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Abstract

Measurements of wultrasound wave velocity and
attenuation are used to investigate the structure of
NaZO—BzQ3—SiOZ.glasses. ' The propagation characteristics
of longitudinal and shear waves between 1.3°K and 400°k
at frequencies between 12 MHz and 60 MHz are dominated
by a broad and intense acoustic loss peak whose height
and position are frequency sensitive. Of the previously
lproposed models for the mechanism of the acoustic loss,
which also occurs in other inorganic glasses, the ultra-
sound absorption is most consistent with a thermally
‘activated structural relaxation involving the transverse
vibration of an oxygen atom between two potential wells
of eqgual or nearly equal depth in the plane of a non-
linear cation-oxygen-cation bond. An Akhieser type
acoustic phonon-thermél phonon interaction is shown not
to be responsible for the observed loss. An attempt
frequency of 1013Hz and a distribution of actiVation
énergies out to 12 K cal/mole but with a mean value of
about: 3 K cal/mole are found for the relaxation mechanism
-5io0

in the NazO-BZQ3 2

The absolute value and the temperature coefficient

~glasses.

of ultrasound velocity, and the maximum acoustic loss

are strongly dependent on the total Na20 content of the
~glasses. Ultrasound propagation characteristics are

also affected by phase-separation inducing heat treatment:
the steady rise in the height of the loss peak and the

complex behaviour of the ultrasound velocity with time



of treatment suggest that structural rearrangement is
still taking place in the individual glassy phases
even after long periods of heat treatment.

Also reported is the existence of a small
acoustic loss peak at liquid helium temperatures in the
Na,0-B,0_,-SiO

2 273 2
absorption spectrum is characteristic of many tetrahedrally

~glasses. This feature of the ultrasound

coordinated inorganic glasses. On the assumption of an
Arrhenius activation process for this loss peak, an

activation energy of 60 + 15 cal/mole and an attempt

10

frequency of 10 to lO12 Hz is indicated.
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CHAPTER ONE

INTRODUCTTION




Introduction

The elasticity and anelastiéity are basic
properties of any solid. Ultrasound velocity and atten-
uation measurements provide basic knowledge of these
properties and hence furnish much information on the
structure and interatomic binding in materials. As the
phonons emitted from an ultrasound source are both
coherent and monochromatic they are of particular value
in‘experiméntal determinations of latticé processes and
interactions. These phonons are of much lower frequency
than those involved in the conduction of heat. Thermal
condﬁctivity too}can provide a great deal of information
about lattice processes,:but the phondns involved are
incoherent and because of their wide range of frequencies
they are affected by a larger variety of scattering
processes than the ultrasound phonons.

As yet ultrasonic studies in glasses have been
limited to one or two component systems and few details
are available for multicomponent or phase separated
~glasses, many of which are of technological importance.
The present concern has been a study of the elastic and
anelastic behaviour of NaZQ-B293-S£02_ternary glasses
with the object of gaining information on the intrinsic
properties of the materials and on the effects of glass-
in-glass phase separation. An attempf is also made to
clarify the basic absorption mechanism in inorganic
~glasses about which there is at present much controversy.

Before a detailed discussion of the propagation of elastic

(ﬁf\n};ﬂsm %
28 'OVI972

O N
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waves in a disordered system can be undertaken it is
pertinent to discuss the term 'glass' and to mention the
incidence of glass-in-glass phase separation and its

consequences.

1.1 What is a glass?

The vitreous or glassy state is characterized
by the absence of both structural periodicity and symmetry.
One widely accepted opinion is that a glass is a super-
cooled liquid; although one method of preparation of a
~glass is to cool a liquid through,ité'freezing point
without the occurrence of crystallization, and this
behaviour conforms to such a.description, ~glasses such
as gels dried by evaporation, copolymers prepared by
chemical reaction or evaporated films sﬂould-also be
included. Structural models for glasses fall roughly
into two categories; those which regard glasses as highly
defect crystals and those which are based on statistical
concepts peculiar to the liquid or gaseous state. X-ray
diffraction from polycrystals with increasingly small
~grain size becomes progressively very much like that from
' glasses, which could on one hand indicate that glasses
are in fact crystalline materials with very small grain
sizes. However, Bell and Dean (1968), on the other hand,
have shown that ball and spoke models of vitreous Sioz.
constructed on the random network theory of Zachariasen
(1932) show a theoretical radial distribution.function

and configurational éntropy in very good agreement with
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experimentallf determined values. Thus many difficulties
arise in the comparison between the two main structural
classifications even for glasses which are simple in
terms of chemical composition. It would be limited
value to discuss here the merits of the various models
within each classification as only a minimal amount of
inference can be drawn as to the likely structure of

the multicomponent glasses of this present study. A
better starting point for an understanding of the term
'glass' is through the prepafation and properties of

such materials.

1.2 Under what conditions can a glass be formed?

Liquids solidify into the glassy state, if they
can be cooled through the crystallization temperature
‘'range rapidly. enough to exclude the formation of crystal
nuclei. A glass 1is to be distinguished from a material
formed by discontinuous solidification in which the solid
mass grows in the parent liquid at the solid-liquid
interface. Formation of a glass occurs rather by a
continuous increase in viscosity on the lowering of the

liquid temperature.

There is a stage in the cooling process,. called
the glass transition range, where the viscosity may
increase by several orders of magnitude over about 10°K.
The glass transition temperature Tg 1is itself determined
by the cooling rate; Figure 1.1 shows the effect of

different cooling rates on' the specific volume V of a



1.008 |
COOLING RATE 3>2>1

1006 |
| GLASS

004 | .

<l

1.002

1000

0998

Tq
'} l

CRYSTAL

SUPERCOOLED
LIQUID

Tg> - Tg 
l2 .13

LIQUID

/

Tt
|

T-10 T

- T+10
TEMPERATURE °C B

Figure .1 The formation of a glass ond thc effect of coollng

) ratc on sample dcnslty




-4 -

~glass forming liquid and illustrates the different Tg's

of the final glasses. Different cooling rates result in
different glass densities and hence by implication
structures; thus the cooling rate can effect any physical
property of a glass which is density or structure
sensitive. Another concept connected with the thermal
history of é.glass, which is met with in the course of
this thesis, is that of the fictive temperature T at which
the internal structure of a glass sample would be at
equilibrium. On cooling a glass below its Tg point the
internal structure is frozen in as structural relaxation
times sharply increase with the rise in viscosity; in
~general T is equal to Tg. The fictive temperature of a

' glass may be changed by annealing at the required
temperature for a time long enough for structural

re-arrangement to occur.

1.3 Phase separation in glasses

During recent years it has become increasingly
evident that many glasses originally thought to be
homogeneous in character are in fact separated on a
submicroscopic scale into two or moré distinct but still
~glassy phases. Even visibly clear glasses like Pyrex -
itself a sodium borosilicate glass - are thought to be
heterogeneous in character, as well as the opalescent
~glasses produced by heat treatment of certain compositions
in, for example, the éoda—limefsilica and alkali
borosilicate systems. Techniques used to reveal the

phase separated nature of various glasses have been




-5 -

electrical conduction and dielectric loss (Charles, 1964),
electron microscopy (Vogel and Gerth, 1962) and small
angle X-ray diffraction (PoraixKoshits and Andreyev, 1958).
Any experimental method which is able to assist in the
elucidation of the structures of such glasses and the
mechanisms involved in the separation processes will be

a valuable technique in the rapidly expanding field of

" glass physics. |

The morphologies of phase separated glasses are
of two types: droplets of a second phase dispersed in
a matrix of the complgmentary composition, and a structure
where the two phases are completely interconnected.
Factors such as thermal history and composition decide
which morphology a glass will take and also determine
the scale of the separation which may be anywhere between
about 50 & and 10 u. A more détailed.description of
'glass—infglass.separation will be found in Chapter 4.

The Nazo-BZQ3-Si02_glass system forms the basis
for many commercial materials of technological importance.
Over a region of the ternary diagram along the B203-Sio2
edge, with low and restricted values of NaZQ content,
metastable immiscibility is. exhibited. If the rqtio of
SiOZ_to B293 is high, chemically durable glasses of low .
coefficient of thermal expansion result, and it is in
this area of composition that glasses with the trade
names of Pyrex, Simax and Phoehix.reside. As the ratio
is lowered éast unity, glasses result from which the high

B,0, phase can be reached, providing that this phase is

2
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continuous. Such glasses form the starting composition

for the high SiO, (about 96wt%) porous and consolidated

2
Vycor material. It is well known that careful control

on both Na,O content and thermal history is essential to

2
achieve the desired result in the production of this

latter glass; this fact itself suggests that a particular
. phase separated structure is prereqﬁisite for the final
product and that the chemical and physical processes
involved must be terminated before equilibrium is

reached.

Many important properties of a glass are structure
sensitive and are dependent on the phase-separation which
is itself a microscopic structure-forming process. A
knowledge of the mechanisms involved in glass-in-glass
separation is thus of direct technological interest. A
primary purpose of this present work is to assess if
ultrasound propégation is a useful tool in the study of
~glassy phase separation phenomena'and to report on the
effects in the mechanical properties due to phase

separation in the glasses.

1.4 Vibrations in crystals and glasses

A consequence of the absence of adequate models
for the structure of glasses is that the theoretical
treatment of Vibrations in such disordered systems is
made difficult. The absence of periodicity precludes
the use of the mathematical procedures available for

crystal lattices; this lack of quantitative knowledge
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is a recurrent problem throughbut the field of glass
physics. A brief comparison will be made here between

the salient features of the wave propagation characteristics
in crystalline solids and the more scant details of those
in glassy materials to identify the most important
differences and similarities relevant to the present

study.

For a solid which contains N atoms the vibrations
may be considered as the superposition of: 3N independent
normal modes. In a crystal system, which exhibits
periodicity in the lattice, these normal modes are plane
waves and are'characterized by a frequency w, a wave
vector g and a polarization. Where there are C atoms
~in the primitive cell of the lattice there are’ 3 acoustic
branches to the phonon spectrum, where the.atoms.vibrate
in phase, and' 3C-3 optical branches, where the atoms
vibrate out of phase. The frequency of a particular
mode depends on the wave vector; a typical»plot of this
relationship for a crystal with 2 atoms per primitive
cell is shown in Figure 1.2. In the long wavelength
limit, Qhere the crystal behaves as an elastic continuum,
the phase velocity w/g and the group velocity dw/dg are
equal. A.decrease in the group velocity ofAthe acoustic
modes occurs as the value of g approaches its maximum
value, a phenomenon known as dispersion. The maximum
value of ¢ is défined by the lattice parameter.

A glass however has no long-range order. As a

result of this non-periodicity the normal modes are in




o U o ” l

Figu;ré l2 . Schematic plot of 'frcquAency against wave number ,
v for lattice waves In a crystal with two atoms
S5, per _primitive cell. ' e |
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~general not plane waves. Theoretical calculations of one
dimensional models of avglassA(Dean, 1964; Anderson, 1965)
suggest that away from the long wavelength limit the

w-g relationship loses its basic simplicity. There exists
an increasingly wide range of frequencies for each wave
vector and at very short wavelengths the distinction
between acoustical and optical phonon modes is not well
defined. However, in the long wavelength limit, a glass
still behaves as an elastic continuum and the normal
wa&es are essentially plane waves. The wavelengths of
ultrasound at 1OMHz are typically about 5.10-2cm and
consequehtly see little of the non-periodicity of the
strucﬁﬁre. Ultrasonic stress waves may be treated as-
long wavelength normal modes of a glass and their

propagation characteristics of velocity and attenudtion

are isotropic.
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Introduction

A body is deformed under the action of external
forces. It is said to be elastic if it returnsto its
original dimensions after the removal of these forces,
and the subject of elasticity is the discussion of the
relatioﬁship between applied stress and resultant stain.

