u r . The model f o r 

t h i s t y p e o f s o l i d , known as t h e 'standard l i n e a r s o l i d , ' 

i s a l s o shown i n F i g u r e 2.1. 

The s t a n d a r d l i n e a r s o l i d s u f f e r s an i n s t a n t a n e o u s 

d i s p l a c e m e n t when a s t r e s s i s a p p l i e d . The magnitude o f 

t h i s d i s p l a c e m e n t i s governed by t h e e l a s t i c c o n s t a n t s o f 

t h e s p r i n g s . D u r i n g t h e t i m e t h a t t h e s t r e s s i s a p p l i e d , 

t h e dashpot r e l a x e s t o produce a g r a d u a l i n c r e a s e i n 

d e f o r m a t i o n o f t h e s o l i d . Conversely, i f the s t r a i n i s 

suddenly removed, t h e s t r u c t u r e s u f f e r s an i n s t a n t a n e o u s 

expansion f o l l o w e d by a more g r a d u a l r e l e a s e o f energy 

i n t h e s p r i n g s as t h e f o r c e r e l a x e s across t h e dashpot. 

Thus, t h i s model i l l u s t r a t e s a l l t h e a f t e r - e l a s t i c 

p r o p e r t i e s o f a r e a l s o l i d . 
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Figure 2 J A comparison of the Voigt and Standard Linear 
Solid models and their mechanical behaviour. 
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A f u r t h e r m e r i t o f t h e s t a n d a r d l i n e a r model i s • 
t h a t t h e r a t e o f energy d i s s i p a t i o n does n o t i n c r e a s e 
r a p i d l y as t h e frequency o f t h e a p p l i e d ^ s t r e s s i n c r e a s e s , 
i n c o n t r a s t t o t h e V o i g t model which shows frequency-
squared dependence f o r t h e r a t e o f energy d i s s i p a t i o n . 
A t h i g h f r e q u e n c i e s , t h i s r a t e becomes independent o f 
t h e f r e q u e n c y f o r t h e s t a n d a r d l i n e a r model. 

I f t h e s t r e s s and s t r a i n are n o t s i n g l e v a l u e d 

f u n c t i o n s o f one another over a complete cycle o f v i b r a t i o n , 

d i s s i p a t i o n o f energy w i l l occur. Consequently, t h e 

presence o f t i m e d e r i v a t i v e s i n t h e s t r e s s - s t r a i n r e l a t i o n 

s h i p w i l l assure an a t t e n u a t i o n o f a p e r i o d i c s t r e s s 

wave such as an u l t r a s o n i c wave. 

2.2.2 C a l c u l a t i o n o f t h e energy d i s s i p a t i o n versus 

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

The e q u a t i o n g o v e r n i n g t h e s t r e s s - s t r a i n r e l a t i o n 

s h i p f o r t h e s t a n d a r d l i n e a r s o l i d i s 

a + T^a = (e + t ^ e ) 2.33 

where i s t h e r e l a x a t i o n t i m e o f t h e s t r e s s under 

c o n d i t i o n s o f c o n s t a n t s t r a i n , and i s t h e r e l a x a t i o n 

t i m e o f t h e s t r a i n under c o n d i t i o n s o f c o n s t a n t s t r e s s . 

Mj^ i s a modulus o f e l a s t i c i t y t o be f u l l y e x p l a i n e d l a t e r . 

• When e and e are b o t h z e r o , e q u a t i o n 2.33 has 

t h e f o r m 

a + T^a = 0 2.34 

w h i c h has t h e s o l u t i o n 

a { t ) = a(o)e"^/''e 2.35 
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On i m p o s i t i o n o f an i n s t a n t a n e o u s s t r a i n a p p l i e d a t 
t = 0, t h e s t r e s s r e l a x e s t o i t s e q u i l i b r i u m Mj^Eq- Thus 
t h e s o l u t i o n t o e q u a t i o n 2.33 becomes 

a ( t ) = + io^-M^ e^)e"'^/''e 2.36 

T h e r e f o r e t h e f i n a l o r r e l a x e d v a l u e o f e l a s t i c modulus 

i s e q u a l t o M̂ .̂ Suppose now t h a t i n a v e r y s h o r t t i m e 

6 t t h e s t r e s s r e c e i v e d a f i n i t e i ncrement Aa. I n t e g r a t i o n 

o f e q u a t i o n 2.33 w i t h r e s p e c t t o t i m e as 6t —> 0 reduces 

t o 

x^Aa = x^A^ 2.37 

I f now i s i n t r o d u c e d an i n s t a n t a n e o u s o r 'unrelaxed' 

modulus such t h a t 

= M^Ae 2.38 

t h e r e l a t i o n s h i p between and becomes 
M X 
u _ P 

" r " % 

I t i s now o f i n t e r e s t t o f i n d t h e r e l a t i o n s h i p between 

s t r e s s and s t r a i n when these q u a n t i t i e s are p e r i o d i c . 

The s o l u t i o n a ( t ) = o^e^^^ and e ( t ) = eQe"""*̂ ^ are sub

s t i t u t e d i n e q u a t i o n 2.33, and we o b t a i n 

( 1 + i c o T ^ ) = M j ^ ( l + i a ) T ^ ) e ^ 

2.39 

2.40 

and hence 
d + i ' ^ ^ )^o 

^o " (1+itoT J 

= M e 0) o 

2.41 

2.42 
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To c a l c u l a t e t h e a n g l e , e, by which t h e s t r a i n l a g s 
b e h i n d t h e s t r e s s , t h e i m a g i n a r y and r e a l p a r t s o f t h e 
e l a s t i c modulus a t a n g u l a r frequency u) are compared. 
Energy d i s s i p a t i o n i s u s u a l l y expressed i n terms o f 
l o g a r i t h m i c decrement 6, f r a c t i o n a l l o s s o f energy per 
c y c l e AW/W, o r q u a l i t y f a c t o r Q. T h i s l a t t e r q u a n t i t y 
i s d e f i n e d as t h e r a t i o o f r e a c t a n c e t o r e s i s t a n c e o f 
an element, and i s equal t o tan e . I t may be shown, t h a t 
f o r r e l a t i v e l y s m a l l energy l o s s e s 

^ = - = • f 2.43 
Q IT 2iT W 

Thus, f r o m e q u a t i o n 2.41 

- 1 ''(^a"''e^ Q = tane = Y — 2.44 

T h i s q u a n t i t y i s known as t h e i n t e r n a l f r i c t i o n . I n t r o 

d u c t i o n o f t h e g e o m e t r i c mean o f and T ^ , equal t o 

T , and c o m b i n a t i o n o f e q u a t i o n s 2.39 and 2.44 leads t o 

„-l _ ^u OIT 5 

I f now a f u r t h e r q u a n t i t y A equal t o (M^-M^^)/(M^Mj^) ̂  

i s d e f i n e d , t h e n 

Q-1 = TTT^ 2.46 

Thus, when M =̂  M_,, A i s t h e r e l a t i v e d i f f e r e n c e between U R 

t h e u n r e l a x e d and r e l a x e d m o d u l i o r t h e ' r e l a x a t i o n 

s t r e n g t h ' o f t h e system. 
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I t i s a l s o o f i n t e r e s t t o f i n d t h e e f f e c t i v e 
e l a s t i c modulus a t a n g u l a r frequency m. T h i s i s g i v e n 
by t h e r a t i o o f t h e s t r e s s t o t h a t p a r t o f t h e s t r a i n 
w h i c h i s i n phase w i t h t h e s t r e s s . 

From e q u a t i o n 2.41 we f i n d 

( l + i t o x ) 

^o = • ( l + i a ) x ^ ) ^'^'^ 

2 
(1+0) x X +ico (x -X ) ) 

= i ^ r "72 " " 2.48 
^ ( l + d ) ^ 2 ) 

a 

The p a r t o f t h e s t r a i n i n phase w i t h t h e stress i s t h e 

r e a l p a r t o f e q u a t i o n 2.48, t h e r e f o r e 
l + ( a ) x ) ^ 

M = ^ - • 2.49 
1+ (cox) 

and t h e f r a c t i o n a l d i f f e r e n c e between the e l a s t i c 

modulus a t a n g u l a r f r e q u e n c y w and t h e modulus when 

M = M i s g i v e n by 
U. K. 

M - M 
- ^ S r - ^ = A ^ 2.50 

^u l + ( a ) 7 ) 2 

The v a r i a t i o n o f M and t a n 6 w i t h a n g u l a r - f r e q u e n c y i s 

shown i n F i g u r e 2.2. The i n t e r n a l f r i c t i o n reaches a 

maximum when (ox i s u n i t y , and t h e modulus i n c r e a s e s 

f r o m t h e r e l a x e d v a l u e M̂^ t o t h e u n r e l a x e d v a l u e M^. 

I t may be seen t h a t t h e e l a s t i c modulus has reached 

i t s two extreme v a l u e s w h i l e t a n e i s s t i l l a p p r e c i a b l e ; 

t h e t r a n s i t i o n range i n e l a s t i c modulus i s narrower t h a n 

t h a t i n i n t e r n a l f r i c t i o n . 
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2.2.3 A t t e n u a t i o n o f u l t r a s o u n d waves 

T h i s s e c t i o n i s devoted t o a d e s c r i p t i o n o f the 

v a r i o u s methods o f e x p r e s s i n g t h e a t t e n u a t i o n o f an 

' u l t r a s o u n d wave, t h e i r i n t e r c o n n e c t i o n , and t h e i r 

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

A p l a n e s t r e s s wave, such as t h a t i n t r o d u c e d i n t o 

a m a t e r i a l i n an u l t r a s o n i c e x p eriment, may be r e p r e s e n t e d 

by 

a ( x , t ) = a ^ e i ( ' - t - l x ) 2.51 

Assumption o f a complex v e l o c i t y and p r o p a g a t i o n c o n s t a n t , 

such t h a t 

V = v ^ + i v ^ , k = k^-ia 2.52 

when combined w i t h e q u a t i o n 2.51 g i v e s 

, ^, -ax i ( a ) t - k x ) _ a ( x , t ) = a^e e 2.53 

The a t t e n u a t i o n c o e f f i c i e n t a i s t h u s d e s c r i b e d as t h e 

i m a g i n a r y p a r t o f t h e complex p r o p a g a t i o n c o n s t a n t , and 

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

Another approach i s by assxaming a complex v e l o c i t y 

and complex a n g u l a r wave f r e q u e n c y , 

V = Vj^+ia , 0) = lo^+ioj^ 2.54 

w h i c h leads t o 

- a i t i ((ot-kx) o a ( x , t ) = a^e i e ' 2.55 

where t h e a t t e n u a t i o n c o e f f i c i e n t i s now d e f i n e d as t h e 

complex p a r t o f t h e f r e q u e n c y , and has t h e dimensions o f 

r e c i p r o c a l t i m e . 
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Since t h e a t t e n u a t i o n i s determined by t h e 

envelope o f t h e h i g h frequency wave, one can use t h e 

e x p r e s s i o n 

a ( x ) = a^e""^ 

t o r e p r e s e n t t h e , a m p l i t u d e o f t h e s t r e s s wave w i t h 

d i s t a n c e t r a v e l l e d i n t h e e l a s t i c medium. Taking 

l o g a r i t h m s o f b o t h s i d e s o f t h i s e q u a t i o n . 

2.56 

l o g ^ a (x) = l o g ^ ^o~"^ 

Thus a t two d i f f e r e n t p o i n t s , x^ and x^, along t h e 

p r o p a g a t i o n d i r e c t i o n o f t h e wave, t h e a t t e n u a t i o n o f 

t h e wave a m p l i t u d e i s 

a (x^ 

2.57 

a = 

o r 

o r 

a = 

— - — l o g X2-x^ ^e 

20 l o g 

a (x. 

a (x^ 
10 a(X2 

1 ^ ^ " " l 3 ^ 2 0 1 o g ^ O ^ 

n e p e r s / u n i t l e n g t h 2.58 

db 

d b / u n i t l e n g t h 

2.59 

2.60 

and t h e r e l a t i o n s h i p between a t t e n u a t i o n i n db and 

nepers becomes 

a ( d b / u n i t l e n g t h ) = 8.686 a ( n e p e r s / u n i t l e n g t h ) 2.61 

A f u r t h e r method o f e x p r e s s i n g t h e a t t e n u a t i o n , as 

o u t l i n e d i n S e c t i o n 2.2.2 i s i n terms o f t h e l o g a r i t h m i c 

decrement, 6, de f i n e d ' f o r a harmonic o s c i l l a t o r i n f r e e 

decay w i t h s m a l l damping as t h e n a t u r a l l o g a r i t h m o f t h e 

r a t i o o f t h e energy d i s s i p a t e d p er u n i t c y c l e o f v i b r a t i o n 
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t o t w i c e t h e t o t a l s t o r e d energy.. As t h e energy o f a 
harmonic o s c i l l a t o r i s g i v e n by t h e square o f t h e 
a m p l i t u d e o f v i b r a t i o n , 

6 = l o g ^ 2.62 
^ an+1 

and hence, from e q u a t i o n 2.58 

6 = g(nepers/cm)-v(cm/sec) 2 53 
([03/271) (sec~-^) 

The d i s s i p a t i o n o r q u a l i t y f a c t o r , Q, has e q u i v a l e n t 

d e f i n i t i o n s 

Q = o)/Ao) 2.64 

known as t h e bandwidth h a l f w i d t h d e f i n i t i o n , 

^ i n s t a n t a n e o u s energy i n system ^ ,^ o r Q = 0) • -T-. : r — : 5 — ^—t~- 2.65 
energy d i s s i p a t e d per u n i t t i m e 

T h e r e f o r e • Q""*" = T: • 6 2.66 

o r Q-̂  = a(db/sec) 2.67 
8.686 0) (sec ) 

U l t r a s o n i c experiments are concerned w i t h t h e measurement 

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

m a t e r i a l , and t h e a t t e n u a t i o n , a, i s u s u a l l y measured 

d i r e c t l y i n u n i t s o f db/ysec. Thus, by u s i n g e q u a t i o n 2.67, 

t h e c o n v e r s i o n f r o m a t t e n u a t i o n t o i n t e r n a l f r i c t i o n may 

be made. 



C H A P T E R T H R E E 

A REVIEW OF THE ACOUSTIC PROPERTIES OF 

INORGANIC GLASSES 
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I n t r o d u c t i o n 

T h i s c h a p t e r has been i n c l u d e d t o form a back

ground t o t h e u l t r a s o n i c i n v e s t i g a t i o n o f t h e 

Na20-B292-Si02 glasses i n t h i s p r e s e n t work, and takes 

t h e f o r m o f a r e v i e w concerned w i t h t h e a c o u s t i c p r o p e r t i e s 

o f g l a s s e s o v e r t h e frequency range 0.25 Hz t o 27.5 GHz. 

T h i s survey commences w i t h a review o f p r e v i o u s s t u d i e s 

a t f r e q u e n c i e s i n t h e h i g h KHz, MHz and GHz ranges, 

f i r s t l y i n t h e tempe r a t u r e r e g i o n between 4.2°K and 400°K, 

and t h e n a t tempe r a t u r e s below 4.2°K. A s h o r t s e c t i o n i s 

t h e n devoted t o t h e e f f e c t s o f h y d r o x y l i o n c o n t e n t and 

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

A f u r t h e r s e c t i o n which d e t a i l s r e s u l t s o f i n t e r n a l 

f r i c t i o n and e l a s t i c m o d u l i d e t e r m i n a t i o n s a t lower 

f r e q u e n c i e s has been added t o complete t h e survey o f t h e 

a c o u s t i c p r o p e r t i e s o f glasses over a wide frequency range. 

The r e v i e w t h e n proceeds w i t h a d i s c u s s i o n o f t h e i n t e r 

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

i n t h e c o n t e x t o f t h e v i b r a t i o n a l c h a r a c t e r o f t h e g l a s s y 

s t a t e . Some r e s u l t s o f t h e comparison between a c o u s t i c 

and t h e r m a l p r o p e r t i e s o f glasses are i n c l u d e d . The l a s t 

s e c t i o n o f t h i s c h a p t e r i s devoted t o a d i s c u s s i o n o f t h e 

mechanism which i n f l u e n c e s t h e u l t r a s o u n d p r o p a g a t i o n 

c h a r a c t e r i s t i c s o f many i n o r g a n i c g l a s s e s , i n c l u d i n g t h e 

Na,0-B„0 -SiO g l a s s e s , i n t h e frequency and temperature 

range o f t h i s p r e s e n t concern. An at t e m p t i s made t o 

i s o l a t e t h e most l i k e l y model f o r t h e l o s s mechanism. 
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3.1.1 U l t r a s o u n d p r o p a g a t i o n i n glasses between 4.2°K 
and 400°K 

The m a j o r i t y o f u l t r a s o n i c s t u d i e s o f g l a s s y 

systems have been concerned w i t h v i t r e o u s Si02 a t 

k i l o h e r t z (e.g. Marx and S i v e r t s e n , 1953) and megahertz 

(e.g. McSkimin, 19 53; Jones e t a l , 1964) f r e q u e n c i e s , 

and a l s o i n t h e h i g h e r g i g a h e r t z r e g i o n by B r i l l o u i n 

s c a t t e r i n g t e c h n i q u e s (Flubacher e t a l , 1960; P i n e , 1969). 

The a c o u s t i c p r o p e r t i e s o f v i t r e o u s Si02 below room 

t e m p e r a t u r e are dominated by a l a r g e and broad a t t e n u a t i o n 

peak w i t h a c o r r e s p o n d i n g a c t i v a t i o n energy H o f 

1030 cal/mole (Anderson and Bommel, 1955) and an a t t e m p t 

o r c h a r a c t e r i s t i c v i b r a t i o n a l frequency oj^ o f 5.10'''"̂  Hz 

on t h e assumption o f an A r r h e n i u s t y p e o f a c t i v a t i o n 

process f o r t h e l o s s 

0) = exp (- H/RT) 3.1 

Work on o t h e r g l a s s y systems such as Ge02 and 

Na20-Ge02 (Krause and K u r k j i a n , 1966),. B2O3 and AS2O3 

(Stra k n a and Savage, 1964) and BeF2 (Krause, 1968) show 

t h e presence o f a s i m i l a r l a r g e a c o u s t i c a t t e n u a t i o n 

peak, t h e i n t e n s i t y and p o s i t i o n o f which i s dependent 

on b o t h t h e g l a s s c o m p o s i t i o n and t h e a c o u s t i c frequency. 

A summary o f these r e s u l t s i s shown g r a p h i c a l l y i n 

F i g u r e 3.1. The a c o u s t i c a t t e n u a t i o n peak has been found 

t o have a p p r o x i m a t e l y t h e same o r d e r o f magnitude o f 

a t t e m p t f r e q u e n c y f o r a l l t h e glasses s t u d i e d ; t h e 

v a r y i n g t e m p e r a t u r e s o f t h e l o s s maxima are e x p l a i n e d by 

d i f f e r e n t a c t i v a t i o n e n e r g i e s f o r t h e d i f f e r e n t g l a s s 

c o m p o s i t i o n s . 



Figure 3.1 The temperature dependence of acoustic loss in inorganic 
glasses. Dashed lines are for Na20-B203-SI02 glasses 
of this present study. 
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The c o m p o s i t i o n a l dependence o f t h i s a c o u s t i c 
l o s s i n t h e Na20—Ge02 system has been r e p o r t e d i n 
some d e t a i l by Krause and K u r k j i a n (1966). A d d i t i o n o f 
1 mole% Na20 t o Ge02 reduces t h e peak h e i g h t by 50% and 
decreases t h e tempe r a t u r e s o f t h e maximiim observed 
a c o u s t i c l o s s f r o m 170°K t o 120°K a t 20 MHz a c o u s t i c 
f r e q u e n c y . F u r t h e r a d d i t i o n reduces t h e peak h e i g h t and 
ag a i n decreases t h e peak t e m p e r a t u r e , b u t beyond 
10 mole% Na20 l i t t l e e x t r a e f f e c t i s n o t i c e d . 

T h i s l a r g e a c o u s t i c l o s s peak has a l s o been 

fo u n d i n t h e Na20-B202-Si02 glasses r e p o r t e d i n t h e 

p r e s e n t s t u d y . D i s c u s s i o n o f t h e c o m p o s i t i o n a l dependence 

o f t h i s a c o u s t i c l o s s w i l l f o r m an i m p o r t a n t p a r t o f t h i s 

t h e s i s . 

I n a t t e m p t s t o understand t h e i n t e r a t o m i c b i n d i n g 

and s t r u c t u r e o f g l a s s e s , many workers have measured 

e l a s t i c wave v e l o c i t i e s as a f u n c t i o n o f g l a s s c o m p o s i t i o n . 

Murthy and Aguayo (1964) have proposed t h a t t h e a d d i t i o n 

o f Na20 t o v i t r e o u s Ge02 r e s u l t s i n t h e i n c r e a s e o f t h e 

c o o r d i n a t i o n number o f t h e germanium atoms from 4 t o 6, 

and a s t r e n g t h e n e d cross l i n k i n g o f t h e s t r u c t u r e i s 

expected. The u l t r a s o u n d v e l o c i t y c o m p o s i t i o n i n t h e 

Na20-Ge02 system shows a maximiim a t about 20% Na20, i n 

accord w i t h t h i s t h e o r y (Krause and K u r k j i a n , 1966); 

t h e decrease i n u l t r a s o u n d v e l o c i t y beyond t h e maximum 

i s most p r o b a b l y due t o t h e p r o d u c t i o n o f s i n g l y bonded 

oxygen atoms. 
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A S i m i l a r maximum i n a c o u s t i c v e l o c i t y has been 
observed i n the Na^O-B^P^ system at about 30 mole% Na20 
(Gladkov and Tarasov, 1960) where the i n i t i a l i n c r e a s e has 
been a t t r i b u t e d to the change i n coordination number of 
the boron from 3 to 4. I n c o n t r a s t , a continuous decrease 
i n a c o u s t i c v e l o c i t y i s reported by the same authors on 
a d d i t i o n of Na20 to v i t r e o u s Si02, and i s i n t e r p r e t e d on 
the b a s i s of the continuous production of s i n g l y bonded 
oxygen atoms with no corresponding i n c r e a s e i n the 
coordination niomber of the s i l i c o n atoms beyond 4. 

The e f f e c t of. composition upon the l o n g i t u d i n a l 

a c o u s t i c v e l o c i t i e s i n Ha^O-B^O^-SiO^ g l a s s e s has been 

s t u d i e d by Gladkov and Tarasov (1960). No a c o u s t i c atten

uation r e s u l t s are reported. I n place of the o r i g i n a l 

graphs presented by Gladkov and Tarasov of v e l o c i t y versus 

percentage ^2^3 ^2^3~ ^^^^2^* ̂ "̂ '̂ 2̂  ^̂ '"̂  various mole r a t i o s 

of Na20 to Si02, Figure 3.2. shows contour l i n e s of equal 

l o n g i t u d i n a l v e l o c i t y on the ternary phase diagram, which 

i s a much more convenient method of presentation. Thermal 

h i s t o r i e s are not quoted for the g l a s s e s of t h i s study 

which makes phase sep a r a t i o n c h a r a c t e r i s t i c s impossible to 

a s s e s s . The a c o u s t i c v e l o c i t i e s quoted by these workers 

f o r unannealed v i t r e o u s Si02 (5.60.10^ cm/sec) and annealed 

v i t r e o u s Si02 (5.72.10^ cm/sec) seem r a t h e r low i n 

comparison to those of various v i t r e o u s Si02 samples 

reported i n the comprehensive study of F r a s e r (1968). This 

l a t t e r author reports the lowest l o n g i t u d i n a l v e l o c i t y 
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as 5.936.10^ cm/sec fo r S p e c t r o s i l of 900°C f i c t i v e 
temperature, and the highest as 5.992.10^ cm/sec fo r 
I.R. V i t r e o s i l of 1400°c f i c t i v e temperature. A 
co n s i d e r a b l e discrepancy a l s o e x i s t s between the value 
of Gladkov and Tarasov f o r the v e l o c i t y i n pure ^2^3 
g l a s s (3.05.10^ cm/sec) and the value of Uhlmann and 
Shaw (1971) (3.40.10^ cm/sec). 

The reason f o r the discrepancy between the 

reported ultrasound v e l o c i t i e s i n the pure v i t r e o u s 

Si02 and ^2^3 cannot be a s c e r t a i n e d as no d e t a i l s of 

the method of measurement are included i n the paper by 

Gladkov and Tarasov, except that i t was by an u n s p e c i f i e d 

u l t r a s o n i c technique. I t i s u s e f u l to look at t h e i r 

work i n the l i g h t of t h i s present study. However, i t 

w i l l be seen t h a t i t i s v i t a l i n comparison of r e s u l t s 

on g l a s s y systems to have formal d e t a i l s of sample 

pr e p a r a t i o n and c h a r a c t e r i z a t i o n ; such d e t a i l s are not 

reported by Gladkov and Tarasov. 

The important question of the behaviour of the 

e l a s t i c constants i n systems where phase separation i s 

e x h i b i t e d , as w e l l as t h e i r dependence on composition, 

has been studied by Uhlmann and Shaw (19 71) f o r various 

PbO- and a l k a l i oxide s i l i c a t e s and borates. They have 

shown t h a t the t h e o r e t i c a l formulae (see Chapter 7) f o r 

the e l a s t i c constants of a two phase m a t e r i a l derived 

by Hashin and Slitrikman (1963) f i t the experimental 

data f a i r l y w e l l . However, d e t a i l s of phase morphology 

and thermal h i s t o r y of the g l a s s e s are not included; 
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these f a c t o r s w i l l be shown to have a profound e f f e c t 
on the ultrasound v e l o c i t i e s of the Na^O-B-P--SiO_ 
g l a s s e s of t h i s present work. 

Temperature dependences of ultrasound v e l o c i t y 

below room temperature fo r Si02, G^O^, ^^^2' ^^°3^2 

and ^2^3 g l a s s e s are reported by Krause and Kurkjian 

(1968). A l l evidence a r e l a x a t i o n i n e l a s t i c modulus 

a s s o c i a t e d with the la r g e a c o u s t i c attenuation peak. 

With the exception of ̂ 2^3' ̂ ^^^ a l s o a l l have a p o s i t i v e 

temperature c o e f f i c i e n t of ultrasound v e l o c i t y a t higher 

temperatures than the r e l a x a t i o n minimum. However, 

a d d i t i o n of as l i t t l e as 1 mole% Na20 to GeO^ has the 

e f f e c t of changing the temperature c o e f f i c i e n t of a c o u s t i c 

v e l o c i t y from p o s i t i v e to negative; addition of fu r t h e r 

Na20 serves to i n c r e a s e the now negative c o e f f i c i e n t 

(Krause and K u r k j i a n , 1966). 

3.1.2 Ultrasound propagation i n glasses, below 4.2°K 

A low temperature l o s s peak of r e l a t i v e l y small 

i n t e n s i t y has been observed a t about 4°K at 20MHz ac o u s t i c 

frequency i n v i t r e o u s Si02 (Krause, 1964) and a l s o i n 

v i t r e o u s Ge02, BeF2 and Zn (^03)3 (Krause and Kur k j i a n , 

1968). There remain many d i f f i c u l t i e s a s s o c i a t e d with 

the understanding of the nature of the e f f e c t s which 

cause t h i s a c o u s t i c l o s s peak. T h i s peak has been shown 

to be of equal i n t e n s i t y i n both S u p r a s i l s y n t h e t i c 

fused Si02 which contains 1000 p.p.m. OH ions and 

I n f r a s i l which i s v i r t u a l l y water-free. A s i m i l a r peak 
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i n the d i e l e c t r i c l o s s occurs a t about 2°K at 100 KHz . 
(Jaeger, 19 68) and which has, on the assumption of an 
Arrhenius type a c t i v a t i o n process, a s i m i l a r attempt 
frequency (1.4.10"'""'"Hz) and a c t i v a t i o n energy (60 cal/mole) 
to the a c o u s t i c peak found by Krause. This suggests a 
common cause f o r both the a c o u s t i c and the d i e l e c t r i c 
l o s s . However, Jaeger has shown t h a t the i n t e n s i t y of 
the d i e l e c t r i c l o s s i s dependent on the OH content of 
the v i t r e o u s S i 0 2 , and furthermore has demonstrated that 
t h i s l o s s i s absent i n c e r t a i n samples where the a c o u s t i c 
l o s s i s present. No s a t i s f a c t o r y explanation f o r t h i s 
p o int of apparent c o n t r a d i c t i o n has y e t been found. 

Krause and Ku r k j i a n (1968) have noted that t h i s 

very low temperature a c o u s t i c attenuation peak occurs 

i n g l a s s e s with an open t e t r a h e d r a l l y coordinated 

s t r u c t u r e , but not i n the planar t r i a n g u l a r ^2^3 ^ ^ ^ ^ s . 

They have a l s o drawn a t t e n t i o n to the p o s i t i v e temperature 

c o e f f i c i e n t of ultrasound v e l o c i t y at 300°K and the 10°K 

to 20°K negative c o e f f i c i e n t of thermal expansion of 

open t e t r a h e d r a l l y coordinated g l a s s e s while the converse 

of these p r o p e r t i e s i s apparent i n g l a s s y B2^3* ^^us, 

i t appears t h a t the low temperature a c o u s t i c attenuation 

peak and the other low temperature anomalies of these 

g l a s s e s may have a common o r i g i n i n t h e i r s i m i l a r 

v i b r a t i o n a l s t a t e s . Indeed White and B i r c h (1965) have 

suggested t h a t low frequency o p t i c a l modes of v i b r a t i o n 

can e x i s t i n such a s t r u c t u r e , and may be responsible 

f o r the low temperature anomalies i n thermal p r o p e r t i e s . 
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Krause (1964) has i n v e s t i g a t e d the p o s s i b i l i t y 
t h a t a thermal phonon process i s the cause of t h i s low 
temperature attenuation peak. Measurements on samples 
of d i f f e r e n t c r o s s s e c t i o n showed i d e n t i c a l r e s u l t s , 
and as Krause considered that at these low temperatures 
the thermal phonon mean fr e e path was of the order of 
the sample s i z e he concluded that such a process i s not 
r e s p o n s i b l e . However, Z e l l e r and Pohl (1971) have shown 

t h a t the mean f r e e path of a thermal phonon i n v i t r e o u s 
o -4 Si02 a t 4 K i s approximately 10 cms. I n the l i g h t of 

t h i s recent r e s u l t we can conclude t h a t any s i z e dependent 

e f f e c t i s n e g l i g i b l e and therefore Krause's argument 

i s not c o r r e c t . However, a d d i t i o n a l evidence that the 

process r e s p o n s i b l e f o r the low temperature peak i s not 

a phonon-phonon i n t e r a c t i o n w i l l be presented i n the 

d i s c u s s i o n of t h i s work. 

Krause subjected s e l e c t e d samples of v i t r e o u s 

Si02 to an e l e c t r i c f i e l d of 6 KV/cm at 700°C for 

2 days, but they e x h i b i t e d an unchanged attenuation peak 

a t 4°K. Thus i t seems that an impurity cation i s not 

a s s o c i a t e d with the l o s s mechanism. 

3.1.3 The e f f e c t on a c o u s t i c propagation c h a r a c t e r i s t i c s 

Of the hydroxyl i o n content and f i c t i v e temperature 

Two f a c t o r s which have been found to have an 

e f f e c t on the a c o u s t i c p r o p e r t i e s of g l a s s e s are ( i ) 

water or hydroxyl ion content and ( i i ) f i c t i v e temperature, 

To gain an i n s i g h t i n t o the precautions necessary i n the 
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manufacture of g l a s s samples for a c o u s t i c studies i t 
i s of use to review the e f f e c t s of these two f a c t o r s . 

Hydroxy1 ion content has been shown by Kurkjian 

and Krause (1966) to have a profound e f f e c t on the 

la r g e a c o u s t i c absorption peak i n v i t r e o u s ^2^3' 'Wet' 

and 'dry' specimens of ̂ 2^3 prepared; the former 

was melted i n a i r a t 950°C and the l a t t e r was melted 

a t 1150°C and bubbled fo r 10 hours with dry nitrogen 

to remove any water present. I n f r a - r e d transmission 

spectroscopy evidenced that the dry specimen contained 

only 5% of the OHtion concentration of the wet specimen. 

The wet specimen e x h i b i t e d a l a r g e a c o u s t i c l o s s peak 

centred a t 300°K at 20 MHz and a smaller peak at 50°K, 

w h i l e the dry specimen showed a much enlarged peak a t 

50°K and only a small peak a t 300°K. The reduction 

i n s i z e of the 300°K peak was c o n s i s t e n t with the 

f r a c t i o n a l reduction i n the OH concentration. These 

authors have a l s o found t h a t addition of Na20 removed 

the 300°K peak of the wet specimen, but beyond 15 mole% 

Na20, a new l o s s a t 150°K was observed. 

Both hydroxyl ion content and f i c t i v e temperat\are 

have been shown to e x e r t small but s i g n i f i c a n t e f f e c t s 

on the a c o u s t i c p r o p e r t i e s (Krause, 1971; F r a s e r , 1968) 

and a l s o the d i e l e c t r i c p r o p e r t i e s (Jaeger, 1968) of 

v i t r e o u s Si02. Comparisons by Krause of the ultrasound 

v e l o c i t y and attenuation i n Corning 7940 Si02 samples 

with 850 p.p.m. OH and f i c t i v e temperature of 980°C and 

14pO°C, and S u p r a s i l samples with 17 p.p.m. OH and f i c t i v e 
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temperature 1000°C and 1200°C show t h a t the higher the 
OH content the higher the 50°K a c o u s t i c l o s s peak and 
the g r e a t e r the temperature c o e f f i c i e n t of v e l o c i t y a t 
300°K. An i n c r e a s e i n f i c t i v e temperature lowers the 
a c o u s t i c l o s s . These r e s u l t s are i n general agreement 
with those of F r a s e r , who has studied many d i f f e r e n t 
Si02 specimens by a resonant sphere technique. Jaeger 
has shown t h a t there i s a c o r r e l a t i o n between the 
height of the analogous lar g e peak i n d i e l e c t r i c l o s s 
and the f i c t i v e temperature, i n general agreement with 
the f i n d i n g s i n the a c o u s t i c p r o p e r t i e s of v i t r e o u s Si02. 

The conclusion to be drawn here i s that knowledge 

of the OH or water content and thermal h i s t o r y of a 
» 

g l a s s sample i s necessary when i n t e r p r e t i n g the a c o u s t i c 

p r o p e r t i e s . These two f a c t o r s are v i t a l i n the f u l l 

c h a r a c t e r i s a t i o n of a g l a s s specimen, and should always 

be included i n the d e s c r i p t i o n of the s t a t e of a g l a s s 

sample. 

3.1.4 I n t e r n a l f r i c t i o n and e l a s t i c moduli a t low 

frequencies 

Many measurements of the i n t e r n a l f r i c t i o n and 

e l a s t i c constants of g l a s s e s have been made by both 

resonance and t o r s i o n a l v i b r a t i o n techniques. E x p e r i 

ments have included the measurement of a n e l a s t i c and 

e l a s t i c p r o p e r t i e s as a function of both composition 

and phase sep a r a t i o n c h a r a c t e r i s t i c s , with a view to 

a g r e a t e r understanding of the s t r u c t u r e of g l a s s e s . 
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An abbreviated review of the important s t u d i e s to date 
i s included here, together with the general conclusions 
from the r e s u l t s obtained. 

Frequencies below iHz 

Measurements of the i n t e r n a l f r i c t i o n of both 

quenched and d r o p l e t s t r u c t u r e d phase separated samples 

of a g l a s s of mole% 3.9Na20-31.2B202-64.9 Si02 have been 

made by Mazurin (1968). The method involved measurements 

of the damping of t o r s i o n a l v i b r a t i o n s of a f i b r e of the 

g l a s s . This author r e p o r t s a peak i n the i n t e r n a l 

f r i c t i o n a t 470°C a t an o s c i l l a t i o n frequency of 0.25 Hz, 

unique to the phase separated sample, which moved to higher 

temperatures a t higher frequencies. The magnitude of t h i s 

s h i f t i s quoted to c o r r e l a t e with the temperature dependence 

of the v i s c o s i t y of the sample which i n d i c a t e s an a c t i v a 

t i o n energy f o r the l o s s process of about 20 Kcal/mole. 

Assuming an Arrhenius a c t i v a t i o n process, one may c a l c u l a t e 

t h a t t h i s peak would occur at approximately 5000°C i n 

the low MHz a c o u s t i c frequency range, making observation 

of t h i s peak by the pulse-echo technique used i n t h i s work 

impossible. 

Frequencies i n the low KHz range 

Experiments i n the low KHz region have been 

executed up to the Tg point of various g l a s s e s by 

monitoring the resonant frequency and damping of 

f l e x u r a l v i b r a t i o n s of bars of the g l a s s suspended from 
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t h e i r nodal p o i n t s . A t y p i c a l a l k a l i s i l i c a t e v i b r a t i n g 
at 1 KHz to 10 KHz e x h i b i t s } , a broad l o s s at about 
250°K to 450°K, i n t e r p r e t e d as an a l k a l i ion d i f f u s i o n 
p r o c e s s , and a f u r t h e r l o s s a t 500°K to 700°K a t t r i b u t e d 
to a non-bridging oxygen ion d i f f u s i o n process. S i l i c a t e 
g l a s s e s containing two d i f f e r e n t a l k a l i ions show a 
t h i r d peak which i s u s u a l l y known as the 'mixed a l k a l i 
peak.' 

Taylor and Day (1970) have measured the i n t e r n a l 

f r i c t i o n i n the Li20-Na20-Si02, Li20-Na20-B2P2-Si02 and 

Na20-B2P2-Si02 g l a s s systems. Heat treatments produced 

phase sep a r a t i o n d i r e c t l y observable by d i r e c t transmission 

e l e c t r o n microscopy. Measurements of the i n t e r n a l 

f r i c t i o n of samples between 170°K and 700°K evidenced 

t h a t the mechanism responsible f o r the 'mixed a l k a l i ' 

d i f f u s i o n peak i s unaffected by advancing phase separation. 

However, they found t h a t the a l k a l i ion d i f f u s i o n peak 

i n the Na20-B2Q2-Si02 g l a s s i s reduced i n magnitude as 

phase sep a r a t i o n proceeds, i n agreement with the findings 

of Day and Rindone (1961). These l a t t e r authors a l s o 

r e p o r t t h a t the a l k a l i ion and non-bridging oxygen ion 

d i f f u s i o n peaks of a Li20-2.75 Si02 g l a s s are unaffected 

by phase sep a r a t i o n u n t i l c r y s t a l l i z a t i o n i n the g l a s s 

commences. 

These somewhat negative f i n d i n g s are f u r t h e r 

s u b s t a n t i a t e d by Redwioie and F i e l d (1969) who have 

observed t h a t the i o n i c d i f f u s i o n peaks i n Na20-Si02 

g l a s s e s are l a r g e l y unaffected by phase separation. 
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However, they conclude from an e a r l i e r study of the 
same system (1968), t h a t f o r g l a s s e s with an i n t e r 
connected phase sep a r a t i o n morphology, the e l a s t i c 
moduli are l i n e a r l y dependent on the t o t a l amount of 
soda present, and are l a r g e r than f o r a quenched g l a s s 
of the same composition. In the metastable droplet 
s t r u c t u r e d region of phase separation, the mechanical 
p r o p e r t i e s of the g l a s s are reported to behave as a 
homogeneous m a t e r i a l having the same s t r u c t u r e as the 
continuous phase. The dispersed phase exerts only 
second order e f f e c t s on the e l a s t i c moduli. 

The absence of any s i g n i f i c a n t l y large e f f e c t 

of phase sep a r a t i o n on the i o n i c d i f f u s i o n phenomena, 

with the exception of g l a s s e s i n the Na2O-B203-SiO2 

system, i s perhaps to be expected; the movement of 

the ions under the conditions of a l t e r n a t i n g s t r e s s i s 

only of the order of the interatomic spacing while 

the phase separation boundaries are t y p i c a l l y thousands 

of atoms apart. The a c t i v a t i o n energies of these i o n i c 

d i f f u s i o n processes are i n the range 20 to 40 K cal/mole, 

and temperatures around and above the Tg point would 

be necessary to render these peaks observable at MHz 

a c o u s t i c frequencies. The d i f f i c u l t i e s of such an 

experiment are l a r g e as sample geometry and phase 

s e p a r a t i o n morphology would be constantly changing 

at . t h e s e e l e v a t e d temperatures; i o n i c d i f f u s i o n 

phenomena are best studied by low frequency techniques. 
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3.2.1 The i n t e r r e l a t i o n between- thermal capacity 

and ultrasound v e l o c i t y and attenuation 

The information about the v i b r a t i o n a l s t a t e s 

of a s o l i d i s contained i n the frequency d i s t r i b u t i o n 

of G(a)) , the number of v i b r a t i o n a l modes with frequencies 

between to and co + dw. I n the harmonic approximation 

constant volume heat c a p a c i t i e s are r e l a t e d to t h i s 

d i s t r i b u t i o n by 

Cv = k 
J 

•%ax . "kT (lia)/kT).^ 
G ( a ) ) ^ — — T = d(o 3.2 

O / -r^ \2 I kT T \e - l y 

where OJ i s the c u t - o f f of the Debye d i s t r i b u t i o n max 
2 

G(a3) = ao) , and i s r e l a t e d to the Debye temperature through 

max 3.̂ 3 

Even i n the s i m p l e s t c r y s t a l , the true shape of G(a)) i s 

complex, and the us e f u l n e s s of heat capacity data i n 

examining the shape of G(w) i s l i m i t e d as i s determined 

by the i n t e g r a l over the whole spectrum. P l o t s of 

from heat c a p a c i t y measurements against temperature to 

show any d e v i a t i o n from the Debye theory behaviour can 

i n d i c a t e the approximate s i z e and p o s i t i o n of the f i r s t 

peak i n G(a)), but no d e t a i l s of the high frequency part 

of the spectrum are obtainable. 

As the temperature approaches 0°K, the Debye 

continuum hypothesis approaches r e a l i t y and a l l s o l i d s , 

i n c l u d i n g g l a s s e s , behave as an e l a s t i c continuum. 

D i s c u s s i o n s of r e s u l t s from heat capacity data can be 
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undertaken i n terms of de v i a t i o n from t h i s l i m i t i n g 

behaviour; data i s u s u a l l y analysed by use of a 
3 2 

C/T versus T p l o t which shows any devia t i o n from the 

Debye l i m i t i n g s o l u t i o n to the equation for s p e c i f i c 

heat given by Blackman (1955) to account for di s p e r s i o n 

'as 
C^ . = AT^ + BT^ + CT^ + .. . . 3.4 

Here, A tends to C^/T^ as T tends to. zeiro. I n the low^ 

temperature l i m i t 

J. _ 12 Ti^ N k 
~ 3 

50^ 3.5 

Ultrasound waves have the advantage that 

t h e i r v e l o c i t i e s may be measured very a c c u r a t e l y . 

E x t r a p o l a t i o n of v e l o c i t i e s to 0°K may e a s i l y be made 

and the Debye temperature can then be c a l c u l a t e d from 

the equation (e.g. Anderson, 1959) 

= I (m^)^-^ v^ 3.6 
where the mean sound v e l o c i t y v̂ ^̂  i s , for a g l a s s with 

l o n g i t u d i n a l v e l o c i t y v and shear v e l o c i t y v , 

m̂ 3 v3> . - s i -i 

1 
•3 3.7 

Comparison of the thermal and a c o u s t i c properties i s thus 

made through the parameter A of equation 3.5. 

I t should be noted that the Debye temperature 

i s not uniquely defined f o r a g l a s s (Anderson, 1959) 
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and i s dependent on and defined by the choice of N, the 

volume d e n s i t y of p r i m i t i v e v i b r a t i o n a l u n i t s which i s 

somewhat a r b i t r a r y f o r a g l a s s with more than one component. 

Thus the choice of the d e n s i t y of fundamental v i b r a t i o n a l 

u n i t s i s important; i f i t i s taken as the number of atoms 

per u n i t volume, the r e s u l t i n g i s the Debye temperature 

f o r the d e n s i t y of s t a t e s d i s t r i b u t i o n containing a l l the 

modes of the s o l i d . This convention i s most u s e f u l for 

comparison with s p e c i f i c heat data as the l a t t e r does 

not d i s t i n g u i s h between the a c o u s t i c and o p t i c branches 

of the phonoh spectrum. 

Thermal and e l a s t i c p r o p e r t i e s must agree i n 

the low temperature l i m i t and many i n t e r e s t i n g points 

a r i s e from t h e i r comparison as that l i m i t i s approached. 
3 2 

F i g u r e 3.3 shows the behaviour of C ^ T with T , normalized 

to the e l a s t i c wave value of C/T"̂  a t T=0, of v i t r e o u s 

Ge02 and v i t r e o u s Si02. The r e s u l t s of Antoniou- and 

Morrison (1965) show t h a t v i t r e o u s Ge02 behaves normally 

with C/T"̂  approaching the e l a s t i c wave value i n the 0°K 

l i m i t , but some 'excess' s p e c i f i c heat i s present above 

t h i s l i m i t . However, for v i t r e o u s Si02, the value of 

C/T"̂  i s somewhat higher than expected and a t 2°K i s 

about twice the l i m i t i n g value c a l c u l a t e d from the 

a c o u s t i c v e l o c i t i e s (McSkimin, 1953; White, 1965). 

Ifecent measurements of the heat capacity i n 

v i t r e o u s Si02 (White and B i r c h , 1965), Ge02 ( Z e l l e r 

and Pohl, 1971), BeF2 (Leadbetter and Wycherley, 1971) 

and g l y c e r o l ( C r a i g , Massena and Mallya, 1965) have shown 
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an i n c r e a s e i n C/T"̂  below about 2°K. This parameter i s 
observed to be s t i l l i n c r e a s i n g even a t the lowest 
temperatures at which the thermal c a p a c i t y has been 
measured (0.1°K). 

I t i s tempting to a s s o c i a t e the excess 

s p e c i f i c heat i n v i t r e o u s Si02 and Ge02 with the mechanism 

r e s p o n s i b l e f o r the a c o u s t i c absorption peak. However, 

there i s no simple c o r r e l a t i o n between the reduction i n 

excess s p e c i f i c heat and u l t r a s o n i c absorption upon 

neutron i r r a d i a t i o n of Si02 and Ge02 (Leadbetter and 

Morrison, 1963) and furthermore, while the a c o u s t i c 

absorption peak i s present i n Pyrex, there i s no excess 

s p e c i f i c heat (Marx and S i v e r t s e n , 1953). 

3.3.1 Ultrasound .attenuation ; the l a r g e a c o u s t i c 

l o s s peak 

Before any conclusions may be drawn from 

the compositional dependence of the c h a r a c t e r i s t i c s of 

the l a r g e a c o u s t i c attenuation peak (see Figure 3.1 ) 

t h a t occurs i n most, i f not a l l , the inorganic g l a s s e s 

s t u d i e d to date, an attempt must be made to understand 

the underlying mechanism. Three models have been 

proposed by d i f f e r e n t workers; two are s i m i l a r and 

i n v o l v e atomic motions i n a v a r i e t y of l o c a l environ

ments w i t h i n the g l a s s s t r u c t u r e , and the t h i r d involves 

a phonon-phonon i n t e r a c t i o n between the ultrasound wave 

and the phonon spectriim of the g l a s s l a t t i c e . These 

models w i l l now be d i s c u s s e d i n turn and a conclusion 
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w i l l be dravm as t o the most l i k e l y mechanism responsible. 

Model of Anderson and Bommel 
Anderson and Bommel (1955) have i n t e r p r e t e d 

the attempt frequency and a c t i v a t i o n energy of the large 
acoustic loss peak i n v i t r e o u s SiO^ as t h a t of a 
s t r u c t u r a l r e l a x a t i o n . The v i b r a t i o n a l period has an 
order of magnitude consistent w i t h the shortest period 
of the l a t t i c e v i b r a t i o n t h a t contributes t o the s p e c i f i c 
heat: the loss mechanism seems t o be connected w i t h the 
v i b r a t i o n of a small s t r u c t u r a l u n i t . An a c t i v a t i o n 
energy o f 1030 cal/mole i s too small f o r an atomic d i f f u s i o n 
process and also f o r a molecular r o t a t i o n . I t i s , however, 
of the c o r r e c t magnitude f o r a small change i n bond angle. 

The model f o r the acoustic loss mechanism 
proposed by Anderson and Bommel i s an oxygen atom 
v i b r a t i n g between two p o t e n t i a l w e l l s o f equal energy 
perpendicular t o a non-linear Si-O-Si bond, shown 
p i c t o r i a l l y i n Figure 3.4. A stress wave biases one of 
the p o t e n t i a l w e l l s w i t h respect t o the other, and the 
e q u i l i b r i u m d i s t r i b u t i o n of oxygen atoms i s disturbed. 
The r e l a x a t i o n back t o the i n i t i a l s t a t e takes place i n 
a time c h a r a c t e r i s t i c of the v i b r a t i o n a l period of the 
oxygen atom. When t h i s time i s o f the order of the 
u l t r a s o n i c stress wave pe r i o d , energy i s returned t o the 
s t r e s s wave out of phase and a t t e n u a t i o n r e s u l t s . A 
p a r t i c u l a r f e a t u r e of t h i s model i s t h a t the mechanism 
i s only e f f e c t i v e i n a t t e n u a t i n g a l o n g i t u d i n a l wave 
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i f the p o t e n t i a l w e l l s are o r i g i n a l l y of unequal depth; 
r e s u l t s indeed show t h a t a greater loss peak i s e x h i b i t e d 
f o r a shear wave than f o r a l o n g i t u d i n a l ultrasound wave 
i n v i t r e o u s Si02. A c a l c u l a t i o n of the e l a s t i c energy 
r e q u i r e d t o force apart the two Si atoms as the oxygen 
atom passes between i s obtained from a m u l t i p l i c a t i o n of 
the e l a s t i c constant (X + 2y) by the distance through 
which the Si atoms must move; t h i s shows t h a t a 
Si-O-Si bond angle of 4° t o 5° i s necessary t o produce 
an a c t i v a t i o n energy of 1030 cal/mole. This angle agrees 
w i t h r e s u l t s from x-ray studies of the bond angles i n 
v i t r e o u s Si02 which i n d i c a t e an Si-O-Si bond divergence 
of a t l e a s t 5° (Stevels, 1953). 

To account f o r the width of the attenua t i o n 

peak, which i s broader than t h a t f o r a process w i t h a 

s i n g l e r e l a x a t i o n time x, a d i s t r i b u t i o n of a c t i v a t i o n 

energies f o r the movement of the oxygen atoms has t o be 

invoked. The anomalously large width of the peak i s 

demonstrated i n the loss versus r e c i p r o c a l temperature 

p l o t o f Figure 3.5; t h i s choice of axes eliminates 

thermal broadening e f f e c t s . 

The equation describing the i n t e r n a l f r i c t i o n 

i s the sum over the complete range of a c t i v a t i o n energies 

o f c o n t r i b u t i o n s from'many equations of type 2.46, and 

i s thus 

Q = S Ai 
i 1 + .0) 
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where = exp ( -Hi/RT) 3 .9 

Using t h i s equation, Anderson and Bommel have calculated 

the shape of the d i s t r i b u t i o n i n a c t i v a t i o n energies 

needed t o account f o r the observed experimental attenua

t i o n . This d i s t r i b u t i o n , which i s i n the form of 

Ai versus H i , i s shown i n Figure 3.6. Also accounted 

f o r by the shape of t h i s d i s t r i b u t i o n i s the v a r i a t i o n 

w i t h frequency experimentally observed i n t e r n a l f r i c t i o n 
-4 

at the peak maximum which r i s e s from 8.3.10 at 66KHz t o 

1.88.10"-^ at 20MHz and eventually t o 7.2.10""^ at 27.5GHz.. 

Model of Strakna 
A second, very s i m i l a r model has been proposed 

f o r the loss mechanism i n v i t r e o u s SiO^ by Strakna (1961) 
i n which the oxygen atom i s considered t o v i b r a t e between 
two e q u i - p o t e n t i a l w e l l s i n the d i r e c t i o n of an elongated 
Si-O-Si bond, also shown schematically i n Figure 3.4. 
Strakna has measured the c h a r a c t e r i s t i c s of the 50°K 
absorption peak i n v i t r e o u s Si02 before and a f t e r f a s t 
neutron i r r a d i a t i o n , and c i t e s the r e s u l t s i n evidence 
f o r h i s model as opposed t o t h a t of Anderson and Bommel. 
The shape of the d i s t r i b u t i o n o f a c t i v a t i o n energies f o r 
movement of the oxygen atoms i s unchanged by neutron 
i r r a d i a t i o n although the i n t e n s i t y of the absorption 
peak i s reduced, a f a c t which suggests t h a t the centres 
responsible f o r the loss are e i t h e r completely eliminated 
or l e f t unchanged. Damage due t o e i t h e r thermal spikes 
or displacement c o l l i s i o n s i s considered by Strakna t o 
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be l i k e l y t o change the r e l a t i v e o r i e n t a t i o n of the SiO^ 
tet r a h e d r a and thus perturb the Si-O-Si bond angle 

d i s t r i b u t i o n . I f Anderson and Bommel's model i s c o r r e c t , 

t h i s would lead t o an a l t e r a t i o n i n the a c t i v a t i o n energy 

d i s t r i b u t i o n which i s i n f a c t not seen. 
To i d e n t i f y the anomalous Si-0 distances f o r the 

elongated Si-O-Si bond model, Strakna separates the 
a c t i v a t i o n energy d i s t r i b u t i o n , which i s i d e n t i c a l t o 

t h a t f o r the Anderson and Bommel model, i n t o two parts 
as seen i n Figure 3.6. An i d e n t i c a l p a i r of d i s t r i b u t i o n s 
can be c a l c u l a t e d by using a one dimensional Morse f u n c t i o n 
and Gaussian d i s t r i b u t i o n s of Si-Si bond lengths centred 

around 3.83 8 and 3.89 £ . From these lengths, the 
anomalous Si-0 distances are shown t o be centred at 1.74 8 

o 
and 2.12 A. The v a l i d i t y of the model i s then somewhat 

subst a n t i a t e d by peaks corresponding t o Si-0 distances at 

2.12^ and an Si - S i distance at 3.86 2 which occur i n 

x-ray e l e c t r o n d e n s i t y p l o t s (Richter, Breitung and Herre, 

1953). Strakna also concludes from the size of the x-ray 

peaks t h a t 20% t o 30% of the Si-O-Si bonds are elongated. 

Model of Pine 
Another i n t e r p r e t a t i o n of the large acoustic 

a t t e n u a t i o n peak i n v i t r e o u s Si02 i s t h a t of Pine (1969) 
who suggests t h a t i t i s the r e s u l t of an i n t e r a c t i o n 
between the ultrasound phonons and the phonon spectrum of 
the l a t t i c e . Pine has measured the attenuation of 
27.5GHz l o n g i t u d i n a l hypersonic waves by a B r i l l o u i n 



- 49 -

s c a t t e r i n g technique and has f i t t e d h i s theory t o the 
experimental r e s u l t s using some a r b i t r a r y parameters 
but which f i n d some j u s t i f i c a t i o n i n the Raman spectra 
of v i t r e o u s Si02 of Flubacher e t a l (1960). 

When the product of the acoustic angular frequency 
0) and the thermal phonon mode r e l a x a t i o n time T i s less 
than u n i t y , the ultrasound phonon can only i n t e r a c t w i t h 
the phonon population as a whole and not w i t h i n d i v i d u a l 
phonons. The treatment of Akhieser (1939) and s i m p l i f i 
c a t ions by Bommel and Dransfeld (1960) and Woodruff and 
Ehrenreich (1961) consider the phonon population as a 
'gas' whose macroscopic parameters are p e r i o d i c a l l y varied 
by the ultrasound wave. The r e s u l t s of these d e r i v a t i o n s 
take the form of 

8.686 Ŷ wTC 
a. = ^ ^ . — 0 J db/cm 3.10 

2 pV-̂  1 + to T m 
where y i s an averaged dimensionless Griiheisen constant 

of the order of u n i t y , i s the thermal mode s p e c i f i c 

heat per u n i t volume, p i s the density and i s the 

mean sound v e l o c i t y . 
Pine obtains the thermal mode l i f e t i m e from 

t h e o r e t i c a l considerations of the decay and s c a t t e r i n g 
o f the thermal phonons, using the anharmonic theory of 
Maradudin and Fein (1962); a v i b r a t i o n a l frequency 
i s broadened by decay i n t o two other phonons such t h a t 
0 ) ' + co". = COQ, and by s c a t t e r i n g one mode i n t o another 
such t h a t co' - co" = (JO^. For the decay process, the 
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thermal l i f e t i m e i s given by 

T ^ = (n' + n" + 1) A 3.11 

and f o r the s c a t t e r i n g process by 

T"-^ = (n" - n') B 3.12 

where A and B are complex functions of the anharmonic 

s e l e c t i o n r u l e s and the j o i n t d e n s i t i e s of states of t o ' 

and t o " , and the constants n' and n" are the Bose-Einstein 

f u n c t i o n s 

n - - I j 3.13 

Pine obtains the thermal mode s p e c i f i c heat from the 

E i n s t e i n model f o r which 
2 . . kT . 

C = 3Nk ( i ^ . - r ^ r-5- 3.14 /tltoV . I kT • 
w i t h the usual n o t a t i o n . 

To f i t the t h e o r e t i c a l t o the experimental 

a t t e n u a t i o n . Pine has t o choose values f o r the several 

v a r i a b l e s ; one example of a f i t i s given by 

to^. = lOOcm"-'' , 0 ) ' = SOOcm"""" , to " . = 400 cm'̂ '' 

B = 3.10^^ A = 0 

w h i l e another s l i g h t l y b e t t e r one by 

t o ^ = 50cm~"'' , t o ' = 450cm~"'' ,. to". = 400cm~"'" 

14 -1 B = 10 sec , A = 0 
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Pine f i n d s some j u s t i f i c a t i o n f o r these a r b i t r a r y choices 
of phonon frequencies and constants A and B i n the Raman 
spectra o f v i t r e o u s SiO^, but why the thermal phonon mode 
at u)^ i s only sc a t t e r e d by the phonons at 400cm~''' t o 
500cm i s unexplained. 

However, recent measurements o f the thermal con
d u c t i v i t y K and s p e c i f i c heat by Z e l l e r and Pohl (1971) 
allow access t o experimental values f o r the thermal phonon 
l i f e t i m e and s p e c i f i c heat' o f v i t r e o u s Si02 , and we w i l l 
now re-examine Pine's theory i n the l i g h t of these new 
r e s u l t s . I n the dominant phonon approximation, the mean 
l i f e t i m e of the thermal phonons can be obtained through 
the r e l a t i o n s h i p 

3 k -> 1 c 

T = -p, T— 3.15 
C v^ 
. V m 

Thus, from knowledge of the thermal conductivity, and 
s p e c i f i c heat of v i t r e o u s Si02, the thermal phonon l i f e t i m e 
can be c a l c u l a t e d . The use of such a l i f e t i m e f o r a 
phonon-phonon c a l c u l a t i o n of acoustic a t t e n u a t i o n i s 
standard p r a c t i c e ; f o r example good agreement i s found 
between t h e o r e t i c a l and experimental attenuation i n 
c r y s t a l l i n e quartz (Bommel and Dransfeld, 1959). For 
d i r e c t comparison w i t h experimental r e s u l t s of the 
acoustic a t t e n u a t i o n i n v i t r e o u s Si02, the phonon-phonon 
acoustic loss has been c a l c u l a t e d a t the peak temperatures 
of the experimental loss at 20MHz, 330MHz,. 930MHz and 
27.5GHz, namely 46°K, 60°K, 67°K and 130°K. Table 3.1 
l i s t s the values o f thermal c o n d u c t i v i t y , s p e c i f i c heat. 
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thermal phonon mean f r e e path and thermal phonon l i f e t i m e , 
and compares the values of experimental and ca l c u l a t e d 
acoustic a t t e n u a t i o n . The mean soxand v e l o c i t y of 
v i t r e o u s Si02 i s taken as 4.11.lO^cm/sec at a l l temperatures; 
the v a r i a t i o n w i t h temperature i s small (Anderson, 1959). 
A constant Griineisen parameter o f u n i t y and a sample 
density of 2.2023g/cm"^ has been assumed. 

I t can be seen from these r e s u l t s i n Table ^ . V 
t h a t the t h e o r e t i c a l acoustic a t t e n u a t i o n i s many orders 
of magnitude lower than the experimental attenuation over 
the whole o f the frequency range covered. Thus, a phonon-
phonon type o f i n t e r a c t i o n cannot be held responsible f o r 
the l a r g e acoustic a t t e n u a t i o n peak i n v i t r e o u s Si02. I t 
i s also of i n t e r e s t t o compare the magnitude o f the acoustic 
a t t e n u a t i o n i n c r y s t a l l i n e quartz at 100°K and IGHz 
(Bommel and Dransfeld, 1959) which has been a t t r i b u t e d t o 
a phonon-phonon i n t e r a c t i o n s i m i l a r t o t h a t invoked by 
Pine, t o t h a t i n v i t r e o u s Si02 at 930MHz (Jones et a l , 1964). 
The acoustic a t t e n u a t i o n i n v i t r e o u s Si02 i s a f a c t o r 
30 times l a r g e r than t h a t i n c r y s t a l l i n e quartz. Yet both 
m a t e r i a l s , e x h i b i t a very s i m i l a r s p e c i f i c heat, and the 
thermal c o n d u c t i v i t y , and hence thermal phonon r e l a x a t i o n 
time, i s approximately 50 times smaller i n the v i t r e o u s 
m a t e r i a l . From t h i s comparison alone i t i s clear t h a t 
the l a r g e peak i n v i t r e o u s Si02 i s u n l i k e l y t o be the 
r e s u l t of a thermal phonon process. 
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3.3.2 Comparison of the models 
I t has been shown t h a t i t i s very u n l i k e l y 

t h a t a phonon-phonon i n t e r a c t i o n i s responsible f o r the 

large acoustic loss peak i n v i t r e o u s Si02/ and t h i s 
proposal w i l l now be disregarded. This leaves the 
s t r u c t u r a l r e l a x a t i o n models as the two most l i k e l y 
explanations f o r the loss. Deduction of the c o r r e c t model 

from the u l t r a s o n i c data alone i s d i f f i c u l t as the 
equations which govern the ultrasound wave propagation 
c h a r a c t e r i s t i c s are i d e n t i c a l f o r both mechanisms. 

13 
The attempt frequency of 10 Hz i s approximately 

equal t o the frequency associated w i t h the motion of an 
oxygen atom along an Si-O-Si band of 3.30.10^"^Hz 
( L i p p i n c o t t e t a l , 1958) and also the Si-O-Si bending 
mode frequency o f 2.40.10^^Hz ( B e l l e t a l , 1968) which 
provides a good phenomenological basis f o r both models. 
Corresponding cation-oxygen-cation v i b r a t i o n a l modes i n 
other glasses would be expected t o have s i m i l a r frequencies, 
e x p l a i n i n g the common value f o r to^ amongst inorganic 
glasses. However, t h i s order of magnitude of v i b r a t i o n a l 
frequency i s c h a r a c t e r i s t i c of many v i b r a t i o n a l modes, as 
can be seen i n the Raman spectrum of v i t r e o u s Si02 
(Flubacher, 1959) which shows many features between 
600cm~''' and 1200cm~"'". Thus, purely from the attempt 
frequency alone, the v i b r a t i o n a l mode and r e l a x i n g u n i t 
responsible f o r the acoustic loss i s almost impossible 
t o i d e n t i f y . 
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Supporting evidence f o r the v a l i d i t y of both 
models i s also found i n r e s u l t s of X-ray d i f f r a c t i o n 
s t u d i e s . Let us re-examine the s t r u c t u r e of the r a d i a l 
d i s t r i b u t i o n f u n c t i o n of v i t r e o u s Si02 i n the l i g h t of 
more recent studies t o gain more inf o r m a t i o n on the 
features considered by Strakna t o favour the elongated 
bond model. A p h y s i c a l model o f v i t r e o u s Si02 has been 
constructed by B e l l and Dean (1967). The t h e o r e t i c a l 
r a d i a l d i s t r i b u t i o n f u n c t i o n computed from the model 
compares very w e l l w i t h t h a t obtained from X-ray studies, 
both contain the features r e f e r r e d t o by Strakna. 
However, on i n s p e c t i o n of the t h e o r e t i c a l d i s t r i b u t i o n 
f u n c t i o n the anomalous Si-Si distance at 3.86 S appears 
t o have some o r i g i n i n Si-0 as w e l l as Si-Si bond lengths. 
The anomalous Si-0 distance at 2,12 R i s seemingly an 
0-0. distance which occurs at 2.3 8 i n the experimental 
p l o t . No Si-0 c o n t r i b u t i o n t o the r a d i a l d i s t r i b u t i o n 
f u n c t i o n i s expected between 1.6 2. and 3.0 8. Further
more, the conclusion of Strakna t h a t 20% t o 30% o f the 
Si-O-Si bonds are elongated implies t h a t the r e l a x a t i o n 
i n e l a s t i c modulus would be 10% t o 15%, whereas the 
observed r e l a x a t i o n i s only about 2%. 

More recent and very accurate studies o f the 
X-ray s c a t t e r i n g i n v i t r e o u s Si02 (Warren and Mozzi, 1969) 
i n d i c a t e t h a t the s t r u c t u r e i s b a s i c a l l y a disordered 
arrangement of e s s e n t i a l l y , u n d i s t o r t e d SiO^ tetrahedra. 
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The Si-O-Si bonds are found t o range from 120° t o 180°, 
w i t h the most probable angle at 144°. These r e s u l t s 
are i n general agreement w i t h Stevels (1953) but do not 
include any evidence f o r the elongated bond model of 
Strakna. The Si-0 distances are found t o be close t o 
1.62 £ ; a double minimum i n the p o t e n t i a l along an 
elongated Si-O-Si'bond does not develop u n t i l each c a t i o n 
oxygen distance i s 1.90 R. i t thus seems t h a t , i n the 
l i g h t of t h i s present r e s u l t , the anomalously long 
Si-O-Si bond proposed by Strakna t o be the mechanism 
causing the ultrasound absorption i n v i t r e o u s Si02 i s a 
f e a t u r e which i s i n f a c t not seen i n the s t r u c t u r e of 
the glass. On the other hand, the existence of the 
non-line a r Si-O-Si bond i s w e l l proved. 

In conclusion, i t seems t h a t while the model 
of Anderson and .Bommel, which involves the transverse 
motion of oxygen atoms i n a non-linear cation-oxygen-
c a t i o n bond, i s not unique i n describing the loss 
mechanism responsible f o r the large a t t e n u a t i o n peak 
i n inorganic glasses, i t i s the most f e a s i b l e a l t e r n a t i v e . 
As such, t h i s mechanism w i l l be t r e a t e d as the cause of 
the acoustic loss i n the discussion of t h i s work. 
However, many of the arguments centred around t h i s 
c o n s i d e r a t i o n can apply equally w e l l t o the elongated 
bond model and where appropriate any feature which can, 
help t o d i s t i n g u i s h the c o r r e c t model w i l l be noted 
when met w i t h . 
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I n t r o d u c t i o n 

Chapter 4 commences w i t h a d e t a i l e d d i s c u s s i o n 

o f t h e phenomenon o f g l a s s - i n - g l a s s phase-separation 

and o f t h e contemporary t h e o r i e s . o n t h e processes 

i n v o l v e d i n m e t a s t a b l e and u n s t a b l e unmixing. Some 

o b s e r v a t i o n s a re made on t h e c o n t e n t i o n between workers 

about t h e mechanisms o f g l a s s y p h a s e - s e p a r a t i o n . 

D e t a i l s o f p r e v i o u s s t u d i e s o f t h e Na^O-B^O^-SiO^ system, 

i n p a r t i c u l a r t hose c o n c e r n i n g t h e m e t a s t a b i l i t y dome 

and t h e t i e l i n e d i r e c t i o n s are found i n S e c t i o n 4.1.8. 

P r e c i s e d e t a i l s o f t h e t h e r m a l h i s t o r y o f t h e glasses 

o f t h i s s t u d y a re i n c l u d e d i n t h e s e c t i o n s on sample 

man u f a c t u r e , p r e p a r a t i o n and heat t r e a t m e n t , and t o 

complete t h e c h a r a c t e r i z a t i o n , t h e d e t e r m i n a t i o n s o f 

t h e p h y s i c a l p r o p e r t i e s o f d e n s i t y and water o r OH 

c o n t e n t are d e s c r i b e d i n f u l l . The ch a p t e r t e r m i n a t e s 

w i t h a d e s c r i p t i o n o f e l e c t r o n micrographs which were 

t a k e n t o determine t h e degree and morphology o f t h e 

ph a s e - s e p a r a t i o n e x h i b i t e d by t h e J<}a20-B^O^-SiO^ 

samples o f t h i s s t u d y . 
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4.1.1 Thermodynamics o f phase s e p a r a t i o n i n glasses 

The thermodynamics o f t h e m e t a s t a b i l i t y o f a 

phase i s b e s t u n d e r s t o o d t h r o u g h t h e approach o f Gibbs (1948) 

who f o r m u l a t e d t h e re q u i r e m e n t s f o r t h e e x i s t e n c e o f a 

m e t a s t a b l e e q u i l i b r i u m . T h i s approach c o n s i d e r s two types 

o f i n f i n i t e s i m a l f l u c t u a t i o n ; an i n f i n i t e s i m a l p o r t i o n o f 

a new and s t a b l e r phase, and an i n f i n i t e s i m a l c o m p o s i t i o n a l 

o r d e n s i t y f l u c t u a t i o n . M e t a s t a b i l i t y t o t h e former 

f l u c t u a t i o n occurs i f t h e i n t e r f a c i a l t e s t i o n i s p o s i t i v e / 

and a f i n i t e f l u c t u a t i o n , o r n u c l e u s , i s r e q u i r e d t o render 

t h e phase u n s t a b l e . For a phase t o be s t a b l e w i t h r e s p e c t 

t o an i n f i n i t e s i m a l c o m p o s i t i o n a l o r d e n s i t y f l u c t u a t i o n 

i t i s necessary t h a t t h e chemical p o t e n t i a l o f t h e components 

i n c r e a s e w i t h i n c r e a s i n g d e n s i t y o f t h e component. I n 

some systems t h e r e e x i s t s a t e m p e r a t u r e , dependent on com

p o s i t i o n , a t which t h i s c r i t e r i o n i s no l o n g e r v a l i d , which 

i s c a l l e d t h e s p i n o d a l . Below t h i s temperature t h e phase 

i s u n s t a b l e t o i n f i n i t e s i m a l c o m p o s i t i o n a l changes and 

spontaneously separates i n t o two d i f f e r e n t b u t r e l a t e d 

phases. Above t h e s p i n o d a l , b u t below t h e l i m i t where 

phase s e p a r a t i o n w i l l s t i l l reduce t h e f r e e energy o f t h e 

system, t h e phase i s m e t a s t a b l e t o s e p a r a t i o n . Thus, 

Gibb's f o r m u l a t i o n f o r m e t a s t a b i l i t y w i t h i n t h e two phase 

r e g i o n reduces t o 

where F i s t h e molar f r e e energy, and c i s t h e mole 

f r a c t i o n . 
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A s p i n o d a l i s most commonly expected i n systems 

w h i c h have an upper c o n s u l a t e temperature Tc t o t h e 

boundary o f t h e two phase r e g i o n d e f i n e d by t h e c o e x i s t e n c e 

c u r v e . F i g u r e 4.1 shows d i a g r a m m a t i c a l l y a h y p o t h e t i c a l 

phase diagram f o r a b i n a r y system, and a l s o shows t h e 

v a r i a t i o n i n f r e e energy w i t h c o m p o s i t i o n a t temperatures 

above and below t h e c o n s u l a t e t e m p e r a t u r e . A t temperatures 

above t h e c o n s u l a t e t h e f r e e energy must curve upwards 

everywhere or s e p a r a t i o n would reduce t h e f r e e energy. 

A t t e m p e r a t u r e s below t h e c o n s u l a t e t h e f r e e energy s t i l l 

c u rves upwards except between t h e l i m i t s d e f i n e d by t h e 
2 2 

s p i n o d a l where 3 F/3c < 0. Between t h e l i m i t s o f t h e 

two phase r e g i o n , t h e f r e e energy i s s t i l l reduced by 

phase s e p a r a t i o n , b u t i n t h e m e t a s t a b l e r e g i o n s e p a r a t i o n 

w i l l o n l y occur i f one phase can n u c l e a t e . New phases 

produced by phase s e p a r a t i o n are themselves siobject t o t h e 

same c r i t e r i a f o r m e t a s t a b i l i t y , and may themselves s u f f e r 

f u r t h e r d e c o m p o s i t i o n . 

4.1.2 M e t a s t a b l e phase s e p a r a t i o n 

To c r e a t e t h e f i n i t e nucleus necessary f o r 

phase s e p a r a t i o n t o occur i n t h e m e t a s t a b l e r e g i o n , energy 

must be expended a t t h e i n t e r f a c e between a s m a l l d r o p l e t 

o f t h e new phase and t h e o r i g i n a l m a t r i x . The work r e q u i r e d 

t o f o r m t h i s d r o p l e t decreases as 1/AT^, where ATj^ i s t h e 

u n d e r c o o l i n g below t h e two-phase boundary, and t h u s under

c o o l i n g i s necessary b e f o r e a nucleus can appear. This 

process i s c a l l e d homogeneous n u c l e a t i o n . 
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Heterogeneous n u c l e a t i o n can occur a t c o n t a i n e r 

w a l l s , o r on p a r t i c l e s o f a f o r e i g n n a t u r e such as d u s t . 

The work o f f o r m i n g a heterogeneous nucleus a t a s u r f a c e 
2 

i s s t i l l p r o p o r t i o n a l t o 1/ATj^, b u t t h e p r o p o r t i o n a l i t y 

c o n s t a n t i s reduced. Thus m e t a s t a b l e s e p a r a t i o n w i l l more 

r e a d i l y occur by heterogeneous n u c l e a t i o n . C a u t i o n must 

be observed t o keep any g l a s s m e l t under s t u d y f r e e f r o m 

c o n t a m i n a t i o n , and i n t e r p r e t a t i o n o f r e s u l t s f o r glasses 

c o o l i n g a t s u r f a c e s must be t r e a t e d w i t h care. 

J u s t above t h e s p i n o d a l , t h e work needed t o form 
3/9 

t h e d r o p l e t i s p r o p o r t i o n a l t o AT^ ^ where AT^ i s t h e 

t e m p e r a t u r e o f t h e phase above t h e v a l u e a t t h e s p i n o d a l . 

A t t h e s p i n o d a l t h i s work i s reduced t o zero. 

A f t e i r n u c l e a t i o n i n t h e m e t a s t a b l e r e g i o n o f 

phase s e p a r a t i o n , t h e r a t e o f s e p a r a t i o n i s dependent on 

t h e number o f n u c l e i formed. T h i s t y p e o f s e p a r a t i o n i s 

c h a r a c t e r i s e d by a d i s t i n c t new unconnected phase growing 

i n a m a t r i x o f t h e o r i g i n a l phase. These d r o p l e t s may i n 

t i m e grow and coalesce. The second phase i s thought t o be 

i n v a r i a n t i n c o m p o s i t i o n w i t h t i m e o f heat t r e a t m e n t a t 

c o n s t a n t t e m p e r a t u r e , and e x h i b i t s a sharp boundary w i t h 

t h e m a t r i x . Second phase d r o p l e t s i z e s show a tendency 

towards a random d i s t r i b u t i o n , and no o r d e r i n g i s n o t i c e d 

i n t h e i r p o s i t i o n i n t h e homogeneous m a t r i x . 

4.1.3 S p i n o d a l phase s e p a r a t i o n 

While t h e k i n e t i c s o f phase s e p a r a t i o n o f com

p o s i t i o n s which l i e between t h e s p i n o d a l and t h e l i n e 



, - 60 -

d e f i n i n g t h e r e g i o n m e t a s t a b l e t o phase s e p a r a t i o n are 
g e n e r a l l y agreed t o be n u c l e a t i o n and grow t h , t h e r e i s 
s t i l l much c o n t e n t i o n about t h e k i n e t i c s i n v o l v e d f o r 
c o m p o s i t i o n s w h i c h l i e below t h e s p i n o d a l . Two main 
t h e o r i e s have been proposed by Cahn (1961) and H a l l e r (1965) 
w h i c h w i l l be d i s c u s s e d i n t u r n . 

4.1.4 Theory o f Cahn 

When a s i n g l e phase l i q u i d i s co o l e d r a p i d l y 

enough t h r o u g h t h e r e g i o n m e t a s t a b l e t o phase s e p a r a t i o n 

so t h a t a p p r e c i a b l e d e c o m p o s i t i o n does n o t occur, t h e t h e o r y 

o f Cahn m a i n t a i n s t h a t t h e k i n e t i c s o f phase s e p a r a t i o n 

change a f t e r t h e s p i n o d a l has been crossed. I n t h i s t h e o r y 

i t i s proposed t h a t growth o f t h e n u c l e i ceases, and 

s t a t i o n a r y c o m p o s i t i o n a l waves form i n t h e m a t r i x which 

reduce t h e f r e e energy, and i n i t i a l l y grow i n am p l i t u d e 

o n l y . Two c o m p l e t e l y i n t e r p e n e t r a t i n g phases r e s u l t whose 

mut u a l b o u n d a r i e s are a t f i r s t q u i t e d i f f u s e , b u t as f u r t h e r 

s e p a r a t i o n reduces t h e f r e e energy t h e phases move f u r t h e r 

a p a r t i n c o m p o s i t i o n and become b e t t e r d e f i n e d . The i n t e r -

c o n n e c t i v i t y o f t h e phases i s i n i t i a l l y a t a maximum and 

decreases w i t h t i m e ; l o n g heat t r e a t m e n t s can a c t u a l l y 

r e s u l t i n t h e minor phase becoming d i s c o n n e c t e d t o fo r m 

d r o p l e t s i n t h e m a t r i x o f t h e complementary phase. 

Cahn (1965) has developed a mathematical a n a l y s i s 

f o r h i s t h e o r y . He has shown t h a t t h e t i m e c o n s t a n t x 

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

f l u c t u a t i o n s i s i n v e r s e l y p r o p o r t i o n a l t o t h e square o f 
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t h e u n d e r c o o l i n g below t h e s p i n o d a l AT , and i s a l s o 
s 

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

s p e c i e s . Thus T, whi c h i s i n f i n i t e a t t h e s p i n o d a l , 

decreases t o a minimum w i t h u n d e r c o o l i n g , b u t incr e a s e s 

a g a i n as t h e d i f f u s l o n a l m o b i l i t y decreases w i t h 

d e c r e a s i n g t e m p e r a t u r e . Cahn and Charles (1965) have 

shown t h a t t h e minimum v a l u e o f x occurs when AT = 10% 
s 

o f t h e s p i n o d a l t e m p e r a t u r e . They have d e r i v e d a 

f o r m u l a f o r c a l c u l a t i n g T, 

where X i s t h e wavelength o f t h e c o m p o s i t i o n a l f l u c t u a 

t i o n s , and D i s t h e d i f f u s i o n c o e f f i c i e n t , i n t h i s case 

d e f i n e d as t h e r a t i o o f d i f f u s i o n a l f l u x t o t h e p a r t i a l 

molar f r e e energy g r a d i e n t . T y p i c a l l y i n a 

Na20-B202-Si02 g l a s s m e l t , T = 1000°K, AT̂ . = 100°K 

( f o r a minimum t ) , , X = lOoS, hence T = 10 ^^/D. 

The d i f f u s i o n a l c o e f f i c i e n t may be anywhere i n t h e r e g i o n 

10 "̂̂  t o 10 ^, showing t h a t T i s u s u a l l y l e s s than 1 sec 

and may be as s m a l l as 1 ysec. Thus, i s o t h e r m a l s p i n o d a l 

d e c o m p o s i t i o n i s d i f f i c u l t t o observe d u r i n g i t s i n i t i a l 

s t a g es due t o t h e r a p i d i t y o f t h e unmixing. 
dT 

'So c a l c u l a t e t h e c o o l i n g r a t e ^ necessary t o 

a v o i d phase s e p a r a t i o n , t h e t i m e r e q u i r e d t o pass t h e 

t e m p e r a t u r e T - AT^ i s . equated t o t h e minimum v a l u e o f x. 

T h i s t i m e i s o f t h e o r d e r o f T ^ / ( d T / d t ) . Thus 
s 

2 s 
dT ^ 8T\ DAT a v o i d phase s e p a r a t i o n . S u b s t i t u t i n g 

X^T 
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v a l u e s as b e f o r e i t may be seen t h a t c o o l i n g r a t e s o f 
— 15 2 

l°C/sec are needed i f D i s v e r y s m a l l a t 10 cm /sec, 
3 ~ 2.2 2 and r a t e s o f 10 °C/sec are necessary i f D i s 10 cm /sec. 

W i t h d i f f u s i o n a l c o n s t a n t s any l a r g e r than t h i s , s p i n o d a l 

d e c o m p o s i t i o n i s almost u n a v o i d a b l e , though some hope 

may be o f f e r e d i n systems where t h e s p i n o d a l l i e s near 

o r below t h e g l a s s t r a n s i t i o n temperature and t h e 

m o b i l i t y o f t h e m i g r a t i n g species i s e x t r e m e l y s m a l l . 

4.1.5 Theory o f H a l l e r 

H a l l e r has shown t h a t s p h e r i c a l growth from 

randomly emplaced n u c l e i can l e a d t o an i n t e r c o n n e c t e d 

phase s e p a r a t i o n morphology p r o v i d e d t h a t t h e volume 

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

The i n t e r c o n n e c t i o n a r i s e s f r o m t h e lumping t o g e t h e r 

o f t h e i n d i v i d u a l s p h e r i c a l second phase d r o p l e t s . 

H a l l e r has t h e o r e t i c a l l y d etermined t h e dependence o f 

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

t r a n s p o r t models, and has found t h a t t h i s area i s 

p r o p o r t i o n a l t o t ^. E x p e r i m e n t a l o b s e r v a t i o n s o f t h e 

advancement o f phase s e p a r a t i o n i n t h e Na20-Si02 system 

show good agreement w i t h t h i s dependence, and H a l l e r 

concludes t h a t an i n t e r f a c i a l c o n t r o l l e d b u l k d i f f u s i o n 

process i s o p e r a t i v e d u r i n g t h e growth o f t h e d r o p l e t s . 

A f e a t u r e o f H a l l e r ' s i n t e r c o n n e c t i n g growth 

t h e o r y i s t h a t t h e degree o f i n t e r c o n n e c t i v i t y w i l l 

i n c r e a s e w i t h t i m e , whereas Cahn's theoiry p r e d i c t s t h a t 

t h e i n t e r c o n n e c t i v i t y o f t h e s t r u c t u r e decreases from a 
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maximum as t h e degree o f phase s e p a r a t i o n i n c r e a s e s . 
E x p e r i m e n t a l o b s e r v a t i o n o f i n t e r c o n n e c t i v i t y b e h a v iour 
i n t h e i n i t i a l stage o f phase s e p a r a t i o n should d i s t i n g u i s h 
between t h e proposed mechanisms. 