If, however, the étréss and strain are not
single-valued functions of each other, the solid is said
to be anelastic. Such a property is observed in a solid
where stress and/or:strain time derivatives are present
in thé equation relating stress and strain. In this
type of solid, there is a hysterisis effect when the stress
is oscillatory. Energy dissipation will occur over the
range of frequencies where the strain cannot keep up with
the alternation in stress.

This chapter is concerned with the equation
of motion for both elastically anisotropic and isotropic
Solids, and the velocity of high-frequency ultrasonic -
stress waves are obtained as a solution to.this,eqﬁation.
Also discussed is the standard'linear anelastic solid
model of Zener (1947). The rate of dissipation of energy
of the stress wave as a function of frequency is deduced
for anelastic materials which exhibit stress-strain
relationships characteristic of this type of solid. The
last section deals with the various methods of expressing
the rate of energy dissipation, or attenuation, of an
_ultrasound wave, and relates these quantities to the

internal friction manifested in a solid.
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2.1.1 Definition of Stress

The stress tensor qij represents the components
of force acting on an elemental area of the solid, and
denotes the force per unit areain the i direction on
the plane normal to the j direction.

2.1.2 . Definition of Strain

The idea of strain is connected with the dis-
placement of a point in a body. If, as a result of
deformation, the cordinates of a point x (xl, Xy x3)
are moved to x1+ul, xzfuz{ x3+g3, the u quantities

are the displacement vectors and the strains are defined

by (e.g. Nye, 1957)

u .o,
e.. = %(5—1 —-1> 2.1
ij xj - axi
For example,
ou
- “1
E-ll = ——a.xi 2.2
Ju au
. 1( 1 2)
€ = Z === 4 == 2.3
12 2 3x2 axl

This second rank tensor is the symmetrical part of the
Cartesian tensor describing the point displacement in

a body; the anti-symmetrical part

du. . Ju.
w.. = 1(——1‘——-1) | 2.4
ij 2 axj R

is concerned with rotational movement with which we are

not concerned here. The simple physical meaning of the
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components of the gtrain~tensor eij is that with i
equal to j, the component represents the fractional
change in length of a line parallel to the xg direction,
and with i not equal to j, it is twice the change in

the angle originally defined by the X; and xj directions.

2.1.3 . Hookes Law

This law states that the strain in a body is
proportional to the stress acting upon it. Thus,
relationships involving the fourth rank tensors Cijkl’

known as the elastic stiffness constants of the solid,

may be written

%55 = Ci3k1 k1 2.5

This is the most general linear stress-strain relation-
ship which indicates. zeéro strain under. conditions of
" zero stress, and results in 81 elastic stiffness constants

in the equations of type

1

011 = C1111°11 * C1112°12 * Ci123%13 * Cui21fa T €

1122%22

+ Cy123¢23 * C1131531 * C1132832 * C1133f33 2.6

From the symmetry of stress and stfain, we obtain

Cijk1 - = Ckiji ~ Cik1j  ~ Ckilj 2.7

Wwhich reduces the number of independent elastic constants

to 36. A further condition that the elastic potential is
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a function of state, and is independent of the path by

which it is reached gives

C 2.8

ikl - = Cy1ik
leaving a total of 21 independent constants, which is the

number~associated'with the crystal class of lowest

symmetry, the triclinic system.
For ease of writing the fourth rank tensor

Cijkl’ a condensed matrix notation is used as follows:

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

Matrix Notation 1 2 -3 4 5 6

For example, C1112 is written C16’ and C2332 as C44,

2.1.4 - Adiabatic and Isothermal Elastic Constants

As the entropy is effecti&ely constant under
the conditions of an ultrasonic measurement, the
adiabatic elastic constants are obtained.‘ The difference
between the adiabatic constants, Czjkl' and isothermal
constants ngkl is given by the equation (Nye 1957)

o} _ 8
Cisk1 = Cijxa

+'~Aijxkl T/Cv 2.9
where_Xij and 1,4 are the temperature coefficients of
stress at constant strain, T is the absolute temperature,
and Cv is the sPecifié heat at constant volume. This

gives rise to a difference between the adiabatic and

isothermal elastic constants no greater than 1%.
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2.1.5 Crystalline and Isotropic Systems

Writing the complete set of stress-strain

relationships in matrix notation, we obtain

°11 ~11
922 C12-
933 €13
923 ) C14
31| €15
912 16

12

22

23

24

25

26

13
&
33
34
35

36

14

24

34

44

45

46

15

25

35

45

55

56

C16 €11
Ca6 €22
36 £33
| 2.10
Ca6 €23
56 €31
Co6 €12

Crystalline symmetry of a solid reduces the

number of independent elastic constants needed to

describe completely the stress-strain relationship in

a solid from 21 for the triclinic system to 3 for the

cubic system, where the Cikjl matrix becomes

11

12

12

12

11

12
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For an isotropic solid, the coefficients must be
independent of the rectangular axes chosen, which

produces the conditions

C C,, =2C ' C

11 = S22 = C33 (Cy17C45)/2

44

Thus, for an isotropic system, two independent elastic
constants, 1 and p, known as the Lamé constants may

be defined such that

C., =21, C

12 = a2y, C,, = u 2.12

11 44

In this situation, the stress-strain law may be written

oij o= -AGijEkk + Zuei. 2.13

J

where § is the Kronecker delta function which has' the

properties:
6ij =1 for i=7j _ 2,14
'6ij .= 0 for i # j
2.1.6 Thg'EquatiOn of Motion

To derive the equation of motion for a stress
wave in an elastic contimum, the forces acting on an
elemental volume are considered. On examination of the
forces on opposite pairs of faces of a small parallelo-
piped, the components of the forces resulting from the

differences between these pairs of forces are obtained.
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From Newton's equation of motion is found the

relationship
90, . 325
AL, =
X, 3,2
Jj t

where p is the density of the medium, and s is the

displacement vector. Hence

d¢ 2

kl . 0 81
C.. -_ . = P i=1,2,3
ijkl axj 8t2
and. from equation 2.1
2 2
ngl _ 1 3 S1 . 3 sk
X, 2 9X, 9X. © 39X, 33X,
J k] 1773

Combination of equations 2.5 and 2.17 gives

325 32s.
C —i + — Xk = 2p 8
ijkl axkax. - 90X, 39X, ' B
J i ]
As Cijkl' = Cijlk’ we can rewrite this as
2
N 3%s

Covpq ——e = 08
ijk1l axjaxk 1

The problem is now to solve this equation for a plane

wave of the type

, i (wt-k- :
Sy = Sgo1 el(Wt k-x) (1 = 1,243)

where k (kl, k2, k3) is a wave‘yeCtor normal to the
planes of constant phase, and is equal to. (w/v)-n,
n (nl, N, n3) is a unit vector normal to the wave

front, w is the wave angular frequency, and v is the

2.15

2.16

2.17

2.19

2.20
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phase velocity. The particle displacement vector s
is in general not parallel to the wave vector k.
Substituting equation 2.20 into equation 2.19

produces

2
0 s .
— 2 - - 2,2 i(wt-kx
TR TR nkan02 (w"/v7)e 2.21
k]
and combining this with the equation of motion 2.15 we
obtain ‘
C Sq, DR, . = v2 S 2.22
ijke “og k1§ - P o; .

Expansion of these relationships leads to the Christoffel

equations:

+ n + n.n S, =20

' 2
(Cy51274R2 7PV )80y * C142,"3P1%0; * C1530737 0505

Cosq, + So, =0  2.23

2518 1 (Cay24040 7PV )502 T 2332 3™

il
o

+

C3j1e T 35227350

2 T (Cay3Py™y” 972)503
For these equations to be satisfied for all Soi’ the
determinant of the coefficients must be equal to zero,
yielding a cubic equation in‘vz. These three roots
represent the velocities of three different waves with
mutually orthogonal displacement vectors but with parallel
propagation directions. In general, these displacements
afe neither perpendicular nor paraliel to the propaga-

tion direction.:
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To find these three solutions, an expansion
of equation 2.23 for all j and 2 values is undertaken.

This produces a determinant of the form
L - v2 L L
1" ° 12 13

12 22 . 23

13 23 33
where

2 2 2
11 = 01Cy1M5Caetn3Ce5+2N,N5C 542040, Cyg+20,0yCy ¢

L. = n2C +n2 4

by = 0Ch61M0C

, |
26™13C451pR3 (C4g7Cy5) tR3y (Cpp+Chg)

+n1n2(c12+c' )

66

2 2. 2
Lyg = n)CgtnyCyetn3Cagtnyng (CygtCyg)4nyny (€ 5+Cs0)

00, (Cy 4 +Cg4)

2 2 2 '
Lyy = D]Ceg*n5Cyp*n3Cyat2nyiaCyat2h3m Ch6tan 172 26
L,, = nzc +n2C +n2C +n.n.(C,,+C,,)+n_n. (C, +C, )
23 1%56 '2-24 324 °2:°3' 74477237 3717736+ 745
‘L.. = n’C +nc, +n2C,.+2n ﬁ C.,+2n.n.C,.+2n,n,C
33 1755 72744 73733 2773734 “7371735 7172745

The unit vectors Cnl, n,, n3) are then
substituted. for the propagation direction required, as
- are the*Cijkl
solid under consideration. For example, for plane wave

values according to the symmetry of the

2.24

2.25
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propagation in a cubic crystal in the <100>, the

determinant is reduced to

| 2
C44 pVvV 0
. 2
0 C44 = PV
0 0 C

11

oV

2

2.26

indicating two waves. of velocity (C44/p)!5 and one wave

. 5
of velocity (Cll/p) .

Determination of the mode of the plane wave is
carried out by substituting these velocities back into
the Christoffel equations 2.23 and calculating the
particle displacemenf vectors Soi for each velocity;
the relatiopship ni+n§+n§f= 1 exists as n is a unit vector,
and is used in this calculation. The combination of
particle displacement vector and propagation direction
'describes the mode as either longitudinal or shear. 1In
the above éiample, one longitudinal wave of velocity

_(Cl'l/p);i and two shear waves of velocity (C44/p);5 are
obtained. ’

Isotropy of the elastic constants, where all

directions are equivalent, reduces equation 2.26 to
ﬁ-pvz 0 0

o u-ev 0 =0

(A+2p), - pV2
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indicating a longitddinal wave of velocity (A + Zu/p)%
and a shear wave of velocity (u/p)%. These different
modes of propagation are always pure -modes for an
isotropic solid; the particle displacement vector is
parallel to the direction of propagation for the
longitudinal or compressional mode, and perpendicular
to the direction of propagation for the shear or transverse
mode. The energy flux vectof, which defines the direction
of flow of acoustic energy is also parallel to the
direction of propagation of the wave, not usually the
case for a crystalline anisotropic solid.

Thus the second order elastic constants, com-
ponents of the fourth rank tensor, may be calculated
in an isotrdpic solid from measurements of the longitudinal
and shear wave ultrasound velocities.. From these con-
stants the Young's hodulus E, Poissons ratio v, Shear
modulus u, and Bulk modulus x, may be found the

relationships:

2

E = oVi (3V) - )/ (v - v 2.28
v o= (V2 - 2vd) - v2)) 2.29
H: = pVé 2.30
= o (3V2 - av2)/3 2.31

2.2.1 Anelasticity of solids

The property of a solid whereby the stress and
strain are not uniquely related in the pre-plastic range

is called anelasticity. Early attempts were made by
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Meyer (1874) and Voigt (1892) to generalize the equations
of classical elasticity theory to include an account

of anelastic phenomena. These accounts were based on
the assumption that the stress components are a linear
function of both strain and strain rate, and were of the

form

g = ae+bece 2.32

where the dot indicates differentiation with respect to
time. Solids obeying this law are called Voigt solids

and manifest after-elasticity. These solids do not

exhibit instantaneous strain. A mechanical analogue with
the stress-strain relationship is illustrated in Figure 2.1.