4.1.5 The opposing t h e o r i e s o f s p i n o d a l d e c o m p o s i t i o n ; 

a comparison 

A l a r g e number o f i n v e s t i g a t o r s have undertaken 

e x p e r i m e n t s t o det e r m i n e w h i c h o f t h e two mechanisms i s 

a p p l i c a b l e t o s p i n o d a l phase s e p a r a t i o n i n g l a s s f o r m i n g 

l i q u i d s , b u t no g e n e r a l agreement, as y e t , has been 

reached. The r a p i d i t y o f s p i n o d a l phase s e p a r a t i o n i s 

an o b s t a c l e i n t h e course o f i s o t h e r m a l phase s e p a r a t i o n 

o b s e r v a t i o n s ; knowledge o f t h e phase morphology i n t h e 

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

between t h e two t h e o r i e s . Z a r z y c k i and Naudin (1967) 

have examined t h e dec o m p o s i t i o n o f PhO-B^O^ glasses by 

an X-ray s c a t t e r i n g t e c h n i q u e ; t h e a d d i t i o n o f ^^2^3 

i n s m a l l amounts was made t o slow t h e phase s e p a r a t i o n 

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

m i s c i b i l i t y gap. T h e i r r e s u l t s f a v o u r e d t h e t h e o r y o f 

Cahn, b u t some d i s c r e p a n c y i n t h e observed v a l u e o f t h e 

s p i n o d a l t e m p e r a t u r e c a s t s some doubt upon t h e v a l i d i t y 

o f t h e i r work. Seward e t a l (1968) have shown t h a t 

vapour d e p o s i t e d f i l m s o f Ba0-Si02 g l a s s heated i n t h e 

beam o f an e l e c t r o n microscope produced an i n t e r 

connected s t r u c t u r e from t h e growth and lumping o f 

i n d i v i d u a l p a r t i c l e s , b u t as t h e temperature; c o u l d n o t 
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be a s c e r t a i n e d , i t i s i m p o s s i b l e t o say i n which 
t e m p e r a t u r e range t h i s mechanism i s more f a v o u r a b l e 
t h a n t h a t o f Cahn. However, as t h e compositions were 
a t t h e c e n t r e o f t h e m i s c i b i l i t y gap, t h e y would most 
l i k e l y have been i n t h e s p i n o d a l r e g i o n o f phase separa
t i o n i f a s p i n o d a l e x i s t s f o r t h i s system. S r i n i v a s a n 
e t a l (1971) have made o b s e r v a t i o n s oh t h e t i m e dependence 
o f t h e c o n n e c t i v i t y o f a sample o f Na20-B2P2-Si02 g l a s s 
i n t h e c e n t r e o f t h e m i s c i b i l i t y gap o f t h i s system, 
and have suggested t h a t t h e i r r e s u l t s are c o n s i s t e n t 
w i t h t h e mechanism proposed by H a l l e r . They a l s o noted 
t h a t f o r t h r e e samples o f i d e n t i c a l c o m p o s i t i o n , heat 
t r e a t e d a t 748°C,. 720°C and 650°C, t h e degree o f 
c o n n e c t i v i t y o f t h e second phase p a r t i c l e s i s s t r o n g l y 
dependent upon t h e volume f r a c t i o n o f t h e phase, i n 
k e e p i n g w i t h t h e t h e o r y o f H a l l e r . 

However, t o f u r t h e r c o m p l i c a t e t h e i s s u e over 

t h e mechanisms ,of phase s e p a r a t i o n below t h e s p i n o d a l , 

Simmons, Macedo e t a l (1968, 1970; 1971,a.b) have 

fo u n d t h a t f o r many i n o r g a n i c o x i d e m e l t s , i n c l u d i n g 

Na20-B20-Si02 glas s e s w e l l away i n c o m p o s i t i o n f r o m 

t h e r e g i o n o f l i q u i d i m m i s c i b i l i t y , t h e r e i s an 'excess' 

v i s c o s i t y . They have e v o l v e d a model t o p r e d i c t t h e 

c o r r e c t a c t i v a t i o n energy d i s t r i b u t i o n f o r v i s c o u s 

f l o w i n these g l a s s e s whose p h y s i c a l s i g n i f i c a n c e i s 

t h e presence o f m i c r o s t r u c t u r e i n t h e m e l t . The s i z e 

o f t h i s m i c r o s t r u c t u r e i s about 5oS i n r a d i u s , i n a 

Na20-B2Q3-Si02 g l a s s , s u g g e s t i n g t h a t t h e g l a s s i s i n 



- 65 -

f a c t heterogeneous i n t h e m e l t . ^ The s i z e s o f t h e 
r e g i o n s o f m i c r o s t r u c t u r e v a r y w i t h m e l t t e m p e r a t u r e , 
and t h u s i t i s expected and indeed observed t h a t t h e 
phase s e p a r a t i o n shown by a g l a s s sample upon heat 
t r e a t m e n t i n t h e s u b l i q u i d u s r e g i o n i s i n f a c t dependent 
upon t h e m e l t t e m p e r a t u r e a t manufacture. This i s again 
a f i r m reason why t h e t h e r m a l h i s t o r y o f a g l a s s must 
be known b e f o r e t h e s t r u c t u r a l c h a r a c t e r i s a t i o n i s 
complete, and i s a d e t a i l unrecognized by many i n v e s t i 
g a t o r s o f p h a s e - s e p a r a t i o n phenomena. So i f i n f a c t t h e 
g l a s s e s are heterogeneous i n t h e m e l t , what i s t h e 
s i g n i f i c a n c e o f t h e c o e x i s t e n c e curve d e f i n i n g t h e l i m i t 
t o m e t a s t a b l e i m m i s c i b i l i t y ? I t i s o f more than 
p h i l o s o p h i c a l v a l u e t o c o n j e c t t h a t any two phase system 
can be a n y t h i n g b u t phase separa t e d on a molecular s c a l e ; 
t h e d e f i n i t i o n o f phase s e p a r a t i o n must depend upon t h e 
s c a l e i n q u e s t i o n . T h i s leads us t o a f u r t h e r l o o k a t 
s u b l i q u i d u s i m m i s c i b i l i t y , and t h e q u e s t i o n o f t h e 
d e t e r m i n a t i o n o f t h e p o s i t i o n o f t h e two phase boundary 
f o r a g l a s s y system. 

4.1.7 The c o e x i s t e n c e curve and s u b l i q u i d u s i m m i s c i b i l i t y 

J u s t as any two l i q u i d s may show p a r t i a l 

i m m i s c i b i l i t y , so may two s o l i d s . True s u b l i q u i d u s 

i m m i s c i b i l i t y occurs when t h e c o e x i s t e n c e curve does 

n o t i n t e r s e c t t h e l i q u i d u s . Thus, t h e r e are r e g i o n s 

on t h e phase diagram where a s i n g l e - p h a s e b i n a r y s o l i d 

i s s t a b l e a t one t e m p e r a t u r e , b u t on c o o l i n g t h e 
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s i n g l e - p h a s e w i l l f i r s t become me t a s t a b l e and the n 
u n s t a b l e t o de c o m p o s i t i o n . 

The method used by i n v e s t i g a t o r s o f t h e 

c o e x i s t e n c e c u r v e , which i s t h e boundary o f two-phase 

m e t a s t a b i l i t y , i s n o r m a l l y t o heat t r e a t a g l a s s f o r 

a c o n s i d e r a b l e l e n g t h o f t i m e and t h e n decide from t h e 

absence o r presence o f o p a l i c i t y whether t h e g l a s s 

c o m p o s i t i o n a t t h a t t e m p e r a t u r e l i e s above o r below t h e 

c o e x i s t e n c e c u r v e . A b l u e - w h i t e hazy appearance r e s u l t s 

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

and i s evidence o f p h a s e - s e p a r a t i o n . Transparent glasses 

t h u s f a l l i n t o t h e c a t e g o r y o f homogeneity and are 

c o n s i d e r e d t o be s i n g l e - p h a s e . 

I n t h e well-known paper by Rockett e t a l (1965) 

t h e c o e x i s t e n c e curve i n t h e system SiO^-Na^BgO^^ 

been d e t e r m i n e d by such a method. However, e l e c t r o n 

microscopy (Scholes, p r i v a t e communication) has r e v e a l e d 

t h a t g l a s s e s i n t h e same system which appear t r a n s p a r e n t 

and have been p l a c e d i n t h e r e g i o n above t h e c o e x i s t e n c e 

curve a c t u a l l y have a tworphase s t r u c t u r e on a v e r y 

s m a l l s c a l e . I t thus appears t h a t t h e x e x p e r i m e n t a l 

p o s i t i o n o f t h e c u r v e depends on t h e method used t o 

de t e r m i n e i t . We can thus pose t h e q u e s t i o n o f whether 

t h e c o e x i s t e n c e curve determined by o p a l i c i t y and 

c l e a r n i n g experiments d e f i n e s t h e l i m i t t o m e t a s t a b l e 

i m m i s c i b i l i t y . Such a d e f i n i t i o n i s r e l i a n t on a 

s i z e e f f e c t ; t h a t i s t h e g l a s s i s c o n s i d e r e d as 
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homogeneous when t h e phase-separated r e g i o n s are t o o 

s m a l l t o s c a t t e r v i s i b l e l i g h t . A l t h o u g h t h i s must 

be r e g a r d e d as a major c r i t i c i s m o f t h i s method of 

I n v e s t i g a t i n g t h e c o e x i s t e n c e c u r v e , t h e r e s u l t s 

o b t a i n e d t h r o u g h such a c o n v e n i e n t method are n o t t o o 

much i n disagreement w i t h t hose o b t a i n e d u s i n g e l e c t r o n 

microscopy. As we s h a l l see i n t h e n e x t s e c t i o n , t h e 

m e t a s t a b i l i t y dome f o r t h e Ha^O-B^O^-SiO^ system 

d e t e r m i n e d by o p a l i c i t y and c l e a r i n g experiments i s 

i n good agreement w i t h answers o b t a i n e d from d i r e c t 

a nalyses o f t h e phases o f separated g l a s s e s . 

I t must be s t r e s s e d t h a t glasses which are 

o p t i c a l l y c l e a r must n o t be regarded as n e c e s s a r i l y 

s i n g l e phase; t h e more s e n s i t i v e method o f t h e 

d e t e r m i n a t i o n o f t h e p h a s e - s e p a r a t i o n c h a t a c t e r i s t i c s 

by e l e c t r o n microscopy p r o v i d e s a b e t t e r c r i t e r i o n f o r 

d i s t i n g u i s h i n g between h e t e r o g e n e i t y and homogeneity. 

4.1.8 T e r n a r y systems : Na20-B20^-Si02 

A three-component system may be t r e a t e d thermo-

d y n a m i c a l l y i n a v e r y s i m i l a r way t o a b i n a r y system. 

I f two l e g s o f a t e r n a r y e x h i b i t m e t a s t a b l e i m m i s c i b i l i t y , 

t h e n a r e g i o n o f m e t a s t a b l e i m m i s c i b i l i t y i s expected 

i n t h e area between them. Given m e t a s t a b l e i m m i s c i b i l i t y 

a l o n g t h e Na2O-B203 and Na20-Si02 edges o f t h e 

Na„0-B 0 -SiO system, ( S k a t u l l a , 1958), and t r u e l i q u i d 

i m m i s c i b i l i t y a l o n g t h e SiO2-B203 edge a t low c o n c e n t r a 

t i o n s o f B^O^, m e t a s t a b l e i m m i s c i b i l i t y i s expected 

over a l a r g e p o r t i o n o f t h e diagram. 



Figure4.2 Metastability surface of Na20-8203-51 ©2 (Charles,1970) 
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F i g u r e 4.2 shows t h e t e r n a r y diagram o f 
Cha r l e s e t a l (1970), who determined t h e isotherms by 
o p a l i c i t y and c l e a r i n g experiments o f about 100 
d i f f e r e n t g l a s s c o m p o s i t i o n s . These isotherms are 
e s t i m a t e d t o be c o r r e c t t o ± 10°C. T h i s diagram i s i n 
g e n e r a l agreement w i t h r e s u l t s o f s i m i l a r s t u d i e s o f 
Galakhov (1969), except t h a t t h i s a u t h o r does n o t 
accept t h a t t h e r e g i o n I near t h e Si02-Na20 edge i n t e r 
s e c t s t h e main r e g i o n I I , due t o a l o w e r i n g o f t h e Tg 
s u r f a c e below t h e c o e x i s t e n c e boundary. The c o n s u l a t e 
t e m p e r a t u r e o f r e g i o n I I i s e s t i m a t e d t o be 755°C. 
A l t h o u g h t h e r e g i o n o f m e t a s t a b i l i t y i s r e s t r i c t e d t o a 
r e g i o n o f r e l a t i v e l y low Na20 c o n t e n t a l o n g t h e 
3102-620^ edge, g l a s s f o r m a t i o n i s observed over a l a r g e 
p o r t i o n o f t h e diagram. 

To f u l l y e x p l o i t t h e u s e f u l n e s s o f t h i s diagram, 

i t i s d e s i r a b l e t o draw i n t i e l i n e s . The d i f f i c u l t y 

h e r e l i e s i n d e t e r m i n i n g t h e c o m p o s i t i o n o f t h e phases 

a f t e r s e p a r a t i o n has t a k e n p l a c e . A n a l y s i s o f e l e c t r o n 

m i crographs o f phase se p a r a t e d glasses s h o u l d p r o v i d e 

volume r a t i o s a t t h e phases p r e s e n t , and thus by t h e 

a p p l i c a t i o n o f t h e l e v e r r u l e i t should be p o s s i b l e t o 

draw i n t i e l i n e s . However, B u r n e t t (1968) has shown 

t h a t t h i s method i s prone t o i n a c c u r a c y as t h e l e a c h i n g 

o f t h e phases 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 plane 

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

e x a g g e r a t i n g t h e volume f r a c t i o n o f t h e phase most 

r e s i s t a n t t o t h e e t c h , u s u a l l y t h e s i l i c a r i c h phase. 
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T i e - l i n e s based on analyses o f glasses leached i n HCl 
t o remove t h e c o n t i n u o u s B2O3 r i c h phase i n s p i n o d a l l y 
decomposed g l a s s e s a l s o s u f f e r from t h e e r r o r t h a t SiO„ 
i s p r e c i p i t a t e d i n t h e pores a f t e r l e a c h i n g (Mazurin 1969), 
and i t i s a l s o p o s s i b l e t h a t Na"*" i o n s can d i f f u s e o u t 
fro m t h e s i l i c a r i c h r e m a i n i n g phase (Charles 1965). 
Scholes and W i l k i n s o n (1970) have heat t r e a t e d 
Na20-B202-Si02 g l a s s e s u n t i l t h e s e p a r a t i o n i s o f t h e 
o r d e r o f 5 t o lOp i n s i z e , and have i n v e s t i g a t e d t h e 
phase c o m p o s i t i o n by e l e c t r o n probe m i c r o a n a l y s i s . 
These a r e t h e f i r s t t i e l i n e s t o be drawn from experiments 
made by d i r e c t a n a l y s i s o f t h e phases i n s i t u o . A l t h o u g h 
t h e i r t i e l i n e s l i e i n t h e g e n e r a l d i r e c t i o n o f those 
suggested by t h e former w o r k e r s , t h e y do expose c e r t a i n 
d i f f e r e n c e s i n t h e i r d i r e c t i o n s . F i g u r e 4.2 shows t h e 
v a r i o u s t i e l i n e s f o r Charles (1970), Tran (1965) and 
Scholes and W i l k i n s o n f o r a temperature o f 600°C, and 
t h e l a t t e r a u t h o r s a l s o f o r t h e t i e l i n e a t 650°C. 
However t h e r e i s g e n e r a l agreement between workers f o r 
t h e sense o f r o t a t i o n o f t h e t i e l i n e s w i t h i n c r e a s i n g 
t e m p e r a t u r e . I t i s a l s o o f note t h a t t h e t i e - l i n e s o f 
Scholes and W i l k i n s o n t e r m i n a t e on t h e isotherms o f 
m e t a s t a b i l i t y f o u n d by Charles (1970) a p p r o p r i a t e t o 
t h e t e m p e r a t u r e o f he a t t r e a t m e n t . From t h i s we must 
conclude t h a t d e s p i t e t h e v a r i o u s l i m i t a t i o n s t o t h e 
method o f d e t e r m i n i n g t h e m e t a s t a b i l i t y dome by 
opalescence and c l e a r i n g , i t y i e l d s a.good r e s u l t a t 
l e a s t f o r t h e g l a s s c o m p o s i t i o n s i n t h e area o f t h e 
t e r n a r y diagram i n q u e s t i o n . 
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Charles and Turkalo (1969)(have i n v e s t i g a t e d 
the question of t h r e e - l i q u i d i m m i s c i b i l i t y i n the 
Na20-B2p2-Si02 system, the p o s s i b i l i t y of which was 
suggested by Vogel (1965) and Kuhne and S k a t u l l a (1959) 
They found no evidence to support t h i s p o s s i b i l i t y , 
which was a l s o p a r t l y based on d i r e c t i o n s and end-
points of t i e l i n e s proposed by Charles et a l (1970) 
which are now thought to be i n c o r r e c t . 

P r eparation and c h a r a c t e r i s a t i o n of the g l a s s samples 

4.2.1 Manufacture 

Glass compositions for study i n t h i s work were 

chosen to l i e i n andaround t h a t region of the ternary 

phase diagram of the Na20-B202-Si02 system where 

sub-l i q u i d u s i m m i s c i b i l i t y occurs, and are pl o t t e d on 

the t e r n a r y diagram i n Figure 4.3, and are a l s o given 

i n Table 4.1. The compositions of g l a s s e s 1 and 2 

were s e l e c t e d such t h a t heat treatment at 550°C would 

r e s u l t i n interconnected and droplet s t r u c t u r e s 

r e s p e c t i v e l y . The g l a s s batches were prepared from 

120 mesh B r a z i l i a n quartz, and a n a l y t i c a l grade ^2^3 

and Na2C03. About 1 wt.% of NaNO^ was included to 

o x i d i s e any m e t a l l i c ions present and thus prevent the 

platinum c r u c i b l e , i n which the batches were melted, 

from a t t a c k . Platinum ions are known to be strong 

n u c l e a t i n g agents i n inorganic g l a s s systems and 

t h e i r presence would lead to anomalous phase 

s e p a r a t i o n (Rindone and Ryder, 1957). 
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A f t e r the appropriate amounts of each cons t i t u e n t 
had been weighed out they were crushed i n an agate m i l l 
and a g i t a t e d i n an automatic mixer f o r f i f t e e n minutes to 
form a homogeneous powder. Each g l a s s was melted i n the 
platinum c r u c i b l e complete with l i d i n an e l e c t r i c furnace 
Founding temperatures and times were such as to ensure 
t h a t the f i n a l products were seen and batch f r e e ; g l a s s e s 
1 to 5 and 10 were s u c c e s s f u l l y melted a t 1450°C f o r 
3^ hours, g l a s s e s 6 and 7 a t 1600°C f o r 8 hours, and 
g l a s s e s 8 and 9 at 1200°C f o r 3h hours. Two binary 
820^-3102 g l a s s e s of lower mole f r a c t i o n ^2^3 than g l a s s e s 
6 and 7 were prepared but not s u c c e s s f u l l y melted; only 
a s i n t e r e d powder r e s u l t e d as the high melting temperature 
r e q u i r e d could not be a t t a i n e d i n the a v a i l a b l e furnace. 

To see i f a reduction i n OH content has any la r g e 

e f f e c t on the propagation c h a r a c t e r i s t i c s of ultrasound 

i n the Na20-B2P2-Si02 system, g l a s s e s 3 , 5 , 8 and 9 were 

bubbled with dry nitrogen f o r 10 minutes immediately 

before the end of the found. This procedure has the 

e f f e c t of reducing the water content., Glasses 6 and 7 

could not be bubbled due to t h e i r high v i s c o s i t y . A l l 

g l a s s e s were s t i r r e d o c c a s i o n a l l y to improve t h e i r 

homogeneity. 

The molten g l a s s batches were poured i n t o cold, 

s t e e l button moulds of diameter Ih inches and t h i c k n e s s 

^ inqh. Specimens any l a r g e r than t h i s cooled too 

slowly and developed the hazy blue appearance c h a r a c t e r 

i s t i c of l a r g e s c a l e phase separation. On removal from 
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the mould the samples were wrapped i n asbestos c l o t h and 
l e f t to cool f u r t h e r on top of a warm furnace. 

I n t e r n a l s t r a i n was seen i n a l l samples when 

viewed between crossed p o l a r o i d s . I t was necessary to 

remove t h i s s t r a i n or the r e s u l t a n t e l a s t i c inhomo-

g e n e i t i e s would give spurious r e s u l t s i n the u l t r a s o n i c 

v e l o c i t y and attenuation measurements. To a s s e s s the 

temperatures required f o r s t r a i n annealing, the Tg and 

Mg p o i n t s of s e v e r a l of the samples were determined from 

p l o t s of the temperature dependence of the thermal 

expansion. Figure 4.4 shows a t y p i c a l p l o t , and i n d i c a t e s 

the p o s i t i o n of the Tg and Mg points. Table 4.1 gives the 

Tg and Mg points f o r the g l a s s samples for which they were 

determined; the f i g u r e s i n brackets i n d i c a t e estimated 

Tg and Mg p o i n t s . To remove the i n t e r n a l s t r a i n , the 

g l a s s samples were heated to 20°C below t h e i r Mg points, 

h e l d steady f o r 10 minutes, and then slowly cooled by 

s w i t c h i n g o f f the power to the furnace. Figure4.5 shows a 

t y p i c a l cooling curve f o r t h i s procedure. A l l g l a s s e s 

showed r e l i e f of the i n t e r n a l s t r a i n a f t e r annealing 

except those from batch 2 which had to be heated to 410°C 

to produce an e f f e c t i v e anneal. Glasses which were 

s t u d i e d i n t h e i r quenched s t a t e were annealed immediately 

a f t e r manufacture; those which were heat t r e a t e d to 

enhance phase separation were annealed a f t e r t h i s treatment. 

4.2.2. Heat treatment 

To produce phase separation i n c e r t a i n batches i n 

the Na20-B2Q2-Si02 system, subsequent heat treatment was 
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c a r r i e d out at the appropriate temperature of 550°C. 
Separate samples from batches 1 and 2 were heat t r e a t e d 
f o r 24, 48, 96, 168 and 504 hours, and from batches 4 
and 5 f o r 48 hours. Heat treatment was terminated by 
quenching i n a i r , and the samples were subsequently 
placed i n a d e s s i c a t o r to cool. 

For easy i d e n t i f i c a t i o n of the various g l a s s 

samples i n the t e x t to follow, the sample i s represented 

by i t s batch or composition number, and i t s time of heat 

treatment at 550°C. For example, sample 2/48 i s a g l a s s 

sample from batch 2 which has been heat t r e a t e d f o r 

48 hours at 550°C. An anteceding Q i n d i c a t e s t h a t the 

g l a s s i s quenched, and has r e c e i v e d no heat treatment. 

4.2.3 C u t t i n g and p o l i s h i n g 

The shape, s i z e and f i n i s h of a sample fo r u l t r a 

sound measurements i s d i c t a t e d by the maximum t o l e r a b l e 

e r r o r i n a c o u s t i c v e l o c i t y and attenuation. Exact 

d e t a i l s of the e r r o r s a r i s i n g i n the determination of 

ultrasound v e l o c i t y and attenuation are postponed u n t i l 

Chapter 5. For the l e v e l s of attenuation i n the samples 

of g l a s s of t h i s study, p a r a l l e l e p i p e d s of dimension 

13 X 13 X approximately 6 mm are required with a 

p a r a l l e l i s m between the faces perpendicular to the 6 mm 

d i r e c t i o n of b e t t e r than 10~^ radians of a r c , and with 

a corresponding f l a t n e s s so that the condition of 

p a r a l l e l i s m i s maintained over the e n t i r e area of the 

fa c e . 
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Approximately s i z e d specimens were cut from the 
button-shaped samples with a diamond wheel, and the two 
appropriate faces were polished on a Logitech semi
automatic lapping and p o l i s h i n g machine. A vacuum 
chuck i s i n t e g r a l with the p o l i s h i n g apparatus to hold 
the sample during p o l i s h i n g , thus excluding the use of 
an adhesive which can cause n o n - p a r a l l e l i s m i n the f i n a l 
product. By c a r e f u l adjustment of the polishi|iig r i g , 
and abrading the sample on a solder p l a t e with s u c c e s s i v e 
s i z e s of diamond paste from 25y down to \]i , the des i r e d 
p a r a l l e l i c i t y together with a f l a t n e s s of a ^ wavelength 
of l i g h t was a t t a i n e d . Measurements of these tolerances 
were made by observing the w h i t e - l i g h t f r i n g e s generated 
between the sample fa c e s and an o p t i c a l f l a t s e t up 
on the p o l i s h i n g stage of the Logitech machine. V i s u a l 
examination evidenced the absence of sc r a t c h e s on the 
p o l i s h e d f a c e s . A d i a l gauge was used to measure the 
sample t h i c k n e s s . 

4.2.4, Density measurements. 

Sample d e n s i t i e s were measured by an Archimedes 

p r i n c i p l e method, using a n a l y t i c a l grade methanol of 

p r e v i o u s l y determined density. The specimen was 

suspended by a nylon - thread, and the volume of submerged 

thread was a s c e r t a i n e d and used as a c o r r e c t i o n to the 

upthrust. During the experiment the methanol temperature 

was measured, and the density of 0.7915g/cm"^ a t 19.8°C 

was c o r r e c t e d f o r thermal expansion through the c o e f f i c i e n t 

3ct equal to 119 x 10 ̂ /°C 
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The choice of methanol was made f o r two reasons. 
F i r s t l y , the low su r f a c e tension discourages bubbles of 
a i r from adhering to the sample during immersion, and 
a l s o allows a f i n e balance to be obtained while the 
sample i s submerged i n the l i q u i d as only a small s u r f a c e 
t e n s i o n force i s exerted at the air-methanol i n t e r f a c e . 
Secondly, methanol i s not absorbed by and does not r e a c t 
w ith the g l a s s compositions of t h i s study, as evidenced 
by specimen weighing before and a f t e r Immersion i n 
methanol f o r 24 hours. 

R e s u l t s of the density determinations are shown 

i n Table 6.1. D e n s i t i e s of d i f f e r e n t specimens of the 

same composition and heat treatment were found to be 

equal w i t h i n experimental e r r o r evidencing good 

macroscopic homogeneity of the batch g l a s s e s ; the 

quoted d e n s i t i e s are f o r the specimens used i n the. u l t r a 

sound propagation experiments. 

4.2.5 E s t i m a t i o n of the water or OH content . 

An e f f i c i e n t method of estimation of the water 

or OH content of a g l a s s i s by measurement of the i n f r a 

red absorption or transmission spectrum. The e f f e c t of 

the OH or water content on the a c o u s t i c p r o p e r t i e s of 

g l a s s e s has been s t r e s s e d i n Chapter 3, and thus i t i s 

necessary to make a q u a n t i t a t i v e measurement of t h i s 

content i n the Na20-B202-Si02 g l a s s e s of t h i s work f o r 

t h e i r f u l l c h a r a c t e r i s a t i o n . 
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Samples of the quenched g l a s s e s were ground f l a t 
and p a r a l l e l to a width of approximately 1 mm, and were 
st o r e d i n dry machine o i l which was removed p r i o r to 
experiment. I n f r a - r e d absorption s p e c t r a between ly 
and 2.5y were measured with a Pye-Unicam spectrometer, 
and t r a n s m i s s i o n s p e c t r a between 2.5y and 5y were 
measured with a Beckmann spectrometer. The absorption 
s p e c t r a measured with the former instrument were not . 
i n t e n s e enough f o r d e t a i l e d r e s o l u t i o n , so the measure
ments were repeated using the ultrasound specimens of 
t h i c k n e s s approximately 6 mm. The f i n a l spectra observed 
are shown i n Figure 4.6 

The dominant feat u r e s of a l l the i n f r a - r e d 

s p e c t r a of the Na2O-B202~SiO2 g l a s s e s of t h i s present 

study are a l a r g e absorption band at approximately 2.8y, 

and a s m a l l e r but q u i t e d i s t i n c t i v e band at about 1.4y. 

These r e s u l t s are very s i m i l a r to those of Adams (1961) 

who has demonstrated the e f f e c t of water content upon 

the i n f r a - r e d s p e c t r a of ^2^2 ^^'^2 ^® 

shown t h a t i n these two g l a s s e s the fundamental OH 

v i b r a t i o n i s observed a t 2.79y and 2.73y, and the f i r s t 

overtone band of the unassociated OH ion at 1.40y and 

1.38y r e s p e c t i v e l y . Further evidence for the i d e n t i f i c a 

t i o n of the absorption bands i n the Na20-B202-Si02 i s 

found i n the work of Franz (1966), who has observed 

the fundamental s t r e t c h i n g frequency of OH ions i n L i , 

Na and K borate g l a s s e s i n a s i m i l a r p o s i t i o n i n the 

i n f r a - r e d spectrum. 
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Figure 4.6 Infra-red spectra of Na20 - B2O3 - Si02 glasses. 
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The problem i n making a q u a n t i t a t i v e determina
t i o n of OH content from the i n f r a - r e d s p e c t r a i s choosing 
the e x t i n c t i o n c o e f f i c i e n t a f o r the g l a s s to use i n the 
Lambert-Beer equation. This equation takes the form 

E = aC = I log^ i 

where E i s the e x t i n c t i o n of the spectrum at the peak, 

C i s the concentration of the absorbing s p e c i e s , ( i n 

t h i s case OH), d i s the sample t h i c k n e s s and D i s the 

f r a c t i o n of the i n f r a - r e d r a d i a t i o n transmitted. Nemec 

and Gotz (1969) r e p o r t an experimentally determined 

value f o r a of 49.1 A/molercm for the fundamental OH 

v i b r a t i o n peak i n a g l a s s of composition Si02 50.86, 

AI2O2 14.84, B2O2 10.5, CaO 17.95, MgO 4.79, Na20 0.98, 

BaO 0.17 wt %. A comparison with the experimental 

values f o r the e x t i n c t i o n c o e f f i c i e n t found by Franz (1966) 

f o r Na20-B202 g l a s s e s containing 10-20 wt % Na20, suggests 

t h a t a value f o r a of about 50 £/mole-cm would not be too 

muich i n e r r o r for a Na20-B2p2-Si02 g l a s s . This l a t t e r 

f i g u r e has been used to c a l c u l a t e the OH or water content 

of the g l a s s e s i n t h i s present study from the i n t e n s i t y 

of the i n f r a - r e d absorption peak a t 2.8y; the r e s u l t s 

of these c a l c u l a t i o n s are given i n Table 4.2 

No data on the e x t i n c t i o n c o e f f i c i e n t of the 

overtone band at 1.4y i s a v a i l a b l e to date. However, 

i t i s i n t e r e s t i n g to compare t h e i r r e l a t i v e i n t e n s i t i e s ; 

these peaks are of s i z e i n approximate proportion to 

the OH concentration c a l c u l a t e d from the fundamental 



Table 4.2 

OH or water content of Na20-B202-Si02 

g l a s s e s c a l c u l a t e d from the i n f r a - r e d spectra 

Glass 
Batch No. 

Path Length 
cms 

Ca l c u l a t e d OH 
content p.p.m.(wt) 

1 0.093 2,800 

2 0.037 3,500 

3 0.063 800 

4 0.042 3,000 

5 0.058 980 

8 0.061 780 

9 0.101 1,200 
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v i b r a t i o n peak at 2.8y. More s i g n i f i c a n t l y , they are 
s m a l l e r than the corresponding absorption peak i n the 
'wet' ^2^3 g l a s s which showed anomalous a c o u s t i c 
a t tenuation (see Chapter 3) and are of the same order 
of magnitude f o r those of the 'dry' 620^ g l a s s 
( K u r k j i a n and Krause, 1966). 

4.2.6 E l e c t r o n microscopy 

To detejnnine the degree of morphology of the 

phase se p a r a t i o n of both quenched and heat t r e a t e d 

samples of the Na20-B2P2-Si02 g l a s s e s , transmission 

e l e c t r o n micrographs have been made of carbon r e p l i c a s 

from f r e s h l y broken s u r f a c e s of each sample. Good 

d e f i n i t i o n of the s e p a r a t i o n s t r u c t u r e has been obtained 

by e t c h i n g the broken s u r f a c e with water for 10 seconds, 

and pre-shadowing with platinum. P r i n t s from samples 

of these micrographs are shown i n Figures 4.7 to 4.10. 

Volume f r a c t i o n s of the i n d i v i d u a l g l a s s y phases have 

been estimated where p o s s i b l e by l i n e a l a n a l y s i s of 

micrographs r e p r e s e n t i n g t o t a l areas o f 5000 square 

microns. The f e a t u r e s of the phase separation of each 

g l a s s composition w i l l now be d i s c u s s e d i n turn. 

Composition 1 

Sample 1/Q i s seen to be heterogeneous on a 

f i n e s c a l e a t high magnification though transparent and 

c l e a r to the eye. The sample must then be considered 

as phase separated though the morphology i s not 
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d i s t i n g u i s h a b l e . The micrographs of the samples that . 
have been heat t r e a t e d a t 550°C evidence that the 
morphology i s of the interconnected type and i s thus 
t y p i c a l of g l a s s e s which have undergone unstable spinodal 
decomposition. Mutual phase boundaries are sharp for a l l 
the heat t r e a t e d samples of t h i s composition, and the 
s c a l e of the s e p a r a t i o n i s approximately 3000^. There 
appears to be a l i t t l e tendency f o r the minor phase to 
break up even a f t e r 504 hours of treatment at 550°C but 
there i s no evidence of c r y s t a l l i s a t i o n i n the bulk of 
the g l a s s although a l i t t l e s u rface d e - v i t r i f i c a t i o n 
was observed a f t e r the longest period of treatment. 

The volxime f r a c t i o n s of the S i 0 2 - r i c h B2Q2-poor 

\anetched phase f o r the various samples are as follows: 

1/24 0.38; 1/48 0.36; 1/9 6 0.38; 1/168 0.36; 

1/504 0.37. Thus, the constant value f o r the volume 

f r a c t i o n i n d i c a t e s t h a t the phase separation i s complete 

i n l e s s than 24 hours of heat treatment and that the 

phases are undergoing the ripen i n g process consecutive 

to the i n i t i a l unmixing. T h i s we a l s o expect from 

c o n s i d e r a t i o n of the cooling r a t e s necessary to avoid 

s e p a r a t i o n which were d i s c u s s e d i n Section 4.1.4 of 

t h i s chapter. The s l i g h t v a r i a t i o n i n the f i g u r e s f o r 

the volume f r a c t i o n of the i n d i v i d u a l phases i s most 

l i k e l y the r e s u l t of over-etching of the water s o l u b l e 

phase. 

Assuming equal density f o r the two phases, the 

t i e - l i n e for t h i s g l a s s has been drawn on the diagram 



l / Q X 1 8 5 . 0 0 0 1/24 X 29 ,500 

/ 4 8 X 2 9 , 5 0 0 X 2 9 , 5 0 0 

I / 168 X 2 9 . 5 0 0 I / 5 0 4 X 2 9 . 5 0 0 

Figure 4.7 Electron micrographs of glasses in batch I. 
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of Charles i n Figure 4.3. The d i r e c t i o n f o r t h i s t i e -
l i n e agrees w i t h those of previous workers and confirms 
the assignation o f an S i 0 2 - r i c h B202-poor composition 
t o the minor phase. 

Composition 2 
The quenched sample o f t h i s composition shows 

q u i t e d i s t i n c t phase separation i n the form of droplets 
of maximum diameter about 500 dispersed i n the 
complementary phase. A v a r i a t i o n i n the shape and size 
of these dro p l e t s i s apparent though the mutual phase 
boundaries are not w e l l defined. This glass shows no 
opalescence, but too must be regarded as phase separated. 
Heat treatment at 550°c reveals a d r o p l e t s t r u c t u r e d 
minor phase which i s shown by d i f f e r e n t i a l etching t o be 
the B202-rich phase. This i s t y p i c a l morphology f o r a 
glass \indergoing metastable decomposition. The droplets 
are randomly p o s i t i o n e d i n the s t r u c t u r e and grown i n 
maximum l i n e a r dimension of about 7000 R a f t e r 24 hours 
o f heat treatment t o about 5n a f t e r 504 hours. Minimisa
t i o n of the i n t e r f a c i a l energy causes the spheroidation 
of the nucleated phase as the separation proceeds. No 
c r y s t a l l i s a t i o n i s apparent i n any of the glass samples. 

Nucleated phase voliome f r a c t i o n s are estimated 
as: 2/24 0.28; 2/48 0.29; 2/96 0.28; 2/168 0.28; 
2/504 0.29. Once again the constant volume f o r t h i s 
value evidences t h a t the i n d i v i d u a l phases have reached 
t h e i r f i n a l compositions before 24 hours of heat 



2 / Q X 1 8 5 , 0 0 0 2 / 2 4 X 7 , 3 0 0 

2 / 4 8 X 7 ,300 X 7 , 3 0 0 

2 / 1 6 8 X 7 , 3 0 0 2 / 5 0 4 X 7 . 3 0 0 

Figure 4 . 8 Electron micrographs of glasses in batch 2 
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treatment and t h a t the glasses i n t h i s series represent 
various stages of coalescence of the minor phase. 

Figure 4.3 shows the t i e - l i n e f o r t h i s glass on 
the assumption of equal d e n s i t i e s of the phases; i t s 
d i r e c t i o n i s nearly p a r a l l e l t o t h a t f o r composition 1, 
and supports the contention t h a t the minor phase i s 
B^P^, Na^O-rich and SiO^-poor. 

Composition 3 
Glass 3/Q i s seen t o be heterogeneous, w i t h 

separation o c c u r r i n g on a scale between 500 R and 1000 X. 
This sample shows no blue hazy appearance t y p i c a l of 
phase separation but must be regarded as separated. 

Composition 4 
The quenched sample o f composition 4 i s 

separated on a scale of 1000 R t o 3000 S but i s 
o p t i c a l l y q u i t e c l e a r . A f t e r 48 hours of treatment at 
550°C t h i s glass shows a phase separation of size l y 
t o 3y. The morphology i s d i f f i c u l t t o determine; 
boundaries are sharp y e t no large d i s t r i b u t i o n i n 
second phase p a r t i c l e size i s evident. This second phase 
appears t o be undergoing a t r a n s i t i o n between an i n t e r 
connected and a d r o p l e t s t r u c t u r e , and has a volume 
f r a c t i o n o f 0.37. A B203-rich Si02-poor composition 

i s evident f o r t h i s phase. 



3 / Q X 13.500 0 / Q X 3 5 . 5 0 0 

4 / Q X 3 5 . 5 0 0 4 / 4 8 X 13.500 

5 / Q X 13 .500 5 / 4 8 X 13 .500 

Figure 4.9 Electron micrographs of glasses in batches 
3 , 4 , 5 and lO. 
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Composition 5 
Although sampe 5/Q i s v i s i b l y c l e a r , a very 

pronounced interconnected s t r u c t u r e of approximately 
1000 S i s revealed by the e l e c t r o n microscope. A f t e r 
48 hours o f heat treatment a t 550°C the s t r u c t u r e has 
coarsened considerably and the two phases are now 
d i s t i n c t i v e l y separated by sharp boundaries. This sample 
has undergone spinodal decomposition and the volume 
f r a c t i o n of the ̂ 20^ r i c h etched phase i s 0.54. I t i s 
d i f f i c u l t t o confirm t h i s from the phase diagram of 
Charles (1970) as the distances of the ends of the t i e -
l i n e s t o the s t a r t i n g composition are nearly equal. 

Compositions 6 and 7 
These two binary glasses show separation on a 

f i n e scale i n the quenched c o n d i t i o n . Sample 6/Q 

evidences heterogeneities between 200 R and 500 £ i n 

s i z e , and f o r 7/Q these d i s t i n c t regions are 500 S t o 

1000 £ i n si z e . Both glasses are o p t i c a l l y c l e a r . 

Composition 8 
The composition o f t h i s glass places i t on the 

550°C isotherm of m e t a s t a b i l i t y proposed by Charles. 

The quenched sample o f t h i s glass evidences some phase 

separated character on a scale of 2000 £ t o 4000 8 

and must be regarded as phase separated although i t i s 

o p t i c a l l y c l e a r . 



6 / Q X 3 5 . 5 0 0 7 / Q X35 .500 

8 / Q X 3 5 , 5 0 0 9 / Q X 3 5 . 5 0 0 

Figure 4 . lO Electron micrographs of glasses in batches 
6 . 7 , 8 and 9. 
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Composition 9 
The composition of t h i s glass was chosen t o l i e 

outside the area i n d i c a t e d i n a l l the previous studies 
where sub-liquidus i m m i s c i b i l i t y occurs i n the 
Na20-B2P2-Si02 system. Thus we do not expect any phase 
separation t o be e x h i b i t e d i n t h i s sample, and as such 
i t should be unique amongst a l l the glasses of t h i s 
present study. However, the micrographs of t h i s quenched 
sample evidence a degree of heterogeneity i n the s t r u c t u r e 
on a small scale o f about 2000 8. The metastable dome 
proposed by Charles i s based on opalescence and c l e a r i n g 
observations; glass 9/Q would thus be judged as 
homogeneous, y e t i f the c r i t e r i a of phase separation i s 
whether the e l e c t r o n microscope reveals heterogeneity., 
t h i s glass i s separated. 

Composition 10 
A very d i s t i n c t two phase s t r u c t u r e i s seen i n 

the e l e c t r o n micrograph of sample 10/Q on a coarse scale 

o f 1000 2. to 3000 The exact morphology o f t h i s 

v i s i b l y c l e a r glass i s not discernable. 

The more general conclusions t o be drawn from 
the e l e c t r o n micrographs o f the Na20-B2p2-Si02 glasses 
of t h i s work are two i n number. F i r s t l y , a l l the glasses 
of t h i s study whether quenched or heat t r e a t e d are 
heterogeneous, and must be considered as phase-separated. 
Secondly, where the phase-separation morphology has been 
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discernable i n the quenched sample of each glass 
composition, the same morphology r e s u l t s on heat t r e a t 
ment at 550°C. This i s s u r p r i s i n g as the thermal h i s t o r y 
of a quenched glass i s very indeterminate, and the phase-
separation o c c u r r i n g must be c h a r a c t e r i s t i c of the 
separation processes over a large range of temperatures. 
Such a f u n c t i o n i s f u r t h e r evidence t h a t the micro-
s t r u c t u r a l c h a r a c t e r i s t i c s of a phase-separated glass 
are determined not only by the temperature of heat-
treatment, but also by the thermal h i s t o r y of the sample. 



C H A P T E R F I V E 

THE EXPERIMENTAL METHOD 
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I n t r o d u c t i o n 

This chapter i s concerned w i t h the 

experimental methods involved i n the measurement 

of ultrasound a t t e n u a t i o n and v e l o c i t y . A 

d e s c r i p t i o n of the e l e c t r o n i c systems and the 

operating procedures involved i n the determina

t i o n of the ultrasound propagation c h a r a c t e r i s t i c s 

of the Na2O-B202~SiO2 glasses are included w i t h 

f u l l d e t a i l s of the e r r o r s i n measurement. 

P a r t i c u l a r s of the quartz transducers used i n 

the generation and det e c t i o n of the ultrasound 

are found here, and the technique of transducer-

sample acoustic bonding i s o u t l i n e d . The chapter 

concludes w i t h s p e c i f i c a t i o n s of the cryostats 

and furnace and the methods of thermometry and 

temperature c o n t r o l . 
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5.1.1 The Pulse-Echo Technique 
The Pulse-Echo technique i s used f o r the measure

ment o f ultrasound v e l o c i t y and a t t e n u a t i o n , and involves 
the i n t r o d u c t i o n o f a pulse of ultrasound i n t o a sample, 
observing the echoes as they r e f l e c t o f f two f l a t and 
p a r a l l e l faces normal t o the propagation d i r e c t i o n of 
the stress wave. The delay between successive echoes i s 
the t r a n s i t time o f the s t r e s s wave i n the sample, and 
the decrease i n pulse amplitude i s a measure of the 
a t t e n u a t i o n . 

Ultrasound generation i s achieved by applying 
a high voltage pulse of r . f . from a pulsed o s c i l l a t o r t o 
a quartz transducer a c o u s t i c a l l y bonded t o one of the 
sample faces. As a consequence o f the converse piezo
e l e c t r i c e f f e c t , a stress wave i s induced which t r a v e l s 
a t the v e l o c i t y o f sound t o the opposite face. 
R e f l e c t i o n occurs a t the d i s c o n t i n u i t y i n the medium; 
the stress wave then r e t u r n s t o the i n i t i a l face where 
a small amovint of sound energy i s t r a n s f e r r e d back t o 
the quartz transducer. Here, as a r e s u l t of the d i r e c t 
p i i e z o e l e c t r i c e f f e c t , a voltage pulse i s induced i n the 
transducer. The cycle o f r e f l e c t i o n i s subsequently 
repeated t o give a d i m i n i s h i n g echo t r a i n which r e s u l t s 
i n a seri e s o f voltage pulses from the transducer. 

These received pulses are detected and displayed 
on an oscilloscope screen, the echo heights decrease 
e x p o n e n t i a l l y w i t h time, and the time between i s the 
t r a n s i t time o f the sound i n the sample. Deviations 
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from i d e a l i t y o f the transducer and sample system give r i s e 
t o e r r o r s which w i l l be d e a l t w i t h l a t e r i n t h i s chapter. 

5.1.2 D e t a i l s of the Measuring System 

Two experimental systems have been used f o r the 
measurement of ultrasound v e l o c i t y and a t t e n u a t i o n by the 
pulse-echo technique. Both are e s s e n t i a l l y the same: a 
Mateo 9000 At t e n u a t i o n Comparator, a complete system 
alone, and a Matec 6000 Pulse Modulator and Receiver which, 
when combined w i t h a 1204A Master Synchronizer and 
Exponential Generator, and a s u i t a b l e o s c i l l o s c o p e , form 
an equivalent c i r c u i t . 

The basic c i r c u i t layout and p r i n c i p l e of 
o p e r a t i o n i s shown i n Figure 5.1. High voltage, high 
frequency pulses are generated by tunable pulsed o s c i l l a t o r 
p l u g - i n l a n i t s , ranging i n r . f . frequency from 10 t o 800 MHz 
which are connected i n t o the 9000 or 6000 main frames. 
Amplitudes o f up t o 3KV are generated a t the lowest 
frequencies, f a l l i n g o f f a l i t t l e a t the highest. These 
pulses are t r a n s m i t t e d by a matching 50n c o a x i a l l i n e t o 
the quartz transducer by the T-R j u n c t i o n c i r c u i t shown 
i n Figure 5.2. This c i r c u i t has the f u n c t i o n of p r o t e c t i n g 
the r e c e i v i n g a m p l i f i e r s from the high-voltage i n i t i a l 
pulses, d i r e c t i n g them t o the transducer. The low. voltage 
pulses received from the transducer on e x c i t a t i o n by the 
echoes force a high resistance i n the d i r e c t i o n o f the 
o s c i l l a t o r , but only a low resistance towards the 
r e c e i v e r , thus gaining maximum e f f i c i e n c y i n the small 
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F I g u r t 5.1 The basic circuit and principle of operation of the pulse 
echo technique. 
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s i g n a l d e t e c t i o n . Pulse l e n g t h s , v a r i a b l e between 0.5 
and 3 psec ensure t h a t the o s c i l l a t o r has turned o f f 
before the f i r s t echoes a r r i v e ; pulse r e p e t i t i o n 
frequencies are continuously v a r i a b l e from 10 t o 1000 Hz, 
a l l o w i n g complete decay o f the ultrasound i n the sample 
before i n i t i a t i o n o f the next r . f . pulse. 

A tunable r e c e i v e r of bandwidth 4MHz mixes 
the received pulse w i t h a v a r i a b l e o s c i l l a t o r , connecting 
the s i g n a l t o a 60MHz intermediate frequency. This i s fed 
t o a narrow-band a m p l i f i e r and i s followed by d i s p l a y on 
an o s c i l l o s c o p e screen. Synchronizing pulses t r i g g e r 
a l t e r n a t e l y the pulsed o s c i l l a t o r and an exponential 
generator, and w i t h high pulse r e p e t i t i o n r a t e s , these 
traces appear t o be simultaneous. 

Method of Operation 
With the output of the pulsed o s c i l l a t o r 

connected t o the transducer and sample system, the o s c i l l a t o r 
and r e c e i v e r are tuned t o the resonant frequency of the 
transducer, or an odd harmonic i f the overtone mode o f 
operation i s desired. Small adjustments of o s c i l l a t o r and 
re c e i v e r frequencies are made u n t i l a minimvim i n attenua
t i o n i s observed. This may be a few percent from the 
nominal transducer resonance frequency as mechanical and 
e l e c t r i c a l coupling p e r t u r b the resonance c o n d i t i o n . The 
exponential decay p a t t e r n i s then f i t t e d t o the tops o f 
the echoes by adjustment of a p r e - c a l i b r a t e d m u l t i - t u r n 
potentiometer. A delay generator allows movement of the 
exponential t r a c e , and the f i t t i n g o f the t h i n v e r t i c a l 
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l e a d i n g edge gives a measure of the time between the 
echoes t o w i t h i n ±1%. 

5.2.11 The Pulse-Superposition Technique f o r v e l o c i t y 

measurement 

Although the pulse-echo technique furnishes 

v e l o c i t y measurements t o ±1%, o f t e n v e l o c i t y changes 

three orders of magnitude smaller are required t o be 

i n v e s t i g a t e d . One approach i s t o use an adaptation of 

the above method c a l l e d the Pulse-Superposition technique, 

and i s due t o McSkimin (1961). 

B a s i c a l l y , the method i s t o increase the r e p e t i 

t i o n frequency of the r . f . pulses applied t o the 

transducer u n t i l t h e i r p e riod i s a small i n t e g r a l m u l t i p l e 

of the sound t r a n s i t time i n the sample. When t h i s con

d i t i o n i s reached, the echoes w i l l add, and superposing 

on each other, a maximum i n received s i g n a l w i l l f o l l o w . 

The equation describing the r e l a t i o n s h i p between 

t r a n s i t time (6) and pulse r e p e t i t i o n period (T) leading 

t o a maximum i n observed s i g n a l i s 

T = p6 - pY/360f + n/f 5.1 

where p i s an i n t e g e r corresponding t o the number of 
t r a n s i t s of the sound i n the sample per applied pulse, 
Y i s the phase angle between r e f l e c t e d and i n c i d e n t 
waves a t the sample-bond i n t e r f a c e , and n i s an i n t e g e r 
d e s c r i b i n g whether the r . f . echoes are adding i n phase 
(n=0) or 360n degrees out o f phase. This l a s t c o n d i t i o n 
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i s shown d l a g r a m a t i c a l l y i n Figure 5.3. The g r e a t e s t 
problem a s s o c i a t e d with the pulse-superposition technique 
i s the e v a l u a t i o n of the n values of the observed maxima; 
Se c t i o n 5.2.4 i s devoted to t h i s problem. 

5.2.2 D e s c r i p t i o n of the System 

The layout of the c i r c u i t i s reproduced i n 

F i g u r e 5.4. The accuracy of the technique i s dependent 

on the a b i l i t y to detect a maximum i n r e c e i v e d s i g n a l 

which i s i t s e l f r e l i a n t on the maintenance and measurement 

of a s t a b l e pulse r e p e t i t i o n frequency. For t h i s function 

a Cpdasyn CS201S frequency s y n t h e s i z e r with d i g i t a l 

readout was s e l e c t e d . This piece of equipment generates 

a s i n u s o i d a l wave of 0 to 3V i n amplitude at frequencies 

of O.lHz to 2MHz with long term s t a b i l i t y 1 p a r t i n 10^ 
g 

and s h o r t term s t a b i l i t y 1 p a r t i n 10 . Accuracy of 

readout i s ±0.1Hz, s u i t a b l e f o r the function i n question. 

The s i n e wave output t r i g g e r s a General Radio 

1217C Pulse Generator on the negative going p a r t of the 

c y c l e a t a p r e s e t s i g n a l l e v e l . The r e s u l t a n t negative 

square pulse of v a r i a b l e length from a minimum of 0.1 ysec, 

and nano-second r i s e time, i s used to modulate the 

Arenberg PG650C Pulsed O s c i l l a t o r . A pulsed r a t h e r than 

a blocking o s c i l l a t o r must be used as i t i s e s s e n t i a l i n 

the technique t h a t the pulses produced are coherent with 

r e s p e c t to t h e i r i n i t i a t i o n . Power f o r the o s c i l l a t o r i s 

provided by an. Arenberg PS-66d e x t e r n a l supply g i v i n g 2KV 

amplitude at r e p e t i t i o n frequencies up to BOKHz, and IKV 
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amplitude a t the more u s u a l l y necessary r e p e t i t i o n 
f requencies i n the 30 to 300KHz range. Care has to be 
taken i n choosing pulse lengths; square pulses are 
g e n e r a l l y d e s i r e d containing enough c y c l e s f o r the r . f . 
frequency to be w e l l defined y e t a duty c y c l e of 25% must 
not be exceeded or overloading of the o s c i l l a t o r ensues. 

A constant r e s i s t i v e loading of 93 Q i n the 

form of a heat shunt i s placed i n p a r a l l e l with the pulsed 

o s c i l l a t o r output. The pulses are then attenuated by a 

680 S2 r e s i s t o r to allow p u l s e s of considerable magnitude 

to be a p p l i e d to the transducer without overloading the 

a m p l i f i e r with too l a r g e r e c e i v e d echoes. A T-R j u n c t i o n 

p r o t e c t s the Arenberg PA-620 p r e - a m p l i f i e r from the high-

voltage p u l s e s supplied to the transducer. The output 

from t h i s tunable low band-pass a m p l i f i e r i s connected to 

the Arenberg WA-600E wide band a m p l i f i e r , capable of 90db 

gain o v e r a l l . A Tektronix 585A o s c i l l o s c o p e with a 

type 82 plug-in i s used to d i s p l a y the video output from 

the wide band a m p l i f i e r , and i s t r i g g e r e d from the p o s i t i v e 

output terminals of the pulse generator. 

5.2.3 Operation Procedure 

F i r s t l y , the frequency s y n t h e s i z e r i s s e t to a 

low value (IKHz) and the pulsed o s c i l l a t o r to the resonant 

frequency of the transducer. The output l e v e l of the 

p u l s e generator i s maximized, and with the B time-base 

of the 585A o s c i l l o s c o p e adjusted to a s u i t a b l e sweep 

speed, the p u l s e s and echoes are detected on the screen. 
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Peaking of the echoes i s achieved by tuning the input 
and output stages of the p r e - a m p l i f i e r , small c o r r e c t i o n s 
being made i n the r . f . frequency of the pulsed o s c i l l a t o r 
u n t i l a maximum i n s i g n a l i n t e n s i t y i s observed. This 
corresponds to a resonance i n the transducer and sample 
system, the condition required for the most accurate 
r e s u l t s . The sequence of operation from t h i s point i s 
best represented by Figure 5.5. 

The pulse r e p e t i t i o n frequency required f o r 

pulse s u p e r p o s i t i o n can be approximately found by a p r i o r 

pulse-echo measurement, and the s y n t h e s i z e r i s adjusted 

to t h i s value. The B time base i s now changed to give 

about 50 pulse and echo systems i n the x d i r e c t i o n of 

the screen, and the h o r i z o n t a l d i s p l a y s e l e c t o r i s turned 

to the 'B i n t e n s i f i e d by A' p o s i t i o n . I n t e n s i f i c a t i o n 

of about 5 pulse and echoes i s achieved by s e l e c t i o n of 

a s u i t a b l e time base speed, the delay being adjusted 

u n t i l they appear c e n t r a l on the screen. 

I n t h i s mode, a pulse of -40v appears a t the 

'A gate out' t e r m i n a l of the o s c i l l o s c o p e f o r the duration 

of the A time base operation, and i s connected v i a a 

1.5KJ2 c u r r e n t l i m i t i n g r e s i s t o r to the t r i g g e r input 

t e r m i n a l of the pulse generator. This depresses the 

f l o a t i n g s i n e wave voltage from the s y n t h e s i z e r to below 

t h a t r e q u i r e d t o t r i g g e r the pulse generator, i n h i b i t i n g 

the generation of the r . f . pulses during the time that 

the time-base i s operative. Protection of the output 

stage of the s y n t h e s i z e r i s achieved by incorporating 
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a 680 Q s e r i e s attenuator between the s y n t h e s i z e r and 

the pulse generator. 

I f the operation a t the p equal to or greater 

than 2 - condition i n equation 5.1• i s de s i r e d , the l a s t 

step may be ignored as the superposed echoes occur i n 

the time slow between the applied p u l s e s , but f o r c l a r i t y 

of d i s p l a y t h i s procedure of allowing the superposed 

echoes to be observed i s normally followed. 

On s e l e c t i n g the 'A delayed by B' h o r i z o n t a l 

d i s p l a y mode, the i n t e n s i f i e d p a r t of the t r a c e i s 

di s p l a y e d . The procedure followed next i s to adjust 

the pulse r e p e t i t i o n frequency u n t i l a maximimi i n 

r e c e i v e d s i g n a l i s obtained, the r e s u l t of the addition 

of the echoes from s u c c e s s i v e p u l s e s . I f the specimen 

i s f l a t , p a r a l l e l and homogeneous i n character, sharp 

maxima w i l l occur; only those corresponding to the 

d i f f e r e n t n and p values should be seen. For m a t e r i a l s 

with high attenuation, adjustment of the f i f t h f i g u r e 

of p u l s e - r e p e t i t i o n frequency w i l l be necessary, s i x t h 

f i g u r e accuracy i s a v a i l a b l e f o r those with low attenua

t i o n . However, lac k of specimen i d e a l i t y w i l l r e s u l t 

i n many spurious maxima which are d i f f i c u l t to i d e n t i f y . 

5.2.4 I n d e n t i f i c a t i o n of the 'in-phase' maximum 

I n d e n t l f i c a t i o n of the n equal to. zeiD condition 

i s one of the g r e a t e s t problems a s s o c i a t e d with t h i s 

technique. Measurements by the pulse-echo method are . 

only accurate enough to p r e d i c t the p u l s e - r e p e t i t i o n 
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frequency to ±1%, u s u a l l y l e a v i n g some doubt as to 
whether the maximum observed i s the n equal to -1, 0 
or +1 condition. 

McSkimin (1961) has produced an a n a l y t i c a l 

method for determination of the n value a s s o c i a t e d with 

an observed maximum. From equation 5.1 we can determine 

the change (AT) i n r e p e t i t i o n period T required to main

t a i n s u p e r p o s i t i o n as the r . f . frequency i s changed from 

= ^ - 36U) - ^ - 36i) 5.2 

The angle by which the r e f l e c t e d wave i s out 

of phase with the i n c i d e n t wave (y) i s a function of wave 

frequency, and i t i s necessary to evaluate t h i s angle at 

frequencies f„ and f _ . Figure 5.6 shows a plan of bond, 

transducer and sample, with mechanical impedances 

z^, and r e s p e c t i v e l y , equal to the ultrasound 

v e l o c i t y m u l t i p l i e d by the density f o r each medium. The 

r e f l e c t i o n phase angle i s obtained from the r e l a t i o n s h i p 

Y -2 tan"-"- Zd/jZs 5.3 

(Zj^/Z ) tan B ^ l , + tan B ^ l -
^^^^^ = (Z-^/Z^) - tan B ^ l ^ tan B ^ l ^ 

and Bt ^ = 2Tr. frequency ^^^^ transducer (2) 
1,2 v e l o c i t y 

Thus a graph of AT versus bond th i c k n e s s for a s p e c i f i c 

change i n wave frequency may be drawn. 



t r a n s d u c e r - ^ 

bond 

£ sample 
• <—^ 

Figure 5.6 Plan of t ransducer , sample and bond^ and phase 

re la t ions tor reflected w a v e s 
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By measuring the AT's f o r the superposition 
maxima i n the l o c a l i t y of t h a t p r e d i c t e d from the pulse 
echo measurements, i t should be p o s s i b l e to a s s i g n the 
measured points to the d i f f e r e n t n and p curves on the 
graph. Bond t h i c k n e s s e s are not measurable to any 
appreciable degree of accuracy, but are approximately 
3 to 5y, g i v i n g a t B l value of 10 to 20 degrees. However, 
l i t t l e success was gained by t h i s method using nonaq as 
the bonding m a t e r i a l . 

P r i v a t e communication with Dr. H.J. McSkimin 

r e s u l t e d i n h i s suggestion t h a t the f a i l u r e of the method 

when using nonaq as the transducer to sample bond may be 

due to the ' l o s s y ' nature of the s e a l . Subsequent 

experiments using mannitol as the s e a l proved much more 

s u c c e s s f u l , although they could only be c a r r i e d out at 

room temperature as the mannitol bond f a i l e d at about 

-30°C. 

Figu r e 5.7 i s a graph of AT versus bond 

t h i c k n e s s i n degrees of wavelength of the ultrasound. 

T h i s s e t of curves i s drawn for sample 1/48, using 

a 12.0MHz shear wave transducer with a,mannitol bond, 

cons i d e r i n g a change i n wave frequency of 10%; that i s , 

from 12.0MHz to 10.8MHz. The mechanical impedance of 

mahnitol when subjected to a shear s t r e s s was measured 
X.IOS X I O ^ 2 

to be 5.4 g/cm s e c , and 9.0 g/cm sec for a l o n g i t u d i n a l 

s t r e s s . 

A l a t e r experiment executed to determine the 

apparent sovind . attenuation due to a nonaq bond i s 
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d e t a i l e d l a t e r i n Sec t i o n 5.6.4. This experiment con
cluded t h a t nonaq d i d not prove to be an extremely loosy 
bonding agent; f u r t h e r reasons for the f a i l u r e of t h i s 
method f o r t h i s p a r t i c u l a r s e a l remain obscure. 

5.3 Quartz Transducers 

The conversion between e l e c t r i c a l and mechanical 

energy by the converse and d i r e c t p i e z o e l e c t r i c e f f e c t s 

i s found use i n the generation and de t e c t i o n of u l t r a 

sound. Only non-centrosymmetric m a t e r i a l s may be 

p i e z o e l e c t r i c ; although many c r y s t a l s such as Rochelle 

s a l t , tourmaline and quartz e x h i b i t t h i s property, the 

l a t t e r i s u s u a l l y chosen f o r i t s high p h y s i c a l strength 

d e s p i t e i t s lower p i e z o e l e c t r i c c o e f f i c i e n t s . 

As the p i e z o e l e c t r i c p r o p e r t i e s of a c r y s t a l 

are a n i s o t r o p i c , c o n s i d e r a t i o n of the d i r e c t i o n of the 

app l i e d e l e c t r i c f i e l d must be made to produce the 

d e s i r e d a c o u s t i c mode. To produce an u l t r a s o n i c t r a n s 

ducer operating i n the l o n g i t u d i n a l mode, a quartz 

c r y s t a l i s c u t so th a t a s l i c e i n the y-z plane with i t s 

t h i c k n e s s i n the x d i r e c t i o n r e s u l t s . The thickn e s s of 

t h i s 'x-eut' c r y s t a l i s chosen to correspond to one-half 

the wavelength of sound a t the frequency a t which i t i s 

to be operated, thus d e s c r i b i n g the resonant frequency• 

of the transducer. A shear mode may be e x c i t e d by using 

a s l i c e cut perpenddieu'lar to the y d i r e c t i o n , and i s 

termed the 'y-cut' transducer. These cuts are demonstrated 

i n F i g u r e 5.8. Both types of transducer are c o - a x i a l l y 



Y4-

Z 

Y 

R I G H T - H A N D E D 

O U A R T Z C R Y S T A L 

X C R O S S - S E C T I O N 

X - C U T 

Y - C U T 

Figure 5.8 Ouartz crystal and demonstration of 
quartz transducer cuts. 
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gold-plated to produce an e l e c t r i c f i e l d p a r a l l e l to 
the t h i c k n e s s a x i s . 

A transducer may be d r i v e n at a harmonic 

of i t s fundamental frequency, the n^^ harmonic producing 

n/2 a c o u s t i c wavelengths i n i t s t h i c k n e s s d i r e c t i o n . 

Only i f n i s odd w i l l any net s t r a i n r e s u l t ; odd 

harmonic operation i s the only p o s s i b l e operation 

c o n d i t i o n . 

5.4 Transducer to Sample Bonding 

To obtain good a c o u s t i c coupling between the 

transducer and sample, i t i s necessary to use a bonding 

agent. T h i s s e a l should be uniform, and p a r a l l e l to 

the same t o l e r a n c e as the sample, and i t i s pre f e r a b l e 

t h a t the a c o u s t i c p r o p e r t i e s of t h i s s e a l do not change 

appreciably over the temperature range of the experiment 

i n question. The e f f i c i e n c y of the bond v a r i e s with 

sample m a t e r i a l f o r any one bonding agent, and a process 

of t r i a l and e r r o r i n d i c a t e s the best agent to use. 

S i l i c o n e f l u i d s of 250,000 and 1,000,000 

c e n t i - s t o k e provide adequate s e a l s to sodiiun-

b o r o s i l i c a t e g l a s s e s f o r both l o n g i t u d i n a l and shear 

waves between 100 and 280°K, while Dow 279-V9 Resin 

proves e f f i c i e n t between 130 and 300°K. S o l i d bonds 

such as phenyl s a l i c y l a t e and mannitol, which re q u i r e 

melting before use tended to powder at low temperatures, 

r e s u l t i n g i n a f a i l u r e i n a c o u s t i c coupling. Nonaq 

Stopcock Grease, manufactured by the F i s h e r S c i e n t i f i c 
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Company gives e x c e l l e n t c h a r a c t e r i s t i c s f o r both waves 
between 1.5 and 280°K. The bonding agents eventually 
chosen f o r t h i s work were Nonaq f o r below room temperature 
experiments, and mannitol f o r experiments between room 
temperature and 400°K. 

To form a transducer to sample bond when using 

Nonaq, a small drop of the agent i s applied to one of 

the f l a t sample f a c e s , and the transducer i s placed on 

top. Using a p a i r of tweezers and a small b a l l of t i s s u e , 

the transducer i s moved i n a c i r c u l a r d i r e c t i o n u n t i l 

an i n c r e a s e i n the f r i c t i o n a l force required to execute 

the movement evidences the expulsion of most of the 

agent, l e a v i n g a t h i n transducer to sample s e a l . The 

excess agent i s then c a r e f u l l y removed from the transducer 

perimeter. S i l v e r - d a g conducting p a i n t i s then applied 

to the outer c o a x i a l gold r i n g of the transducer and to 

the remainder of the sample face to enhance a good eart h 

c o n t a c t . 

A mannitol bond i s made i n much the same method; 

preheating of the sample and transducer to the melting 

p o i n t of mannitol a t 169°C i s required, and a small weight 

pla c e d on the transducer w h i l s t cooling improves the 

s e a l homogeneity. 

Measurements with a d i a l guage g e n e r a l l y evidence 

a bond t h i c k n e s s of about 3 to 5 y, with the d e s i r e d 

p a r a l l e l i c i t y . Preparation by t h i s method i s shown to 

give a homogeneous e f f i c i e n t a c o u s t i c bond as shown by 

decay p a t t e r n s of an exponential character. 



- 99 -

5.5.1 E r r o r s i n V e l o c i t y Measurement 

E r r o r s i n v e l o c i t y measurement can be divided 

i n t o three c a t e g o r i e s ; an e r r o r due to phase changes 

at the sample-bond i n t e r f a c e , e r r o r s due to d i f f r a c t i o n 

caused by beam divergence, and an e r r o r due to uncertainty 

i n the path length of the ultrasound wave. I n a 

c r y s t a l l i n e system, angular m i s o r i e n t a t i o n leads to an 

e r r o r i n measured ultrasound v e l o c i t y f o r a p a r t i c u l a r 

d i r e c t i o n of propagation, but i s redundant for an 

i s o t r o p i c system. , 

5.5.2 Phase Changes at the Sample-Bond I n t e r f a c e 

The angle between i n c i d e n t and r e f l e c t e d waves 

a t the sample-bond i n t e r f a c e i s the constant, y , of 

equation 5.1, and i t s method of e v a l u a t i o n has been 

o u t l i n e d i n equation 5.3. For a bond of thic k n e s s 5 y 

having an ultrasound v e l o c i t y of 5 x 10^ cms/sec, y i s 

c a l c u l a t e d to be approximately 5° when the transducer 

i s operated a t w i t h i n 1% of i t s resonant frequency. 

T h i s leads to an e r r o r of 0.001 ysec i n t r a n s i t time, 

0.03% of the t y p i c a l t r a n s i t times observed i n t h i s work. 

T h i s e r r o r w i l l be smaller f o r a shear wave of lower 

v e l o c i t y , and i s c a l c u l a t e d as 0.02% f o r a shear 

v e l o c i t y of 3 x 10^ cms/sec. 

5.5.3 Beam Divergence 

Papadakis (1966) has produced an a n a l y s i s of 

v e l o c i t y e r r o r , due to the transducer a c t i n g as a 
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p i s t o n source of f i n i t e area. I n t h i s a n a l y s i s , a 
graph of phase advance of the s t r e s s wave versus distance 
of the echoes from the source i n t o the e l a s t i c h a l f -
space f o r v a r i o u s a n i s o t r o p i e s i s produced. The pulse-
s u p e r p o s i t i o n e f f e c t i v e l y adds many echoes of various 
phase advance weighted by the attenuation i n the sample. 
On m a t e r i a l s with low attenuation, such as CaWO^, t h i s 
e f f e c t may be seen by d i f f e r e n t echoes maximizing a t 
s l i g h t l y d i f f e r e n t pulse r e p e t i t i o n frequencies, but on 
the r e l a t i v e l y high attenuation g l a s s e s used i n t h i s 
work, no such phenomena was observed. 

R e f e r r i n g to the graph of Papadakis, an e r r o r 

of n e g l i g i b l e magnitude i n v e l o c i t y i s c a l c u l a t e d f o r 

a transducer of 7 mm a c t i v e area at 12MHz f o r an 

i s o t r o p i c system. 

5.5.4 Path Length of the Ultrasound Wave 

The path length of the ultrasound wave i s 

defined by the dimensions of the specimen. A c o r r e c t i o n 

f o r thermal expansion must be made f o r a v e l o c i t y versus 

temperature determination,which involves knowledge of 

the width of the sample a t a f i x e d temperature and the 

c o e f f i c i e n t of thermal expansion throughout the whole 

temperature range. 

The measurement of sample width i n t h i s work 

was made by a d i a l guage a t room temperature. Random 

e r r o r s of measurement are estimated at about 0.05%, 

while the systematic e r r o r due to the absolute c a l i b r a t i o n 
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of the instrument i s unknovm, but i s assumed to be s m a l l . 
Thermal expansion c o e f f i c i e n t s of the g l a s s e s have been 
measured only i n the range 300 to 750°K and are reported 
i n Chapter 4, and are of the order 6 x ,10 ^/°C. This 
c o e f f i c i e n t i s expected to decrease a t lower temperatures, 
and may p o s s i b l y be negative below 30°K (Krause and 
K u r k j i e n , 1968) / reaching zero a t 0°K. The f r a c t i o n a l 
change i n path length can thus be estimated as 
approximately 0.1% from 1.5 to 300°K/ and 0.06% from 
300 t o 400°K, though thermal expansion measurements below 
room temperature would r e s o l v e t h i s problem and allow 
accurate c o r r e c t i o n f o r v e l o c i t y to be made. 

5.5.5 Tbtal E r r o r 

The l a r g e s t e r r o r i n v e l o c i t y i s t h a t produced 

by the u n c e r t a i n t y i n the c o e f f i c i e n t of thermal expansion, 

For t h i s reason, the v e l o c i t y curves have been l e f t 

uncorrected, but the maximum e r r o r may be concluded to 

be 0.18% at 1.5°K, 0.08% a t 300°K and 0.14% at 400°K. 

5.6^1 E r r o r s i n Attenuation Measurements 

A measurement of u l t r a s o n i c attenuation by the 

pulse-echo technique i s composed of two contribfutions ; 

the l o s s e s due to the i n t r i n s i c attenuation i n the 

specimen which are the l o s s e s of p h y s i c a l s i g n i f i c a n c e , 

and apparent l o s s e s due to the lack of i d e a l i t y of the 

sample, bond and transducer system. E i t h e r e l i m i n a t i o n 

of these l a t t e r l o s s e s , or t h e i r c a l c u l a t i o n and 

• / ^ ^ S ^ 
! 2 8 NOV 1972 ) 
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s u b t r a c t i o n from the t o t a l measured l o s s leaves the 
i n t r i n s i c sample attenuation. These apparent l o s s e s 
may be defined i n t o t h r e e c a t e g o r i e s ; d i f f r a c t i o n l o s s e s , 
n o n - p a r a l l e l i s m l o s s e s , and l o s s e s due to the a c o u s t i c 
bond and a s s o c i a t e d e l e c t r i c a l system. 

5.6.2 D i f f r a c t i o n Losses 

Because of the f i n i t e s i z e of the u l t r a s o n i c 

transducer, the sound beam w i l l diverge and have a 

d i f f r a c t i o n f i e l d . A non-planar wave r e s u l t s , and an 

e r r o r occurs as the planar transducer i n t e g r a t e s the 

s t r e s s wave acr o s s i t s complete su r f a c e . The beam 

divergence may a l s o r e s u l t i n a s i d e w a l l r e f l e c t i o n , 

as shown i n Figure 5.9. Acoustic mode conversion can 

a l s o take p l a c e a t the mediiam d i s c o n t i n u i t y . I n t e r 

f erence a t the transducer between these waves of longer 

path length a l s o d i s t o r t s the observed echo pattern. 

D i f f r a c t i o n e f f e c t s are most important a t the low 

megahertz frequencies and f o r small transducers. 

These e f f e c t s are most obvious i n m a t e r i a l s 

of low i n t r i n s i c attenuation and cause a non-exponential 

decay p a t t e r n even under the most i d e a l s i t u a t i o n of 

no s i d e w a l l r e f l e c t i o n , high sample homogeneity, and 

p e r f e c t sample geometry. A small maximum i n the 
2 

attenuation p a t t e r n occurs at a distance a /X from the 

transducer, where a i s the rad i u s of the a c t i v e area of 

the transducer, g e n e r a l l y equal to radius of the area 

of the overalpping e l e c t r o d e p l a t i n g , and X i s the 
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ultrasound wavelenth, A t h e o r e t i c a l a n a l y s i s ( T r u e l l , 
Elbaum, Chick, 1969) shows a number of d i f f e r e n t maxima 
r e s u l t i n g from the d i f f r a c t i o n f i e l d of the transducer; 
a graph of l o s s versus d i s t a n c e from the transducer-
sample i n t e r f a c e i s shown i n Figure 5.10. Thus by 
f i t t i n g the p r e - c a l i b r a t e d exponential decay to i d e n t i 
f i a b l e maxima on the echo p a t t e r n , a c o r r e c t i o n for the 
d i f f r a c t i o n e f f e c t may be made. 

The sodium b o r o s i l i c a t e samples, used were of 

s i z e 13 X 13 x about 7 mm., l a r g e enough to eliminate the 

p o s s i b i l i t y of s i d e w a l l r e f l e c t i o n with a transducer of 

7 mm a c t i v e r a d i u s . At a wave frequency of 12MH2, 

a^/A i s approximate 13 cms f o r a l o n g i t u d i n a l wave of 

v e l o c i t y 4.5 x 10^ cms/sec. Measuring between echoes 

2 and 5 and r e f e r r i n g to the graph evidences approximately 

0.1 db i n d i f f r a c t i o n l o s s i n 7 ysecs, the equivalent of 

0.014 db/ysec. T h i s i s extremely small i n comparison 

w i t h the experimentally measured attenuations of between 

0.5 and 1.5 db/ysec, an e r r o r of l e s s than 3%. A shear 

wave, with longer wavelength than a l o n g i t u d i n a l wave of 

the same frequency however produces, i n terms of db/ysec, 

an approximately equal d i f f r a c t i o n l o s s , again no greater 

than 3% a t a l l experimental attenuations. 

5.6.3 N o n - p a r a l l e l i sm 

Figure 5.11 shows s u c c e s s i v e r e f l e c t i o n s of 

an ultrasound beam i n a sample with wedge angle 6 between 

the two opposite f l a t f a c e s . The planar wave, when 
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Figure 5.11 Successive reflections of an ultrasound wave 
in a sample with wedge angle between the 
opposite faces. 
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Figure 5.12 The appearance of the pulse-echo train 
In a sample with non-parallel faces. 
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r e f l e c t e d from a s u r f a c e not normal to i t s d i r e c t i o n of 
propagation, meets the transducer at an angle 9 to the 
perpendicular; the consequent phase d i f f e r e n c e across 
the transducer i s the cause of a non-exponential echo 
p a t t e r n . An a n a l y s i s of the s i t u a t i o n ( T r u e l l and 
Oates, 1963) r e s u l t s i n the t h e o r e t i c a l modulation of 
the echo p a t t e r n by a B e s s e l function, as shown i n 
Fi g u r e 5.12. Th i s curve i s an accurate r e p r e s e n t a t i o n 
of the observed p a t t e r n i n a n o n - p a r a l l e l sample. 

I f the sample attenuation i s of s u f f i c i e n t l y 

high a t t e n u a t i o n , only the f i r s t p a r t of the modulating 

curve w i l l be seen, as i n the case of the g l a s s e s studied 

i n t h i s work. A good approximation to the apparent 

att e n u a t i o n , e t " ' " , thus seen i s 

2 2 2 2 
1 8.68 TT f a 9 n j u / „ ^ - i 4 - 4 . - : T « ^ c A a = •- = db/unit time 5.4 

. V Jj 

where f i s the ultrasoiind frequency, a i s the radius of 

the a c t i v e a r e a o f the transducer, v i s the ultrasound 

v e l o c i t y , L the sample length, with the measurement of 

the a t t e n u a t i o n made over n echoes. 

S u b s t i t u t i o n of values corresponding to g l a s s 

samples used i n these experiments, which have a 
-4 

p a r a l l e l i c i t y between faces of 10 rad i a n s , shows a 

c a l c u l a t e d attenuation of 0.001 db/ysec a t 12MHz, only 

0.25% of the experimental attenuation, and hence n e g l i g i b l e . 

However, a wedge angle only f i v e times l a r g e r leads to 

a 6% e r r o r i n attenuation; great care i n sait^de pre

p a r a t i o n had to be e x e r c i s e d to achieve the high degree 

of p a r a l l e l i c i t y r e q u i r e d . 
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5.6.4 Coupling l o s s e s 

Losses a r i s i n g from the transducer to sample 

bonding and from the e l e c t r i c a l system contribute to the 

apparent l o s s e s i n the pulse-echo technique. With a 

sample of length L and i n t r i n s i c attenuation a per u n i t 

length, estimation of these l o s s e s may be made by the 

fo l l o w i n g procedure. 

1. The attenuation f o r one round t r i p i s 

made using one transducer as normal. This i s equal to 

2La + a^^, equal to K ^ , where â ^ i s the l o s s due to the 

coupling and e l e c t r i c a l system. 

2. The measurement i s repeated with an 

i d e n t i c a l transducer, bond and e l e c t r i c a l loading applied 

to the opposite face. The s i n g l e round t r i p attenuation 

i s then 2 L a + â ^ + a^, equal to k^, with the apparent 

attenuation due to the addition of the second transducer. 

3. Using the second transducer as the ultrasound 

generator and r e c e i v e r , a f u r t h e r measurement of at t e n 

uation i s made which should be equal to th a t measured i n 

step 2. Agreement of the two values shows sample 

homogeneity and alignment of the two transducers. 

4. A f u r t h e r measurement i s then made 

foll o w i n g the removal of the f i r s t transducer and 

a s s o c i a t e d bonding m a t e r i a l . This attenuation i s 

2aL + a^r equal to K ^ . 

Thus, by simple e l i m i n a t i o n between the three 
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equations 
^1 - ' ^ 3 ' ^ 

" = 2L 5.5 

and ~ ^2 ~ 3 ^2 ~ '̂2 ~ ^1 ^'^ 

Attenuation measurements on sample 978/2/Q using 

12.0MHz, 10 mm, Y-cut transducers and a nonaq bond, 

using a dovible-ended 50 sample-holder a t 77°K were as 

f o l l o w s : 

= 4.74 db 

K2 = 4.76 db 

= 4.74 db 

T h i s shows an apparent attenuation due to each bond and 

an a s s o c i a t e d e l e c t r i c a l system of 0.02 db, only a small 

f i g u r e i n comparison with the i n t r i n s i c attenuation i n 

the sample. 

5.7 The Sample Holder f o r use a t Low Temperatures 

The sample holder f o r use between 1.5°K and 

300°K i s designed to produce a continuous matching 

c o a x i a l t r a n s m i s s i o n l i n e to the transducer while holding 

the sample i n p o s i t i o n i n the c r y o s t a t . A diagram of 

the sample holder i s shown i n Figure 5.13. A s t a i n l e s s 

s t e e l tube with a copper wire inner core form the c o a x i a l 

l i n e . I t terminates i n a spring and a s i l v e r s t e e l 

plunger which makes a pressure contact with the inner 

transducer e l e c t r o d e . T h i s termination i s surrounded 
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by a s o l i d b rass c y l i n d r i c a l block of high thermal 
c a p a c i t y f o r minimisation of temperature gradients. 
The sample and transducer are mounted on a brass platform 
and h e l d i n contact with the plunger and block by three 
s p r i n g s wound c o n c e n t r i c a l l y around three brass columns. 
These s p r i n g s are i n turn a d j u s t a b l e i n p o s i t i o n by a 
moving platform mounted on a screw thread which turns 
on a t h i r d brass platform. T h i s t h i r d platform a l s o 
s erves to s t a b i l i s e the coluimis. 

T h i s sample anchoring device i s i t s e l f 

connected to a s e t of t h i n - w a l l e d s t a i n l e s s s t e e l tubes 

strengthened by c i r c u l a r cross-members. The tubes are 

attached to a s o l i d vacuum-tight brass d i s c which f i t s 

i n t o the top of the c r y o s t a t . The vacuum s e a l i s made 

with the a s s i s t a n c e of a rubber 0-ring. The thermo

couples and heater leads pass i n s i d e the s t a i n l e s s tubes 

and out through a vacuum s e a l to the potentiometer and 

temperature c o n t r o l l e r . 

5.8 The Helium C r y o s t a t 

The helium c r y o s t a t c o n s i s t s e s s e n t i a l l y of 

two c o n c e n t r i c double-walled g l a s s dewars, each with a 

v e r t i c a l window to allow.observation of the helium 

l e v e l , and the a s s o c i a t e d vacuum systems. Evacuation 

of the i n t e r s p a c e i s performed between experiments 

to expel any helium that may have d i f f u s e d i n , while 

the i n t e r s p a c e of the outer dewar i s a permanently 

s e a l e r vacuum. 
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To the i n s i d e of the inner dewar i s connected 
a 150 litre-atmosphere/min r o t a r y pump to evacuate the 
dewar and to p\mp on the l i q u i d helium. A constant 
pumping pressure can be maintained by a C a r t e s i a n 
Manostat, allowing a maximum f l u c t u a t i o n i n pressure of 
±h mm of mercury under most pumping conditions. These 
p r e s s u r e s are measured by a combination of a mercury 
and an o i l manometer. Using l i q u i d heli\am r e f r i g e r a n t , 
temperatures down to 1.5°K can be reached. In c e r t a i n 
experiments the range 45°K to 77°K can be conveniently 
covered by pumping on l i q u i d nitrogen. I n both cases 
the sample temperature may be obtained by comparing 
measured gas pres s u r e s with standard vapour pressure 
t a b l e s . 

Sample temperatures are measured between 

4.2°K and 30°K by using a gold-iron versus chromel 

thermocouple, and from 30°K to 300°K by using a copper 

versus constantan thermocouple. Each thermocouple i s 

f i x e d to the sample by low temperature v a r n i s h . 

C a l i b r a t i o n of these thermocouples i s performed by taking 

emm.f. measurements at three f i x e d points and f i t t i n g 

these to an equation of the form (White, 1959): 

E = a t + bt^ + ct-^ + d 5.7 

where d i s the r e s i d u a l e.m.f. with both thermocouples 

a t the ref e r e n c e temperature. 

For the gold-iron versus chromel thermocouple, 

the re f e r e n c e temperature i s l i q u i d helivmi a t 4.2°K, with 
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c a l i b r a t i o n points a t 1.5°K (pumped He), 63.15°K 
( t r i p l e point of N^) and 77.36°K ( b o i l i n g point of N2 
a t 760 mm p r e s s u r e ) . A l i q u i d nitrogen reference a t 
approximately 77.4°K, taking account of t h i s temperature 
v a r i a t i o n with p r e s s u r e , and c a l i b r a t i o n points a t 
4.2°K, 63.15°K and 273.16°K ( i c e point) are used f o r the 
copper versus constantan thermocouple. Good agreement 
was found i n experiments reported here between the es.m.f's, 
of the two thermocouples between 20°K and 40°K; the 
temperatures i n d i c a t e d u s u a l l y agreed to w i t h i n ±1/3°K. 
Measurements of these e.m.f's. are made with e i t h e r a 
T i n s l e y 3387B potentiometer or a Harwell Temperature 
C o n t r o l l e r , . b o t h capable of 1 yV r e s o l u t i o n . 

The Harwell Temperatiore C o n t r o l l e r i s al s o 

e l e c t r i c a l l y connected to a heater element c o n s i s t i n g 

of a constantan wire of r e s i s t a n c e 300 Q wound on a 

v e r m i c u l i t e frame surrounding the sample. Power i s 

aut o m a t i c a l l y supplied to the heater when the sample 

temperature f a l l s below that i n d i c a t e d and s e t on a 

f r o n t mounted d i a l , and adjustment of the time constants 

of i n t e r n a l c i r c u i t s to match the thermal i n e r t i a of the 

system allows temperatures steady to l/10th°K to be 

maintained. However, most of the experiments executed 

i n the helium c r y o s t a t were performed under conditions 

of r i s i n g temperature. At no time did the temperature 

i n c r e a s e a t a r a t e g r e a t e r than 1/3°K per minute, 

enabling measurements o f v e l o c i t y and attenuation to be 

made vinder v i r t u a l l y s t a t i c conditions. 
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Cooling of the system i s achieved by introduc
t i o n of l i q u i d nitrogen i n t o the outer dewar. The 
presence of helium gas i n the inner dewar prevents 
condensation of vapours on the sample and thermocouples. 
The sample i s thus cooled to 80°K i n approximately 
12 hours. L i q u i d helium i s then t r a n s f e r r e d i n t o the 
i n n e r dewar using a double:fwalled t r a n s f e r tube with 
pre-evacuated i n t e r s p a c e . Approximately 1 l i t r e of 
l i q u i d helium i s necessary to reduce the sample temperature 
to 4.2°K and a f u r t h e r 2 l i t r e s are added i f i t i s desired 
to reduce the sample temperature to 1.5°K by pumping. 