However, most solids do show an instantaneous
strain, and the model of Voigt has been modified by
Zener (1947) to include this behaviour. The model for
this type of solid, known as the 'standard linear solid,’
is also shown in Figure 2.1.

The sfandard linear solid suffers an instantaneous
displacement when a stress is applied. The magnitude of
this displacement is governed by the elastic constants of
the springs. During the time that the stress is applied,
the dashpot relaxes to produce a gradual increase in
deformation of the solid. Conversely, if the strain is
suddenly removed, the structure suffers an instantaneous
expansion folloWed by a more gradual release of energy
in the springs as the force relaxes across the dashpot.

‘Thus, this model illustrates all the after-elastic

properties of a real solid.




© VOIGT SOLID -
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TIME .
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Figure 2.1 A comparison of . the Voigt and Standard Linear
% . .. Solid models and ‘their mechanical behaviour,

‘‘‘‘‘




- 21 -

A further merit of the standard linear model is
that the rate of energy dissipation does not increase
rapidly as the frequency of the applied.stress increases,
in contrast to the Voigt model which shows frequency-
squared dependence for the rate of energy dissipation.

At high frequencies, this rate becomes independent of
the ffequency for the standard linear model.

If the stress and strain are not singie valued
functions of one another over a complete cyc¢le of vibration,
dissipatién of energy will occur. Consequently, the
presence of time derivatives in the stress-strain relation-
ship will assﬁre an attenuation of a periodic stress

wave such as an ultrasonic wave.

2.2.2 Calculation of the energy dissipation versus

frequency relationship for the standard linear solid

- The equation governing the stress-strain relation-

ship for the standard linear solid is

o + ¢€o = MR (e + 'rce) ~ 2.33

. where Te is the relaxation time of the stress under

_conditions of constant strain, and 1t;is the relaxation
time of the strain under conditions of constant stress.
M, is a modulus of elasticity to be fully explained later.

R
When ¢ and ¢ are both zero, equation 2.33 has

the form
G+ 1.0 =0 S 2.34
which has the solution

o(t) = olo)e T 2.35
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On imposition of an instantaneous strain eg applied at
t = 0, the stress relaxes to its equilibrium MReO. Thus

the solution to equation 2.33 becomes
- -t/t
o(t) = MR g + (OO-MR eo)e € 2.36

Therefore the final or relaxed value of elastic modulus

is equal to‘MR. Suppose now that in a very short time

8t the stress received a finite increment Ac. Integration
of equation 2.33 with respect to time as ét — O reduces

to
TeAO = MR TEAE 2.37
If now is introduced an instantaneous or 'unrelaxed'

modulus Mu such that

Ao = MuAe 2.38

" the relationship between MR and Mu becomes

M T

N : 2.39
T

MR €

It is now of interest to find the relationship between
stress and strain when these quantities are periodic.
The solution o(t) = ooelwt and e(t) = eoelwt are sub-

stituted in equation 2.33, and we obtain

(1+ine) 0y = MR(l+ino)€o 2.40
and hence

(l+iwt_ Je_
°__©° 2.41

% = Mr T (T+iet)

= M ¢ 2.42
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To calculate the angle, 6, by which the strain lags
behind the stress, the imaginary and real parts of ‘the
elastic modulus at angular frequency w are compared.
Energy dissipation is usually expressed in terms of
logarithmic decrement 6§, fractional loss of energy per
cycle AW/W, or:quality factor Q. This ‘latter quantity
is defined as the ratio of reactance to resistance of

an element, and is equal to tan6é. It may be shown, that
for relatively small energy losses

_ 8 . 1L w0
_'"—2'" W 2.43

Thus, from equation 2.41
- : wlt =T _)
07! = tanp = —2—=£ - 2.44
1+ 21
Wls e
This quantity is known as the internal friction. Intro-
duction of the geometric mean of T and Tt equal to

T, and combination of equations 2.39 and 2.44 leads to

Q-l _ Mu+MR . wT 245
- (MuMR)E 1+ (wt) 2 '

i - %
If now a further quantity A equal to (Mu MR)/(MuMR)
. is defined, then

-1 _ AwT _ 2
Q = T5(n? .46

Thus, when Mu = MR’ A is the relative difference between
the unrelaxed and relaxed moduli or the 'relaxation

strength' of the eystem.
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It is also of interest to find the effective
eléstic modulus at angular frequency . This is given
- by the ratio of the stress to that part of the strain
which is in phase with the.stress.

From equation 2.41 we find

95 (1+iwt )
£o = w TT:TZ?ET 2.47
‘ R o
2 .
oy (l+w Tero+1w(16-t€))
or € = == : 2.48
© «MR (l+$21§) '

The part of the strain in phase with the stress is the

real part of equation 2.48, therefore

L2
l+(wrd)

M o= — 9 . | 2.49
© 14 (eT)? “r

and the fractional difference between the elastic
bmodulus at angular frequency o and the modulus when

Mu = MR is given by

e 2.50
u . 1+ (w7T)

The variation of Mw and tan 6 with angular frequency is
shown in Figure 2.2. The internal friction reaches a
ma#imum when T 1is unity, and the quulus increases
from,the relaxed value MR to the unrelaxed-vélué Mu'

it may be seen that the elastic modulus has regched

its two é#treme values while tan 6 is still appreciable;

the transition range in elastic modulus is narrower than

that in internal friction.
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2.2.3 Attenuation of ultrasound waves

This section is devoted to a description of the

various methods of expressing the attenuation of an

ultrasound wave, their interconnection, and their

relation to internal friction.

A plane stress wave, such as that introduced into

a material in an ultrasonic experiment, may be represeﬁted
by

o(x,8) = ol WETIX) | 2.51

Assumption of a complex velocity and propagation constant,

such that

v = vl+1v2 ’ k = kl-la 2.52

when combined with equation 2.51 gives

-axei(wt—kx) 2.53

o(x,t) o,

he attenuation coefficient o 1is thus described as the
imaginary part of the complex propagation constant, and

has the units of reciprocal length.

Another approach is by assuming a complex velocity

and complex angular wave frequency,

v = Vl+ia ’ w = wl+ial 2.54
which leads to
o(x,t) .= Qée—altel(wt_kx) 2.55

where the attenuation coefficient is now defined as the

complex part of the frequency, and has the dimensions of

reciprocal time.
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Since the attenuation is determined by the
envelope of the high frequency wave, one can use the

expression
o(x) = ooe
to represent the. amplitude of the stress wave with

distance travelled in the elastic medium. Taking

logarithms of both sides of thisequation,
loge g(x) = logé oo—ax

Thus at two different points, xl and x2, along the

" propagation direction of the wave, the attenuation of

the wave amplitude is

c(xl) :
o = T3 log, 5% nepers/unit length
2 71 2
, o(xl)
or- o = 20 lOglO m db
o (%) .
or = x2_leOloglO o(xz) db/unit length

and the relationship between attenuation in db and

' nepers becomes

-aX -

2.56

2.57

2.58

2.59

2.60

a (db/unit length) = 8.686 a (nepers/unit length) 2.61

A further method of expréssing the attenuation, as

outlined.in Section 2.2.2 is in terms of the logarithmic

decrement, §, defined for a harmonic oscillator in free

decay with small damping as the natural logarithm of the

ratio of the energy dissipated per unit cycle of vibration
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) to twice the total stored energy.. As the energy of a
harmonic oscillator is given by the square of the

amplitude of vibration,

§ = log on ' 2.62
on+1

and hence, from equation 2.58

o (nepers/cm) -v(cm/sec) 2.63

(v/27) (sec_l)

The dissipation or quality factor, Q, has equivalent

definitions
Q = w/Aw 2.64

known as the bandwidth half width definition,

or Q = instantaneous energy in system ' 2.65
energy dissipated per unit time '
_ .1 |
Therefore - Q = T 8§ 2.66
or Q-l - a (db/sec) 2.67

8.686 w (sec-l)

ﬁltrasonic experiments are concerned with the measurement
of the decay ih amplitude of forced vibrations in a
material, and the attenuation, a,.is usually measured
directly in units of db/usec. :Thus, by using equation 2.67,

the conversion from attenuation to internal friction may

be made.




CHAPTER THREE

A REVIEW OF THE ACOUSTIC PROPERTIES OF

" 'INORGANIC GLASSES
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Introduction

This chapter has been included to form a back-
ground to the ultrasonic investigation of the
NaZO-B2§)3—Slo2
the form of a review concerned with the acoustic properties

~glasses in this present work, and takes

of glasses over the frequency range 0.25 Hz to 27.5 GHz.
This survey commences with a review of previous studies
A'at frequencies in the high KHz, MHz and GHz ranges, 1
" firstly in the temperature region between 4.2°K and 4OOOK,
and then at temperatures below 4.2°k. A short section.is

" then devoted to the effects of hydroxyl ion content and
fictive temperature on the ultrasound pfopagation in glasses.
A further section which details results of internal

friction and elastic moduli determinationsat lower
frequencies has been added to complete'fhe survey of the
acoustic propertiés of glasses .over a wide frequency range.
The review then proceéds with a discussion of the inter-
relation between ultrasound velocity and thermal capacity

in the context of the vibrational character of the glassy
state. Some results of the comparison between acoustic

and thermal properties of glasses are included. The last
section of this chapter is devoted to a discussion of the
mechanism which influences the ultrasound propagation
characteristics of many inorganic.glassés, including the
Na20-BZQ3—Siozlglasses, ;n the frequency and temperature
range of this present concern. An attempt is made to

isolate the most likely model for the loss mechanism.
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“3.1.1 Ultrasound propagation in glasses between 4.2°k

and 400°K

The majority of ultrasonic studies of glassy
systems have been concerned with-vitreous SiO2 at |
kilohertz (e.g. Marx and Sivertsen, 1953) and megahertz
(e.g. McSkimin, 1953; Jones et al, 1964) frequencies,
and also in the higher gigahertz region by Brillouin
scattering techniques (Flubacher et al, 1960; Pine, 1969).
The acoustic properties of vitreous SiO2 below room
temperature are dominated by a large and broad attenuation
peak with a correspondiﬁg activation energy H of
1030 cal/mole (Anderson and Bommel, 1955) and an attempt
or characteristic.vibrational frequency 0 of 5.1013 Hz

on the assumption of an Arrhenius type of activation

process for the loss
w. = w,exp (- H/RT) , 3.1

Work on other glassy systems such as.GeO2 and
NaZO—GeO2 (Krause and Kurkjian, 1966_),-.BZQ3 and AsZQ3:,
(Strakna and Savage, 1964) and.BeF2 (Krause, 1968) show
the presence of a similar large acoustic attenuation
peak, the intensity and position of which is dependent
on both the glass composition and the acoustic frequency.
A summary of these results is shown graphical1y in
' Figure:' 3.1. The acoustic attenuation peak has been found
' to have approximately the same order of magnitude of
attempt frequéncy for all the glasses studied; the
varying temperatures of»the loss maxima are explained by

different activation energies for the different glass

compositions.




Figure 3.1 The temperature dependencé' of acoustic loss in inorganic
. glasses. Dashed lines are for Na,0-B,03-SiO, glasses
of this present study. -
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The compositional dependence of this acoustic

loss in the NaZO—GeO2

some detail by Krause and Kurkjian (1966). Addition of

system has been reported in

1 mole% Na,0 to GeO, reduces the peak height by 50% and

2 2
decreases the temperature: of the maximum observed -
acoustic loss from 170°K to 120°K at 20 MHz acoustic
frequency. Further addition reduces the peak height and
again decreases the peak temperature, but beyond
10 mole% Na20 little extra effect is noticed.