5.9 The Nitrogen Cryostat 

A second c r y o s t a t f o r use between 45°K and 

300°K i s a l s o a v a i l a b l e . T h i s c r y o s t a t i s of metal 

c o n s t r u c t i o n and has the u s u a l f a c i l i t i e s f o r evacuation 

of both i n t e r s p a c e and dewar. The sample holder used i n 

t h i s c r y o s t a t i s s i m i l a r to that used i n the helium 

c r y o s t a t , the only d i f f e r e n c e being the smaller s i z e 

needed f o r accommodation i n the s m a l l e r system. Copper 

versus constantan thermocouples are used for temperature 

measurement. When the Harwell Temperature C o n t r o l l e r i s 

i n use during a cooling c y c l e , temperatures can be held 

f o r l o n ^ periods with l e s s than l/20th°K f l u c t u a t i o n . 

A small a u x i l i a r y heater i s a l s o mounted underneath the 

sample holder to b o i l o f f any excess l i q u i d nitrogen 

between pumping and heating c y c l e s . 
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5.10 The High Temperature Sample Holder and Furnace 

To examine the a c o u s t i c p r o p e r t i e s of the 

samples above room temperature i t was necessary to 

c o n s t r u c t a compatible sample holder and furnace system. 

T h i s i s considered s u p e r i o r to an o i l - b a t h system f o r 

two reasons. F i r s t l y , higher temperatures are a t t a i n a b l e , 

and secondly, damping of the transducer by the o i l and 

conduction of sound at the oil-sample i n t e r f a c e produces 

erroneous r e s u l t s i n v e l o c i t y and attenuation measurements. 

The sample holder was designed so t h a t the 

s p r i n g s clamping the transducer to the e l e c t r i c a l contacts 

are out of the furnace. T h i s design i s shown i n 

F i g u r e 5.14, and ensures t h a t no l o s s of tension and l o s s 

of e l e c t r i c a l contact occurs at the high temperatures 

where the springs would normally l o s e t h e i r e l a s t i c i t y . 

The main body of the sample holder i s s t a i n l e s s s t e e l 

of consequent high thermal i n e r t i a . A 50 Q matching 

c o a x i a l l i n e c o n s i s t i n g of a copper rod and aluminous 

p o r c e l a i n tube of appropriate dimensions i n s i d e a 

s t a i n l e s s s t e e l tube form the transmission l i n e to the 

transducer. 

A platinum versus platinum-13% rhodiimi thermo

couple i n contact with the sample i s used as the temperature 

sensor, and i s connected to a Eurotherm PID/SCR s t e p l e s s 

temperature c o n t r o l l e r which sup p l i e s power to the 

furnace windings. 

The furnace i s made of sindanyo, an asbestos 

compound, with a m u l l i t e core Ik" i n diameter and 
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12" i n l e n g t h . V e r m i c u l i t e packing forms the thermal 
i n s u l a t i o n . The furnace winding i s Kanthol wire of 
t o t a l r e s i s t a n c e 26 t o match the output of the 
Eurotherm temperature c o n t r o l l e r . This winding of 
100 t u r n s i s made i n such a way as t o produce only the 
minimum of temperature gradients. On i n t r o d u c t i o n of 
the sample holder, t h i s i d e a l c o n d i t i o n i s somewhat 
perturbed, but thermocouples placed a t both ends of the 
sample evidenced temperature d i f f e r e n c e s no greater than 
1.5°K across the sample. 

The maximiam operating temperature o f about 

1000°C i s defined by the m a t e r i a l s of c o n s t r u c t i o n , 

but l i m i t a t i o n s o f transducer, bond and sample precluded 

use above about 400°K. 
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6.1.1 The temperature dependence of ultrasound 
a t t e n u a t i o n and v e l o c i t y between 4.2'"'K and 400°K 

To assess the e f f e c t s o f composition and phase 

separation on the acoustic p r o p e r t i e s of the Na20-B202-Si02 

glasses of t h i s work, a programme of measurement of the 

temperature dependence of ultrasound a t t e n u a t i o n and 

v e l o c i t y between 4.2°K and 400°K has been undertaken on 

a v a r i e t y of samples. 

The temperature dependences of ultrasound at 

12.0 MHz f o r samples 1/Q, 1/48, 2/Q, 2/48, 3/Q, 4/Q, 

5/Q, 7/Q and V Q are shown i n Figures 6.1 t o 6.9. Both 

l o n g i t u d i n a l and shear wave c h a r a c t e r i s t i c s are presented 

f o r the f i r s t seven of these samples, and only the shear 

wave a t t e n u a t i o n f o r the l a s t two. The feature common 

t o a l l the a t t e n u a t i o n c h a r a c t e r i s t i c s i s a broad loss 

peak t h a t extends over the whole range of temperature 

covered. This peak i s s i m i l a r i n nature t o the acoustic 

loss peak observed i n Si02 and other inorganic glasses. 

I n the Na20-B202-Si02 glasses the i n t e n s i t y and p o s i t i o n 

of the maximum acoustic loss i s a f u n c t i o n of both glass 

composition and heat treatment; f o r sample 8/Q the peak 

has become so broad and low t h a t the actual peak p o s i t i o n 

i s d i f f i c u l t t o determine. Another noticeable f i n d i n g i s 

t h a t the loss f o r the l o n g i t d u i n a l wave i s less than t h a t 

f o r the shear wave. Similar behaviour has been observed 

i n v i t r e o u s Si02. 
Also necessary f o r a comprehensive i n v e s t i g a t i o n 

i s the measurement o f ultrasound attenu a t i o n i n glasses 
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o f the same composition but w i t h a range o f times of 
heat treatment. Figure 6.10 i l l u s t r a t e s the acoustic 
shear loss between 45°K and 300°K i n glasses 1/96, 
1/168, 2/96 and 2/168, w i t h the dashed l i n e s representing 
data from Figures 6.1 t o 6.4 f o r samples 1/Q, 1/48, 2/Q 
and 2/4 8. These r e s u l t s depict the r i s e i n maximum 
acoustic loss and upward s h i f t i n peak temperature as 
the time of heat treatment at 550°C i s increased. A 
small s u b s i d i a r y peak of increasing amplitude from sample 
2/96 t o 2/168 appears at about 280°K, and i s also seen 
i n the acoustic a t t e n u a t i o n c h a r a c t e r i s t i c of sample 8/Q. 

I f an acoustic loss peak i s due t o a r e l a x a t i o n 

mechanism i t i s usual t o study i t s p o s i t i o n a l dependence 

upon frequency and so f i n d the a c t i v a t i o n energy and 

attempt frequency of the process responsible. For the 

Na20~B202-Si02 glasses of t h i s present study i t i s found 

t h a t the peak temperature and maximum acoustic loss 

increase w i t h increasing acoustic frequency. Examples 

ef t h i s e f f e c t are i l l u s t r a t e d i n Figures 6.11 and 6.12 

which show the temperature dependence of acoustic shear 

loss f o r the heat t r e a t e d sample 1/4 8 at 12.0 MHz, 

20.0 MHz and 36.0 MHz acoustic frequencies, and f o r the 

quenched sample 2/Q a t 12.0 MHz, 15.0 MHz and 20.0 MHz 

acoustic frequencies. An attempt t o measure the acoustic 

loss f o r sample 2/Q at 36.0 MHz was made, but the loss 

a t the peak maximum was too high t o be r e l i a b l y measured. 

The maximum losses are approximately l i n e a r l y dependent 

t o the acoustic wave frequency and the s h i f t i n peak 
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temperature i s small; once again s i m i l a r behaviour 
has been noted i n v i t r e o u s Si02. 

To f u r t h e r i n v e s t i g a t e the mechanism responsible 
f o r the l a r g e acoustic loss peak, measurements o f loss 
a t several acoustic frequencies were made at d i f f e r e n t 
temperatures i n the range 1.4°K t o 400°K. Losses higher 
than 4 db/ysec were measured from chart recordings of 
the echo p a t t e r n . A Box-Car detector system and an X-Y 
recorder connected i n t o the video c i r c u i t of the attenua
t i o n comparator allowed accurate reproduction of the 
echo d i s p l a y . A t y p i c a l r e s u l t i s shown f o r sample 
1/48 i n Figure 6.13 where ultrasound a t t e n u a t i o n i s 
p l o t t e d against lo^-j^Q (frequency) . Assuming loss i s 
p r o p o r t i o n a l t o (frequency)^, t h i s p l o t allows evaluation 
of the exponent n at each temperature. 

A mechanism which attenuates an ultrasound wave 
should also produce an accompanying change i n e l a s t i c 
modulus and hence ultrasound v e l o c i t y . I t I s important 
t o measure the ultrasound v e l o c i t y as a f u n c t i o n of 
temperature i n the same samples used f o r the measurement 
of a t t e n u a t i o n ; throughout the work ultrasound attenua
t i o n and v e l o c i t y have been measured simultaneously. 
Figures 6.14 t o 6.19 show the temperature dependence of 
l o n g i t u d i n a l and shear wave v e l o c i t i e s i n samples 1/Q, 
1/48, 2/Q, 2/48, 4/Q and 5/Q between 4.2°K and 400°K. 
Shear wave v e l o c i t i e s only between 45°K and 400°K f o r 
samples 7/Q and 8/Q are presented i n Figure 6.20. The 
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v e l o c i t i e s have been corrected f o r phase s h i f t e f f e c t s 
at the transducer-sample i n t e r f a c e as d e t a i l e d i n 
Section 5.2. A l l v e l o c i t i e s show smooth v a r i a t i o n s w i t h 
temperature and evidence a r e l a x a t i o n i n e l a s t i c modulus. 
The v e l o c i t i e s decrease t o a minimum value at a temperature 
higher than the p o s i t i o n of maximum acoustic loss, but 
r i s e again t o reach a steady r a t e of increase by 400°K. 
Absolute values of v e l o c i t y , the f r a c t i o n a l r e l a x a t i o n 
i n v e l o c i t y and the f r a c t i o n a l change i n v e l o c i t y w i t h 
temperature dV/VdT at 400°K vary both w i t h sample 
composition and time of heat treatment. 

I n Table 6.1 are c o l l e c t e d ultrasound shear and 

l o n g i t u d i n a l v e l o c i t i e s at 280°K f o r a l l the samples 

studie d . A wide range of ultrasoxand v e l o c i t i e s i s 

e x h i b i t e d by the Na20-B2p2-Si02 glasses of t h i s work. 

6.1.2 The temperature depehdehce o f ultrasouhd 

a t t e n u a t i o n and v e l o c i t y below .4 .2°K 

To gain i n f o r m a t i o n about the low temperature 

v i b r a t i o n a l p r o p e r t i e s o f Na20-B202-Si02 glasses, 

measurements of ultrasound a t t e n u a t i o n and v e l o c i t y were 

made from 4.2°K t o as low temperatures as could be reached 

i n the c r y o s t a t , about 1.4°K. Figures 6.21 t o 6.23 show 

the temperature dependence of ultrasound attenuation of 

both shear and l o n g i t u d i n a l waves i n selected samples 

of the glasses a t 12.0 MHz and 36.0 MHz acoustic frequencies 

These r e s u l t s are p l o t t e d from data o r i g i n a l l y intended 

f o r the study of attenuation-frequency dependences below 
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4.2°K, an example of which i s , shown i n Figure 6.24. 
Measurements were made by t u n i n g the pulsed o s c i l l a t o r 
t o each frequency a t each temperature. Figures 6.21 
and 6.23 include i n f o r m a t i o n taken from the 4.2°K t o 
400°K measurements, and Figure 6.22 incorporates data 
from the a t t e n u a t i o n versus temperature experiments at 
36.0 MHz on sample 1/48. 

There i s a small peak i n the acoustic attenu a t i o n 
a t a temperature below 4.2°K f o r a l l the samples studied, 
and f o r both l o n g i t u d i n a l and shear waves. This peak 
i s i n a s i m i l a r p o s i t i o n t o the peak observed i n other 
i n o r g a n i c glasses (Krause and K u r k j i a n , 1968), about 
which much i n t e r e s t has been r e c e n t l y centred. As such, 
t h i s anomalous property o f the Na2O-B202~SiO2 glasses 
i s of great importance. The peak i s superimposed on the 
side of the much l a r g e r acoustic absorption which 
maximizes a t 100°K t o 130°K, and the t o t a l measured attenua
t i o n f a l l s r a p i d l y below 2°K. An increase i n the acoustic 
frequency has the e f f e c t of s h i f t i n g the maximum o f the 
small peak t o a higher temperature, but an exact determina
t i o n o f the peak tenperature i s complicated by the 
existence of the l a r g e r acoustic loss on t o which i t 
i s imposed. 

To t r y t o a s c e r t a i n the a c t i v a t i o n energy and 

attempt frequency of t h i s low temperature absorption 

mechanism, c a r e f u l a t t e n u a t i o n and v e l o c i t y measurements, 

were repeated on samples 4/Q, and 2/Qii; t h i s l a t t e r 

sample i s a second glass prepared from batch 2. These 
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experiments were undertaken w i t h the pulsed o s c i l l a t o r 
of the a t t e n u a t i o n comparator f i x e d at each frequency 
throughout a complete c o o l i n g cycle. I t i s b e t t e r t o 
avoid r e t u r n i n g the o s c i l l a t o r between measurements and 
t h i s approach f u l f i l l s t h i s requirements That' the sample 
reached e q u i l i b r i u m i n about 4 minutes a f t e r each 
temperature change was evidenced by constant v e l o c i t y . 
and a t t e n u a t i o n readings. However, t o make c e r t a i n of 
steady s t a t e c o nditions the system was allowed t o 
s t a b i l i s e f o r 15 minutes before each measurement was made. 
Use of the ca r t e s i a n mahostat f o r pressure c o n t r o l while 
pumping on the l i q u i d helium ensured good temperature 
c o n t r o l during the measurements, temperature d r i f t over 
the 15 minute period d i d not exceed l/30th°K. 

Figures 6.25 t o 6.29 show the r e s u l t s o f these 
experiments. The features of acoustic attenu a t i o n are 
much the same as those o f Figures 6.21 t o 6.23. A much 
smaller a c t i v a t i o n energy i s associated w i t h the smaller 
peak mechanism than w i t h the la r g e r peak on t o which i t 
i s imposed (a p o i n t t o be discussed i n greater d e t a i l 
l a t e r ) , and the smaller peak thus s u f f e r s a l a r g e r s h i f t 
i n temperature w i t h increasing acoustic frequency. Thus, 
between 12.0 MHz and 60.0 MHz,, the small peak appears 
t o climb up the steep r i s e i n acoustic a t t e n u a t i o n and 
consequently the a t t e n u a t i o n a t i t s maximum i s not a 
simple f u n c t i o n of acoustic frequency. 

Ultrasound v e l o c i t i e s are also reported as a 
f u n c t i o n of temperature f o r each acoustic frequency i n 
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Figures 6.25 t o 6.29, and have been corrected as d e t a i l e d 
i n Section 5.2. These v e l o c i t i e s are l i n e a r l y dependent 
on temperature down t o about 2°K, where they then f l a t t e n 
out. The s c a t t e r of r e s u l t s i s l a r g e s t at 60.0 MHz 
where the increase i n a t t e n u a t i o n and decrease i n number 
of echoes a v a i l a b l e f o r superposition reduces the 
s e n s i t i v i t y of the measurement. Ultrasound shear 
v e l o c i t i e s change by less than 0.1% over the temperature 
range 4.2°K t o 2°K, and equal temperature gradients are 
e x h i b i t e d at d i f f e r e n t acoustic frequencies by the same 
sample. 



00 

C >j o a <r u" «c r> <ti fM 00 o crci r-i m o 
• « • • • • • • • • • * • « • • • • « • 

O O O O o O O O O O O O C O O O o O C O O C O 
Q. 

o 
o 

a; 
a 

«_} 
C 

(>0 
O U; U l UJ U.I ai UJ UJ U i UI UJ UJ UJ Ul l i J U. UJ Lk> l i J UJ LL' UJ l i -
? K-v fvj O r . 'J- »f P'j O a ; o fO i P rr, J - r< r - ' rv >o ir 
D CT- a : (M o- <o * o " - I cv' r ' •-' if> «o C^ •-< (M rf'i ff 1 ,o ̂  
O fvi m <M (\j »-< ̂  tf\ »o fvj «t >*• u fvi a C' s t fsj i n 
> • • • • • • • • 

St: o 
cc 
rvj 

O' 
< U/ U.1 at UJ U.I UJ a ' U.I U. UJ UJ LU UJ LL' LL UJ a ' UJ UJ a. U-
u j fM r-< iri o fvi r - i »o 4- f v 0 o «c i n ̂  h tf • IT 

fM o j ^ 
o 

u 
1/1 

< 
- I 
O 
U-
c 

o 
00 o tH tf\ 

r i o O r-l <\t 
c a 

o ^ 
h- ro o o o m c ̂  

i n o 

fvi ( v r.i f v tvj CM (\J (V f v fv' fvi <M fvj Ck' f\i r.' f\) f\j i - i 

r-4 
- •-• 
a. o. U; 
r- >!• f» <M 
o m i-i 
m a a> o • 

c If. i n i n m i f i n U U1 i n i n IT. i r . IT IT. IT if^ i n i n IT i n 
o o o o o o c c o c o o C o o o o c O O O o 
LU UJ UJ UJ a- Ul a i a a a a a UJ a ai a a i a a a i a 
»-< c i n o o m m o i n i n ^ c i - i o o O 
(M t r m r j O u <r <\ oc a C' r - >t a> CM 

> (Vl o i n M h- i n (\j >* o 0- t\. o f\j »c o C 
OD cr 00 oc i n i n o m or. >o i r u> o'< o 

OJ (M t\> rvi CM f\! n j rvj (\j ro rn (M 

o 
< 
t/1 
ai 

o c _J a: > 

m i n i n i n i n m i n i n i n i n i n m i n m IT i n m i n i n IT m 
O O o o O o O O o o o o o o o o o o o o O o 

UJ a a i a i UJ a< a i a i a a ' a a.' a. a i a- a . a a a ' a i U UJ 
a o o o »!• c 00 m r H o fi o o o cr ro a 

e >t m <-< m i-» i n o ^ i r c «c. >n >t 
c O 1-1 m a rvj a m o •4- >f CVI 

00 00 i n ro 00 i n m ^ o (M <o 0^ 

^l <l•^^•'^<^•«t«^•s^«^s^'4^4»^•4 - i ^ i ^ f r ) i n i n > t 

o 

o 
o 

l / l 

a o 
h - o ^ o o m ( \ ) n > o O O D a D i r r n > 4 (M •£> o O r\i o <t o r-* 

l / i ^ ^ ^ ^ , - ^ ^ 0 0 0 0 0 0 . - ^ O O ^ H ^ O C ^ ^ ' « ^ • » - * 

a)fCr^p3N<^rgp3ro«^fM(\jfM(>jrorgf\jr>j(Nj.-tfvif\jfvj 

o o 

ai 

I/) 
oc a >* 

<f K >o ^ O on vP .4 O or ai 
CM ̂  o> u o fM * tr r i u c c o <t c o o c? o 
^ ^ , M r < » - < r s j r o t M f v j ( M ( v r i « * 4 i n u > o i ^ o D ( r o 

o 
a 
QC 
ai 



NoiiDiWd nvNyaiNi 

01 </) -J 

UJ 
(T 
D 
I-
< 
cc. 
Ml 
a . 

UJ 

(Dasf//qp) NOIlVnN3ilV DINOSVbnn 



-2 S 8 2 8 
00 

o. E 
O 

C 

o 
c 

< z 
Q 

N H 
3: a T 2 < o 

Oi U) -J 

. I 

. I 8 
to 

c 
o 
1/1 o 

ft) 

1 
GL 
•a 

c_ 3 

O. ' 
E 

CM 
O 
( -
9 

11. 
in 

A/ 
• i l 

.11' 

• • . . I 

Ml. 

•0 
o 

(D»tf//qp) NOIlVflNailV DINOSV«nn 

o o 

UJ 

cc 

< 
UJ 
Q. 
UJ 



CM 

Q. 
E 
O 
0 

c o 
•* 
o 
3 C 

o 

c 

8 
2 

u c 
c 
V 
Q. 
«» 

o 
c 
E 
to 

in 

P to 

NOIlDIWd nVNH31NI 

O 
oi 

N 

< 
z 
Q 
ZD 
H 

i 5^ 
o 

.1 

I I 

I 
I 

I 

I • 
I 

in 
O 

(a»si//qp) NOIlVflNBllV DINOSVbnn 

8 

tu 
a: 
D 
I -
< 
CC 
hi 
Q. 
UJ 

8 

/ 



NOIlDIWd HVNWaiNI 
O 
T 

o 8 8 

< z 
Q 
ZD 

»«* H 
T. CC -

O I o 
C>| w -J 

• I 

o o 
to 

* I 

• I 
* I 

o 
UJ 
a: 
D 
J-
< 
cc UJ Q. 
UJ 
I -

••..•\ 
O O 

I" 

J ! 

in in 6 
(D»$i//qp) NOIlVnN311V DINOSV Ĵim 
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I n t r o d u c t i o n 

T h i s c h a p t e r i s devoted t o a d i s c u s s i o n o f t h e 

r e s u l t s f r o m t h e measurements o f a c o u s t i c a l and o t h e r 

p h y s i c a l p r o p e r t i e s o f t h e Na20-B2P2-Si02 glasses made 

i n t h e course o f t h i s s t u d y . T h i s d i s c u s s i o n i s con

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

v i t r e o u s m a t e r i a l s . The ch a p t e r commences w i t h an 

e x a m i n a t i o n o f t h e d e n s i t i e s o f t h e Ha^O-B^O^-S^Q^ 

g l a s s e s , and some p r e l i m i n a r y c o n c l u s i o n s are drawn 

as t o t h e i r s t r u c t u r e . I n S e c t i o n 7.2 t h e a c o u s t i c 

l o s s mechanism i n b o t h Na2O-B203-SiO2 and SiO^ glasses 

i s i n v e s t i g a t e d i n d e t a i l . A l s o i n c l u d e d i n t h i s 

s e c t i o n i s an e n q u i r y i n t o t h e more g e n e r a l e f f e c t s o f 

sample c o m p o s i t i o n upon t h e u l t r a s o u n d p r o p a g a t i o n 

c h a r a c t e r i s t i c s . The t h i r d s e c t i o n o f t h i s c h a p t e r 

c o n t a i n s a svirvey o f t h e e f f e c t o f advancing phase 

s e p a r a t i o n on t h e a c o u s t i c p r o p e r t i e s o f Na20-B202-Si02 

g l a s s e s , and a p r o p o s a l i s made t o account f o r t h e 

observed b e h a v i o u r . Chapter 7 clo s e s w i t h a s c r u t i n y 

o f t h e s m a l l a c o u s t i c l o s s peak which occurs i n these 

and o t h e r i n o r g a n i c glasses i n t h e l i q u i d h e l i u m range 

o f t e m p e r a t u r e . Some p o s s i b l e causes o f t h i s low 

te m p e r a t u r e f e a t u r e o f t h e u l t r a s o u n d p r o p a g a t i o n 

c h a r a c t e r i s t i c s are reviewed i n t h e c o n t e x t o f r e c e n t 

advances i n t h e u n d e r s t a n d i n g o f t h e v i b r a t i o n a l 

p r o p e r t i e s o f g l a s s y m a t e r i a l s . 
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7.1.1 The d e n s i t y o f t h e Na20-B2p.2-Si02 glasses 

Much i n f o r m a t i o n about t h e s t r u c t u r e o f a s o l i d 

may be gained from one o f i t s most fundamental p r o p e r t i e s , 

t h e d e n s i t y . B e f ore e n t e r i n g i n t o a d e t a i l e d d i s c u s s i o n 

o f t h e r e s u l t s f r o m t h e u l t r a s o n i c measurements o f t h e 

Na20-B202-Si02 glasses we w i l l examine t h e c o m p o s i t i o n a l 

dependence o f t h e d e n s i t i e s and draw some i n i t i a l con

c l u s i o n s about t h e p a c k i n g o f t h e atoms. 

Both Si02 and ̂ 20^ are g l a s s f o r m e r s , t h a t i s 

t h e y can r e a d i l y f o r m a g l a s s l a t t i c e . Na20 i s a network 

m o d i f i e r ; w h i l e n o t capable o f f o r m i n g a g l a s s alone i t 

can e n t e r a g l a s s l a t t i c e composed o f one o f t h e gl a s s 

f o r m i n g s e r i e s o f compounds, and m o d i f i e s t h e s t r u c t u r e . 

T h e r e f o r e t h e d e n s i t y o f a g l a s s w i l l be determined 

l a r g e l y by t h e g l a s s f o r m i n g molecules b u t w i l l be 

a d j u s t e d by t h e a d d i t i o n o f a m o d i f i e r . We can c a l c u l a t e 

a t h e o r e t i c a l d e n s i t y f o r t h e Na20-B202-Si02 glasses by 

c o n s i d e r a t i o n o f t h e mole f r a c t i o n s and p a r t i a l molar 

volumes o f t h e c o n s t i t u e n t s t h r o u g h t h e e q u a t i o n 

i 
E x^m^ 

Pcalc = 
E X.V. 

where m^ i s t h e m o l e c u l a r w e i g h t o f each c o n s t i t u e n t . 

As cho i c e s f o r t h e d e n s i t i e s o f t h e g l a s s formers we 

w i l l t a k e t h a t f o r v i t r e o u s Si02 as 2.20 g/cm"̂  

( F r a s e r , 1968) and t h a t f o r v i t r e o u s B^O^ as 1.84 g/cm"^ 

(Uhlamann and Shaw, 1970), i n d i c a t i n g p a r t i a l molar 
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3 3 
volumes o f 27.3 cm /mole and 37.8 cm /mole r e s p e c t i v e l y . 

Only t h r e e s i g n i f i c a n t f i g u r e accuracy i s used i n t h e 

f o l l o w i n g c a l c u l a t i o n s as these d e n s i t i e s are dependent 

on w a t e r c o n t e n t and f i c t i v e t e mperature i n q u i t e a complex 

manner. For convenience we w i l l t a k e t h e p a r t i a l molar 

volume o f Na20 as: z e r o , and an i n t e r p r e t a t i o n o f t h e 

r e s u l t s w i l l be made w i t h t h i s f a c t i n mind. Comparison 

between c a l c u l a t e d and e x p e r i m e n t a l v a l u e s o f d e n s i t y 

f o r t h e gl a s s e s o f t h i s work i s made i n F i g u r e 7.1 where 

t h e d e n s i t i e s o f each c o m p o s i t i o n i s p l o t t e d a g a i n s t 

wt% Na20. 

The f i r s t i m p o r t a n t f e a t u r e shown by these 

r e s u l t s i s t h a t t h e c a l c u l a t e d and e x p e r i m e n t a l d e n s i t i e s 

f o r t h e b i n a r y g l a s s e s 6/Q and 7/Q agree t o w i t h i n about 

1.5%. They are a l s o c l o s e t o t h e values o f d e n s i t y 

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

i n t h e r e v i e w paper o f Uhlmann and Shaw (1971) which 

a r e shown i n comparison t o t h e t h e o r e t i c a l d e n s i t i e s 

c a l c u l a t e d f r o m t h e p a r t i a l molar voliames i n F i g u r e 7.1. 

I t i s most p r o b a b l e t h e n t h a t t h e s t r u c t u r e o f B2P2-Si02 

gl a s s e s i s l o c a l l y v e r y s i m i l a r t o t h e single-component 

p a r e n t compounds, and i s m a i n l y SiO^ t e t r a h e d r a and BQ^ 

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

c a t i o n - o x y g e n - c a t i o n bond l e n g t h s . No c o n c l u s i o n s may 

be drawn as t o t h e c l u s t e r i n g o f t h e species i n t h e 

s t r u c t u r e b u t i t i s w e l l known t h a t g l a s s - i n - g l a s s 

phase s e p a r a t i o n occurs i n t h e B202-Si02 system 

(Charles and Wa g s t a f f , 1968). 
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Figure? I Calculated(e» and expelrimentalr) densities for 
B2O3 - SIO2 and Na20 - B2O3 - Si02 glasses. 
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For t h e gl a s s e s which c o n t a i n f r o m 3.3 wt% 
t o 19.8 w t % Na20 t h e c a l c u l a t e d values o f d e n s i t y are 
o n l y s l i g h t l y l a r g e r t h a n t h e e x p e r i m e n t a l values 
e v i d e n c i n g t h a t t h e p a r t i a l molar volume o f t h e Na20 
sp e c i e s i s v e r y s m a l l . Thus t h e Na20 molecules e n t e r 
t h e B202-Si02 g l a s s network and r e s i d e a t ho l e s o r 
vac a n c i e s i n t h e l a t t i c e . For f u r t h e r e l a b o r a t i o n on 
t h i s p o i n t i t i s necessary t o d i g r e s s a l i t t l e and 
examine t h e d e n s i t i e s and s t r u c t u r a l models f o r 
Na20-Si02 and Na20-B2p2 g l a s s e s . 

7.1.2 The d e n s i t i e s and s t r u c t u r a l models f o r 

Na20-Si02 and Na20-B2P2 glasses 

Robinson (1969) and Kruger (1972) have shown 

t h a t f o r a Na20-Si02 g l a s s t h e d e n s i t y i s n o t s i m p l y 

d e t e r m i n e d by t h e p a r t i a l molar volume o f each con

s t i t u e n t , b u t a r a t h e r more c o m p l i c a t e d r e l a t i o n s h i p 

p r e v a i l s . I t i s t h o u g h t t h a t when a Na20 molecule 

e n t e r s a Si02 g l a s s l a t t i c e , one b r i d g i n g oxygen atom 

j o i n i n g two a d j a c e n t SiO^ t e t r a h e d r a i s r e p l a c e d by 

two n o n - b r i d g i n g oxygen atoms f a c i n g each o t h e r , and 

t h e two Na"*" i o n s are t h e n l o c a t e d i n t h e s t r u c t u r e 

n e a r t h i s s i t e (Urnes, 1967). T h i s has t h e e f f e c t o f 

weakening t h e network and as di s c u s s e d i n Chapter 3, 

t h e u l t r a s o u n d v e l o c i t y decreases. An expansion o f 

t h e g l a s s l a t t i c e a l s o r e s u l t s , and t h e Na20 occupies 

a f i n i t e p a r t i a l molar volume. 
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On a d d i t i o n o f Na20 t o v i t r e o u s ^2^3' s t r u c t u r a l 
changes o f q u i t e a d i f f e r e n t n a t u r e t a k e p l a c e . Pure 
^2^3 c o n s i s t s m a i n l y o f BO^ t r i a n g l e s w i t h about 1% BO^ 
t e t r a h e d r a (Bray, 1967). I n t h e presence o f t h e network 
m o d i f y i n g Na20, t h e boron atoms change t h e i r c o o r d i n a t i o n 
number f r o m 3 t o 4 and a s t r e n g t h e n i n g o f t h e l a t t i c e 
ensues (Bray and O'Keefe, 1963). The sodium i o n s r e s i d e 
i n h o l e s i n t h e l a t t i c e and t h e oxygen atom donates an 
e l e c t r o n t o two boron atoms which t h e n assume a t e t r a h e d r a l 
environment by s h a r i n g t h e e x t r a oxygen i o n ( S i l v e r and 
Bray, 1958). Biscoe and Warren (1938) have noted t h a t 
t h e 'average' B-O d i s t a n c e i n c r e a s e s s l o w l y from 1.39 R 
to 1.48 S on a d d i t i o n o f Na20. The l a t t i c e s t i l l expands 
i n t h e presence o f an a l k a l i o x i d e network m o d i f i e r , b u t 
n o t on t h e same s c a l e as glasses i n t h e Na20-Si02 system. 

To demonstrate t h a t Na20 occupies a l a r g e r 

p a r t i a l molar volume i n a Si02 based t h a n a ^2^3 based 

l a t t i c e , we may compare t h e d e n s i t y d a t a on Na20-Si02 

and Na20-B202 gl a s s e s w i t h t h e va l u e s c a l c u l a t e d t h r o u g h 

e q u a t i o n 7.1, u s i n g a zero, v a l u e f o r t h e p a r t i a l molar 

voliime f o r Na20 as b e f o r e . T h i s comparison i s seen i n 

F i g u r e 7.2. We observe t h a t t h e a l k a l i o x i d e occupies 

a l a r g e r p a r t i a l molar volume i n t h e Si02 than i n t h e 

B2O2 l a t t i c e over t h e e n t i r e c o m p o s i t i o n a l range o f t h e 

diagram as w i t n e s s e d by t h e g r e a t e r d i f f e r e n c e between 

c a l c u l a t e d and e x p e r i m e n t a l d e n s i t i e s i n t h e Na20-Si02 

g l a s s e s . I n f a c t , between 0% and 12% (wt) Na20 t h e r e 
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i s a c t u a l l y a c o n t r a c t i o n i n t h e ̂ 2^3 l a t t i c e . T h is i s 
most p r o b a b l y caused by t h e a t t r a c t i o n o f t h e s m a l l , 
charged Na"*" c a t i o n and t h e oxygen atoms i n t h e g l a s s y 
s t r u c t u r e . 

I n t h e l i g h t o f t h e i n f o r m a t i o n on Na20-Si02 

and Na20-B202 we can s p e c u l a t e a l i t t l e on t h e s t r u c t u r e 

o f t h e Na20-B202-Si02 glasses o f t h i s p r e s e n t concern. 

From t h e o b s e r v a t i o n t h a t t h e r e i s o n l y a s m a l l expansion 

o f t h e B202-Si02 g l a s s f o r m i n g l a t t i c e on t h e i n t r o d u c t i o n 

o f t h e a l k a l i o x i d e network m o d i f i e r we can conclude 

t h a t most o f t h e Na20 molecules c o n c e n t r a t e i n t h e r e g i o n s 

o f t h e s t r u c t u r e which are l o c a l l y h i g h i n ̂ 20^, where 

t h e m o d i f y i n g molecules can t a k e up such p o s i t i o n s t o 

cause o n l y s m a l l i n c r e a s e s i n t h e voliime o f t h e l a t t i c e . 

I n s u p p o r t o f t h i s c o n c l u s i o n t h e t i e - l i n e s on t h e 

t e r n a r y diagram o f t h e Na20-B2Q2-Si02 system are such 

as t o i n d i c a t e t h a t t h e g l a s s separates i n t o a h i g h 

B202-high Na20 phase and a h i g h Si02-low Na20 phase 

(see Chapter 4 ) . Thus, i n a Na2O-B203-SiO2 g l a s s , we 

can e x p e c t , on a d d i t i o n o f Na20, an i n c r e a s e i n t h e 

c o o r d i n a t i o n nxomber o f t h e boron atoms from 3 t o 4 and 

hence a g e n e r a l s t r e n g t h e n i n g o f t h e l a t t i c e due t o 

f u r t h e r c r oss l i n k i n g i n t h e s t r u c t u r e . We cannot 

e x c l u d e however t h e p o s s i b i l i t y o f t h e c o l l e c t i o n o f 

Na20 molecules a t Si-O-Si s i t e s though such an 

oc c u r r e n c e w i l l be l e s s f r e q u e n t . 
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7.2 The: u l t r a s d u h d p r o p a g a t i o n c h a r a c t e r i s t i c s and 

t h e e f f e c t s o f c o m p o s i t i o n i n Na^OHB20.^-5102 

glasses 

7.2.1 U l t r a s o u n d a t t e n u a t i o n i n Na20-B20^-Si02 glasses 

The p r o p a g a t i o n b e h a v i o u r o f an u l t r a s o u n d s t r e s s 

wave i n a s o l i d i s determined by the a t t e n u a t i o n and 

v e l o c i t y o f t h e wave. P r o p e r t i e s o f a s o l i d t h a t are 

s u f f i c i e n t l y w e l l c oupled t o t h e l a t t i c e w i l l cause 

changes i n t h e a t t e n u a t i o n and v e l o c i t y o f t h e wave, and 

an assessment o f t h e i r i n d i v i d u a l i n f l u e n c e s on the propa

g a t i o n b e h a v i o u r i s d e s i r a b l e . We have seen i n Chapter 3 

how t h e p r o p a g a t i o n c h a r a c t e r i s t i c s o f v i t r e o u s Si02 and 

many o t h e r i n o r g a n i c glasses are dominated by a l a r g e 

a c o u s t i c a b s o r p t i o n peak t h a t occurs below room temperature. 

The Na20-B202-Si02 glasses t o o e x h i b i t t h i s l a r g e a c o u s t i c 

l o s s peak and t h e a s s o c i a t e d changes i n e l a s t i c modulus. 

However, i n t h e glasses o f t h i s p r e s e n t study t h e r e are 

two o t h e r phenomena which can make a c o n t r i b u t i o n t o t h e 

observed a c o u s t i c a t t e n u a t i o n , namely R a y l e i g h s c a t t e r i n g 

a t p h a s e - s e p a r a t i o n b o u n d a r i e s , and t h e r m o e l a s t i c l o s s . 

We s h a l l e s t i m a t e t h e magnitude o f t h e l o s s due t o each 

o f t h e s e mechanisms t o determine t h e e x t e n t o f t h e i r 

e f f e c t on t h e measured a t t e n u a t i o n . 

S c a t t e r i n g o f t h e ph a s e - s e p a r a t i o n boundaries 

S c a t t e r i n g o f s t r e s s waves i n a s o l i d may be 

caused by d i f f e r e n c e s i n t h e e l a s t i c p r o p e r t i e s from 

p o i n t t o p o i n t , and t h e magnitude o f t h e r e s u l t a n t l o s s 
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i s dependent on the space d e r i v a t i v e s of the e l a s t i c i t y 
and d e n s i t y . I n general, inhomogeneities such as neutron 
damaged portions of a s o l i d or voids and bubbles w i l l 
give r i s e to s c a t t e r i n g of an ultrasound wave. So too 
w i l l the phase separated regions of the g l a s s e s of t h i s 
study. 

The s c a t t e r i n g c r o s s s e c t i o n and hence the 

a c o u s t i c attenuation r e s u l t i n g from the changes i n density 

and e l a s t i c constant between the phases i s d i f f i c u l t to 

c a l c u l a t e as no exact d e t a i l s of these v a r i a b l e s are 

a v a i l a b l e . However, the wavelength of the ultrasound 

wave at 12 MHz i s approximately 0.5 mm and therefore i s 

much g r e a t e r than the dimensions of the phase-separated 

regions. I t i s thus l i k e l y t h a t the wave s u f f e r s very 

l i t t l e d i r e c t Rayleigh s c a t t e r i n g . Further evidence for 

t h i s assiimption i s t h a t there i s no o v e r a l l temperature 

independent i n c r e a s e i n the ultrasound attenuation i n the 

sequence of g l a s s e s from 2/Q to 2/168 where the droplet 

s t r u c t u r e d regions grow from 50o£ to 5y i n s i z e . Inspection 

of the Na20-B2p2-Si02 g l a s s e s under both the o p t i c a l and 

e l e c t r o n microscope r e v e a l s the absence of any large voids 

or bubbles. Thus we can conclude that s c a t t e r i n g 

mechanisms make n e g l i g i b l e contributions to the observed 

a c o u s t i c attenuation. 

Thermoe1as t i c 1oss 
. ^ 

When a l o n g i t u d i n a l s t r e s s wave propagates 

through a s o l i d , there are at any one i n s t a n t a l t e r n a t e 

regions of d e n s i f i c a t i o n and r a r e f a c t i o n of the m a t e r i a l . 
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These regions s u f f e r changes i n temperature, and l o c a l 
temperature gradients are s e t up. The flow of heat between 
these regions i s accompanied by the production of entropy 
and a d i s s i p a t i o n of energy, which r e s u l t s i n the attenua
t i o n of the sound wave. Liicke (1956) has derived the 
equation d e s c r i b i n g the thermoelastic l o s s as 

_ 8.686 2Tr^ . AM a)^.t^ , _ _ a — — . - _ ^ d b / y s e c 7.2 
O 1+0) T 

where T i s the r e l a x a t i o n time f o r the flow of heat equal 
2 

to K/pCpv . The term AM/MQ i s t h e , f r a c t i o n a l d i f f e r e n c e 

between the a d i a b a t i c and isothermal e l a s t i c moduli which 

determine the v e l o c i t y of the sound wave. Rel a t i o n s h i p s 

f o r AM/MQ f o r i s o t r o p i c m a t e r i a l s are not a v a i l a b l e i n the 

l i t e r a t u r e , but f o r a cubic c r y s t a l with l o n g i t u d i n a l wave 

propagation i n the <100> d i r e c t i o n t h i s r a t i o i s given by 

AM (^11^^^12)' A 
MQ C^^ • pCp 

where a i s the c o e f f i c i e n t of thermal expansion. For an 
2 

i s o t r o p i c m a t e r i a l Ĉ ^̂  i s equal to pV^ and C^^ equal to 
2 2 

(Vj^ - 2Vg) , and these values can be s u b s t i t u t e d i n t o 

equation 7.3 to c a l c u l a t e the value of AM/MQ. Exact values 

f o r a l l the parameters needed to compute the thermoelastic 

l o s s f o r the Na20-B202-Si02 g l a s s of t h i s study are not 

known but have been approximated to those of another sodium 

b o r o s i l i c a t e g l a s s , namely Pyrex. For an order of 

magnitude c a l c u l a t i o n of the thermoelastic l o s s a t room 

temperature, the s e v e r a l v a r i a b l e s have been taken as follows: 



- 129 -

5xl0"V°K 

K (Pyrex: Z e l l e r and Pohl, 1971) . 10^ ergs/cm°K 

Cp (Pyrex: Kaye and Laby, 1971) 7.8x10^ ergs/g°K 

Vj^ 4 . 5x10^ cms/sec 

Vg 2.8x10^ cms/sec 
2 

P 2.1 g/cm 

The c a l c u l a t e d t h e r m o e l a s t i c l o s s at 12 MHz .acoustic 

frequency f o r a l o n g i t u d i n a l wave i s thus approximately 

10 db/ysec. No thermoelastic l o s s i s expected fo r 

the i s o v o l u m e t r i c shear wave. The thermoelastic l o s s 

can thus produce no measurable contribution to the 

observed attenuation. 

Thus we see t h a t the only i n t r i n s i c mechanism 

t h a t i n f l u e n c e s the observed a c o u s t i c attenuation i n the 

Ha^O-B^O^-SiO^ g l a s s e s i s the s t r u c t u r a l r e l a x a t i o n 

mechanism. Following the s u b t r a c t i o n of the small apparent 

l o s s e s due to d i f f r a c t i o n , coupling and wedging e f f e c t s 

which t o t a l 0.021 db/ysec (see Chapter 5) the remaining 

a c o u s t i c attenuation i s that of d i r e c t i n t e r e s t i n t h i s 

study. 

7.2.2 D i s t r i b u t i o n a l e f f e c t s i n the a c o u s t i c l o s s 

mechanism i n Si02 and Na20-B202-Si02 g l a s s e s 

Before commencing a d e t a i l e d i n v e s t i g a t i o n of 

the form of the l a r g e a c o u s t i c l o s s peak i n the Na20-

6203-5102 g l a s s e s , l e t us re-examine the data a v a i l a b l e 
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on the a t tenuation i n v i t r e o u s Si02 i n order to gain 
any e x t r a information which may be of use i n the 
present study. 

I t has already been shown i n Chapter 3 that 

the a c o u s t i c l o s s peak i n inorganic g l a s s e s such as SiO^, 

Ge02 and ^2^2 much wider than that expected for a 

s i n g l e a c t i v a t i o n energy (H) and s i n g l e attempt frequency 

(ti)^) process, and t h a t a d i s t r i b u t i o n i n a c t i v a t i o n 

e n e r g i e s i s necessary to account for t h i s broadening. 

However, a d i s t r i b u t i o n i n a c t i v a t i o n energies i s not 

unique i n causing a broadening of a r e l a x a t i o n l o s s peak; 

a d i s t r i b u t i o n i n attempt frequencies and a s i n g l e a c t i v a 

t i o n energy w i l l have a s i m i l a r e f f e c t . To r e s o l v e t h i s 

point i t i s advantageous to follow the mathematical 

a n a l y s i s of N i b l e t t (1966). He has shown that where 

the i n t e r n a l f r i c t i o n of a r e l a x a t i o n process has been 

measured at a number of a c o u s t i c frequencies, a graph of 

the d i f f e r e n c e i n r e c i p r o c a l temperatures at the peak 

h a l f heights A ( l / T ) versus the r e c i p r o c a l temperature 

of the peak maximum 1/T should d i f f e r e n t i a t e between ^ max 
the two p o s s i b l e d i s t r i b u t i o n a l cases. For a s i n g l e 

H-single process (1/T) should be constant'and equal 

to A, where 

" ^ (2-/3) 

and R i s the u n i v e r s a l gas constant. For a s i n g l e H 

and d i s t r i b u t i o n of o ) ^ , A (1/T) should again be constant 
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with 1/1 -V but w i l l have a l a r g e r value than for the 
s i n g l e r e l a x a t i o n ; and f o r a d i s t r i b u t i o n i n H and a 
s i n g l e oj^ the graph w i l l be l i n e a r but w i l l have a p o s i t i v e 
slope of gradient proportional to the spread i n a c t i v a 
t i o n e n e r g i e s . For t h i s l a t t e r case, the i n t e r c e p t of 
the graph on the A(1/T) a x i s w i l l be at the value of A 
where H i s now H, the average or mean a c t i v a t i o n energy 

obtained from the s h i f t i n T with a c o u s t i c frequency 
in3.x 

through equation 3.1. 

Figure- 7.3 shows such a p l o t f o r v i t r e o u s Si02. 

The data points are obtained from the 66 KHz r e s u l t s of 

F i n e (1954), the 20 MHz r e s u l t s of Anderson and Bommel 

(1955), the work 930 MHz of Jones e t a l (1964) and the 

27.5 GHz thermal B r i l l o u i n s c a t t e r i n g r e s u l t s of 

Pine (1969). The value of the i n t e r c e p t A has been 

c a l c u l a t e d assuming an average a c t i v a t i o n energy of 

1030 cal/mole, and i s included on the p l o t . Uncertainty 

i n the values of the data p o i n t s i s represented by a 

v e r t i c a l bar. A l e a s t mean squares l i n e has been computer 

f i t t e d to a l l 5 points on the graph, and has a p o s i t i v e 

gradient of approximately 8. 

The s c a t t e r of the points from the graph i s 

t y p i c a l of t h a t observed i n other s i m i l a r experimental 

s i t u a t i o n s , f o r example the study of Bordoni peaks 

( N i b l e t t , 1966) but i t i s shown with emphasis from the 

gradient of the graph t h a t the broadening of the r e l a x a 

t i o n peak i n v i t r e o u s Si02 i s due to a d i s t r i b u t i o n i n 

a c t i v a t i o n energies r a t h e r than a d i s t r i b u t i o n i n attempt 
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f r e q u e n c i e s . F u r t h e r q u a n t i t a t i v e information i s 
d i f f i c u l t to e x t r a c t from the graph as the general shape 
of the a c t i v a t i o n energy d i s t r i b u t i o n i s a complex shape 
r a t h e r than a more simple Gaussian or lognormal d i s t r i b u 
t i o n . As the general nature of the a c o u s t i c l o s s peak i n 
other ino r g a n i c g l a s s e s i s very s i m i l a r to that i n 
v i t r e o u s SiO^, i t i s a very f a i r assumption that i n these 
g l a s s e s too there e x i s t s a d i s t r i b u t i o n of a c t i v a t i o n 
energies r a t h e r than attempt frequencies. 

7.2.3 The attempt frequency and mean a c t i v a t i o n 

energy of the a c o u s t i c l o s s mechanism i n 

Na20-B^Q2-S102 g l a s s e s 

The a c o u s t i c l o s s peaks i n Na20-B202-Si02 g l a s s e s 

of t h i s study are wider than t h a t of a s i n g l e T r e l a x a t i o n 

w ith a comparable mean a c t i v a t i o n energy of about 

3K cal/mole (see l a t e r ) and are broadened on the low 

temperature s i d e of the peak as shown i n Figure 3.6. A 

comprehensive p l o t of A (1/T) against 1/T^^^ s i m i l a r to 

t h a t f o r v i t r e o u s Si02 cannot be made as r e s u l t s at such 

d i v e r s e frequencies f o r the Na20-B202-Si02 g l a s s e s are 

not a v a i l a b l e . However, on the assumption t h a t the 

broadening i s due to a d i s t r i b u t i o n i n the a c t i v a t i o n 

energies of the l o s s mechanism a s i m i l a r p l o t for the 

Na_0-B-0--SiO g l a s s e s has been made using the attenua-

t i o n r e s u l t s a t 12 MHz and the data point A c a l c u l a t e d 

from the average a c t i v a t i o n energy of the l o s s process. 
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The r e l a t i o n s h i p between the angular r e l a x a t i o n 
frequency and the temperature f o r an a c t i v a t i o n process 
may be c a l c u l a t e d through the Arrhenius r e l a t i o n s h i p of 
equation 3.1. Observation of the peak temperature of 
maximum l o s s a t two or more a c o u s t i c frequencies allows 
e v a l u a t i o n of both o)^ and H. I n Figure 6.12 i t may be 
seen t h a t the peak temperature i n the quenched sample 
2/ Q i i s h i f t s from 128°K at 12 MHz a c o u s t i c frequency to 
132°K a t 20 MHz. I d e a l l y a more accurate c a l c u l a t i o n 
would be made i f the a c o u s t i c attenuation had been 
measured at more d i v e r s e a c o u s t i c frequencies, but at 
frequencies above 20 MHz the l o s s i n t h i s sample i s too 
l a r g e to be a c c u r a t e l y measured, and pulse echo techniques 
become l e s s powerful at frequencies much below 12 MHz. 
S o l u t i o n of equation 3.1 at these two a c o u s t i c frequencies 
y i e l d s an attempt frequency of lO"*"̂  Hz and an average 
a c t i v a t i o n energy of 3300 cal/mole. 

The heat t r e a t e d sample 1/48 shows a s i m i l a r 

s h i f t i n peak temperature, from 104°K at 12 MHz to 108°K 

at 20 MHz,, but the peak temperature at 36 MHz cannot be 

r e s o l v e d a c c u r a t e l y due to the l a r g e s c a t t e r of r e s u l t s 

a t the high l e v e l of attenuation. These r e s u l t s again 

i n d i c a t e an attempt frequency of the order of lO"*""̂  Hz, 

but with a lower a c t i v a t i o n energy of about 2800 cal/mole. 

Although an accurate determination of i s hindered by 

the absence of r e s u l t s over a much l a r g e r range of 

a c o u s t i c frequencies, i t i s i n t e r e s t i n g to note that 

heat treatment which enhances the phase separation i n 
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these g l a s s e s and g l a s s composition both have no large 

s c a l e e f f e c t on the attempt frequency. 

We can now complete the p l o t of A (1/T) versus 

1/Tj^^^ by i n c l u d i n g the extrapolated point A. This graph 

i s shown i n F i g u r e 7.4, and includes data for g l a s s e s 

1/Q, 1/48, 2/Q, 2/48 and 5/Q. Mean a c t i v a t i o n energies 

are c a l c u l a t e d f o r the three g l a s s e s 1/Q, 2/48 and 5/Q 
13 

by assuming an attempt frequency of 10 Hz, and using 

the peak temperature through equation 3.1. The e x t r a 

polated point A i s extremely c l o s e f o r a l l the g l a s s e s . 

The gradients of the l i n e s on the graph vary between 

3.5 and 7; t h i s proximity i n order of magnitude i s taken 

to i n d i c a t e t h a t the d i s t r i b u t i o n a l widths of the 

a c t i v a t i o n energies are very s i m i l a r . 

The value f o r the attempt frequency a s s o c i a t e d 

with the a c o u s t i c l o s s mechanism i s i n agreement with 

the f i n d i n g s of both Krause and K u r k j i a n (1966) and 

Strakna and Savage (1964) who have shown that the value 
13 

of 10 Hz i s reasonably constant f o r a l l g l a s s e s which 

e x h i b i t t h i s a c o u s t i c l o s s peak, i n c l u d i n g Si02, ^2^3' 

Ge02 and AS2O2. As both v i t r e o u s Si02 and '^2^3 ^ 

very s i m i l a r value of then i t i s perhaps not s u r p r i s i n g 

t h a t a b o r o s i l i c a t e manifests much the same value too. 

7.2.4 C a l c u l a t i o n of the d i s t r i b u t i o n i n a c t i v a t i o n 

energy of the a c o u s t i c l o s s mechanism i n 

Na20-B2p2-S102 g l a s s e s 

The t o t a l i n t e r n a l f r i c t i o n Q"""" a t a temperature 



A l / T 

12MHz 

l / T max 

Figure 7.4 Graph of A ( l /T) against l/Tmax for 
Na20 - B2O3 - Si02 glasses at 12 MHz. 
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T produced by a s e t of r e l a x a t i o n centres each with a 
d i f f e r e n t a c t i v a t i o n energy Hi can be represented by a 
summation of equations of type 2.46 thus 

_1 u / (o 
Qm = 2 Ai —=• 7.5 

i l+(u>/a)^)^ 

where oj^ = oj^ exp (-Hi/RT) 7.6 

and Ai i s the r e l a x a t i o n strength of the i ^ ^ l o s s centre. 

The problem i n determining the a c t i v a t i o n energy d i s t r i 

bution f o r the l o s s mechanism i s to c a l c u l a t e the value 

of Ai f o r each Hi from the i n t e r n a l f r i c t i o n data. A . 

continuous d i s t r i b u t i o n of a c t i v a t i o n energies can be 

represented by a s e t of d i s c r e t e equally spaced a c t i v a t i o n 

e n e r g i e s , each with the same attempt frequency to^ . The 

t o t a l i n t e r n a l f r i c t i o n i s then the s\m of the i n t e r n a l 

f r i c t i o n s of the s i n g l e a c t i v a t i o n centres. When these 

s i n g l e a c t i v a t i o n energy l o s s curves are c l o s e enough 

together a continuum of a c t i v a t i o n energies i s simulated, 

as shown i n Figure 7.5. The next task i s to choose an 

appropriate nimiber of a c t i v a t i o n energies with the c o r r e c t 

spacing and magnitude i n energy to represent the d i s t r i 

bution i n the Na2O-B203-SiO2 g l a s s e s . Acoustic l o s s i n 

a l l samples i s la r g e between 1.3°K and 400°K and through 

equation 7.6 i t can be demonstrated that the a c t i v a t i o n 

e nergies must range from values of l e s s than 50 cal/mole 

to as l a r g e as 12,000 cal/mole. An appropriate choice 

f o r the s e t of d i s c r e t e energy values i s f o r t y e q u a l l y 



T O T A L L O S S 

T E M P E R A T U R E -

Figure7.5 The simulation of acoustic loss from a mechanism 

with a continuum of activation energies by a sorfes ot 

single Hi loss curves with good overlap 
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spaced steps between 3 0 0 cal/mole and 1 2 , 0 0 0 cal/mole. 
The o v e r l a p of the s i n g l e Hi l o s s curves i s good down 
to 9 0 0 cal/mole; an i n c r e a s e i n the number of steps to 
80 renders only a marginal improvement i n the overlap 
w h i l s t considerably complicating the c a l c u l a t i o n s to 
follow. 

The procedure now i s to expand equation 7 . 5 at 

f o r t y d i f f e r e n t temperatures and then solve f o r the 

f o r t y unknown Ai values from the r e s u l t a n t simultaneous 

equation system 

A . X = B 7 . 7 

where A i s the square matrix of 1600 elements of type 
2 

( w / t o ^ ) / ( 1 + ( t o / o ) ^ ) ) , X i s the matrix of 40 unknown Ai's 

to be determined and B i s the matrix of f o r t y i n t e r n a l 

f r i c t i o n measurements a t f o r t y temperatures between 10 °K 

and 4 0 0 ° K i n steps of 1 0 ° K . 

I t would seem t h a t the simplest method of 

ob t a i n i n g the matrix x i s to multiply the i n v e r s e matrix 

A ^ by matrix B. T h i s method of s o l u t i o n has been 

attempted, but r e s u l t s with p h y s i c a l meaning could not 

be obtained; values of the elements of x, both p o s i t i v e 

and negative, with orders of magnitude much greater than 

expected were acquired by t h i s method. The reason for 

t h i s i s t h a t the exact s o l u t i o n for the values of the 

A i ' s found by matrix i n v e r s i o n t o l e r a t e s no e r r o r i n the 

input data of the i n t e r n a l f r i c t i o n and small changes i n 

t h i s data r e s u l t i n l a r g e numerical changes i n the solution. 
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Thus a d i f f e r e n t method of s o l u t i o n to equation 
7.5 has been formulated which produces a p h y s i c a l r e s u l t 
f o r the a c t i v a t i o n energy d i s t r i b u t i o n while allowing for 
the presence of random e r r o r s i n the i n t e r n a l f r i c t i o n 
measurements. A s e t of i n i t i a l l y s e l e c t e d s e t of Ai's 
i s f i t t e d to the experimentally observed attenuation By 
a l e a s t mean squares procedure. A F o r t r a n IV programme, 
which i s reproduced i n Appendix I , has been developed 
to run on an IBM 360/67 computer. T h i s programme 
minimizes a f u n c t i o n c a l l e d SUMSQ equal to 

where i s the measured i n t e r n a l f r i c t i o n at temperature 

T and Q̂ "̂  i s the i n t e r n a l f r i c t i o n c a l c u l a t e d from 

equation 7.5 and the i n i t i a l s e t of Ai' s , each with 

corresponding Hi's. Each Ai i s incremented or decremented 

w i t h i n p r e s e t l i m i t s by a supplied step to minimize the 

value of SUMSQ. M u l t i p l i c a t i o n of the step by 0.5 

followed by f u r t h e r adjustment of the Ai's i s then under

taken to continue the minimization procedure. This 

complete process i s c y c l e d a number of times u n t i l SUMSQ 

f a l l s below 0.005. Subroutine programmes are c a l l e d to 

c a l c u l a t e the matrix A and a l s o to c a l c u l a t e the value 

of Q""*" a f t e r each adjustment of Ai. The f i n a l s e t of 

Ai i s t h a t obtained when the value of SUMSQ has f a l l e n 

to t h i s r e q u i r e d l e v e l . Another subroutine i s then 

c a l l e d to c a l c u l a t e the expected r e l a x a t i o n i n e l a s t i c 
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modulus through a modi f i c a t i o n of equation 2.50 

I l+(a)/a).)2 7.8 

The expected r e l a x a t i o n can then be compared with the 

observed r e l a x a t i o n (see Section 7.2.9). 

The programme takes about 200 seconds CPU time 

to reduce SUMSQ below 0.005, where the measured and 

c a l c u l a t e d i n t e r n a l f r i c t i o n s a t each temperature then 

agree to about 1%, which i s approximately the random e r r o r 

i n measurement a t the highest a c o u s t i c l o s s . Here too 

the value of SUMSQ reaches a minimum; to make SUMSQ 

e x a c t l y zero, a s e t of Ai's s i m i l a r to that obtained 

from the matrix i n v e r s i o n method has to be s u b s t i t u t e d 

f o r the s e t with the c o r r e c t order of magnitude. The 

f i n a l s e t of Ai are then p r i n t e d out together with the 

r a t i o s of the c a l c u l a t e d to the measured i n t e r n a l 

f r i c t i o n s . Also included i n the output i s a tab l e of the 

expected r e l a x a t i o n i n e l a s t i c modulus a t each temperature 

computed from the f i n a l d i s t r i b u t i o n i n a c t i v a t i o n 

e n e r g i e s . 

In Figure 7.6 are shown the r e s u l t s of the 

computation of the d i s t r i b u t i o n of a c t i v a t i o n energies 

f o r the a c o u s t i c l o s s mechanism. The value of the 

r e l a x a t i o n strength Ai per 300 cal/mole i n t e r v a l i s 

p l o t t e d a g a i n s t Hi f o r g l a s s e s 1/Q, 1/48, 2/Q, 2/48 and 

5/Q. A very s i m i l a r shape for the a c t i v a t i o n energy 

d i s t r i b u t i o n i s r e v e a l e d i n a l l f i v e g l a s s e s , and the 
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magnitudes of the Ai's are p r o p o r t i o n a l t o the amplitudes 
of the observed acoustic loss as expected. A t a i l i n each 
d i s t r i b u t i o n i s seen as f a r out as 12000 cal/mole; t h i s 
t a i l i s much longer than t h a t f o r v i t r e o u s Si02 which 
e f f e c t i v e l y ends at about 4000 cal/mole. This feature 
demonstrates the presence of acoustic loss centres w i t h 
very high associated a c t i v a t i o n energies, a p o i n t which 
w i l l be discussed i n greater depth i n Section 7.2.5. 
No d i s t i n c t i v e peaks are seen i n the shape of the 
d i s t r i b u t i o n which i n d i c a t e s t h a t the average a c t i v a t i o n 
energies H c a l c u l a t e d from the s h i f t i n peak temperature 
w i t h acoustic frequency are only a mean i n the spread of 
Hi and do not correspond t o any p a r t i c u l a r feature of the 
loss mechanism i n these glasses. The curves take the 
form of an exponential decay and can be shown t o be 
represented by the cxirve. 

Ai = AO exp {-Hi/5000) 

w i t h Hi i n u n i t s o f cals/mole, though the s i g n i f i c a n c e 
of t h i s exponent i s not f u l l y understood. 

I f we assiune t h a t each loss centre e x h i b i t s 
an equal r e l a x a t i o n s t r e n g t h independent of the a c t i v a 
t i o n energy associated w i t h i t , then the graph represents 
the r e l a t i v e number of absorption centres w i t h each Hi. 
From the observation t h a t the acoustic attenuation f a l l s 
sharply below 1.4°K i t seems l i k e l y t h a t there i s a 
maximiim i n the a c t i v a t i o n energy d i s t r i b u t i o n at low 
values of Hi which i s not shown on the graph, and therefore 
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l i e s below 900 cal/mole. I t i s also of i n t e r e s t here t o 
remark t h a t the shape of the a c t i v a t i o n energy d i s t r i b u t i o n 
does not a l t e r i n any s i g n i f i c a n t degree between samples 
of the same composition but w i t h d i f f e r e n t times of heat 
treatment, excepting t h a t the r e l a x a t i o n strengths at 
high a c t i v a t i o n energies undergo greater f r a c t i o n a l changes 
than those at low values of a c t i v a t i o n energy. 

7.2.5 The frequency dependence of acoustic loss 
The frequency dependence of ultrasound attenuation 

a t any f i x e d temperature provides much inform a t i o n on the 
mechanisms of acoustic absorption at t h a t temperature. 
A p l o t f o r t h i s dependence i n sample 1/48 has been 
introduced i n Chapter 6 and shows r e s u l t s t y p i c a l of a l l 
the Na20-B2P2-Si02 glasses i n t h i s study. S t r a i g h t l i n e s 
have been computer f i t t e d t o the data points by a le a s t 
mean squares method, and the ca l c u l a t e d exponents n 
assuming a frequency dependence of a = a f ^ are as fo l l o w s 

T ^ n 
1.34 0.86 ± 0.03 
4.2 1.14 

51.1 1.10 
77.4 1.08 

106.0 1.16 
293.7 1.30 

The c a l c u l a t e d exponents agree w e l l w i t h the hypothesis 

of a s t r u c t u r a l r e l a x a t i o n as the mechanism of the 
acoustic a t t e n u a t i o n . For a s i n g l e a c t i v a t i o n energy -
s i n g l e attempt frequency the exponent at the peak maximum 
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should be u n i t y . The complication of a d i s t r i b u t i o n of 
a c t i v a t i o n energies and the. measurements at constant 
temperature r a t h e r than at corresponding points on the 
loss curve f o r each frequency perturb the value of the 
exponent from u n i t y . The presence of the small low 
temperature peak d i s t u r b s the exponent at 1.34°K and 
4.2°K which should and does have values of less than and 
greater than 1.0 r e s p e c t i v e l y when a s t r i d e the loss peak, 
t h a t s h i f t s upwards i n temperature w i t h increasing 
acoustic frequency. 

To compare the frequency dependence o f the 
acoustic loss w i t h t h a t i n v i t r e o u s Si02, we can c a l c u l a t e 
the frequency exponent of t h i s l a t t e r glass from.the 
r e s u l t s of Fine (1954) and Anderson and Bommel (1955). 

-1 -4 
At the peak maximum Q i s 0.84 x 10 at 66 KHz and 

-4 
18.8 X 10 a t 20 MHz. These values show a value f o r 

n equal t o 1.14 which i s very s i m i l a r t o the corresponding 

number i n Na20-B202-Si02 glass. This i n d i c a t e s the great 

s i m i l a r i t y i n the nature of the acoustic loss i n the two 

glasses and i s f u r t h e r evidence of a common loss 

mechanism. 

7.2.6 The general nature of the large acoustic loss 
peak i n the Na20-B203-SiO2 glasses 

The value of the attempt frequency, associated 

w i t h the r e l a x a t i o n loss peak of 10"̂ "̂  Hz i n the Na20-

B„0 -SiO- glasses i s no exception t o the common value 

found f o r a l l the inorganic glasses which e x h i b i t t h i s 
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f e a t u r e i n t h e i r acoustic propagation c h a r a c t e r i s t i c s . 
This again i l l u s t r a t e s the s i m i l a r nature of the 
mechanism present i n these v i t r e o u s m a t e r i a l s . We have 
seen i n Chapter 3 t h a t the most probable cause of the 
loss i n v i t r e o u s Si02 i s the transverse motion of oxygen 
atoms i n non-linear oxygen-cation-oxygen bonds; therefore 
we expect the source of the loss i n the Na 0-B 0 -SiO 
glasses t o be a s i m i l a r oxygen motion i n Si-O-B, Si-O-Si 
and B-O-B non-linear bonds. 

The i n t e n s i t y of the acoustic loss peak i n the 
Na20-B202-Si02 glasses of zero and low Na20 content i s 
much greater than t h a t i n both SiO^ and ^20^, as can be 
seen by the d i r e c t comparison i n Figure 3.1. This 
important d e t a i l evidences a higher concentration of 
ultrasound absorption centres i n the multicomponent than 
i n the s i n g l e component glasses. A greater incidence 
of non-linear bonds i s presumably necessary f o r the 
mutual accommodation i n a glassy s t r u c t u r e of both 
BO-j t r i a n g l e s and SiO^ tetrahedra and also a small number 
of BO^ t e t r a h e d r a , a l l w i t h d i f f e r e n t cation-oxygen bond 
lengths. I n a c r y s t a l l o g r a p h i c sense, a greater defect 
nature i s present i n the multicomponent glasses. 

A second outstanding p o i n t i s t h a t the average 
a c t i v a t i o n energy H associated w i t h the loss mechanism 
i n the Na20-B2p2-Si02 glasses (3000 cal/mole) i s l a r g e r 
than t h a t i n e i t h e r v i t r e o u s Si02 (1030 cal/mole) or 
v i t r e o u s B2Q2 ('̂ '1350 cal/mole). The t a i l of the d i s t r i 
b u t i o n i n a c t i v a t i o n energies f o r the loss mechanism i n 
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the Na20-B2P^-Si02 glasses extends out as f a r as 
12000 cal/mole, t o much greater value than the cor
responding distance i n the sin g l e component SiO glass 
o f about 4000 cal/mole. I t i s u n l i k e l y t h a t a greater 
a c t i v a t i o n energy w i l l be associated merely w i t h the 
presence of non-linear Si-O-B bonds and we conclude 
t h a t the cation-oxygen-cation b r i d g i n g bonds are d i s t o r t e d 
through l a r g e r angles i n the compound glasses. This 
phenomenon i s again most probably the consequence o f the 
multicomponent nature of the Na20-B202-Si02 glass forming 
l a t t i c e . 

The small peak i n the acoustic a t t e n u a t i o n 

which appears at about 300°K i n samples 7/Q, 2/96 and 

2/168 i s thought t o be a s i m i l a r feature t o t h a t seen i n 

the acoustic absorption spectrum of 'wet' ^20^ (Krause 

and K u r k j i a n , 1966b). I t s smaller magnitude i n the 

Na20-B202-Si02 glasses i s due t o the lower concentration 

o f water. As i n v i t r e o u s ^2'^3' a d d i t i o n of Na20 

removes the peak. 

7.2.7 The e f f e c t of sample composition On the acoustic 

loss c h a r a c t e r i s t i c s 
The a d d i t i o n of Na20 i n the Na20-B2p2-Si02 glasses 

of t h i s study serves t o decrease both the i n t e n s i t y and 
the temperature of maximum loss of the large acoustic 
absorption peak. The e f f e c t on the i n t e n s i t y is. c l e a r l y 
seen i n Figure 7.7 where the peak height i s p l o t t e d 
against the molar percentage of Na20 i n the quenched 
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glasses o f the s e r i e s . Although the water concentration 
v a r i e s between these samples by a f a c t o r of 4, no 
systematic behaviour i n the acoustic, loss which can be 
ascribed t o the presence o f OH ions i s i n d i c a t e d and 
t h e r e f o r e we can conclude t h a t the changes i n the observed 
loss c h a r a c t e r i s t i c s are an i n t r i n s i c compositional e f f e c t . 
A l i n e a r dependence of maximum acoustic loss e x i s t s out t o 
at l e a s t 10 mole% Na20; the data p o i n t f o r the broad and 
d i f f u s e loss peak i s the only evidence of d e v i a t i o n from 
t h i s l i n e a r behaviour. The general e f f e c t on a d d i t i o n of 
Na20 i s s i m i l a r t o t h a t observed i n the Na20-Ge02 system 
as reported i n Chapter 3. 

An i n t e r p r e t a t i o n of the behaviour i n the Na20-

2̂̂ 3~̂ '''̂ 2 51^^^®^ ^® made through a l o c a l s t r u c t u r a l 
model where the a l k a l i oxide molecule modifies the glass 
l a t t i c e a t the cation-oxygen-cation b r i d g i n g s i t e s , the 
non-linear members of which are responsible f o r the 
acoustic l o s s . We have already seen i n Section- 7.1.2 
how Na+ ions modify B-O-B bridges by increasing the 
co o r d i n a t i o n number of the boron atoms from 3 t o 4 and 
create an e x t r a b r i d g i n g oxygen bond. The p r o x i m i t y of 
the Na"*" cations t o t h i s s i t e then acts t o impede the 
movement of the oxygen atoms, and decreases the i n t e n s i t y 
of the acoustic l o s s . Any Si-O-Si bonds which come i n t o 
contact w i t h Na20 molecules r e s u l t i n two non-bridging 
Si-0 bonds which again make no f u r t h e r c o n t r i b u t i o n t o 
the acoustic l o s s . The sequel of a d d i t i o n of an a l k a l i 
oxide molecule t o a Si-O-B bond i s d i f f i c u l t t o p r e d i c t . 
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An e x t r a b r i d g i n g oxygen bond w i l l not be produced as 
the s i l i c o n atom cannot increase i n coordination number 
beyond 4, and the most l i k e l y r e s u l t i s one Si-0 and 
one B-0 non-bridging bond, n e i t h e r of which w i l l act as 
an acoustic absorption centre. 

We w i l l see i n the f o l l o w i n g section how the 
u l t r a s o n i c v e l o c i t i e s r i s e as the Na20 content of the 
glasses increases, and how t h i s may only be explained by 
the concentration o f the a l k a l i oxide molecules at B-O-B 
s i t e s . Consequently we can i n f e r t h a t the decrease i n 
u l t r a s o n i c a t t e n u a t i o n i s due t o the e l i m i n a t i o n of t h i s 
type o f cation-oxygen-cation bond r a t h e r than any other. 

The average a c t i v a t i o n energy f o r the acoustic 
loss mechanism i s lower i n sample 1/48 (2800 cal/mole) 
than i n sample 2/Qii (3300 cal/mole) which suggests t h a t 
glasses w i t h a higher Na20 content have a lower associated 
H. I f we assvmie a constant, attempt frequency f o r the 
loss mechanism throughout a l l the glasses of t h i s work, 
the general decrease i n peak temperature on a d d i t i o n of 
Na20 f u r t h e r evidences the e f f e c t of a l k a l i oxide on 
the average a c t i v a t i o n energy. This e f f e c t i s again 
borne out by the greater f r a c t i o n a l decrease i n magnitude 
of Ai at higher than lower a c t i v a t i o n energies i n the 
ser i e s 1/Q - 2/Q - 5/Q (see Figure 7.6). I t thus f o l l o w s 
t h a t the Na20 molecules concentrate at the B-O-B bonds 
of highest a c t i v a t i o n energy f o r movement of the oxygen 
atom, which are the most non-linear i n nature. Here, 
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where the boron atoms are clos e s t together, the a d d i t i o n 
of an e x t r a oxygen b r i d g i n g atom can b r i n g about the most 
energetic advantage. 

7.2.8 Ultrasound v e l o c i t i e s ; the compositional 
dependence 
The ultrasound v e l o c i t i e s of the Na 0-B 0 -SiO 

glasses at any given temperature vary q u i t e considerably 
between the samples of d i f f e r e n t composition. I t i s of 
value t o examine the dependence of v e l o c i t y upon composition 
t o gain i n f o r m a t i o n about the s t r u c t u r e of these glasses. 
For the purpose of comparison wfe w i l l choose the v e l o c i t i e s 
at the convenient temperature of 280°K. F i r s t l y , however, 
i t i s p e r t i n e n t t o compare the r e s u l t s of t h i s present 
study w i t h those from the only other previous s i m i l a r 
work, t h a t of Gladkov and Tarasov (1960) (see Figure 3.2). 

Away from the binary edge of the ternary diagram 
but w i t h i n the compositions defined by the 10 wt% Na20 
l i m i t , the measured l o n g i t u d i n a l v e l o c i t i e s of the 
quenched glasses 2/Q t o 5/Q, and 10/Q are i n reasonable 
agreement w i t h the r e s u l t s of Gladkov and Tarasov. How
ever the binary glasses 6/Q and 7/Q have ultrasound 
v e l o c i t i e s t h a t are r e s p e c t i v e l y 10% and 15% too low. 
Proceeding t o compositions of higher Na20 content we 
f i n d t h a t the l o n g i t u d i n a l v e l o c i t y of glass 1/Q i s 4% 
too high t o agree w i t h the previous work, and glasses 
8/Q and 9/Q have v e l o c i t i e s exceeding those i n d i c a t e d 
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by the previous study by 14% and 12% r e s p e c t i v e l y . The 
reasons f o r the discrepancy between the present r e s u l t s 
and those of Gladkov and Tarasov are as .follows: 

(a) Gladkov and Tarasov r e p o r t longitudi-nal ultrasound 
v e l o c i t i e s of the pure •Si02 and ^2^3 glasses 6% and 13% 
lower than the accepted values found by many other, 
workers and consequently must be regarded as being i n e r r o r , 

(b) they f a i l e d t o measure the v e l o c i t y i n any binary 

2̂̂ 3~̂ '''*̂ 2 •̂'•̂ ^̂  assumed a s t r a i g h t l i n e dependence 

between t h e i r (erroneous) values f o r Si02 and ^2^3' 

any d e v i a t i o n from t h i s l i n e a r behaviour would considerably 

a l t e r the p o s i t i o n o f the i s o - v e l o c i t y l i n e s along t h i s 

edge of the diagram, 

(c) they do not r e p o r t the temperature a t which the 

measurements were made, or comment on the p u r i t y and 

water content o f the samples or s t a t e t h e i r thermal 

h i s t o r y . 
Further comparison: between the present study and t h a t 
of Gladkov and Tarasov i s made d i f f i c u l t due t o the 
absence of d e t a i l s of the experimental method of the 

e a r l i e r work. 
To c o l l e c t the i n f o r m a t i o n on the e f f e c t of the 

a l k a l i oxide m o d i f i e r Na20 on the ultrasound v e l o c i t y 
i n the glasses of the present work, both l o n g i t u d i n a l 
and shear wave v e l o c i t i e s of quenched glass samples are 
p l o t t e d as a f u n c t i o n of mole% Na20 i n Figure 7.8. Also 
included f o r comparison are the l o n g i t u d i n a l wave v e l o c i t i e s 
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f o r the Na20-Si02 and Na20-B202 glasses (see Chapter 3) 
but w i t h the value f o r 100% Si02 taken from the r e s u l t s 
of Fraser (1968) and t h a t f o r 100% ^2'^3 Uhlmann 
and Shaw (1971). The Na20-B202-Si02 glass compositions 
a l l l i e near a l i n e on the ternary diagram s a t i s f i e d by 
the r e l a t i o n s h i p (wt%) (n)Na20. (40+n)B2P2.(60-2n)Si02 
which i n d i c a t e s t h a t both Na20 and 620^ content are 
in c r e a s i n g from l e f t t o r i g h t across Figure 7.8. The 
s o l i d l i n e drawn on t h i s f i g u r e f o r Na20-B202-Si02 glasses 
are an i n t e r p o l a t i o n of the v e l o c i t i e s f o r compositions 
described by t h i s r e l a t i o n s h i p . I t should be stressed 
however t h a t a p l o t o f ultrasound v e l o c i t y versus actual 
^2^2 °^ •̂'•̂2 does not e x h i b i t the e s s e n t i a l 

s i m p l i c i t y of Figure 7.8. The mechanical p r o p e r t i e s -
shear modulus, bulk modulus and Young's modulus - also 
become pro g r e s s i v e l y l a r g e r on a d d i t i o n of a l k a l i oxide 
i n the series of glasses, and evidence an increasing 
re s i s t a n c e t o shear, h y d r o s t a t i c compression and tension 
as the Na20 content i s raise d . Poissons r a t i o , however, 
displays no general trend w i t h sample composition. 

The l o n g i t u d i n a l and shear ultrasound v e l o c i t i e s 
increase smoothly on a d d i t i o n o f Na20 even though the 
accompanying increment i n ̂ 2^3 content would be expected 
t o decrease the s t i f f n e s s o f the glass l a t t i c e . This 
behaviour i s q u a l i t a t i v e l y s i m i l a r t o t h a t observed i n 
the Na20-B2P2 system but i s opposite t o t h a t I n glass of 
the Na20-Si02 system. An increase i n the ultrasound 
v e l o c i t y i n the Na20-B2p2-Si02 glasses as the Na20 content 
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i s r a i s e d evidences growth i n the strength of the l a t t i c e 
and i s almost c e r t a i n l y caused by a r i s e i n the coordination 
number o f the boron atoms from 3 t o 4. Association of the 
Na^ ions w i t h SiO^ tetrahedra would produce s i n g l y bonded 
oxygen ions and hence decrease the c r o s s - l i n k i n g i n the 
s t r u c t u r e . 

A very important p o i n t t o note here i s t h a t the 
Na20 molecules are apparently associated w i t h the B2O2 
species i n the glass l a t t i c e whether the glass compositions 
are w i t h i n (glasses 1 t o 8 and 10) or without (glass 9) 
the area reported by Charles (1970) as t h a t where 
metastable i m m i s c i b i l i t y i s manifested. No sharp change 
i n ultrasound v e l o c i t y and hence by i m p l i c a t i o n change 
i n s t r u c t u r e , e s p e c i a l l y boron coordination number, i s 
observed anywhere i n the series of glasses as would be 
expected on the change from a glass of a ^2'^3 ^^2^ 
r i c h phase and a Si02 r i c h phase t o a glass of s t r u c t u r a l 
homogeneity. I t i s reasonable t o suppose t h a t there are 
regions of high ^20^ and Na20 concentration over a l l the 
area of the te r n a r y diagram bounded by the compositions 
of t h i s work; a proposal which i s supported by evidence 
of phase separation i n the e l e c t r o n micrographs of every 
glass studied. 

Another i n t e r e s t i n g d e t a i l arises from inspection 

of Figure 7.8; the l o n g i t u d i n a l ultrasound v e l o c i t y i n 

the Na20-B202-Si02 glasses increases t o l a r g e r values 

compared w i t h glasses i n the Na20-B203 system (Gladkov 

and Tarasov) even a l l o w i n g f o r the suspected e r r o r i n 
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the r e s u l t s . The maximum v e l o c i t y f o r Na20-B2P2 glasses 
i s 4.95 X 10^ cm/sec at 35 mole% Na20, where approximately 
45% o f the boron atoms are 4 f o l d coordinated (Bray and 
O'Keefe). A p l a u s i b l e reason f o r the high ultrasound 
v e l o c i t y i n the higher Na20 content Na20-B2P2-Si02 i s 
t h a t a l a r g e r p r o p o r t i o n of the boron cations i n the 
l a t t i c e can become 4 coordinated i n the Na20-B2P2-Si02 
glasses than i n the binary Na20-B2P2 glass. 

7.2.9 The temperature dependence of the ultrasound 
v e l o c i t i e s 
An ultrasound damping mechanism has an associated 

change i n e l a s t i c modulus and hence ultrasound v e l o c i t y , 
as d e t a i l e d i n Chapter 2. The c h a r a c t e r i s t i c minima i n 
both the shear and l o n g i t u d i n a l ultrasound v e l o c i t i e s 
i n the Na20-B2P2~Si02 glasses are d i r e c t l y connected w i t h 
the l a r g e acoustic loss peak which occurs below room 
temperature i n these m a t e r i a l s . A f t e r the minimum, the 
ultrasound v e l o c i t y becomes q u i t e l i n e a r w i t h temperature; 
t h i s form of velocity-temperature curve i s very s i m i l a r t o 
those f o r many other inorganic glasses such as Si02, Ge02, 
BeF2 and Zn (PP3)2 (Krause and K u r k j i a n , 1968). 

The two Lame constants y and X, which are r e l a t e d 
t o the ultrasound v e l o c i t i e s through equation 2.12 provide 
an a l t e r n a t i v e way of looking a t the ultrasound v e l o c i t i e s . 
The temperature dependence o f these constants f o r samples 
1/Q, 1/48, 2/Q and 2/48 are shown i n Figures 7.9 and 7.IP 
from which i t i s evident t h a t there i s a r e l a x a t i o n i n the 
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modulus y b u t n o t i n X. The v a l u e o f A remains f a i r l y 
c o n s t a n t over t h e range 10°K t o 80°K and t h e n s l o w l y 
r i s e s t o 400°K, t h e upper l i m i t o f measurement. On t h e 
o t h e r hand, y decreases t o a minimum v a l u e a t a p p r o x i m a t e l y 
220°K and th e n r i s e s and a t t a i n s a l i n e a r temperature 
dependence by 350°K t o 400°K. The r e l a x a t i o n o f t h e 
e l a s t i c modulus y i s t h u s w i t h i n t h e temperature range o f 
t h e a c o u s t i c l o s s peak, as p r e d i c t e d from t h e r e l a x a t i o n 
t h e o r y o f Zener. From t h i s approach we see t h a t t h e 
a c o u s t i c l o s s i s a s s o c i a t e d w i t h t h e s t r e s s - s t r a i n com
ponent y r a t h e r t h a n X. 

I t i s o f i n t e r e s t t o determine t h e c o n t r i b u t i o n s 

t o t h e t e m p e r a t u r e dependence o f y, which i s i d e n t i c a l l y 

e q u a l t o t h e shear modulus, from sources o t h e r t h a n t h a t 

w h i c h i s a s s o c i a t e d w i t h t h e l a r g e a c o u s t i c l o s s peak. 

To do t h i s , t h e c o n t r i b u t i o n t o t h e temperature dependence 

o f y due t o t h e s t r u c t u r a l r e l a x a t i o n i s c a l c u l a t e d from 

t h e computed d i s t r i b u t i o n o f t h e a c o u s t i c l o s s mechanism 

as d e t a i l e d i n S e c t i o n 7.2.4. T h i s has been undertaken 

f o r samples 1/Q, 1/48, 2/Q, and 2/48 and t h e r e s u l t s are 

p r e s e n t e d i n F i g u r e s 7.11 t o 7.14. The l i n e c o n n e c t i n g 

t h e s m a l l c i r c l e s i s t h e e x p e r i m e n t a l l y determined 

f r a c t i o n a l change i n y n o r m a l i z e d t o t h e e x t r a p o l a t e d 

v a l u e a t 0°K, t h e l i n e c o n n e c t i n g t h e open t r i a n g l e s 

i s t h e c a l c u l a t e d r e l a x a t i o n i n modulus a s s o c i a t e d w i t h 

t h e l a r g e a c o u s t i c l o s s peak, and t h e s o l i d l i n e i s t h e i r 

d i f f e r e n c e , which g i v e s t h e temperature dependence o f 

t h e e l a s t i c modulus y, n o r m a l i z e d t o 0°K, due t o o t h e r 
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s o u r c e s . The c a l c u l a t e d change below 80°K i s u n r e l i a b l e 
as t h e d i s t r i b u t i o n o f a c t i v a t i o n e n e r g i e s below about 
900 c a l / m o l e i s n o t a c c u r a t e l y o b t a i n e d , so t h i s p o r t i o n 
df t h e s o l i d l i n e i s shown dashed. However, t h e v a l u e f o r 
t h e u n r e l a x e d modulus a t 0°K i s p r e c i s e l y i n d i c a t e d . 