This large acoustic loss peak has also been
found in the NaZQrBzQ3-Si02_glasses reported. in the
present study. Discussion of the compositional dependence
of this acoustic loss will form an important part of this
thesis.

"In attempts to understand the interatomic binding
and sttucture’of‘glasses, many workers have measured
elastic wave velocities as a function of glass composition.
Murthy and Aguayo (1964) have proposed that the addition
of Na,0 to vitreous GeOzvresults in the increase of the
coordination number of the germanium atoms from 4 to 6,
and a strengthened cross linking of the structure is

expected. The ultrasound velocity composition in the

Na20-GeO2

accord with this theory (Krause and Kurkjian, 1966) ;

system shows a maximum at about 20% NazQ' in

the decrease in ultrasound velocity beyond the maximum

is mOSt-probably due to the production of singly bonded

oxygen atoms.
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A similar maximum in acoustic velocity has been
observed in the NaZO-BZQ3 system at about: 30 mole% Na20
(Gladkov and Tarasov, 1960) where the initial increase has
- been attributed to the change in coordination number of
the boron from' 3 to 4. In contrast, a continuous decrease
in acoustic velocity is reported by the same authors on

addition of Na,O to vitreous SiO and is interpreted on

2 2!
the basis of the continuous production of singly bonded
oxygen atoms with no corresponding increase in the
coordination number of the silicon atoms beyond 4.

The effect of composition upon the longitudinal
- acoustic velocities in Na20—B293-Si02.glasses has been
studied by Gladkov and Tarasov (1960). No acoustic atten-
uatién results are reported. In place of the original
~graphs presented by Gladkov and Tarasov of velocity versus
percentaée BZQ3 in B293—(Na20:8i02) for various mole ratios
of NaéO'to §1i0,, Figure: 3.2. shows contour lines of equal
longitudinal velocity on the ternary phase diagram, which
is a much more convenient method of presentation. Thermal
histories are not quoted‘for the glasses of this study
which makes phése separation charaéteristics impossible to
assess. The écoustic velocities quoted by these workers
for unannealed vitreous Si02}(5.60.105 cm/sec) and anhealed
vitreous 8102‘(5.72.105 cm/sec) seem rather low in
comparison to those of various vitreous SiO2 samples

reported in the comprehensive study of Fraser (1968). This

latter author reports the lowest longitudinal velocity
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as 5.936.105 cm/sec for Spectrosil of 900°C fictive
temperature, and the highest as 5.992.105 cm/sec for
'I.R. Vitreosil of 1400°C fictive temperature. A
considerable discrepancy also exists between the value
of Gladkov and Tarasov for the velocity in pure BZQ3

- glass f(3.05.lO5 cm/sec) and the value of Uhlmann and
Shaw (1971) (3.40.10° cm/sec).

The.reason for the discrepancy between the
reported ultrasound velocities in the pure vitreous
Si0, and B,0, cannot be ascertained as no details of
the method of measurement are included in the paper by
Gladkov and Tarasov, except that it was by an unspecified
ultrasonic technique. It is useful to look at their
work in the light of this present study. However, it
will be seen that it is vital in comparison of results
on‘glassy systems to have formal details of sample
preparation and characterization; such details are not
reported by Gladkév and Tarasov..

The important question of the behaviour of the
elastic constants in systems where phase separation is
exhibited, as well as their dependence on composition,
has been studied by Uhlmann and Shaw (1971) for various
PbO- and alkali oxide silicates and borates. They have
shown that the theoretical formulae (see Chapter 7) for
the elastic constants of a two phase material derived
by Hashin and Shtrikman (1963) fit the experimental
data fairly well. However,sdetails of phase morphology

and thermal history of the glasses are not included;
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these factors will be shown to have a profound effect
on the ultrasound velocities of the NaZO-B2§)3-SiO2
'glasses of this present work.

Temperature dependences of ultrasound velocity
below room temperature for Si02, Ge02, Ber,vZn (PQ3)2
and.BZQ3.glasses are reported by Krause and Kurkjian
(1968). All evidence a relaxation in elastic modulus
associated with the large acoustic attenuation peak.

With the exception of BZQ3, they also all have a positive
temperature coefficient of ultrasound velocity at higher
temperétures'than the relaxation minimum. However,
addition of as little as 1 mole#? Na20 to GeO2 has the
effect of changing the temperature coefficient of acoustic

velocity from pésitive to negative; addition of further

Na,O serves to increase the now negative coefficient

2
(Krause and Kurkjian, 1966).

+3.1.2 . Ultrasound propagation in glasses. below 4. 29K

A low temperature loss peak of relatively small
intensity has been observed at_about-4oK at 20MHz acoustic
frequency in vitreous SiO2 (Krause, 1964) and also in
vitreous Ge02, BeF2 and Zn (PQ3)2 (Krause and Kurkjian,
1968). There remain many difficulties associated with
the understanding of the nature of the effects which
cause this acoustic loss peak. This peak has been shown
to be of equal intensity in both Suprasil synthetic
fused SiO. which contains 1000 p.p.m. OH ions and

2
Infrasil which is virtually water-free. A similar peak




- 34 -

in the dielectric loss occurs at about 2°K at 100 KHz .
(Jaeger, '1968) and which has, on the assumption of an
Arrhenius type-activation process, a similar attempt
frequency (l.4.lOlle) and activation energy (60 cal/mole)
to the acoustic peak found by Krause. This suggests a
common cause for both the acoustic and the diélectric
loss. However, Jaeger has shown that the intensity of
the dielectric loss is dependent on the OH content of
the vitreous SiOz{ and furthermore has demonstrated~that
this loss is absent in certain samples wheré the acoustic
loss is present. No satisfactory explanation for-this
point of apparent contradiction has yet been found.
Krause and Kurkjian (1968) have noted that this
very low temperature acoustic attenuation peak occurs
in glasses with an open.tetrahedrally.coordinated
Structure, but not in the planar triangular,B203.glass.
They have also drawn attention to the positive temperature
coefficient of ultrasound Velocity.at:BOOOK and the 10°x
to 20°K negative coefficient of thermal expansion of
open tetrahedrally coordinated glasses while the converse
of these properties is apparent in glassy BZQ3. Thus,
it appears that the low temperature acoustic attenuation
peak and the other low temperature anomalies of these
~glasses may have a common origin in their similar
.vibrational states. Indeed White and Birch (1965) have
suggested that low frequency optical modes of vibration
can exist in such a structure, and may be responsible

for the low temperature anomalies in thermal properties.-
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Krause (1964) has investigated the possibility
that a thermal phonon process is the cause of this low
temperature attenuation peak. Measurements on samples
of different cross section showed identical results,
and as Krause considered that at these low temperatures
the thermal phonon mean free path was of the order of
the sample size he concluded that such a process is not
responsible. However,rZellef and Pohl (1971) have shown
that the mean free path of a thermal phonon in vitreous

SiO2 at 4°K is approximately 10'-4 cms. In the light of
this recent result we can conclude that any size dependent
.effect is negligible and therefore Krause's argument

is not correct. However, additional evidence that the
process .responsible for the low temperature peak is not

a phonon-phonon interaction will be presented in the
discussion of this work.

Krause subjected selected samples of vitreous

Si02 to an electric field of 6 KV/cm4at.7OOOC for
2 days,; but they exhibited an unchanged attenuation peak
at 4°K. Thus it seems that an impurity cation is not

associated with the loss mechanism.

:3.1.3 ' The effect on acoustic propagation characteristics

" of the hydroxyl ion content and fictive temperature

Two factors which have been found to have an
effect on the acoustic properties of glasses are (i)
water or hydroxyl ion content and (ii) fictive temperature. -

To gain an insight into the precautions necessary in the
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manufacture of glass samples for acoustic studies it
is of use to review the effects of these two factors.
Hydroxyl ion content has been shown by Kurkjian
and Krause (1966) to have a profound effect on the
large acoustic absorption peak in vitreous,B293. 'Wet'
and 'dry' specimens of B203 were prepared; the former
was melted in air at 950°C and the latter was melted
at 1150°C and bubbled for 10 hours with dry nitrogen
to remove any water present. Infra-red transmission |
spectroscopy evidenced that the dry specimen contained
only 5% of the OHiion concentration.of the wet specimen.
The wet spécimen exhibited a large acoustic loss peak
centred.atf300oK'at 20 MHz and a smaller peak at SOOK,
while the dry specimen showed a much enlarged peak at
50°K and only a small peak at: 300°K. The reduction
in size of the: 300°K peak was. consistent with the
fractional reduction in the OH concentration. These
authors have also'found that addition of NaZO removed
the: 300°K peak of the wet specimen, but beyond 15 mole?

Na,O, a new loss at lSOoK was observed.

2
Both hydroxyl ion content and fictive temperature

have been shown to exert small but significant éffects
on the acoustic properties (Krause, 1971; Fraser, 1968)
and also the dielectric properties (Jaeger, 1968) of
vitreous SiOz. ~ Comparisons by Krause of the ultrasound
velocity and attenuation in Corning-794O'Si02'samples
with 850 p.p.m. OH and fictive temperature of 980°C and

1400°C, and Suprasil samples with 17 p.p.m. OH and fictive
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temperature 1000°C and 1200°C show that the higher the
OH content the higher the 50°K acoustic loss peak and
the greater the temperature coefficient of velocity at
v3OOOK. Ah increase in fictive temperature lowers the
acoustic loss. These results are in'geneéal agreement
with those of Fraser, who has studied many different
SiO2 specimens by a resonant sphere technique. Jaeger
has shown that there is a correlation between the
height of the analogous large peak in dielectric loss
ana the fictive temperature, in general agreement with
the findings in the acoustic properties of vitreous SiOZ.
The conclusion to Be drawn here is that knowledge
of the OH or water content and thermal history of a
~glass sample is necéssary when ihterpreting the acoustic
propertiés. These two factors are vital in the full |

characterisation of a glass specimen, and should always

be included in the description of the state of a glass

sample.

:3,1.4 TInternal friction and elastic moduli at low

frequencies

Many measurements of the internal friction and
elastic constants of glasses have been made by both
resonance and torsional vibration techniques. Experi—_
ments have included the measurement of anelastic and
elastic properties as a function of both composition
and phase separation characteristics, with a view to

avgreater.understanding of the structure of'glasses{
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An abbreviated review of the important studies to date
is included here, together with the general conclusions

from the results obtained.

Frequencies below 1lHz .

Measurements of the internal friction of both
quenched and droplet structured phase separated samples
of a glass of<mole%f3,9Na20—3l.2B293-64,9 Si0, have been
made by Mazurin (1968). The method involved measurements
'of the damping of torsional vibrations of a fibre of the
~glass. This author reports a peak in the internal
friction at 470°C at an oscillation frequency of 0.25 Hz,
unique to the phase separated sample, which moved to higher
temperatures at higher frequencies. The magnitude of this
shift is quoted to correlate with the temperature dependence
of the viscosity of the sample which indicates an activa-
tion energy for the loss process of about 20 Kcal/mole.
Assuming an Arrhenius activation process, one may calculate
that this peak would occur at approximately 5000°C in
the low MHz acoustic frequency range, making observation

of this peak by the pulse-echo technique used in this work

impossible.

. Frequencies in the low KHz range

Experiments in the low KHz region have been
executed up to the Tg point of various glasses by
monitoring the resonant frequency and damping of

flexural vibrations of bars of the glass suspended from
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their nodal points. A typical alkali silicate vibrating
at 1 KHz to 10 KHz ‘exhibitsi a broad loss at about

250°K to 4500K,interpreted as ahvalkali ion diffusion
process, and a further loss at 500°K to. 700°K attributed
to a hon-bridging oxygen ion diffusion process. Silicate
l_glasses containing two different alkali ions show a
third peak which is usually known as the 'mixed alkali
peak.'