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

e x p e r i m e n t a l and c a l c u l a t e d r e l a x a t i o n i n e l a s t i c modulus, 

i n d i c a t e d by t h e t o t a l f r a c t i o n a l change i n these m o d u l i , 

i n c r e a s e i n t h e o r d e r 1/Q, 1/48, 2/Q t o 2/48 (see 

F i g u r e s 7.11 t o 7.14) i n agreement w i t h t h e magnitude o f 

t h e observed a c o u s t i c l o s s peaks. T h i s i s e x a c t l y as 

expected f r o m t h e t h e o r y o f t h e s t a n d a r d l i n e a r model 

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

i n y i s l a r g e r t h a n t h a t observed e x p e r i m e n t a l l y . T h i s 

i s a v e r y s i m i l a r s i t u a t i o n t o t h a t f o r v i t r e o u s Si02 

(Anderson and Bommel, 1955) and i n d i c a t e s , as seen i n 

F i g u r e 7.11 t o 7.14, t h a t t h e c o n t r i b u t i o n s t o t h e change 

i n e l a s t i c modulus f r o m these o t h e r sources are such as 

t o i n c r e a s e t h e modulus y w i t h i n c r e a s i n g t emperature. 

Once we have removed t h e c o n t r i b u t i o n t o t h e 

te m p e r a t u r e dependence o f t h e e l a s t i c m o d u l i due t o 

t h e s t r u c t u r a l r e l a x a t i o n process we see t h a t t h e changes 

i n b o t h y and X w i t h t e m p e r a t u r e have a v e r y s i m i l a r 

shape. Fundamentally, t h e r e i s a p o s i t i v e temperature 

c o e f f i c i e n t o f u l t r a s o u n d v e l o c i t y a t temperatures 

h i g h e r t h a n where t h e s t r u c t u r a l r e l a x a t i o n dominates t h e 

p r o p a g a t i o n v e l o c i t y . T h i s i s i t s e l f i n complete c o n t r a s t 

t o t h e n e g a t i v e t e m p e r a t u r e dependence o f u l t r a s o u n d 
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v e l o c i t y u s u a l l y shown by c r y s t a l l i n e m a t e r i a l s . I n 
t h i s r e s p e c t t h e r e i s c o m p l e t e l y d i f f e r e n t behaviour 
between gla s s e s and c r y s t a l l i n e s o l i d s . P o s s i b l e reasons 
f o r t h i s unusual performance, which i s c h a r a c t e r i s t i c 
o f many i n o r g a n i c g l a s s e s , w i l l now be i n v e s t i g a t e d . 

7.2.10 The p o s i t i v e t emperature c o e f f i c i e n t o f u l t r a s o u n d 

v e l o c i t y and t h e c o e f f i c i e n t o f t h e r m a l expansion 

i n Na^O-B^O^-SiO^ glasses 

Krause and K u r k j i a n (1966a) have demonstrated 

t h a t a d d i t i o n o f 2 mole% Na20 t o v i t r e o u s Ge02 has t h e 

e f f e c t o f changing t h e s i g n o f t h e temperature c o e f f i c i e n t 

o f u l t r a s o u n d v e l o c i t y a t 300°K from p o s i t i v e t o n e g a t i v e ; 

t h e same a u t h o r s (1968) have found t h a t a t t h i s same 

t e m p e r a t u r e t h e s i g n o f t h e c o e f f i c i e n t i n v i t r e o u s ^2^3 

i s a l s o n e g a t i v e . I n c o n t r a s t , c e r t a i n o f t h e m a t e r i a l s 

o f t h i s p r e s e n t s t u d y , which c o n t a i n l a r g e amounts o f 

b o t h Na20 and B2P2, have a p o s i t i v e temperature c o e f f i c i e n t 

o f v e l o c i t y a t temperatures above t h e minimum a s s o c i a t e d 

w i t h t h e s t r u c t u r a l r e l a x a t i o n (glasses 1/Q, 1/48, 2/Q, 

2/48, 5/Q and 7/Q), w h i l e g l a s s 8/Q e x h i b i t s a c o e f f i c i e n t 

e q u a l t o z e r o , w i t h i n e x p e r i m e n t a l e r r o r . 

The reason f o r t h e anomalous p o s i t i v e temperature 

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

i s n o t w e l l u nderstood. Anderson and Dienes (1960) have 

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

v e l o c i t y i n v i t r e o u s Si02 i s phenomenologically r e l a t e d 

t o t h e v e r y low c o e f f i c i e n t o f t h e r m a l expansion. 



- 154 -

(a = 5.10 a t 300°K). S t a r t i n g f r o m t h e s u p p o s i t i o n 

o f Lazarus (1949) t h a t an e l a s t i c modulus M i s a f u n c t i o n 

o f b o t h volume and t e m p e r a t u r e , i t can be shown t h a t 

dM _ 3M , 3M . _ -
dT - ^ " ^ ^ T 

where K i s t h e b u l k modulus o f t h e s o l i d . The argument 

i s t h e n t h a t i f a i s s m a l l enough th e n ^ i s governed by 

t h e s i g n o f |^ . Anderson and Dienes have shown t h a t 3T Y 
f r o m c o n s i d e r a t i o n s o f t h e Born-von Karman model f o r a 

3M 

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

t h e r m a l expansion a t h i g h temperatures ( f o r example, 

300°K). 
A s i m i l a r argument h o l d s f o r a Griineisen s o l i d 

i n w h i c h 

y = = c o n s t a n t 7.10 

The d i f f e r e n t i a l o f t h i s e q u a t i o n i s 

d l n | dlna dlnC^ 
"dT" = ^ « + " d ^ • " d T ~ ^-^^ 

O r d i n a r i l y b o t h a and i n c r e a s e w i t h t e m p e r a t u r e , and 

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

depends on t h e balance o f t h e f i r s t two and t h e l a s t terms. 
d l n a d l n l / K 

But i f ct and are s m a l l enough, 'then — — can 

be n e g a t i v e , w h i c h r e s u l t s i n a p o s i t i v e temperature 

c o e f f i c i e n t f o r t h e b u l k modulus K and a l s o f o r t h e 

u l t r a s o u n d v e l o c i t i e s . 
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Krause and K u r k j i a n (1968) have p o i n t e d o u t 
t h a t such g l a s s e s as GeO^, BeF„ and Zn(PO-,) have a 
c o e f f i c i e n t o f t h e r m a l expansion and o r d e r o f magnitude 
l a r g e r t h a n t h a t i n v i t r e o u s Si02, y e t s t i l l e x h i b i t a 
p o s i t i v e t e m p e r a t u r e c o e f f i c i e n t o f u l t r a s o u n d v e l o c i t y . 
The same i s a l s o t r u e o f t h e Na20-B202-Si02 glasses o f 
t h i s s t u d y . Glassy ^2^3 has, however, a c o e f f i c i e n t o f 
t h e r m a l expansion o n l y 2 t o 3 times l a r g e r t h a n these 
o t h e r i n o r g a n i c g l a s s e s , y e t d i s p l a y s a n e g a t i v e 
t e m p e r a t u r e c o e f f i c i e n t o f u l t r a s o u n d v e l o c i t y . These 
f a c t s l e d Krause and K u r k j i a n t o conclude t h a t t h e 
h y p o t h e s i s o f Anderson and Dienes i s n o t c o r r e c t . 

L e t us now re-examine t h a t d a t a on t h e f r a c t i o n a l 

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

v e l o c i t y i n i n o r g a n i c g l a s s e s which are a v a i l a b l e i n 

c u r r e n t l i t e r a t u r e . I n F i g u r e 7.15 i s shown 

— • f o r a number o f i n o r g a n i c g l a s s e s , i n c l u d i n g 
L 

t h o s e o f t h i s work, p l o t t e d a g a i n s t t h e i r c o e f f i c i e n t s o f 

t h e r m a l expansion. Data p o i n t s f o r t h e shear v e l o c i t i e s 

o f Na20-B2P2-Si02 glasses 7/Q and 8/Q, f o r which t h e 

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

been measured, are i n c l u d e d w i t h t h e j u s t i f i c a t i o n t h a t 

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

b o t h shear and l o n g i t u d i n a l v e l o c i t i e s are u s u a l l y 

a lmost e q u a l . A p a r t f r o m t h e data p o i n t f o r t h e non-
1 '̂ L̂ -6 o x i d e BeF2 which l i e s o f f t h e diagram ( y - - - ^ = +250x10 , -6 ^ a != 7.5 X 10 ) t h e r e i s a c l e a r c o r r e l a t i o n between t h e 
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two v a r i a b l e s . The f a i l u r e o f t h e d a t a p o i n t f o r BO 

t o l i e near t h e e x t r a p o l a t e d curve may be t h e r e s u l t o f 

t h e d i f f e r e n t bonding c h a r a c t e r i n t h i s g l a s s . The 

o t h e r i n o r g a n i c g l a s s e s mentioned here are t e t r a h e d r a l 

i n c h a r a c t e r w h i l e ^2^3 c o n s i s t s c h i e f l y o f p l a n a r BO^ 

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

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

I t i s now necessary t o l o o k a t t h e magnitude o f 

t h e terms i n e q u a t i o n 7.11 t o g a i n more i n f o r m a t i o n on 

t h e r e l a t i o n s h i p between t h e temperature c o e f f i c i e n t o f 

u l t r a s o u n d v e l o c i t y and t h e c o e f f i c i e n t o f t h e r m a l 
d l n l / K 

e xpansion. The terms — — and 3a have been c a l c u l a t e d 

f o r t h e Na20-B202-Si02 glas s e s 1/Q and 2/Q and a l s o f o r 

v i t r e o u s Si02 f r o m t h e data o f Anderson and Dienes (1960). 

These r e s u l t s are as f o l l o w s , i n u n i t s o f °K 

1/Q 2/Q Si02 
dlnVK _5 _5 _4 
— — — -6.5x10 ^ -7.2x10 ^ -1.1x10 

^ (300-400°K) 

3a^200°K) 1.95x10"^ 1.64xlO~^ 1.5xl0"^ 

S u b s t i t u t i n g t hese numbers i n t o e q u a t i o n 7.11 we can 
dlna <ilnC 

c a l c u l a t e t h e v a l u e o f t h e t e r m dl" assuming 

t h a t t h e GruSeisen model i s v a l i d . Then, i t can be 

shown t h a t t o r e n d e r t h e g l a s s 'normal', t h a t i s t o have 

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

i f a l l t h e o t h e r terms i n e q u a t i o n 7.11 remain c o n s t a n t , 

t h e c o e f f i c i e n t o f t h e r m a l expansion i n a l l t h r e e glasses 

would have t o be as l a r g e as 3 x 10 ^. T h i s v a l u e i s 
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much l a r g e r t h a n t h a t f o r a-quartz (a = 7.5xlO~^ p a r a l l e l 
t o t h e z - a x i s , 1.37x10 ^ p e r p e n d i c u l a r t o t h e 'Z-axis) 
w h i c h has a n e g a t i v e t e m p e r a t u r e c o e f f i c i e n t o f u l t r a s o u n d 
v e l o c i t y , and i s a l s o l a r g e r than t h a t f o r many m e t a l s . 
I t t h u s appears t h a t f a c t o r s o t h e r t h a n a s m a l l c o e f f i c i e n t 
o f t h e r m a l expansion cause t h e anomaly i n t h e behaviour 
o f t h e u l t r a s o u n d v e l o c i t y . The f a i l u r e o f e q u a t i o n 7.11 
t o e x p l a i n s a t i s f a c t o r i l y t h e anomaly i s most p r o b a b l y 
due t o t h e l i m i t a t i o n s o f t h e s i n g l e parameter Grvineisen 
t h e o r y . 

The presence o f o t h e r anomalies i n t h e v i b r a t i o n a l 

b e h a v i o u r o f v i t r e o u s Si02 and o t h e r i n o r g a n i c g l a s s e s , 

such as a n e g a t i v e c o e f f i c i e n t o f t h e r m a l expansion a t 

low t e m p e r a t u r e s , excess s p e c i f i c heat over t h a t expected 

f r o m t h e Debye t h e o r y , and a n e g a t i v e p r e s s u r e c o e f f i c i e n t 

o f shear and b u l k m o d u l i are c o n s i d e r e d t o r e s u l t e i t h e r 

f r o m low l y i n g t r a n s v e r s e v i b r a t i o n s which are p o s s i b l e 

i n open t e t r a h e d r a l l y c o o r d i n a t e d s t r u c t u r e s (Krause and 

K u r k j i a n , 1 9 6 8 ; White, 1964) o r fr o m v i b r a t i o n s connected 

w i t h d e f e c t s such as oxygen vacancies ( L e a d b e t t e r , 1968). 

A net w o r k f i l l i n g a l k a l i o x i d e decreases t h e low temperature 

e x p a n s i v i t y o f v i t r e o u s Si02 (White, 1964) and i n c r e a s e s 

t h e c o e f f i c i e n t o f t h e r m a l expansion (Robinson, 1969) 

e v i d e n c i n g t h e s u p p r e s s i o n o f these modes by t h e a l k a l i 

o x i d e m o l e c u l e s . I f these l o w - l y i n g modes are a l s o 

r e s p o n s i b l e f o r t h e p o s i t i v e temperature, c o e f f i c i e n t o f 

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

expected t h a t a d d i t i o n o f Na20 would decrease t h e magnitude 
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of t h i s unusual e f f e c t . However, no such i n f o r m a t i o n 
on a l k a l i - o x i d e Si02 glasses i s a v a i l a b l e . 

The v a r i a t i o n o f t h e temperature c o e f f i c i e n t o f 

u l t r a s o u n d v e l o c i t y w i t h sample c o m p o s i t i o n f o r Na20-

2̂̂ 3~̂ "''*̂ 2 d i r e c t l y o b t a i n a b l e from t h e r e s u l t s 

o f t h i s p r e s e n t work. I n F i g u r e 7.16 i s p l o t t e d t h e 

f r a c t i o n a l t e m p e r a t u r e c o e f f i c i e n t o f shear v e l o c i t y a t 

400°K f o r g l a s s e s 1/Q, 2/Q, 5/Q, 7/Q and 8/Q a g a i n s t t h e 

mol a r % Na20 c o n t e n t o f t h e g l a s s . A l l t h e data p o i n t s 

l i e on o r v e r y near a smooth c u r v e , i n d i c a t i n g t h a t t h e r e 

i s a s t r o n g c o r r e l a t i o n between t h e two v a r i a b l e s , and 

t h a t t h e magnitude o f t h e u l t r a s o u n d v e l o c i t y anomaly 

decreases w i t h i n c r e a s i n g Na20 c o n t e n t . 

A c o r r e s p o n d i n g i n c r e a s e i s a l s o seen i n t h e 

c o e f f i c i e n t o f t h e r m a l expansion w i t h i n c r e a s i n g Na20 

c o n t e n t i n t h e Na20-B202-Si02 glasses (see F i g u r e 7.17). 

I t i s i n t e r e s t i n g t o observe t h a t t h e d a t a p o i n t s l i e 

on a smooth curve even though t h e glasses are o f v a r y i n g ' 

3102:6202 r a t i o ; t h e a l k a l i o x i d e c o n t e n t dominates t h e 

t h e r m a l expansion b e h a v i o u r . A l t h o u g h t h e c o e f f i c i e n t s 

o f t h e r m a l expansion cannot be co n s i d e r e d as anomalously 

low, ev^n a t zero Na20 c o n t e n t , t h e c o e f f i c i e n t o f 

t h e r m a l expansion does i n c r e a s e on a d d i t i o n o f t h e 

network m o d i f y i n g a l k a l i o x i d e . 

I n c o n c l u s i o n i t appears t h a t on i n s p e c t i o n o f 

t h e r e s u l t s f r o m t h i s p r e s e n t s t u d y and t h e data 

a v a i l a b l e on v i t r e o u s Si02 and o t h e r i n o r g a n i c ; g l a s s e s , 

t h a t t h e p o s i t i v e t e m p e r a t u r e c o e f f i c i e n t o f u l t r a s o u n d 
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v e l o c i t y i s n o t t h e consequence o f a s m a l l c o e f f i c i e n t o f 
t h e r m a l expansion. The two p r o p e r t i e s appear t o be 
r e l a t e d t o t h e e x i s t e n c e o f a t h i r d phenomenon, which i s 
most l i k e l y t h e l o w - l y i n g v i b r a t i o n a l modes o f t h e type 
proposed by White o r L e a d b e t t e r . 

7.2.11 The complex parts: o f t h e e l a s t i c m o d u l i y' and X' 

We have seen i n Chapter 2 t h a t t h e i n t e r n a l 

f r i c t i o n e x h i b i t e d by a m a t e r i a l i s g i v e n by t h e r a t i o o f 

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

modulus whi c h governs t h e v e l o c i t y o f t h e a c o u s t i c wave. 

That i s , f o r a complex e l a s t i c modulus c + i c . 

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

o f a s o l i d can be c a l c u l a t e d from t h e a t t e n u a t i o n and 

v e l o c i t y d a t a , and t h e out-of-phase s t r e s s - s t r a i n 

r e l a t i o n s h i p f o r t h e a c o u s t i c l o s s i d e n t i f i e d . For an 

i s o t r o p i c m a t e r i a l , f o r example a g l a s s , 

where Q and Q are t h e i n t e r n a l f r i c t i o n s e x h i b i t e d f o r 

a shear and a l o n g i t u d i n a l u l t r a s o u n d wave. The models 

o f Anderson and Bommel and Str a k n a f o r t h e l o s s mechanism 

i n v i t r e o u s SiO- and o t h e r i n o r g a n i c single-component 

g l a s s e s p r e d i c t more^loss f o r a shear v i b r a t i o n , and o n l y 

when t h e p o t e n t i a l w e l l s , between which t h e oxygen atom 
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moves, are of i n i t i a l l y unequal depth w i l l a l o n g i t u d i n a l 
wave be attenuated. This i s r e f l e c t e d i n the imaginary 
p a r t s o f the e l a s t i c constants f o r v i t r e o u s SiO^, which 
are c a l c u l a t e d from the r e s u l t s f o r the attenuation of 
both shear and l o n g i t u d i n a l waves at 21.5 MHz as 

pV = 5.45x10^ dynes/cm^, aV = 2.17x10^ dynes/cm^ 

at the peak maximum (47°K). Thus the loss i n both the 

shear and l o n g i t u d i n a l waves i s mainly accounted f o r by 

the shear v i b r a t i o n a l term y ' . This f i n d i n g i s i n agreement 

w i t h t h a t of McSkimin (1953) who has compared the y ' and 

X' terms i n v i t r e o u s SiO^ down t o 70°K at 20 MHz acoustic 

frequency. 
I f we now envisage a mixed cation-oxygen-cation 

bond,for example an Si-O-B bond, then we expect t h a t on 
a p p l i c a t i o n o f Anderson and Bommel's model t h a t the 
p o t e n t i a l w e l l s perpendicular t o the Si-B d i r e c t i o n w i l l 
be o f equal depth. We then a n t i c i p a t e t h a t the shear 
v i b r a t i o n a l term y ' w i l l be greater than the d i l a t i o n a l 
term X ' . However, on a p p l i c a t i o n of the elongated bond 
model of Strakna t o an Si-O-B b r i d g i n g u n i t the p o t e n t i a l 
w e l l s w i l l be o f unequal depth and we thus expect a 
l a r g e r term i n X ' . The Na20-B2P2-Si02 glasses of t h i s 
work must contain mixed cation-oxygen-cation bonds; a 
comparison of the magnitudes o f the imaginary parts of 
the e l a s t i c moduli may provide some valuable i n f o r m a t i o n 
about the mechanism of ultrasound absorption. The 
moduli y ' and X ' have been ca l c u l a t e d at the maximum of 
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the acoustic loss f o r various Na^O-B^O^-SiO^ samples 
8 2 

and are as f o l l o w s , i n u n i t s of 10 dynes/cm . 

1/Q 5.04 3.33 

1/48 5.77 6.06 

2/Q 6.14 3.21 

2/48 6.71 4.88 

4/Q 5.83 4.66 

5/Q 6.70 4.77 

Thus we see t h a t x ' i s greater i n r e l a t i o n t o 

y ' than i n v i t r e o u s Si02, and i n most Na20-B2p2-Si02 

glasses i s almost as large as y ' . This gives support 

f o r the elongated as opposed t o the non-linear bond model 

f o r the acoustic loss mechanism. 

The multicomponent nature of the Na^O-B^O^-SiO^ 

glasses may, however, have the e f f e c t of d i s t u r b i n g the 

symmetry of the p o t e n t i a l w e l l s between which the oxygen 

atoms v i b r a t e and thus change the r a t i o of y ' t o X' t h a t 

i s foxand i n the s i n g l e component Si02 m a t e r i a l . A 

pu z z l i n g aspect of a r e l a t i v e l y large term i n X' i s t h a t 

t here i s no corresponding r e l a x a t i o n minima i n the 

temperature dependence o f X . This p o i n t at present 

remains unexplained. 

I t i s also of note t h a t the presence of the 

r e l a t i v e l y l a r g e X ' term i s the most notable way i n which 

the a n e l a s t i c p r o p e r t i e s of Na20-B2p2-Si02 glasses d i f f e r 

from those i n v i t r e o u s 3102- Further comparisons w i t h 

other i n o r g a n i c glasses cannot be undertaken at the 
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present time due t o the u n a v a i l a b i l i t y of concurrent 
ultrasoxand v e l o c i t y and attenu a t i o n measurements; a 
comparison o f the complex e l a s t i c constants i n d i f f e r e n t 
glasses would be a study worth undertaking by f u t u r e 
workers. 

7.2.12 The ultrasound v e l o c i t i e s below 4.2°K 

In the l i q u i d heliiam temperature range the 
ultrasound shear v e l o c i t i e s show a l i n e a r dependence 
on temperature t o about 1.5°K where the dependence then 
f l a t t e n s o f f . The increase i n sound v e l o c i t y w i t h 
decreasing temperature i s associated w i t h the r a p i d f a l l 
i n the magnitude of the acoustic a t t e n u a t i o n of the 
higher temperature peak. A r e l a x a t i o n i n v e l o c i t y 
associated w i t h the 4°K"peak i s not seen as t h i s 
f e a t u r e i s r e l a t i v e l y small. 

E x t r a p o l a t i o n of the ultrasound v e l o c i t i e s 
from 4.2°K t o the l i m i t of 0°K i s s i m p l i f i e d by the smooth 
temperature dependences. Thus, an accurate c a l c u l a t i o n 
of the Debye temperature and the parameter A o f equation 3.5, 
which describes the value of C/T"̂  i n the low temperature 
l i m i t , can be made. The values of t h i s l a t t e r parameter 
are c a l c u l a t e d here w i t h the purpose of f i n d i n g use i n 
f u t u r e comparisons w i t h the values determined from 
measurements of the s p e c i f i c heat of glasses i n the 
Na20-620^-3102 system. I n Table 7.1 i s c o l l e c t e d the 
data o f the number of atoms per u n i t volume (N), the 
Debye temperature c a l c u l a t e d through equation 3.6 



Table 7.1 

The atomic density (N), C/T^ i n the low temperature 

l i m i t , Debye temperature (6^^) and Debye frequency (v^^) 

f o r Na 0-B 0 -SiO and other inorganic glasses. The 

a s t e r i s k denotes glasses f o r which the parameters have 

been c a l c u l a t e d from the 280°K values of ultrasound 

v e l o c i t y . 

Glass 
22 

N x l O ^ 
no.atoms/cc 

3 

ergs/°K^mole OK sec"-'-

1/Q 7.88 1.12x10^ 409 8.51xlO-'-^ 

1/48 7.86 1.16x10^ 405 8.42xlO-'-^ 

2/Q 7.52 1.51x10^ 369 7.68xlO-'-^ 

2/48 7.51 1.42x10^ 377 7.84xlO-'-^ 

3/Q 7.75 1.10x10^ 407 8.47xlO-'-^ 

4/Q 7.52 1.40x10^ 378 7.86x10"^^ 

5/Q 7.71 1.27x10^ 391 8.13xlO-'-^ 

6/Q* 6.95 1.59x10^ 352 12 
7 . 32x10"^ 

7/Q* 7.10 2.33x10-^ 318 12 
6.61x10 

8/Q* 8.52 9.05x10^ 445 12 
9.27x10-^^ 

9/Q* 8.75 6.19x10^ 498 1.04x10^^ 

10/Q* 8.24 1.02x10^ 418 12 
8.71x10-^^ 

Si02 •6.62 4.96x10^ 495 1.03x10^^ 

B2Q3* 7.95 2.83x10^ 276 12 
5.75x10-^^ 

Pyrex 7.05 7.07x10^ 4.49 12 
9.34x10 

6.36 4.9 xlO^ 309 6.43xlO-'-^ 
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assuming t h a t the atom i s the fundamental v i b r a t i o n a l 
3 

u n i t , C/T^^^^^^_j^^ i n the low temperature l i m i t and the 
Debye frequency equal to kQ^/h. These parameters are 
presented f o r the Na20-B202-Si02 glasses of t h i s study 
and also f o r v i t r e o u s Si02 (Flubacher, 1959), Ge02 
(Antoniou and Morrison, 1965), Pyrex 7740 ( Z e l l e r and 
Pohl, 1971) and 620^ ( c a l c u l a t e d from data c o l l e c t e d by 
Uhlmann and Shaw, 1971). Data f o r the Na20-B202-Si02 
glasses f o r which the ultrasoxind v e l o c i t i e s have not. been 
measured as a f u n c t i o n of temperature are denoted by 
an a s t e r i s k , and there each parameter has been cal c u l a t e d 
from the 280°K value o f ultrasound v e l o c i t y . 

The Debye temperatures of the Na20-B2Q2-Si02 
glasses l i e between those o f v i t r e o u s Si02 and "^2^3 
which i s t o be expected of a compound of these two 
m a t e r i a l s . There i s also a c o r r e l a t i o n between the 
Debye temperatures of the Na20-B2Q2-Si02 glasses and 
t h e i r t o t a l Na20 content, a correspondence which c a r r i e s 
over t o the low temperature l i m i t of C/T"̂ . Thus we can 
expect a strong dependence of the thermal properties 
upon the Na20 content, and the important r o l e t h a t the 
a l k a l i metal^. take i n determining the v i b r a t i o n a l 
character o f the Na20-B2P2-Si02 glasses i s again 
accentuated. 

A f u r t h e r p o i n t of importance t o n o t i c e from 

the t a b l e i s t h a t the Debye frequency f o r each of the 

glasses i s o f the order o f the attempt frequency 



- 164 -

associated w i t h the a c t i v a t i o n energy process t h a t i s 
the cause of the large acoustic loss peak. Anderson and 
Dienes (1960) i n t e r p r e t t h i s f a c t as i n d i c a t i n g t h a t 
there i s zero entropy of a c t i v a t i o n which i n f e r s t h a t the 
r e l a x a t i o n proceeds w i t h no reorganisation of the s t r u c t u r e 
around the r e l a x i n g species. This conclusion i s p e r f e c t l y 
i n accord w i t h the proposed models f o r the acoustic loss 
mechanism of Anderson and B5mmel. The common value f o r 
Debye frequency and attempt frequency o f the loss process 
f u r t h e r i n d i c a t e s t h a t the v i b r a t i o n a l frequency of the 
r e l a x i n g u n i t i s o f the order o f highest l a t t i c e frequency 
t h a t c o n t r i b u t e s t o the s p e c i f i c heat. This s t r o n g l y 
p o i n t s t o a s i n g l e atom as the r e l a x i n g species, and adds 
weight t o the propounded acoustic loss mechanism. 

7.3 The e f f e c t Of phase separation on the e l a s t i c 

and a n e l a s t i c p r o p e r t i e s o f Na20-B202-Si02 glasses 

7.3.1 E l a s t i c p r o p e r t i e s 
The e l a s t i c constants of shear modulus, bulk 

modulus. Young's modulus and Poisson's r a t i o at 280°K f o r 
the Na20-B202-Si02 glasses i n the d i f f e r e n t stages of 
heat treatment are presented i n Table 6.1. An important 
f e a t u r e t o n o t i c e i s t h a t the ultrasound v e l o c i t i e s and 
e l a s t i c constants vary w i t h the time of heat treatment 
at 550°C i n glasses i n batches 1 and 2 i n a complex 
manner; a smooth or simple v a r i a t i o n i s not found. To 
help understand t h i s behaviour i t i s u s e f u l t o u t i l i s e 
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previous t h e o r e t i c a l treatments of the e l a s t i c p r o p e r t i e s 
o f two-phase m a t e r i a l s . 

Many i n v e s t i g a t o r s have endeavoured t o f i n d a 

way of expressing the e l a s t i c p r o p e r t i e s of a two-phase 

composite i n terms o f the e l a s t i c constants of the 

i n d i v i d u a l phases. The m a j o r i t y of these attempts have 

been concerned w i t h the pr o p e r t i e s of a m a t e r i a l having 

the morphology of regions of one phase i s o l a t e d i n a 

m a t r i x o f the other. However, i t has proved d i f f i c u l t 

t o f i n d an expression which takes i n t o account such f a c t o r s 

as second phase shape and d i s t r i b u t i o n . I t has been found 

more- u s e f u l t o derive formulae f o r the upper and lower 

numerical l i m i t s t o the e l a s t i c p r o p e r t i e s o f the 

composite m a t e r i a l . 

The f i r s t (Voigt) model f o r the i n v e s t i g a t i o n of 

the e l a s t i c behaviour of a two-phase system assumes, con

s t a n t s t r a i n throughout a l l the regions of the s o l i d . The 

r e s u l t s from t h i s model are formulae f o r the upper l i m i t 

t o the bulk modulus K, shear modulus y and Young's modulus 

E thus 

K. = (1-V2)K^ + K2V2 7.14 
u 
^ = (1-V2)ji.i + ^2^2 7-15 

^u " ^^"'^2^^1 ^2^2 "̂ -̂ ^ 

where the subscripts 1 and 2 r e f e r t o the matrix and 
dispersed phases r e s p e c t i v e l y , and i s the volume 
f r a c t i o n o f the dispersed phase. A second (Reuss) model 
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assumes constant stress throughout the s o l i d , and y i e l d s 
formulae f o r the lower l i m i t s t o the e l a s t i c moduli 

^2 
^ 7.17 ^1 ^2 

1 - ^2 
^1 

1 - 2 
^1 

1 - v„ 
2 

^1 ^2 
V2 
^ 7.18 

^2 
^ 7.19 ^1 • ^ 2 

Hashin and Shtrikman (1963) have formulated 
improved upper and lower bounds f o r these e l a s t i c constants 
using more modern mathematical techniques. These bounds 
are the most r e s t r i c t i v e possible f o r the bulk modulus 
i n terms of only the volume f r a c t i o n s of the phases and 
t h e i r e l a s t i c constants, and assume a r b i t r a r y phase 
geometry. Hashin and Shtrikman consider t h a t f u r t h e r 
i n f o r m a t i o n on the second phase d i s t r i b u t i o n i s necessary 
before an exact s o l u t i o n can be obtained, though exactly 
how t h i s i n f o r m a t i o n can be used i s at present not known. 
The upper l i m i t s t o the bulk and shear moduli are given 
through t h i s treatment by 

S - "^2.^ .3̂ 2 '-'^ 
K ^ 3K2+4 2 . 

2 1 6(K2+2y3_)V2 ^ r r r - 7.21 

and the lower l i m i t s are obtained by interchanging 
subscripts 1 and 2. These equations and t h e i r d e r i v a t i v e s 
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are those which have been found by Uhlmann and Shaw (1971) 
t o describe q u i t e w e l l the v a r i a t i o n i n e l a s t i c p roperties 
of a number of two component, phase-separated glasses over 
known or suspected two-phase regions of composition. 

We are now i n a p o s i t i o n to see i f the v a r i a t i o n 
i n the e l a s t i c constants of the Na20-B202-Si02 glasses 
w i t h time of heat treatment i s due t o changes i n the 
shape and d i s t r i b u t i o n of the second phase morphology or 
whether i t i s due t o changes i n the e l a s t i c constants of 
the i n d i v i d u a l phases themselves. To do t h i s we need the 
in f o r m a t i o n on the e l a s t i c constants of the i n d i v i d u a l 
phases w i t h i n the heat t r e a t e d glasses. The t i e l i n e s 
on the ter n a r y phase diagram f o r glasses i n batch 2 end 
at compositions very nearly corresponding t o those of 
glasses 7 and 8. We w i l l , assume t h a t the e l a s t i c constants 
o f the i n d i v i d u a l phases of glasses i n batch 2 are equal 
t o those of glasses 7/Q and 8/Q although some e r r o r i s 
introduced from e s t i m a t i n g the t i e l i n e p o s i t i o n from 
volume f r a c t i o n s obtained from electron-micrographs and 
from the f u r t h e r complication t h a t both these l a t t e r 
glasses are seen t o be inhomogeneous under the elec t r o n 
microscope. For the purposes of the c a l c u l a t i o n s t o 
f o l l o w the approximation i s q u i t e adequate. The t i e l i n e 
f o r glasses i n batch 1 a f t e r heat treatment at 550°C 
terminate a t compositions other than those of any of the 
glasses of t h i s study but not too f a r away from the 
compositions of glasses i n batches 7 and 8. Again we 
w i l l assume t h a t the i n d i v i d u a l phase e l a s t i c constants 
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are s i m i l a r t o those i n glasses of batch 2. 
The Voigt upper and Reuss lower bounds, and the 

Hashin-Shtrikman bounds t o the bulk and shear moduli of 
a h y p o t h e t i c a l phase-separated glass of varying volume 
f r a c t i o n but w i t h i n d i v i d u a l phases of compositions the 
same as those o f glasses 7/Q and 8/Q i s shown i n Figure 
7.18. On the diagram are p l o t t e d the shear and bulk, 
moduli of the glasses i n batches 1 and 2, w i t h B^O^ r i c h 
phases volume f r a c t i o n s of 0.62 and 0.28 r e s p e c t i v e l y . 
The data p o i n t s are l a b e l l e d with^.the time of heat t r e a t 
ment at 550°C. The v e r t i c a l displacement of these points 
i s r e l a t i v e l y unimportant as some e r r o r has i n e v i t a b l y 
been introduced i n s e l e c t i o n o f the e l a s t i c constants of 
the i n d i v i d u a l phases, but the expected and experimental 
spread i n the constants i s w e l l i l l u s t r a t e d . 

The important fe a t u r e o f t h i s graph i s t h a t the 
experimental shear and bulk moduli f o r the glasses i n 
batches 1 and 2 heat t r e a t e d at 550°C e x h i b i t a large 
spread i n values. The shear moduli f o r glasses i n 
batch 2 cover a range of values w i t h i n the v e r t i c a l 
distance described by the separation of the Voigt and 
Reuss l i m i t s , but the bulk moduli have a much la r g e r 
range than expected. We do not a n t i c i p a t e t h a t the 
experimental values f o r the moduli of glasses i n batch 1 
w i l l be l i m i t e d by the Voigt and Reuss bounds as the 
interconnected phase morphology of the heat t r e a t e d 
samples of t h i s composition are not accounted f o r i n 
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these t h e o r e t i c a l models. However, we do expect them t o 
be bounded by the narrower Hashin-Shtrikman l i m i t s which 
are f o r a r b i t r a r y phase geometries. The shear moduli f o r 
glasses i n batch 1 also show a smaller spread i n values 
than the bulk moduli but both sets of elastic.constants 
are greater i n range than expected from the Hashin-
Shtrikman bounds. These l a t t e r bounds f i t the experimental 
data very w e l l over the range of i m m i s c i b i l i t y i n 
composition o f both Na20-B2P2 and Na20-Si02 glasses 
(Uhlmann and Shaw, 1971); f o r the Na20-B202-Si02 glasses 
of t h i s present study they do not. 

We can conclude t h a t the e l a s t i c constants of 
the i n d i v i d u a l glassy phases i n the phase-separated 
Na20-B202-Si02 glasses do not remain constant throughout 
the time of heat treatment o f the glass at 550°c. The 
added complication of the change i n size and shapes of 
the i n d i v i d u a l phases , e s p e c i a l l y those i n samples of 
batch 2, puts f u r t h e r c a l c u l a t i o n s beyond the scope of 
any mathematical treatment of two-phase composites yet 
provided. Reasons f o r the change i n the e l a s t i c constants 
of the phases can only be speculative at the present time. 
P l a u s i b l y the cause i s a change i n the i n t e r n a l s t r u c t u r e 
of the phases connected w i t h a r e d i s t r i b u t i o n of the 
Na^ ions, a smaller scale process of t h a t which dominates 
the e l a s t i c constants over a l l the compositions of the 
glasses i n t h i s work. 
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7^3.2 A n e l a s t i c p r o p e r t i e s 
The ultrasound attenu a t i o n c h a r a c t e r i s t i c s of 

glasses i n batches 1 and 2, u n l i k e the ultrasound 

v e l o c i t i e s , vary i n a simple way w i t h time o f heat t r e a t 

ment at 550°C. I n Figure 7.19 i s shown the dependence 

of the loss at the peak maximum on the time of heat 

treatment; the peak loss r i s e s smoothly, w i t h 

treatment time. This behaviour i s of great i n t e r e s t and 

has not been p r e v i o u s l y reported upon i n the MHz range 

of acoustic a t t e n u a t i o n . 
F i r s t l y , we must ask whether the increase i n 

peak height i s associated w i t h phase separation processes 
or w i t h the more general f i c t i v e temperature e f f e c t s t h a t 
have been observed f o r example i n v i t r e o u s Si02 (see 
Chapter 3 ) . Let us explore t h i s second p o s s i b i l i t y more 
thoroughly. The temperature o f heat treatment, 550°C, 
i s ;well above the Tg p o i n t of the glasses i n the quenched 
s t a t e , and i s also above t h a t of -both phases i n the i n t e r 
connected s t r u c t u r e d glasses of batch 1, and above t h a t 
of a t l e a s t the continuous phase of glasses of batch 2, 
as witnessed by deformation of the glass samples upon 
heat treatment. Any macroscopic s t r u c t u r a l r e l a x a t i o n 
e f f e c t would have ample time t o come t o e q u i l i b r i u m 
w i t h i n the sho r t e s t time of heat treatment and we 
expect a common f i c t i v e temperature amongst a l l the heat 
t r e a t e d samples of 550°C. Although a change i n f i c t i v e 
temperature has a large e f f e c t on the maximum acoustic 
loss i n v i t r e o u s Si02, from 0.98 db/ysec at f=980°C t o 
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0.84 db/ysec a t ,T=1400°C at 20 MHz (Krause, 1971) such 
a process i s not a c t i v e here. A second f a c t o r t o 
mention b r i e f l y i s the e f f e c t of hydroxyl ion content 
on acoustic l o s s . The OH content has only been assessed 
f o r the Na20-B2p2-Si02 glasses i n the quenched s t a t e but 
i t i s not possible t h a t a bulk d i f f u s i o n of water e i t h e r 
i n or out of the glass samples can occur w i t h i n the time 
of heat treatment. The pulse echo displays observed 
d u r i n g the measurements of ultrasound v e l o c i t y and attenua
t i o n d i d not evidence any gradient i n e l a s t i c or an e l a s t i c 
p r o p e r t i e s as would be expected i f any long range 
d i f f u s i o n a l processes were operative during the heat . 
treatment of the samples. 

Therefore, the changes i n acoustic attenuation 
i n the Na20-B202-Si02 glasses of t h i s work appear t o be 
c l o s e l y connected w i t h the enhancement of glass-in-glass 
separation. We can r u l e out the p o s s i b i l i t y of a 
Rayleigh s c a t t e r i n g c o n t r i b u t i o n t o the acoustic 
a t t e n u a t i o n through the consideration o f Section 7.2.1 
I t seems most l i k e l y t h a t the changes i n acoustic 
a t t e n u a t i o n c h a r a c t e r i s t i c s on heat treatment are the 
r e s u l t of a r e - o r g a n i s a t i o n i n the s t r u c t u r e of the 
glass on a sub-microscopic l e v e l . 

The v a r i a t i o n of peak temperature w i t h time of 
heat treatment i s an i n t e r e s t i n g aspect of the acoustic 
a t t e n u a t i o n c h a r a c t e r i s t i c s o f glasses i n batches 1 
and 2; the peak temperature r i s e s w i t h time of treatment. 
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This v a r i a t i o n i s c l o s e l y connected w i t h the s i m i l a r i t y 
of the whole f a m i l y of loss c h a r a c t e r i s t i c s of the 
Na20-B2p2-Si02 glasses. Figure 7.20 i l l u s t r a t e s the 
maximum acoustic loss and peak temperature f o r a l l the 
glass samples of t h i s work. A c l e a r correspondence i s 
shown between these two v a r i a b l e s , which r e f l e c t s the 
general nature o f the acoustic loss c h a r a c t e r i s t i c s be 
they f o r glasses w i t h d i f f e r e n t compositions or d i f f e r e n t 
heat treatments. The data points f o r glasses 5/Q and 
1/168 are c o i n c i d e n t ; a comparison o f the temperature 
dependences of acoustic loss of the two samples evidences 
almost i d e n t i c a l c h a r a c t e r i s t i c s . I t t h e r e f o r e seems 
t h a t the r i s e i n acoustic attenu a t i o n upon heat treatment 
i s due t o an increase i n the number of loss centres i n 
the same way as t h i s number i s also a f f e c t e d by the t o t a l 
Na20 content i n the quenched glasses of d i f f e r e n t 
composition. 