Taylor and Day (1970) have measured the internal
friction in the Lizo-Nazo-SiOZ, LiZO—Nazo-B2§)3-SiO2 and
NaZO—BzQ3-Sioz.gl§ss systems. Heat treatments produced
phase separation directly observable by direct transmission
electron microscopy. Measurements of the internal
friction of samples between 170?K and 700°K evidenced
that the mechénism responsible for the 'mixed alkali'
diffusion peak is unaffected by advancing phase separation.
However, they found that the alkali ion diffusion peak
in the NaZO-B203-SiO2‘glass is reduced in magnitude as
- phase separation proceeds, in agreement with the findings
‘of Day and Rindone (1961). These latter authors also
report that the alkali ion and non-bridging oxygen ion
diffusion peaks of a L120—2,75 Siozlglass are unaffected
by phase separation until crystallization in the glass
commences. |

These éomewhat negative findings are further
substantiated by Redwine and Field (1969) who have

observed that the ionic diffusion peaks in NaZQ-SiOZ‘

~glasses are largely unaffected by phase separation.
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However, they conclude from an earlier study of the
same system (1968), that for glasses with én inter-
connected phase separation morphology, the elastic
mbduli are linearly dependent on the total amount of
soda present, and are larger than for a quenched glass
of the same composition. In the metastable droplet
structured region of phase separation, the mechanical
properties of the glass are reported to behave as a
homogeneous material having the same structure as the
continuous phase. The dispersed phase exerts only
second order effects on the elastic moduli.

The absence of any significantly large effect
of phase separation on the ionic diffusion phenomena,
with the exception of glasses in the Na20-3293-5102.
system, is perhaps to be expected; the movement of
the ions under the conditions of alternating stress is
only of the order of the interatomic spacing while
the phase separation boundaries are typically thousands
of atoms apart. The activation energies of these ionic
diffusiqn processes are in the range 20 to 40 K cal/mole,
and temperatures around and above the ?g point would
be necessary to render these peaks observable at MHz .
acoustic frequencies. The difficulties of such an
experiment are large as sample geometry and phase
separation morphology would be constantly changing
at these elevated temperatures; ionic diffusion

phenomena are best studied by low frequency techniques.
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-3.2.1 " The interrelation between thermal capacity

and ultrasound velocity and attenuation

The information about the vibrational states
of a solid is contained in the frequency distribution
of G(w), the number of vibrational modes with frequencies
between w and w + dw. In the harmonic approximation
constant volume heat capacities are related to this

distribution by

w -M 2
‘ max .erT (iw/KT).
Cv =k Glw) = "=hw - dw - 3.2
o ( T )24
e -1

where wma# is the cut-off of the Debye distribution

G(w) = awz, and is related to the Debye temperature through

) '=Ha_x ' . 3.3
D~ k '
Even in the simplest crystal, the true shape of G(w) is N

complex, and the usefulness of heat capacity data in
examining the shape of G(w) is limited as C§ is dete;mined
by the integral over the whole spectrum. Plots of 6,
from heat capacity measurements against temperature to
show any deviation from the Debye theory behaviour can
indicate the approximate size and position of the first
peak in G(w), but no details of the high frequency part
of the spectrum are obtainable.

As the temperature approaches OOK, the Debye
continuum hypothesis approaches reality and all solids,
including glasses, behave as an elastic continuum.

Discussions of results from heat capacity data can be
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undertaken in terms of deviation from this limiting
behaviour; data is usually analysed by use of a

C/T3 versus T2 plot which shows any deviation from the
Debye limiting solution to the equation for specific
heat given by Blackman (1955) to account for dispersion
‘as

’ ° ! 3.4

C_ .= AT + BT + CT' + ...

v
Here, A tends to CV/T3 as T tends to zeéro. 1In the low-
temperature limit
4

12 =~ N k

A =

Ultrasound waves have the advantage that
their velocities may be measured very accurately.
Extrapolation of velocities to 0°k may easily be made
.and the Debye temperature can then be calculated from
the equation (e.g. Anderson, 1959)

l/3A

_ h . +; :
@D. = k_(N/411) Vo . 3.6

~where the mean sound velocity.vm is, for a glass with

longitudinal.velocity.vn and shear Velocity.vs,
‘ 1

o 2., 233 |
'Vm'— :3<:3 +,:3> 3.7
v |

Comparison of the thermal and acoustic properties is thus

made through thg parameter A of equation- 3.5.

It should be noted that the Debye temperature

op is not uniquely defined for a glass (Anderson, 1959)
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and is dependent on and defined by the choice of N, the
volume density of primitive vibrational units which is
somewhat arbitrary for a glass with more than one component.
Thus the choice of the density of fundamental vibrational
units is important; 4if it is taken as the number of atoms
per'unit‘volume; the resulting OD'is the Debye temperature
for the density of states distribution containing all the
modes of the solid. This convention is most useful for
comparison with specific heat data as the latter does
not distinguish between the acoustic and optic branches
of the phonon spectrum.

Thermal and elastic properties must agree in
the low temperature limit and many interesting points
arise from their comparison as that limit is approached.
Figure: 3.3 shows the behaviour of CV/T3 with T2, normalized

3

to the elastic wave value of C/T° at T=0, of vitreous

GeO, and vitreous S5i0,. The results of Antoniou. and

2
Morrison (1965) show that vitreous.GeOZ_behaves normally

with C/T3 approaching the elastic wave value in the 0°K
limit, but some 'excess} specific heat is present above
this limit. Howevef, for vitreous SiOz, the value of
C/'i‘3 is somewhat higher than expected and at 29K is
about twice the limiting value calculated from the
acoustic velocities (McSkimin, 1953; White, 1965).
Rcent measurements of the heat capacity in
. vitreous SiO2 (Wwhite and Birch, 1965), GeOz.{Zeller
and Pohl, 1971), BeF2 (Leadbetter and Wycherley, 1971)

and glycerol (Craig, Massena and Mallya, 1965) have shown
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an increase in C/'I‘3 below about 2°K. This parameter is
observed to be still increasing even at the lowest
temperatures at which the thermal capacity has been
measured (O.lOK).

It is tempting to associate the excess
specific heat in vitreous SiOz_and GeO2 with the mechanism
responsible for the acoustic absorption peak. However,
- there is no simple correlation between the reduction in
excess specific heat and ultrasonic absorption upon
neutron irradiation of 5102 and GeO2 (Leadbetter and
Morrison, 1963) and furthermore, while the acoustic

absorption peak is present in Pyrex, there is no excess

specific heat (Marx and Sivertsen, 1953).

©3.3.1 Ultrasound attenuation : the large acoustic

loss peak

Before any conclusioﬁs may be drawn from
the cbmpositional dependence of the characteristics of
the large acoustic attenuation peak (see Figure 3.1)
that occurs in most, if not all, the ino;ganic'glasses
studiedlfo date, an attempt must be made to understand
the underlying méchanism. Three models have been
.proposed by different workers; two are similar and
involve atomic motions in a variety of local environ-
ments wifhin the glass structure, and the third involves
a phonon-phonon interaction between the ultrasound wave
and the phonon spectrum of-the}glass lattice. These

models will now be discussed in turn and a conclusion
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will be drawn as to the most likely mechanism responsible.

Model of Anderson and Bommel

Anderson and Bémmel (1955) have interpreted

the attempt frequency and activation energy of the large

- acoustic loss peak in vitreous SiO, as that of a

2

structural relaxation. The vibrational period has an
order of magnitude consistent with the shortest period
of the lattice vibration that contributes to the specific
heat: the loss mechanism seems to be connected with the
vibration of a small structural unit. An activation
energy of 1030 cal/mole is too small for an atomic diffusion
process and also for a molecular rotation. It is, however,
of the correct magnitude for a small change in bond angle.
The model for the acoustic loss mechanism
proposed by Anderson and Bommel is an oxygen atom
vibrating between two potential wells of equal energy
perpendicular to a non-linear Si-0O-Si bond, shown
pictorially in. Figure 3.4. A stress wave biases one of
the potential wells with respect to the.other, and the
equilibrium distribution of oxygen atoms is disturbed.
The relaxation back to the initial state takes place in
a time characteristic of the vibrational period of the
oxygen atom. When this time is of the order of the
- ultrasonic stress wave period, energy is returned to the
stress wave out of phase and attenuation results. A
particular feature of this model is that the mechanism

is only effective in attenuating a longitudinal wave
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if the potential wells are originally of unequal depth;
results indeed show that a greater loss peak is exhibited
for a shear wave than for a longitﬁdinél.ultrasound wave
in vitreous SiOZ. A calculation of the elastic energy
required to force apart the two Si atoms as the oxygen
atom passes between is obtained from a multiplication of
the elastic constant (A + 2u) by the distance through
which the Si atoms must move; this shows that a
Si-0-Si bond angle of 4° to 5° is necessary to produce
an éctivation energy of 1030 cal/mole. This angle agrees
with results from x-ray studies of the bond angles in
. Vitreous SiOszhich indicate an Si-0-Si bond divergence
of at least45o (Stevels, 1953).

To account for the width of the attenuation
peak, which is broader than that for a process with a
single rela#ation time t, a distribution of activation
energies for the movement of the oxygen atoms has to be
invoked. The anomalously large width of the peak is
demonstrated in-the loss versus reciprocal temperature
plot of Figure’ 3.5; this choice of axes eliminates

thermal broadening effects.

The equation describing the internal friction
is the sum over the complete range of activation energies

of contributions from many equations of type 2.46, and

is thus

ol = & a1 ——tr— ' - - 3.8
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where Ti4'=- io exp (-~-Hi/RT) © 3.9

Using this.equation, Anderson and Bommel have calculated
the shape of the distribution in activation energies
needed to account for the observed experimental attenua-
tion. This distribution, which is in the form of

Ai versus Hi, is shown in Figure 3.6. Also accounted
for by the shépe of this distribution is the variation
with frequency experimentally observed internal friction

at the peak maximum which rises from'8»‘.3.lO-4 at 66KHz to

l.88.lAO-3 at 20MHz .and eventually t'o.7.2.410“~3 at 27.5GHz..

Model of Strakna

A second, very similar model has been proposed
for the loss‘mechanism in vi;reous 5102 by Strakna (1961)
in which the oxygen atom is considered to vibrate between
two equi-potential wells in the direction of an elongated
Si-0-Si bond, also shown schematically in Figure: 3.4.
Strakna has measured the characteristics of the 50°k
absorption peak in vitreous SiOzvbefore and after fast
neutron irradiation, and cites the results in evidence
for his model as opposed to that of Anderson and Bommel.
The»shaée of the distribution of aétivation energies for
movement of the oxygen atoms is unchanged by neutron
ifradiation although the intensity of the absorption
peak is reduced, a fact which suggests that the centres
responsible for the loss are either completely eliminated
or left unchanged. Damage due to either thermal spikes

or displacement collisions is considered by Strakna to
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be likely to change the relative orientation of the SiO4
tetraﬁedra and thus perturb the Si-0-Si bond angle
distribution. If Anderson and Bommel's model is correct,
this would lead to an alteration in the activation energy
distribution which is in fact not seen.

Té identify the anomalous Si-O distances for the
elongated Si-0-Si bond model, Strakna separates the
activation energy distribution, which is identical to
that for. the Anderson and_Bém@el modei, into two parts
as seen in Figure - 3.6. An identical pair of distributions
can be calculated by using a one dimensional Morse function
and gaussiah distributions of Si-Si bond lengths centred
around: 3,83 2 andr3.89-x . From these lengths, the
anomalous Si-O distances are shown to be centred at 1.74 %
- and 2.12 X; The validity of the model is then somewhat
substantiated by peaks ‘corresponding to Si-O distances at
2;122«and an Si-Si distance at' 3.86 8 which occur in
x-ray electron density plots (Richter, Breitung and Herre,
1953). Strakna alsd concludes from the size of the x-ray

peaks that 20% to: 30% of the Si-O-Si bonds are elongated.

Model of Pine

Another interpretation of the large acoustic
attenuation peak in vitreous 510, is'that of Pine (1969)
who suggests that it is the result of an interaction
between the ultrasound phonons and the phonon spectrum of
the lattice. Pine has measured the attenuation of

27.5GHz'longitudinal'hypersonic waves by a Brillouin
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scattering technique and has fitted his theory to the
experimental results using some arbitrary parameters
but which find some justification in the Raman spectra
of vitreous SiO2 of Flubacher et al (1960).

When the product of the acoustic angular frequency
w and the thermal phonon mode relaxation time 1 is less
than unity, the ultrasound phonon can only interact with
the phonon population as a whole and not with individual
phonons. The treatment of Akhieser (1939) and simplifi-
cations by Bommel and Dransfeld (1960) and Woodruff and
Ehrenreich (1961) consider the phonon population as a

'gas' whose macroscopic parameters are periodically. varied

by the ultrasound wave. The results of these derivations

take the form of

8.686 yszCV ' _
o = —— R L S 5— db/cm 3,10
2 me 1+ o0t

where vy is an averaged dimensionless Gruneisen constant
of the order of unity, CV is the thermal mode specific
heat per unit volume, p is the density and Vm is the’
mean sound velocity.

Pine obtains the thermal mode lifetime from
theoretical considerations of the decay and scattering
of the thermal phonons, using the anharmonic theofy of
Maradudin and Fein (1962); a vibrational frequency g
is broadened by decay into two other phonons shch that

w' " = and by scattering one mode into another

ol
such that w' - o" = W . For the decay process, the
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thermal lifetime is given by

2 @' +n" + 1) A 3.11

and for the scattering process by

™t = @ -n')B £ 3,12

where A and B are complex functions of the anharmonic
selection rules and the joint densities of states of w'
and ", and the constants n' and n" are the Bose-Einstein

functions

- M _ )-l
n. = (é XT 1

Pine obtains the thermal mode specific heat from the

Einstein model for which

o
/o A2 . kT
= hu e
c = 3Nk (kT> © TE 2
KT

with the usual notation.
To fit the theoretical to the experimental
attenuation, Pine has to choose values for the several

variables; one example of a fit is given by

wy = 100em™t , W' = SOOcm-l , w" = 400 om *
B = 3.10%3 A=0

while another slightly Eétter one by
on= soem!  ,  w' = 450emt , w" = 400cm *
B = 1014sec_1, A =0
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Pine finds some justification for these arbitrary choices
of\phOnon'frequencies and constants A and B in the Raman
spectra of vitreous Sioz( but why the thermal phonon mode
at wy is only scattered by. the phonons.at-400cm’_l to
500cm_l is,qnexplained.

. However, recent measurements of the thermal con-
.dqctiviﬁy k and specific heat by Zeller and Pohl (1971)
~.allow access tq expérimental‘values for the thermal phonon
lifetime and specific heat-of,vitreous SiOZ., and we will
now re-examine Pine's theory in the light of these new
- results. In the dominant phonon apéroximation, the mean

lifetime of the thermal phonons' can be obtained through

the relationship

s $3.15
.vVom ’

Thus,-from.knowledge of the thermal conductivity and
specific heat of vitreous SiOz( the thermal phonon lifetime
can be calculated. The use of such a lifetime for a
phonon-phonon calculation of,acoustic.attenuation is
standard practice; - for-example good agreement is found
between theoretical and experimental attenuation in
crystalline quartz .(Bommel and Dransfeld, 1959). For
direct comparison with experimental results of the
acoustic attenuation in vitreous SiOz, the phonon-phonon
acoustic loss has been calculated at 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

lisfs the values of thermal conductivity, specific heat,
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thermal phonon mean free path and thermal phonon lifetime,
and compares the values of experimental and calculated
acoustic attenuation. The mean sound velocity of
vitreous SiO2 is- taken as 4.11.105cm/sec at all temperatures;
the variation with temperature is small (Anderson, 1959).
A constant Gruneisen parameter of unity and a sample
density of 2.202_39/cih3 has been assumed.

It can be seen from these results in Table 3.\
that the theoretical acoustic attenuation is many orders
of magnitude lower than the experimental attenuation over
the whole of the frequency range covered. Thus, a phonon-
phonon type of interaction cannot be held responsible for
the large acoustic attenuation peak in vitreous 5i0,. It
is also of interest to compare the magnitude of the acoustic
attenuation in crystalline quartz at 100°K and 1GHz .
(Bommel and Dransfeld, 1959) which has been attributed to
a phonon-phonon interaction similar to that invoked by
Pine, to that in vitreous SiO2 at 930MHzA(Jones.et al, 1964).
The acoustic attenuation in vitreous SiO2 is a factor
30 times larger than that in crystalline quartz. Yet both
materials, exhibit a very similar specific heat, and the
thermal conductivity, and hence thermal phdnon relaxation
time, ié approximately 50 times smaller in the vitreous
material. From this comparison alone it is clear that

the large peak in vitreous 8102 is. unlikely to be the

result of a thermal phonon process.
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+3.3.2 Comparison of the models

It has been shown that it is very unlikely
that a phonon-phonon interaction is responsible for the
large acoustic loss peak in vitreous Si02, and this
proposal will now be disregarded. This leaves the
structural relaxation models as the two most likely
explanations for the loss. Dedﬁction of the correct model
from the ultrasonic data alone is difficult as the'
equations which govern the ultrasound wave propagation
characteristics are identical for both mechanisms.

The attempt frequency of lOl3Hz.is approximately
| equal to the frequency associated with the motion of an
oxygen atom along an Si-0-Si band of:3;30.lOl3Hz
(Lippincott et al, 1958) and also the Si-0-Si bending
mode frequency of 2.40.10 3Hz (Bell et al, 1968) which
provides a good phenomenological basis for both models.
Corresponding cation-oxygen-cation vibrational modes in
other glasses wouid be expected to have similar frequencies,
explaining the common value fo; g amongst inorganic
~glasses. However, this order of magnitude of vibrational
frequency is characteristic of_many.vibrational modes, as
can be seen in the Raman spectrum of vitreous 8102
(Flubacher, 1959) which shows many features beﬁween

1 and 1200cm™t. Thus, purely from the attempt

600cm
frequency alone, the vibrational mode and relaxing unit

responsible for the acoustic loss is almost impossible

to identify.
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Supporting evidence for the validity of both
models is also found in results of X-ray diffraction
studies. Let us re-examine the structure of the radial
distribution function of vitreous SiO, in the light of
more recent studies to gain more information on the
featurés considered by Strakna to favour the elongated
bond model. A physical model of vitreous Sioz'has been
constructed by Bell and Dean (1967).  The theoretical
radial distribution function computed from'the model
compares. very well with that obtained from X-ray studies,
both contain the features referred to by Strakna.
However, on inspection of the theoretical distribution
function the anomalous Si-Si distance at' 3.86 R appears
to have some origin in Si-O as well as Si-Si bond lengths.
The anomalous Si-0 distance at 2.12 : is seemingly an
0-0. distance which occurs at 2.3 2 in the experimental
plot. No Si-O contribution to the radial distribution
function is expected between 1.6 R and 3.0 8. Further-
more, the conclusion of Strakna that 20% to’ 30% of the
Si-0-Si bonds are elongated implies that the relaxation
in elastic modulus would be 10% to 15%, whereas the
observed relaxation is only about 2%.

More recent and very accurate s;udies of the
X-ray scattering in vitreous SiO2A(Warren and Mozzi, 1969)
indicate that the structure is basically a disordered

arrangement of essentially undistorted SiO4.tetrahedra.
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i
The Si-0-Si bonds are found to range from 120° to 180°,
with the most probable angle at 1440. These results
are in general agreement with Stevels (1953) but do not
include any evidence for the elongated bond model of
Strakna. The Si-O distances are found to be close to
.1.62 R ; a double minimum in the potential along aﬁ
elongated Si-0-Si-bond does not develop until each cation
oxygen distance is 1.90 X. It thus seems that, in the
light of this present result, the anomalously long
Si-0-Si bond proposed by Strakna to be the mechanism
causing the ultraéound absorption in vitreous Si02_is a
feature which is in fact not seen in the structure of
the glass. On the other hand, the existence of the
non-linear Si-0-Si bond is well proved.

In conclusion, it seems that while the model
of Anderson and_B§mmel, which involves the transverse
motion of oxygen atoms in a non-linear cation-oxygen-
cation bond, is not.unique in describing the loss
mechanism responsible for the large attenuation peak
in inorganic.glésses, it is the most feasible alternative.
As such, this mechanism will be treated as the cause of
the acoustic loss in therdiscussion of this work.
However, many of the arguments centred aroundlthis
consideration can apply equally well to the elongated
bond model and where appropriate any feature which can,

help to distinguish the correct model will be noted

when met with.




CHAPTER FOUR

. PHASE-SEPARATION,. THE Na20rB293fSiOZ

SYSTEM, AND THE SAMPLE PREPARATION AND

" CHARACTERIZATION
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Interuction

Chap£er 4 commences with a detailed discussion
of the phenomenon of glass-in-glass phase-separation
and of the contemporéry theories.on the proéesses
involved in metastable and unstable unmixing. Some
observations are made on the contention between workers
"about the mechanisms of glassy phase-separation.
Details of previous studies of the Na,0-B,0,-5i0, system,
in particular those concerning the metastability dome
and the'tie line directions are found in Section 4.1.8.
Precise details of the thermal history of the glasses
of this sfudy are included in the sections on sample
manufacture, preparation and heat treatment, and to
complete the characterizatién, the determinations of
the physical properties of density and water or OH
content are described in fullﬂ The chapter terminates
with a description of electron micrographs which were
taken to determine the degree and morphology of the
phase-separation exhibited by the Na20-BzQ3—SiO2

samples of this study.
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4.1.1 ‘The;modyp“'iCS‘of'phaSe separation in glasses

The thermodynamics of the metastability of a
phase is best understood through the approach of Gibbs (1948)
who formulated the requirements for the existence of a
metastable equilibrium. This approach considers two types
of infinitesimal fluctuation; an infinitesimal portion of
a new and stabler phase, and an infinitesimal compositional
or density fluctuation. Metastability to. the former
quctuation.occurs if the interfacial testion is éositive,
and a finite fluctuation, or nucleus, is required to render
the phase unstable. For a phase to be stable with respect
to an infinitesimal éompositional or density fluctuation
it is necessary that the chemical potential of the components
increése with increasing density of the component. In
some systems there exists a temperature, dependént on com-
position, at which this criterion is no longer valid, which
is called the spinodal. Below this temperature the phase
is unstable to infinitesimal compositional changes and
spontaneously separates into two different but related
phases: Above the spinodal, but below the limit where
phase separation will still reduce the free energy of the
system, the phase is metastable to separation. Thus,

Gibb's formulation for metastability within the two phase

region reduces to

where F is the molar:free energy, and c is the mole

fraction.




2 58 -

A spinodal is most commonly expected in systems
which have an upper consulate temperature Tc to the
boundary of the two phase region defined by the coexistence
curve. Figure 4.1 shows diagrammatically a hypotheticél
phase diagram for a binary system; and also shows the
variation in free energy with composition at temperatures
above and below the consulate temperature. At temperatures
above the consulate the free energy must curve upwards
everywhere or separation would reduce the free energy.