The constant volume f r a c t i o n s of the i n d i v i d u a l 
glassy phases i n glasses of batches 1 and 2 have shown 
t h a t the two phases have reached t h e i r t e r m i n a l chemical 
compositions e a r l y on i n the heat treatment; the i n i t i a l 
stages of separation are thus complete a f t e r a very 
short time at 550°C. The phase morphology i s undergoing 
the r i p e n i n g processes subsequent t o the i n i t i a l 
unmixing. Therefore we do not expect t h a t the change 
i n acoustic a t t e n u a t i o n i s due t o an o v e r a l l change i n 
chemical composition of the phases, but i s the r e s u l t 
of atomic re-arrangement w i t h i n the phases. The 
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resemblance between t h e e f f e c t s o f c o m p o s i t i o n and heat 
t r e a t m e n t on t h e a c o u s t i c l o s s i n t h e Na 0-B 0 -SiO 
s t r o n g l y suggests t h a t on heat t r e a t m e n t t h e r e i s a 
m i g r a t i o n o f Na"*" i o n s away fr o m B-O-B bonds i n t h e h i g h 
^2^2 phase o f t h e g l a s s . 

A comparison o f t h e e f f e c t s o f phase-separation on t h e 

a c o u s t i c l o s s mechanism a t MHz f r e q u e n c i e s t o those a t 

l o w e r f r e q u e n c i e s 

The o n l y o t h e r p h a s e - s e p a r a t i o n dependent 

f e a t u r e o f t h e a n e l a s t i c i t y o f glasses i s t h e a l k a l i i o n 

d i f f u s i o n peak o f Na20-B202-Si02 m a t e r i a l s which reduces i n 

magnitude upon heat t r e a t m e n t , as mentioned i n Chapter 3. 

Cha r l e s (1964) found t h a t t h e c o r r e s p o n d i n g peak i n 

d i e l e c t r i c l o s s due t o Na^ i o n m i g r a t i o n i n one p a r t i c u l a r 

]<}a^O-B^O^-S±0^ g l a s s a l s o decreases i n magnitude upon 

he a t t r e a t m e n t and has shown t h a t t h i s b ehaviour i s 

expected i f t h e s p h e r o i d a t i o n o f t h e Na^O r i c h phase 

i n c r e a s e s w i t h h e a t t r e a t m e n t . However, i n a l a t e r paper 

(1970) Charles r e p o r t s t h a t t h e s e p a r a t i o n morphology 

o f an i d e n t i c a l g l a s s a t an i d e n t i c a l temperature and 

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

T h i s c a s t s d o i i b t upon h i s o r i g i n a l h y p o t h e s i s about t h e 

decrease i n d i e l e c t r i c l o s s upon heat t r e a t m e n t . I t i s 

a l s o d i f f i c u l t t o see how such a t h e o r y c o u l d e x p l a i n 

t h e observed b e h a v i o u r o f a c o u s t i c a t t e n u a t i o n . I t i s 

i n t e r e s t i n g t o n o t e however t h a t t h e changes i n 

a n e l a s t i c i t y a t b o t h low KHz and MHz a c o u s t i c f r e q u e n c i e s 
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are connected w i t h mechanisms i n v o l v i n g Na"*" i o n s . T h i s 
s t r o n g l y suggests t h a t t h e observed behaviour i n a c o u s t i c 
and d i e l e c t r i c l o s s i n t h e l a t e r stages o f phase-separation 
i n Na20-B2P2-Si02 g l a s s e s r e s u l t s f r o m t h e r e p o s i t i o n i n g 
o f t h e a l k a l i m e t a l i o n s i n t h e g l a s s l a t t i c e . 

7.4 The 4°K a c o u s t i c loss. peak, i n t h e Na.20.-B20.̂ -

SiO^ g l a s s e s 

The s m a l l a c o u s t i c l o s s peak t h a t occurs a t 

about 4°K i n t h e Na20-B2p2-Si02 glas s e s o f t h i s s t udy 

has a c o u n t e r p a r t i n a wide v a r i e t y o f i n o r g a n i c g l a s s , 

see Chapter 3. The f e a t u r e common t o a l l t h e glasses i n 

w h i c h t h i s a c o u s t i c anomaly appears i s t h a t t h e c a t i o n s 

o f t h e g l a s s f o r m i n g l a t t i c e are t e t r a h e d r a l l y c o o r d i n a t e d 

t o e i t h e r oxygen atoms as i n v i t r e o u s Si02/ Ge02 and 

Zn (PO^)^, o r i n t h e case o f BeF2 t o f l u o r i n e atoms. As 

we have seen i n S e c t i o n 7.2.8, t h e presence o f t h e network 

m o d i f i e r Na20 i n c r e a s e s t h e t e t r a h e d r a l c h a r a c t e r o f t h e 

Na20-B202-Si02 g l a s s e s by c o n v e r s i o n o f t h e boron atoms 

f r o m 3 t o 4 f o l d c o o r d i n a t i o n . T h i s , and t h e f a c t t h a t 

t h e r e are a l s o r e g i o n s o f t h e l a t t i c e o f low Na20 and 

h i g h Si02 c o n t e n t where t h e t e t r a h e d r a l l y c o o r d i n a t e d 

S i atoms remain r e l a t i v e l y u n d i s t u r b e d e s t a b l i s h e s t h e 

t e t r a h e d r a l n a t u r e o f many c a t i o n s i n t h e g l a s s l a t t i c e . 

Thus t h e c o i n c i d e n c e o f t e t r a h e d r a l bonding and t h e 4°K 

a c o u s t i c l o s s peak i s a l s o apparent i n t h e Na20-B202-Si02 

gl a s s e s o f t h i s s t u d y . 
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I t has been suggested by Krause and K u r k j i a n 
(1968) t h a t t h e 4°K a c o u s t i c l o s s peak and t h e p o s i t i v e 
t e m p e r a t u r e c o e f f i c i e n t o f u l t r a s o u n d v e l o c i t y have a 
common cause i n c e r t a i n v i b r a t i o n a l modes which can occur 
i n t e t r a h e d r a l l y c o o r d i n a t e d s t r u c t u r e s . I n t h e Na^O-
B^Q^-SiO^ glasses o f t h i s s t u d y , t h e temperature c o e f f i c i e n t 
o f v e l o c i t y i s s t r o n g l y dependent on t h e t o t a l Na20 c o n t e n t , 
e v i d e n c i n g s u p p r e s s i o n o f t h e cause o f t h i s e f f e c t by t h e 
a l k a l i o x i d e network m o d i f i e r . However, t h e i n t e n s i t y o f 
t h e 4°K a c o u s t i c l o s s peak does n o t v a r y a p p r e c i a b l y 
between t h e gl a s s e s o f t h i s s tudy w i t h d i f f e r i n g Na20 
c o n t e n t , b u t t o conclude t h a t Krause and K u r k j i a n ' s 
h y p o t h e s i s i s wrong would be hazardous as t h e source o f 
t h e l o s s may occur i n t h e r e l a t i v e l y u n d i s t u r b e d Si02 r i c h 
r e g i o n s o f t h e g l a s s l a t t i c e . 

The mechanism f o r t h e l o s s remains so f a r . 

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

and e x p e r i m e n t a l o b s e r v a t i o n s on v i b r a t i o n a l p r o p e r t i e s 

o f v i t r e o u s m a t e r i a l s we w i l l now examine processes which 

c o u l d be r e s p o n s i b l e f o r t h e 4°K a c o u s t i c l o s s . 

Phonon-phonon i n t e r a c t i on s 

I f l o w - l y i n g modes o f v i b r a t i o n e x i s t i n a 

s o l i d , t h e n t h e y can have e f f e c t s i n t h e t h e r m a l con

d u c t i v i t y and u l t r a s o u n d a t t e n u a t i o n which w i l l be most 

d i s c e r n a b l e a t low temper a t u r e s where h i g h e r frequency 

modes have been f r o z e n o u t . A p o s s i b l e cause f o r t h e 



- 176 -

4°K peak i n t h e Na20-B2P2-Si02 glasses i s t h e n an 
a c o u s t i c phonon-low frequency t h e r m a l phonon i n t e r a c t i o n . 
B e f o r e any d e t a i l e d c a l c u l a t i o n s o f t h e a c o u s t i c l o s s can 
be made i t i s necessary t o know t h e t h e r m a l phonon 
r e l a x a t i o n t i m e . T h i s i s o b t a i n e d d i r e c t l y from t h e 
t h e r m a l c o n d u c t i v i t y , s p e c i f i c heat and mean sound, v e l o c i t y 
i n t h e manner d e s c r i b e d i n S e c t i o n 3.3.1. The former two 
parameters have n o t been measured f o r t h e Na20-B202-Si02 
g l a s s e s , b u t w i l l a g a i n be approximated by those o f Pyrex, 
Z e l l e r and Pohl (1971) have measured t h e s p e c i f i c heat and 
t h e r m a l c o n d u c t i v i t y o f Pyrex 7740 down t o 0.1°K, and have 
shown t h a t t h e s e parameters are veiry s i m i l a r f o r a l l Si02 
based g l a s s e s . A t 4°K t h e i r r e s u l t s show t h a t 

= 4x10"^ ergs/g°K K = 1x10^ ergs/cm°K 

and hence, t h r o u g h e q u a t i o n 3.15, t = 4x10 sees. 

The A k h i e s e r t y p e phonon-phonon damping l o s s 

can now be c a l c u l a t e d t h r o u g h e q u a t i o n 3.10. On t h e 

assumption t h a t t h e Griineisen parameter i s equal t o u n i t y , 
-4 

t h e c a l c u l a t e d l o s s f o r sampe 2/Q i s 1.2x10 db/cm. and 
-4 

t h a t i t f o r . i s a m p l e 4/Q i s 1.7x10 db/cm. These values are 
t o o s m a l l t o account f o r t h e e x p e r i m e n t a l l y observed 

-2 -2 
peak i n t e n s i t i e s o f 7x10 db/cm and 8x10 db/cm 

r e s p e c t i v e l y . A s i m i l a r c a l c u l a t i o n f o r v i t r e o u s Si02 

u s i n g v a l u e s o f 0^ = 3x10'"^ ergs/g°K and K = 1x10^ ergs/cm°K 

i n d i c a t e s a phonon-phonon damping c o n t r i b u t i o n t o t h e 

a c o u s t i c l o s s a t 4°K o f 1.2x10 ^ db/cm compared t o t h e 

observed v a l u e o f 8x10 db/cm. Thus i t i s seen; t h a t t h e 
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low t e m p e r a t u r e peak i n Na20-B202-Si02 and Si02 g l a s s e s , 
and by i n f e r e n c e o t h e r i n o r g a n i c g l a s s e s , i s n o t connected 
w i t h an a c o u s t i c phonon-thermal phonon i n t e r a c t i o n . 

An a c t i v a t i o n energy process 

From t h e upward s h i f t i n peak temperature w i t h 

i n c r e a s i n g a c o u s t i c f r e q u e n c y , i t i s e v i d e n t t h a t t h e 4°K 

l o s s i s c o n s i s t e n t w i t h t h e o p e r a t i o n o f an a c t i v a t i o n 

energy p r o c e s s . F i g u r e 7.21 shows t h e r e l a x a t i o n frequency 

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

t h e 4°K l o s s peak i n v i t r e o u s Si02 t a k e n from t h e r e s u l t s 

o f Krause (1964). Data p o i n t s f o r Na20-B2Q2-Si02 glasses 

2 and 4 are i n c l u d e d on t h e p l o t and l i e i n c l o s e p r o x i m i t y 

t o t h e s o l i d l i n e f o r v i t r e o u s Si02 r e p r e s e n t e d by 

f = 1.4 X lO-*--"- exp (-60/RT) 

wh i c h i n d i c a t e s , f o r Si02/ an a t t e m p t frequency o f 

1.4 X lO''"''" Hz and an a c t i v a t i o n energy o f 60 cal/mole f o r 

t h e l o s s mechanism. The p o i n t A i s taken from t h e d i e l e c t r i c 

l o s s d a t a f o r v i t r e o u s Si02 o f Jaeger (1968); a s i m i l a r 

s m a l l peak i n t h e d i e l e c t r i c l o s s i n v i t r e o u s Si02 appears 

below 4°K. 

A c e r t a i n amount o f e r r o r i s i n t r o d u c e d i n t h e 

i d e n t i f i c a t i o n o f t h e peak temp e r a t u r e i n t h e Na20-B202-

Si02 g l a s s e s due t o c o n t r i b u t i o n s t o t h e a c o u s t i c a t t e n u a 

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

a p p r o p r i a t e e r r o r bars are i n c l u d e d f o r each data p o i n t . 

An a t t e m p t f r e q u e n c y o f lO"*"^ Hz t o lO"*"^ Hz and an 



Figure7.21 Relaxation frequency plot for the low temperature 

loss peak in glasses 2 / Q ( o ) and 4 /Q ( • -») . The solid line 

I S for v i t reous S i02 ; point A i s f r o m dielectr ic loss data 

and the point B represents the knee i n the rma l conductivity. 
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a c t i v a t i o n energy o f 60 ± 15 cal/mole i s i n d i c a t e d f o r 
th e Na20-B2p2-Si02 g l a s s e s . 

Assuming t h a t an a c t i v a t i o n energy process i s 

r e s p o n s i b l e f o r t h e 4°K a c o u s t i c l o s s peak, i t i s d i f f i c u l t 

t o c o n j e c t on t h e member r e s p o n s i b l e . The low a t t e m p t 

f r e q u e n c y suggests t h a t i f i t i s a s t r u c t u r a l r e l a x a t i o n 

t h e n t h e r e l a x i n g u n i t i s o f l a r g e mass o r i s c o n s t r a i n e d 

by weak f o r c e s . T h i s u n i t must a l s o be p o l a r i z a b l e o r 

i t would n o t a f f e c t t h e d i e l e c t r i c l o s s . The low a c t i v a 

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

t o t h e mot i o n o f t h e member and p r e c l u d e s any t r a n s l a -

t i o n a l o r r o t a t i o n a l movement o f t h e a c t i v e member. 

An i n t e r e s t i n g p o i n t a r i s e s here on i n s p e c t i o n 

o f t h e t h e r m a l c o n d u c t i v i t y d ata f o r v i t r e o u s SiO and 

Pyrex f r o m t h e r e s u l t s o f Z e l l e r and Pohl (1971). There 

i s q u i t e a d i s t i n c t i v e 'knee' i n t h e temperature 

dependence a t about 10°K which i s t h e r e s u l t o f an 

anomaly i n t h e t h e r m a l phonon mean f r e e p a t h r a t h e r than 

i n t h e s p e c i f i c h e a t . I n t h e dominant phonon a p p r o x i m a t i o n , 

t h e f requency o f t h e t h e r m a l phonons a t 10°K i s about 

2X10"''''" Hz; i n p r a c t i c e t h i s v a l u e i s t h e upper l i m i t 

t o t h e phonon fre q u e n c y spectrum a t t h i s t emperature. 

A p o i n t B (see F i g u r e 7.21) c o r r e s p o n d i n g t o t h i s 

f r e q u e n c y and t e m p e r a t u r e l i e s f a i r l y near t h e r e l a x a t i o n 

p l o t o f Krause f o r t h e 4°K a c o u s t i c l o s s peak i n v i t r e o u s 

S i 0 2 , and a l s o near t h a t f o r t h e Na20-B202-Si02 glasses 

o f t h i s s t u d y . I t seems a p o s s i b i l i t y t h a t t h e a c o u s t i c 

and t h e r m a l phonon s c a t t e r i n g has a common cause. 
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Z e l l e r and Pohl have found t h a t a t 10°K t h e 

phonon mean f r e e p a t h i s p r o p o r t i o n a l t o t h e i n v e r s e 

o f t h e f o u r t h power o f t h e phonon frequ e n c y , which 

i n d i c a t e s t h a t a R a y l e i g h s c a t t e r i n g process may be 

i n v o l v e d . They suggest t h a t t h i s s c a t t e r i n g i n a g l a s s y 

s t r u c t u r e i s s i m i l a r t o i s o t o p i c s c a t t e r i n g i n a 

c r y s t a l ; t h e v i t r e o u s m a t e r i a l i s approximated i n 

t h e i r t r e a t m e n t t o a c r y s t a l where e v e r y atom i s 

d i s p l a c e d from i t s l a t t i c e s i t e . The mean f r e e p a t h 

o f a t h e r m a l phonon a t 4°K i s 5x10 ̂  cm. Thus w i t h a 
-4 

dependence o f mean f r e e p a t h p r o p o r t i o n a l t o w t h a t 

f o r an a c o u s t i c phonon a t frequency 12 MHz w i l l be o f 

t h e o r d e r o f lO"*"^ cms which would r e s u l t i n an a t t e n u a -
-12 

t i o n due t o t h i s t y p e o f s c a t t e r i n g mechanism o f 10 

db/psec. C l e a r l y such a mechanism cannot account f o r 

th e observed a c o u s t i c l o s s peak. Furthermore, i t i s 

d i f f i c u l t t o envisage how a peak i n a c o u s t i c l o s s r a t h e r 

t h a n a c o n s t a n t c o n t r i b u t i o n t o t h e observed a t t e n u a t i o n 

c o u l d r e s u l t f r o m such a process. 

To s\im up, t h e knee i n t h e t h e r m a l c o n d u c t i v i t y 

and t h e low t e m p e r a t u r e a c o u s t i c l o s s peak i n v i t r e o u s 

Na20-B202-Si02 and Si02 e i t h e r have a common cause which 

i s n o t a R a y l e i g h s c a t t e r i n g p r o c e s s , o r they are t h e 

r e s u l t o f s e p a r a t e mechanisms. 
Phonon a s s i s t e d t u n n e l l i n g 

More r e c e n t l y , Anderson H a l p e r i n and Varma 

(1971) have shown from g e n e r a l c o n s i d e r a t i o n s o f t h e 
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g l a s s y s t a t e t h a t a t low temperatures t h e r e s h o u l d be 

a l i n e a r t e m p e r a t u r e c o n t r i b u t i o n t o t h e s p e c i f i c heat 
2 

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

and 03 and o f i n t e r e s t h e r e , an u l t r a s o n i c a t t e n u a t i o n 
- 1 2 

whic h i n c r e a s e s as T and to . T h e i r model i s based on 

t h e p r o b a b i l i t y o f phonon a s s i s t e d t u n n e l l i n g o f atoms 

o r s m a l l groups o f atomis between s i t e s o f e q u i v a l e n t or 

n e a r l y e q u i v a l e n t p o t e n t i a l energy which are separated by 

a s m a l l energy b a r r i e r . The r e s u l t s o f Z e l l e r and Pohl 

agree w i t h t h i s p r e d i c t e d behaviour i n s p e c i f i c heat and 

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

i n c l u d i n g Si02 based g l a s s e s , b u t o n l y i n t h e temperature 

range 0.1°K t o 1°K. A t 4°K, where t h e s m a l l a c o u s t i c 

l o s s peak i s observed i n Na20-B202-Si02 and S i 0 2 , t h e 
-4 -4 

phonon mean f r e e p a t h v a r i e s as oj and T ; thus t h e 

t e m p e r a t u r e range o f t h e a c o u s t i c experiments i s o u t s i d e 

t h a t where t h e phono n - a s s i s t e d t u n n e l l i n g mechanism i s 

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

a s i t u a t i o n where an a c o u s t i c l o s s which v a r i e s as T 

would cause a peak i n a t t e n u a t i o n r a t h e r t h a n a steady 
p a r a b o l i c r i s e . 

To conclude, t h e o n l y mechanism p r e s e n t l y , 

a v a i l a b l e t o account f o r t h e a c o u s t i c l o s s peak i n t h e 

l i q u i d heliiam t e m p e r a t u r e range f o r Na20-B2p2-Si02 and 

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

r e l a x a t i o n mechanism. However, a l t h o u g h such a model 

can be f i t t e d t o t h e u l t r a s o n i c d a t a , t h i s cannot be 
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h e l d as p r o o f o f i t s v a l i d i t y . F u r t h e r d e t a i l e d s t u d i e s 
o f u l t r a s o n i c l o s s i n b o t h t e t r a h e d r a l l y and non-
t e t r a h e d r a l l y c o o r d i n a t e d m a t e r i a l s w i l l be needed t o 
h e l p i d e n t i f y t h e r e s p o n s i b l e mechanism. Such i n v e s t i g a 
t i o n s i n t h e l i q u i d h e l i u m temperature range and a l s o those 
a t l o w e r t e m p e r a t u r e s s t i l l w i l l p r o v i d e v a l u a b l e 
i n f o r m a t i o n on t h e c h a r a c t e r o f t h e g l a s s y s t a t e . 



C H A P T E R 8 

S U M M A R Y 
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Summary 

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

l o n g i t u d i n a l and shear u l t r a s o u n d waves have been s t u d i e d 

i n g l a s s e s i n t h e Na20-B2p2-Si02 system. The temperature 

dependence o f u l t r a s o u n d wave v e l o c i t y and a t t e n u a t i o n 

between l."3°K and 400°K i s dominated by an i n t e n s e and 

b r o a d a c o u s t i c l o s s peak; i n t h i s r e s p e c t t h e a c o u s t i c 

p r o p e r t i e s o f Na20-B2P2-Si02 glasses are q u a l i t a t i v e l y 

s i m i l a r t o t hose i n many o t h e r v i t r e o u s i n o r g a n i c 

m a t e r i a l s such as S i 0 2 , Ge02, and ^2'^3' "'•̂  been 

shown t h a t a t h e r m a l l y a c t i v a t e d s t r u c t u r a l r e l a x a t i o n 

i n v o l v i n g t h e t r a n s v e r s e m o t i o n o f an oxygen atom 

between two s i t e s o f equal o r n e a r l y equal energy i n 

a n o n - l i n e a r c a t i o n - o x y g e n - c a t i o n bond i s t h e most l i k e l y 

mechanism f o r t h e a c o u s t i c l o s s i n v i t r e o u s Si02 

Na20-B2P2-Si02/ and o t h e r i n o r g a n i c g l a s s e s . A d i f f e r e n t 

mechanism i n v o l v i n g an a c o u s t i c phonon-thermal.phonon 

i n t e r a c t i o n has proved unacceptable as an e x p l a n a t i o n 

f o r t h e observed l o s s . The i n t e n s i t y o f t h e a c o u s t i c 

a t t e n u a t i o n peak and t h e mean a c t i v a t i o n energy f o r t h e 

r e l a x a t i o n process are much l a r g e r i n t h e Na20-B202-Si02 

t h a n i n t h e s i n g l e component Si02 and ^2^3 ^ f l ^ ^ s e s ; i n 

t h e t e r n a r y m a t e r i a l s t h e r e are l a r g e r numbers o f nonr 

l i n e a r b r i d g i n g oxygen bonds and these bonds t e n d t o be 

d i s t o r t e d on average t h r o u g h l a r g e r angles. 

A r e c u r r e n t theme t h a t has emerged from t h e 

r e s u l t s o f t h i s work i s t h e s t r o n g dependence o f t h e 
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u l t r a s o u n d p r o p a g a t i o n c h a r a c t e r i s t i c s on t h e t o t a l 
Na20 network m o d i f i e r c o n t e n t o f t h e g l a s s e s . The 
i n t e n s i t y o f t h e l a r g e a c o u s t i c l o s s peak and t h e unusual 
p o s i t i v e f r a c t i o n a l t e m p e r a t u r e c o e f f i c i e n t of. u l t r a s o u n d 
v e l o c i t y decrease, and t h e u l t r a s o u n d v e l o c i t y and 
c o e f f i c i e n t o f t h e r m a l expansion i n c r e a s e as t h e Na20 
c o n t e n t o f t h e g l a s s i s r a i s e d . The decrease i n maximum 
a c o u s t i c l o s s and t h e i n c r e a s e i n s t i f f n e s s o f t h e s t r u c t u r e 
can be accounted f o r by a l o c a l s t r u c t u r a l model where two 
adj acent boron atoms l i n k e d by a common oxygen atom are 
c o n v e r t e d from 3 t o 4 f o l d c o o r d i n a t i o n . P l a u s i b l y t h e 
e x p l a n a t i o n f o r t h e observed decrease i n t h e p o s i t i v e 
t e m p e r a t u r e c o e f f i c i e n t o f u l t r a s o u n d v e l o c i t y i s e l i m i n a 
t i o n by t h e a l k a l i o x i d e molecules o f t h e low frequency 
modes o f v i b r a t i o n w h i c h have been proposed t o be 
r e s p o n s i b l e f o r many o f t h e anomalous p r o p e r t i e s o f 
i n o r g a n i c g l a s s e s . That t h e Na20 network m o d i f i e r p l a y s 
a v i t a l r o l e i n t h e s t r u c t u r e f o r m i n g processes i n t h e 
Na20-B202-Si02 g l a s s e s i s f u r t h e r demonstrated by t h e 
dependence o f t h e p h a s e - s e p a r a t i o n c h a r a c t e r i s t i c s upon 
th e amount o f a l k a l i o x i d e p r e s e n t . Results, from t h i s 
s t u d y have p r o v i d e d v a l u a b l e i n f o r m a t i o n on t h e f u n c t i o n 
o f Na20 i n d e t e r m i n i n g t h e a c o u s t i c a l and v i b r a t i o n a l 
p r o p e r t i e s o f t h e g l a s s e s . 

I n t h e g e n e r a l f i e l d o f g l a s s p h y s i c s i t has 

been found d i f f i c u l t t o expose p r o p e r t i e s which are 

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

about s t r u c t u r a l processes i n v o l v e d i n ph a s e - s e p a r a t i o n 
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phenomena. As a t e c h n i q u e f o r t h e i n v e s t i g a t i o n o f 

g l a s s - i n - g l a s s p h a s e - s e p a r a t i o n , u l t r a s o n i c s t u d i e s have 

pr o v e d s e n s i t i v e t o changes t a k i n g p l a c e i n t h e i n d i v i d u a l 

phases o f Na20-B2p2-Si02 glasses a f t e r l o n g p e r i o d s o f 

h e a t t r e a t m e n t . These changes are connected most l i k e l y 

w i t h t h e r e d i s t r i b u t i o n o f t h e Na^ i o n s w i t h i n t h e 

s e p a r a t e phases. I n t h e Na2O-B203-SiO2 glasses o f t h i s 

s t u d y , which l i e i n o r near t h e r e g i o n where me t a s t a b l e 

i m m i s c i b i l i t y i s observed, i t has n o t been p o s s i b l e t o 

s t a t e t h a t any sample i s n o t phase-separated as a l l 

samples have proved heterogeneous by t h e c r i t i c a l 

i n s p e c t i o n o f t h e e l e c t r o n microscope. However, as has 

been d i s c u s s e d i n Chapter 4, t h e term 'phase-separated' 

may w e l l be a r e l a t i v e r a t h e r t h a n an a b s o l u t e t e r m 

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

t o t h e e x t r e m i t i e s t o t h e i m m i s c i b i l i t y dome; t h e u l t r a 

sound p r o p a g a t i o n c h a r a c t e r i s t i c s o f b o t h o p t i c a l l y c l e a r 

and b l u e - w h i t e l a r g e - s c a l e separated Na20-B2P2-Si02 

g l a s s e s have been s y s t e m a t i c a l l y s t u d i e d i n t h e course 

o f t h i s work. 

I n a l l t h e Na20-B202-Si02 glasses whose a c o u s t i c 

l o s s c h a r a c t e r i s t i c s have been measured i n t h e l i q u i d 

h e l i u m range o f temperatures a s m a l l a t t e n u a t i o n peak 

has been observed a t about 4°K. T h i s f e a t u r e i s common 

t o t h e a c o u s t i c p r o p e r t i e s o f many t e t r a h e d r a l l y 

c o o r d i n a t e d i n o r g a n i c g l a s s e s . The frequency dependence 

o f t h e l o s s peak i s c o n s i s t e n t w i t h an a c t i v a t i o n energy 

process o f energy 60 i 15 cal/mole and a t t e m p t frequency 
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o f 10"^^ t o lO'''^ Hz; f u r t h e r s t u d i e s o f t h i s a c o u s t i c 
anomaly i n o t h e r g l a s s e s are needed t o c l a r i f y t h e 
mechanism r e s p o n s i b l e . Indeed, more g e n e r a l i n v e s t i g a 
t i o n s o f u l t r a s o u n d p r o p a g a t i o n c h a r a c t e r i s t i c s a t v e r y 
low t e m p e r a t u r e s , perhaps as low as 0.1°K, w i l l p r o v i d e 
much i n f o r m a t i o n about t h e v i b r a t i o n a l p r o p e r t i e s o f 
t h e g l a s s y s t a t e . 

T h i s p r e s e n t s t u d y , as an i n v e s t i g a t i o n i n t o 

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

t i o n on t h e s t r u c t u r e o f multicomponent g l a s s e s , has 

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

t e m p e r a t u r e and a c o u s t i c frequency ranges i n q u e s t i o n . 

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

e x a m i n a t i o n s o f t h e e l a s t i c i t y and a n e l a s t i c i t y o f b o t h 

Na20-B202-Si02 and o t h e r glasses w i l l be undertaken, 

e s p e c i a l l y w i t h r e f e r e n c e t o t h e s i g n i f i c a n t and most 

i m p o r t a n t e f f e c t s o f advancing g l a s s - i n - g l a s s 

s e p a r a t i o n . 



Note added i n proof 

During the f i n a l stages of preparation of t h i s 

t h e s i s an important paper was published e n t i t l e d 'Boron 

coordination i n sodium b o r o s i l i c a t e g l a s s e s , ' (Milberg, M.E., 

O'Keefe, J.G., V e r h e l s t , R.A., Hooper, H.O., (1972) Phys. 

Chem, G l a s s e s , 13, 79) i n which r e s u l t s of N.M.R. studies 

of boron-oxygen coordination were reported. The major 

conclusions were as follows: 

1. Na20-B2Q2-Si02 g l a s s e s with a Ha^OiB^O^ r a t i o 

of l e s s than 0.5 behave with regard to boron coordination 

as i f they were Na20-B2P2 g l a s s e s d i l u t e d by Si02. They 

contain e s s e n t i a l l y no non-bridging oxygen ions and the 

f r a c t i o n of the boron atoms i n 4 coordination i s equal 

to the r a t i o of Na20 to B2p2-

2. Na20-B202-Si02 g l a s s e s with a Na20:B2Q2 r a t i o 

g r e a t e r than 0.5 have a f r a c t i o n of 4 coordinated boron 

atoms l e s s than t h i s r a t i o , but s t i l l a c t as to show a 

preference of the Na20 molecules f o r the ^20^ s p e c i e s . 

The conclusions of t h i s present study drawn 

from the compositional dependences of density and 

ultrasound v e l o c i t y have emphasised the same b a s i c 

f i n d i n g s of the N.M.R. study, t h a t the network modifying 

Na20 s p e c i e s has a f f i n i t y for areas of the g l a s s network 

l o c a l l y r i c h i n ^2^3' 
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Appendix I 

This appendix contains a copy of the computer 

programme used to c a l c u l a t e the d i s t r i b u t i o n of a c t i v a 

t i o n energies i n the mechanism resp o n s i b l e f o r the 

l a r g e a c o u s t i c l o s s peak i n the Na20-B2Q2-Si02 g l a s s e s . 

F u r t h e r d e t a i l s of t h i s l e a s t mean squares minimzation 

procedure can be found i n Chapter 7. The parameters 

read i n t o the programme are siimmarized i n the following 

t a b l e : 

Symbol Parameter 

N Number of unknown 

WW Aco u s t i c frequency (Hz) 

SMALL P r e s e t value of SUMSQ 

CYCLE C y c l e s of minimization 

MAX Upper l i m i t of 

MIN Lower l i m i t of A^ 

S I n i t i a l l y s e t values of 

STEP I n i t i a l steps of 

CO'.' Measured values of i n t e r n a l 
f r i c t i o n 

I J Upper temperature l i m i t of 
measurements (°K) 

KJ Steps i n Hi (cal/mole) 

Value 

40 

12x10^ 

0.005 

3 

1 

10 

10 

10 

-10 

-2 

-3 

v a r i a b l e 

400 

300 
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DIMENS lOM S(^C ) ,STI:P(^ ) , SClL ( ̂ 0 ) , CO ( AO I , 0( 40 ) , COEFF ( 160'') , w n 16C0) 
7. Sn( I 6 i i 0 ) , WE{40) 
OnilBLE PRECISrON SMALL,SUM(2) ,7.('^n) 
TNTEGffR CYCLEtH(4f ) ,C,U 
REAL MAX(40),MIN{4n ) 

1 FORMAT ( I t EB.i. ) 
2 FRRMAK?'x, I INITIAL SOLUTIONS FITTED'/ 25X,'MEASURED COEFF ' / f^UOE 
7 1 C . 3 / ) n 
3 F O P M A T{25X,•FINAL SOLUTIONS'/ (4 ( 1 0 E 1 0 . 3 / ) ) ) 
4 FORMAT(25X,'RATIOS'/(4(10ElO.3/))) 
5 FC)RMAT(25X,'SUM'/' (2F30.8) ) 
6 F0RMAT{25X,'MEASURED COEFF'/ ( 4( IfJElO, 3/) ) ) 
8 F0RMAT(IE11.5) 
9 FORMAT(lEin,3) 

1(, F0RMAT(25X,'CALCULATED COEFF'/ ( A (10010.3/) » ) 
3? F0RMAT(2.5X,'STEPS'/(4( 10E10.3/) ) ) 
5 9 FORMAT(////25X,'SOLUTIONS't/CAllOE10.3/)M 

101 ̂ FORMAT( T3) ' • . 
102 FORMAT(Fin.0) 
1(;3 FORMATS 12 ) 
i:;4 FORMAT (E 12. 5) 
1(15 FnRMAT(25X,'FREQUENCY=',E12.5) 
3':2 FORMAT(25X,'MAX',/(A(lUE10.3/) ) ) 
303 FORMAT(25X,'MIN',/(4(10E10.3/))) 
3'. 4 F0RMAT{//'SMALL = ',F10.7///) . 

READ(5,ICl) N 
REAOI5,104) WW 
RCAD(5,102) SMALL , ' • ' 
READ(5,1C3) CYCLE ' ' ' ,• . 
PEAD(5,1) (HAXd ) , I = 1,N) ; 
READ(5,1) (MINI I ) ,T=1,N) 
READ(5,8) ( S ( I ) , I = 1 , N ) 
READ(5,1) ( S T E P n ) , I = l,N) 
READ(5,9) ( C 0 ( I ) , I = 1 , N ) ; 
DO 12 1=1,N 

12 C0(T)=C0(I)*1.tE6/(8.686*3.142*WW) 
WRITE(6,105) WW . • ,̂  
WRITE(6,3!)2) (MAX( I ) , I = 1,N) . . • . 
WRITE! 6,3C-3) ( MIN ( I )» I = 1 • N) 
WRITE(6,33) (STEP(I),I=1»N) v 
WRITE(6,2) (C0( I ) • I = 1,N). 

, WRITE(6,59) ( S ( I ) , I = 1 , N ) '..^ 
WRITE(6,3n4) SMALL ' 

97 CALL CALC(SO,N,CnEFF,WI,SCAL,WW) ' ' 
DO 7 1 = 1 ,N 
SOL(I)=sn) . V 

• -HI I )=U - ,. . ' . • ' 
7 CONTINUE 
.SUM(1)=0 • ^ , 

• suM(2)=o 
CALL DEVIS,ZfSO,N) V 
.WRITE(6,2) I C n ( I ) , I = l t N ) 
W R l T E ( 6 t i o ) ( Z ( ! ) , i = l , N ) ;." '/ 
WRITE(6,59) ( S O L ( I ) , I = l f N ) . .: S 

^"00^17- K = l *N'"' •' . • . '-̂  •• ...v •• • / • 
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o(K) = ( 7. I K ) / c n ( K n 

SLIM( I )=SUM| 1 )+wr(K)**2 
17 CONTINUE 

WRITh-(6,4) ( 0 ( I ) , I = 1,N) 
WRITE<6,5) ISUMC 1) , 1 = 1,2) 
on ] 6 C=l ,CYC1.F 
DO 19 U=l , IIM. 
00 1? 1 = ?. ,N 
SUM ( ,? ) 
s( I ) = s i I ) + sTf;p( I ) 
I F { S ( I ) . G T . M A X ( I ) ) GO TO 15 
IF( .S( I ) .LT.MINC I ) ) GO TO 1? 
CALL OCV(S,Z,SO,N> 
00 IB K=l,N 
Q I K J =r ( 7 ( K ) /CO ( K ) ) 
WE(K) = ( 0 ( K ) - n 
SUMI2)=SIIM(2) + WEIK)**2 

18 CONTINDE 
IF(SUM(1)-S1JM(2) ) 1 5 , I ^ , U 

15 I F ( M ( I ) - l f 121 ,21,22 
21 STEP( I )=-STEP( I ) 

SI I ) = SOLI I ) -
HI I ) = H n ) + l 
GO TO ! 3 

22 STEPI I )=-:.'. !5*STeP( I ) 
SI I ) = SOLII ) 
HI I ) = l 
GO TO 13 . . . ' •- . • 

I / * IFISUMI2 )-SMALL)99,99,20 ' . 
2< 5 0 L { I ) = S n ) ; ̂  

SWil )=SUM(2) 
13 CONTINUE 
19 CONTINUE 

WRITEl5,5o» (SOLI I),1=1,N) 
WRITEI6,A) ( 0 1 I ) , I = 1 , N ) 
WRITE(6,33) ISTEPIn,I=1,N) • 
WPITF(6,5) (SUM(n,1=1,2) 

16 CONTINUE . , , : ; . 
99 DO 25 1=1,N 

SI J ) = SGL I I ) • • • : ' ' • 
25 CONTINUE , v ' 

WRITE 16,3) (SOLI I ) , I = 1,N) 
WRITE I 6,6) ICOlT) ,1 = 1 ,N) 
WRITEI6,10) I Z n ) , I = l , N ) .r : 
WRITE(6,'f) IQ( I ) , , I = 1»N) V / . 
WRITEI6,?) ISUMII),1=1,2) 
CALL DISP(N,CnEFF,SCAL,WI,WW,SOL) . 
• DO 656 1 = 1 ,N • • 
A = ALOGISOL(1)) • . : • ' ; . • 
B=AL0G10(S0LII)) 

656 WRITE(6,655) SOLI I ) , A , 8 : ' • " 
655 FORMATIE15.3,2F15. 5) . ^ s 
98- STOP .. . ' 
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SUHROUTINr CALCIA,N,COEFF,WI,SCAL,W) 
C THIS SUBROUTINE CALCULATES THE 1600 TERMS 0^ TYPE 
C WT/I1+(WT ) * * 2 ) ) 

DIMENSION CORFFI 1600),WK 1600),A( 1600) , I I 1160C) 
,151 FORMAT I 16.) 
]6 1 FORMAT(25X,•TEMPERATURE 0-«,I3) 
:,71 FORM AT I 15) 

RE AD I 5 ,151) I J 
WR TTEI 6, 161 ) I J 
READ(5,171 ) KJ 
WRITEI6,181) KJ 

I R l FORMAT I25X,'ACTIVATION ENERGIES 0-«,I5) 
NN=N'f=N 
SCAL=1.0 
ZZZ=1.0E-30 
P=1. o987 
7=1.0E-30 

. C=1.0E13 
M = 0 
KK. = KJ/N 
JJ=IJ/N 
DO 1 I=KK,KJ,KK 
DO 1 J = J J , I J , J J 
M = M + 1 
• T = J 
H=I 
WI |M)=C*EXP|--H/(R«T) ) 
IFIWI IM)-1 .0)3,'»,^ 

3 COEFF(M)=wnM| /W 
GO TO 5 

4 COEFF(M) = IW/WI IM) ) / l U ( (W/WI(M) )**2) ) 
5 SMALL=COEFFIM)/Z 

IFISMALL-1.0)35,U1 
35 COEFFIM)=ZZZ 
1 A IM)=COEFF|M) 
RETURN , ~ 
END 

SUBROUTINE DEV(A,Z,SO,N) 
C THIS SUBROUTINE CALCULATES THE INTERNAL FRICTION FROM THE' 
C INCREMENTED OR DECREMENTED VALUES OF THE RELAXATION STRENGTHS 

DIMENSION A(^0),SO(1600) 
DOUBLE PRECISION Z(40) 
DO 1 K=1,N ' 
z<K )=o ,o • . : ^ 
DO 2 I=1,N , ' ' 
l = K*{ I-1)«N 

2 Z(K ) = Z ( K ) + S O ( L ) * A ( I ) 
1 CONTINUE 

• - ; RETURN ' 
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SURROUTINF DISP<N,COFFF,SCAL,WI,W,X) 
C THIS SUnNOUTINH CALCULATES THf EXPECTED RELAXATION IN ELASTIC 
C MODULUS FROM THF DISTPTmiTTON IN ACTIVATION ENERGIES 

I IB FORMAT! I 3 , n i 5 . 5 ) 
119 FODMATI//' TABLE OF OU/U') 
191 FORMAT!//' CHECK TABLE') 
201 FORMAT I ' Y I • , 12,• )= • , D 1 5 o 5 ) 

DIMENSION X(40)tWI(1600),COEFF(1600) 
DQiiRLE PRECISION DUU(^O) ,Y ( 4 0 ) 
NN=N*N 
WRITE(6,19i) 
on 31 K=i,N 
Y ( K ) = 0 . 0 
on J2 I=T,N 
L = K + ( I D'-'N 

3? Y( K)=Y(K)*-X{ I )*COFFF(L) 
WPITE(6,201) K,Y(K) 

. 31 CONTINUE 
ZZ = 1 . 0 E - 1 5 
DO 9n 1=1,NN 
SVfiLL=WI(I)/Z7 
TF(SMALL-l.O) 97,98,98 

97 WI ( I ) = 7Z 
98 COfJTINUE 

WRITE I 6,119) 
DO 13 K=1,N • • ' • 
OUU(K)=0,0 
DO 14 1=1,N 
L = K + ( I - l ) * N 

14 DUU(K)=0UU(K)+X(I)«(1/(1+((W/WI(L))**2))) : 
WRITE(6,118) K,DUU{K) 

13 CONTINUE . . : 
• RETURN- „ . • • ' ^ ' '\ ' • ' • ' 
END • , >; ̂  ;. ' 



- 187 -

Appendix I I 

For the purpose of f u r t h e r i d e n t i f i c a t i o n of 

the Na20-B2P2-Si02 g l a s s e s of t h i s work, a l i s t i s 

included here of the g l a s s code numbers as used i n 

t h i s t h e s i s and the corresponding numbers used at the 

Advanced Research Unit of James A. Jo b l i n g , Brancepeth 

C a s t l e , Co. Durham. These l a t t e r i d e n t i f i e r s take 

the form of the batch or composition number followed 

by the melt number of the a c t u a l samples studied. 

Present Code No. A.R.U. Code No. 

1 978/2 

2 979/2 

3 1217/2 

. 4 1218/1 

5 1363/1 

6 1373/1 

. 7 1374/1 

8 1389/1 

9 1394/1 

10 626/2 

2 8 NOV 1972 
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