At temperatures below the consulate the free energy still
curves upwards except between the limits defined by the
spinodal where BZF/ac2,< 0. Between the limits of the
two phase region, the free energy is still reduced by
phase separétion, but in the metastable region separation
will only occur if one phase can nucleate. New phases
produced by phase separation are themselves subject to the

same criteria for metastébility, and may themselves suffer

further decomposition.

4.1.2 " Metastable phase separation

To create the finite nucleus necessary for
phase separation to occur in the metastable region, energy
must be expended at the interface between a small droplet
of the new phase and the original matrix. The work required
to form this droplét decreases as l/ATi, where ATb is the

undercooling below the two—phase boundary, and thus under-

cooling is necessary before a nucleus can appear. This

process is called homogeneous nucleation.
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Heterogeneous nucleation can occur at container
walls, or on particles of a foreign nature such as dust.
_The work of fOrming a.heterogeneous nucleus at a surface
is still proportional to l/ATE,-but the proportionality
constant is reduced. Thus metastable separation will more
‘readily occur by heterogeneous nucleation. Caution must
be observedvto keep any glass melt under study free from
contamination, and interprefation of results for glasses
cooling at surfaces must be treated with care.

Just above the spinodal, the work nezded to form

. : 3
the droplet is proportional to ATS /2

where ATS is the
temperature of the phase above the value at the spinodal.
At the spinodal this work is reduced to: zero.

After nucleation in the metastable region of
pﬁase separation, the rate of separation is dependent on
the number of nuclei formed. This type of separation is
characterised by a distinct new unconnected phase growing
in a matrix of the original phase. These droplets may in
time grow and coalesce. The second phase is thought to be
invariant in composition with time of heat treatment at
constant temperature, and exhibits a sharp boundary with
the matrix. Second phase droplet sizés show a tendency
towards. a random distribution, and no ordering is noticed
in their position in the homogeneous matrix.

- 4.1.3 Spinodal phase

While the kinetics-of~phase.separation of com-

positions which lie between the spinodal-and the line
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défining the region metastable to bhase separation are
~generally agreed to be nucleation and growth, there is
still much contention about the kinetics involved for
compositions thch lie below the spinodal. Two main
theories have been proposed by Cahn (1961) and Haller (1965)

which will be discussed in turn.

4,1.4 Theory of Cahn

When a single phase liquid is cooled rapidly
enough through the region metastableAto phase separation
so that appreciable decomposition does not occur, the theory
of Cahn maintains that the kinetics of phase separation
change after the spinodal has been crossed. In this theory
it is proposed that growth of the nuclei ceases, and
stationary compositional waves form in the matrix which
reduce the free energy, and initially grow in amplitude
only. Two completely interpenetrating phases result whose
mutual boundaries are at first quite diffuse, but as further
separation reduces the frée energy the phases move further
apart in composition and become better defined. The inter-
connectivity of the phases is initially at a maximum and
decreases with time; long heat treatments can actually
result in the minor phase becoming disconnected to form
droﬁlets in the matrix of the complementary phase.

Cahn (1965) has developed a mathematical analysis
for his theory. He has shown that the time constant 1
for the increase in amplitude of the compositional

fluctuations is inversely proportional to the square of
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the undercooling below the spinodal ATS, and is also
inversely proporﬁional to the mobility of the migrating
species. Thus 1, which is infinite at the spinodal,
‘decreases to a minimum with undercooling, but increases
again as the diffusional mobility decreases with
decreasing temperature. Cahn and Charles (1965) have
shown that the minimum value of t occurs when ATs = 10%
of the spinodal temperature. They have derived a
formuia'for calcﬁlating fﬁ
XZ
.8ﬂ2D

o= . K%_

S
where_i is the wavelength of the compositional fluctua-
tions, and D is the diffusion coefficient, in this case
defined as the ratio of diffusional flux to the partial
‘molar free energy gradient. Typically in a
'glass melt, T = 1000°K, AT = 100°k
“13p.

The diffusional coefficient may be anywhere in the region

Na20-B203-Slo2

(for - a minimum %), A= lOOR, hence t = 10

10-"13 to 10-5,'showing that T is usually less than 1 sec
and may be as small as 1 ﬂsec. Thus, isothermal spinodal
decomposition is difficult to observe during its initial
stages due to the rapidity of the unmixing.
__$9_calculate the cooling fate‘g% necessary to
avoid phase separation, the time required to pass the

temperature T - ATs is. equated to the minimum value of r.

This time is of the order of Ts/(dT/dt). Thus

& = T2,

2. .S
df . . §1—QAE—_ to avoid phase separation. Substituting
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_values as before it may be seen that cooling rates of

15 cmz/sec,

12

10c/sec are needed if D is very small at 10~
and rates of 103OC/sec are necessary if D is 10~ cmz/sec.
With diffusional constants any larger than this, spinodal
deqomposition is almost unavoidable, though some hope

‘may be offered in systems where the spinodal lies near

or below the glass transition temperature and the

mobility of the migrating species is extremely small.

4.1.5 Theory of Haller

Haller has shownAthat spherical growth from
: randémly emplaced nuclei can lead to an interconnected
phase separation morphology provided that the volume
fraction of the nucleated phase is sufficiently high.
The interconnection arises from the lumping together
of the individual spherical second phase droplets.
Haller has theoretically determined the dependence of
the interfacial area with time for various simplified
transport models; aﬁd has found that this area is
proportional to t-%. Experimental observations of the
advancement of phase separation in the Nazq-SiO2 system
shéw.good agreement with this dependence, and Haller
concludes that an interfacialucontrolled bulk diffusion
process is operative during the growth of.the‘droplets,
A feature of Haller's interconnecting growth
theory is that the degree of interconnectivitvaill
' increase with time, whereas Cahn's theory predicts that

thé interconnectivity of the structure decreases from a
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maximum as the degree of phase separation increases.
Experimental observation of interconnectivity behaviour
in the initial stage of phase separation should distinguish

between the proposed mechanisms.

. 4.1.6 Theﬂopposing;theorieS‘of‘spinodaludecomposition;

" a comparison

A large number of investigators have undertaken
experiments to determine which of the two mechanisms is
applicable to spinodal phase separation in glass forming
liquids, but no general agreement, as yet, has been
reached. The rapidity of spinodal phase separation is
an obstacle in the course of isothermal phase separation
observations; knowledge of the phase‘morphology in the
early stages of separation is essential in‘distinguishing
between the two theories. -Zarzycki and Naudin (1967)
have examined the decomposition of PbOéBZQ3‘glasses by
an X-ray scattering technique; the addition of A1293
in small amounts was made to slow the phase separation
procedure without disturbing the basic features of the
miscibility'gap. Their results favoured the theory of
Cahn, but some discrepancy in the observed value of the
spinodal temperature casts some doubt upon the validity
. of their work. Seward et al (1968) have shown that
vapour deposited films of BaO—SiOz_glass heated in the

beam of an electron microscope produced an inter-

conneéted structure from the growth and lumping of

individual particles, but as the temperature could not .
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be ascertained, it is imposéible to say in which
temperature range this mechanism is more favourable
than that of Cahn. However, as the compositions were

at the centre of the miscibility gap, they would most
;ikely havelbeen in the spinodal region of phase separa-
tion if a spinodal exists ' for this system. Srinivasan
et al (1971) have made observations on the time dependence
of the connectivity of a sample of NazQ-B293—SiOZ.glass
in the centre of the miscibility gap of this systen,

and have suggested that their results are consistent
"with the mechanism proposed by Haller. They also noted
that for three samples of identical composition, heat
treated at. 748°C,. 720°C and 650°C, the degree of
connectivity of the second phase particles is strongly
dependent upon the volume fraction of the phase, in
keeping with the theory of Haller.

However, to further complicate the issue over
the mechanisms of phase separation below the spinodal,
Simmons, Macedo et al - (1968, 1970, 1971,a.b) have
found that for many inorganic oxide melts, including

Na,O-B_0-Si0 ~glasses well away in composition from

2 2 2
the region of liquid immiscibility, there is an 'excess'
viscosity. They have evolved a model to predict the
correct activation energy distribution for viscous
flow in these.glasses whose physical significance is
the presence of microstructure in the melt. The size

of this micfostructure is about SOR in radius, in a

0,-5i0, glass, suggesting that the glass is in

Na20-B 3 2

2
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fact heterogeneous in the melt.\ The sizes of the
regions of microstructure vary with melt temperature,
and thus it is expected and indeed observed that the
phase separation shown by a glass sample upon heat
treatment in the subliquidus region is in fact dependent
upon the melt temperature at manufacture. This is again
a firm reason why the thermal history of a glass must

be known before the structural characterisation is
complete, and is a detail unrecognized by many investi-
~gators of phase-separation phenomena. So if in fact the
~glasses are heterogeneous in the melt, what is the
significance of the coexistence curve defining the limit
to metastable immiscibility? It is of more than

- philosophical value to conject that any two phase system
can be anything but phase separated on a molecular scale;
the definition of phase separation must depend upon the
scale in questioﬁ. This leads us to a further look at
subliquidus immiscibility, and the question of the

determination of the position of the two phase boundary

for a glassy system.

4.1.7 The coexistence curve and subliquidus immiscibility
Just as any two liquids may show partial

immiscibility, so may two solids. True'subliquidus

immiscibility occurs when the coexistence curve does

not intersect the liquidus. Thus, there are regions

on the phase diagram where a'single-phase binary solid

is stable at one temperature, but on cooling the
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single-phase will first become metastable and thén
. unstable to decomposition.

The method used by investigators of the
coexistence cﬁrve, which is the boundary of two-phase
metastability, is normally to heat treat a glass for
a considerable length of time and then decide from the
absence or presence of opalicity whether the'élass
composition at that temperature lies above or below the
coexistence curve. A blue-white hazy appearance results
from the scattering of light at the interphase boundaries,
and is evidence of phase—seﬁaration. Transparent glasses
thus fall into the category of homogeneity and are
considered to be single-phase.

In the well-known paper by Rockett et al (1965)
the coexistence curve in the system SiO4-Na2B8013 has
been determined by such a methéd. However, electron
microscopy (Scholes, private communication) has revealed
thatvglasses in the same system which appear transparent
and have been placed in the region above the coexistence
_curve'actually have a two&phase.structure'on a very
small scale. It thus appears that thexexperimental
position of the curve depends on the method used to
determine it. We can thus pose the question of whether
the coexistence curve determined by opalicity and
clearning experiments defines the limit to metastable
immiscibility. Such a definition is reliant on a

size effect; that is the glass is considered as
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homogeneous when the phase-separated regions are too
small to scatter visible light. Although this must =
be regarded as a majox criticism of this method of
investigating the coexistence curve, the results
obtained through such a convenient method are not too
much in disagreement with those obtained using electron
microscopy. As we shall see in the next section, the
metastability dome for the Na20—B203-SiO2 system
determined by epalicity and clearing eiperiments is
in_gooa agreemenf with answers obtained from direct
analyses of the phases of separated glasses.

It must be stressed that glasses which are
optically clear must not be regarded as necessarily
single phase; the more sensitive method of the
determination of the phase-separation chatacteristics

by electron microscopy provides a better criterion for

distinguishing between heterogeneity and homogeneity.

4.1.8 Te;nary systems :_,Na2QrB293r8102_

A three-component system may be treated thérmo—
dynamically in a very similar way to a binary system.
If two legs of a ternary exhibit metastable immiscibility,
then a region of metastable immiscibility is expected
in the area betweén them. Given metastable immiscibility
along the~Na20-B203'and NaZO—SiO2 edges of the
Na 0-B,0,-Si0O

2 273 2
immiécibility'along the SiOZ_BZQ3 edge at low concentra-

system, (Skatulla, 1958), and true liquid

tions of B,03, metastable immiscibility is expected

over a large portion of the diagram.
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Figure 4.2 shows the ternary diagram of
Charles et al (1970), who determined the isotherms by
opalicity and clearing experiments of about 100
different glass compositions. These isotherms are
estimated to be correct to * 10°C. This diagram is in
~general agreement with results of similar studies of
Galakhov (1969), except that this author does not
accept that the region I near the SiOZfNaZO‘edge inter-
sects the main region II, due to a lowering of the Tg
~surface below the coexistence boundary. The consulate
temperature of region II is estimated to be 755°¢.
Although the région of metastability is restricted to a
region of relatively low Na20 content along the

$i0,- B203 edge, glass formation is observed over a large

portion of the diagram.
To fully exploit the usefulness of this diagram, -
it is desirable to draw in tie lines. The difficulty
here lies in determining the composition of the phases
lafter separation has taken place. Analysis of electron
micrographs of phase separated glasses should provide
_volume ratios at the phases present, and thus by the
application of the lever rule it should be possible to
draw in tie liﬁes. However, Burnett (1968) has shown
that this method is prone to inaccuracy as the leaching
of the phases in a direction perpendicular to the plane
of the electronmicrograph has the effect of slightly
exaggerating the volume fraction of the phase most

resistant to the etch,. usually the silica rich phase.
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Tie4lines based on analyses of glasses leached in HC1l

to remove the continuous B203 rich phase in spinodally
decomposed glasses also suffer from the error that SiO2

is precipitated in the pores after leaching (Mazurin 1969),
and it is also possible that Na+‘ions can diffuse out

from the silica rich remaining phase (Charles 1965).
Scholes and Wilkinson (1970) have heat treated
Na,O0-B,.0,-SiO .

2 273 2
order of 5 to 10p in size, and have investigated the

"glasses until the separation is of the

Vphase composition by electron probe microanalysis.

These are the first tie lines to be drawn from experiments
made by direct analysis of the phases in situo. Although
their tie lines lie in the general direction of those
suggested by the former workers, they do expose certain
differences in their directions. Figure 4.2 shows the
_various tie lines for Charles (1970), Tran (1965) and
Scholes and Wilkinson for a temperature of-6OOOC, and

the latter authors also for the tie line at- 650°C.
However there is:general agreement between workers for
the sense of rotation of the tie lines with increasing
temperature. It is also of note that the tie-lines of
Scholes and Wilkinson terminate on the isotherms of
metastability found by Charles (1970) appropriate to

the temperature of heat treatment. From this we must
conclﬁde that despite the various limitations to the

" method of defermining the ﬁetastability dome by
opalescence and clearing, it yields a.good result at
least for the glass compositions in the area of the

ternary diagram in question.
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Charles and Turkalo (1969) {have investigated
the question of three-liquid immiscibility in tﬁe
Na20-B203—SiO2 system, the possibility of which was
suggested by Vogel (1965) and Kuhne and Skatulla -(1959).
They found no evidence to support this pdssibility,
which was also partly based 6n directions and end-

points of tie lines proposed by Charles et al (1970)

which are now thought to be incorrect..

Preparation and characterisation of the glass samples

4,2.1 Manufacture

" Glass compositions for study in this work were
chosen to lie in andaround that region of the ternary
phase diagram of the Na20-3293-5102'system‘where
sub-liquidus immiscibility occurs, and are plotted on
the ternary diagram in figure-4;3, and are also given
in Table:4.l. The compositions of glasses 1 and 2.
were seiected such that heat treatment at 550°C would
result in interconnected and droplet structures
respectivély. The glass batches were prepared from
120 mésh Brazilian quartz, and analyt‘icalAgrade.BZQ3
3° About 1 wt.% of NaNO, w&s included to

oxidise any metallic ions present and thus prevent the

and Na,CO

platinum crucible, in which the batches were melted,

from attack. Platinum ions are known to be strong

nucleating agents in inorganic glass systems and
their presence would lead to anomalous phase

separation (Rindone and Ryder, 1957).
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After the appropriate amounts of each constituent
had been weighed out they were crushed in an agate mill
and agitated in an'automatic mixer for fifteen minutes to
form a homogeneous powder. Each glass was melted in the
plaﬁinum crucible complete with 1id in an electric furnace.
Founding temperatures and times were such as to ensure
that the final products were seen and batch free; glasses
1 to 5 and 10 were successfully melted at 1450°C for
3% hours, glasses 6 and 7 at 1600°C for 8 hours, and
glasses 8 and 9 ‘at 1200°C for 3% hours. Two binary
BZQ3—SiOZ_glasses of lower mole fraction BZQ3 than glasses
6 and 7 were prepared but not successfully melted; only
a sintered powder resulted as the high melting temperature
required could not be attained in the available furnace.

To see if a reduction in OH content has any large
effect on the propagation characteristics of ultrasound

in the Na.0-B,0.,-SiO, system, glasses' 3, 5, 8 and 9 were

2 273 2
bubbled with dry nitrogen for 10 minutes immediately
before the end of the found. This procedure has the
effect of reducing the water content. Glasses 6 and 7
could not be bubbled due tovfheir high viscosity. All
~glasses were stirred occasionally to improve their
homogeneity.

The molten glass batches were poured in#o.cold,
steel button moulds of diameter 1% inches and thickness
_% inch. Specimens any larger than this.cooled4too
slowly and developed the hazy blue éppearance.character-

istic of large scale phase separation. On removal from
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the mould the samples were wrapped in asbestos cloth énd
left to cool further on top of a warm furnace.

Internal strain was seen in all samples when
viewed between crossed polaroids. It was necessary to
remove this strain or the resultant elastic inhomo-
~geneities would give spurious results in the ultrasonic
. velocity and attenuation measurements. To assess the
temperatures required for strain annealing, the Tg and
Mg points of several of the samples were determined from
plots of the temperature dependence of the thermal
expansion. Figure 4.4 shows a typical plot,. and indicates
the position of the Tg and Mg points. Table 4.1 gives the
Tg and Mg points for the glass samples for which they were
determined; the figures in brackets indicate estimated
Tg and Mg points. To remove the internal strain, the
~glass samples were heated to 20°C below their Mg points,
held steady for 10 minutes, and then slowly cooled by
switching off the power to the furnace. Figure45 shows a
typical cooling curve for this prpcedure. All glasses
showed relief of the internal strain after annealing
except those from batch 2 which had to be heated to 410%%
to produce an effective anneal. Glasses which were

studied in their gquenched state were annealed immediately

after manufacture; those which were heat treated to

enhance phase separation were annealed after this treatment.

- 4.,2.2. Heat treatment

To produce phase separation in certain batches in

the NaZO—BZQ3?SiO2 system, subsequent heat treatment was
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carried out at the appropriate temperature of 550°C.

~ Separate samples from batches 1 and 2 were heat treated
for 24, 48, 96, 168 and 504 hours, and from batches 4
and 5 for 48 hoursf Heat treatment was terminated by
quenching in air, and the samples were subsequently
placed in a déssicator to cool.

For easy identification of the various glass
samples in the text to follow, the sample is represented
by its batch or composition number, and its time of heat
treatment at 550°C. For example, sample 2/48 is a glass
sample from batch 2 which has been heat treated for
48 hours at 550°C. An anteceding Q indicates that the

"glass ig quenched, and has received no heat treatment.

4,2,3 Cutting and polishing

The éhape, size and finish of a sample for ultra-
sound measurements is dictated by the maximum tolerable
error in acoustic velocity and attenuation. Exact
details of the errors arising in the determination of
ultrasound velocity and attenuation are postponed until
Chapter 5. For the levels of attenuation in the samples
of glass of this study, paralielopipeds of dimension
13 x 13 x approximately 6 mm are required with a
 parallelism between the faces perpendicular to the 6 mm
direction of better than lO_4 radians of arc, and with
a corresponding flatness soO that the condition of

-parallelism is maintained over the entire area of the

face.
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Approximately sized specimens were cut from the
button-shaped samples with a diamond wheel, and the two
appropriate faces were polished on a‘LQgitech semi-
automatic lapping and polishing machine. A vacuum
chuck is integral with the polishing apparatus to hold
the sample during polishing, thus excluding the use of
an adhesive which can cause ndn-parallelism in the final
product. By careful adjustment of the polishing rié,
and abrading the sample on a solder plate with successive
sizes of diamond paste from 25ﬁ down to %u , the desired
parallelicity together with a flatness of a % wavelength
of light was attained. Measurements of these tolerances
were made by observing the white-light fringes generated
between the sample faces and an optical flat set up
on the polishing stage of the Logitech maéhine.,.Visual
examination evidenced the absence of scratches on the

polished faces. A dial gauge was used to measure the

sample thickness.

. 4.2.4 Density measurements.

Sample densities were measured by an Archimedes
principle method, using analytical grade methanol of

previously determined density. The specimen was

suspended by a nylon~ thréad, and the volume of submerged
thread was ascertained and used as a correction to the
uéthrusﬁ. During the experiment the methanol temperature
was measured, and the density of O~7915g/ch3 at 19.8°C

was corrected for thermal expansion through the coefficient

30 equal to 119 x lO_s/OC
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The choice of methaﬁol was made for two reasons.
Firstly, the low surface tension discourages bubbles of
air from adhering to the sample during immersion, and
also allows a fine balance to be obtained while the
sample is submerged in the liquid as only a small surface
tension force is exerted at the air-methanol interface.
Secondly, methanol is not absorbéd by and does not react .
with the glass compositions of this study, as. evidenced
by specimen weighing before and after immersion in
methanol forl24 hours.

Results of the density determinations are shown
in Table 6.1. Densities of different specimens of the
.same ;omposition and heat treatment were found to be
equal within experimental'error.evidencing_good
macroscopid homogeneity of the batch glasses; the
quoted densities are for the specimens used in ﬁhe.ultra—

sound propagation experiments. -

4,2.5 Estimation of the water or OH content .

An efficient method of estimation of the water
or OH content of a glass is by measurement of the infra-
'red absorption or transmission spectrum. The effect of
the OH or water content on the acoustic properties of
~glasses has been stressed in Chapter: 3, and thus it is
necessary to make a quantitative measurement of this

content in the Na20—B203—SiOZ_glasses of this work for

their full characterisation.
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Samples of the quenched glasses were ground flat
and parallel to a width of approximately 1 mm, and were.
stored in dry machine oil which was removed prior to
experiment. Infra-red absorption spectra between 1lp
and 2-5ﬁ were measured with a éye-Unicam spectrometer,
and fransmission spectra between 2.5p and 5y were
measured with a Beckmann spectrometer. The absorption
spectra measured with the former instrument were not .
intense enough for detailed resolution, so the measure-
ments were repeated using the ultrasound specimens of
thickness approximately 6 mm. The final spectra_observed
are shown in Figure 4.6

The dominant features of all the infra-red
spectra of the NaZQ-BZQ3—Si02_glasses of this present
'study are a large absorption band at approximately 2.8y,
and a smaller but quite distinctive band at about 1.4yu.
These results are very similar tb those of Adams (1961)
who has demonstrated the effect of water content upon
the infra-red spectra of B203 and SiOz>glasses. He has
shown that in these two glasses the fundamental OH
vibration is observed at 2.79u and 2.73p, and the first
overtone band of the unassociated OH ion at l~40ﬁ and
1. 38u respectively. Further evidence for the identifica-
tion of the absorption bands in the Na20-BZQ3-SiO2 is
found in the work of Franz :(1966), who has observed
the fundamental stretching frequency of OH ions in Li,

Na and K borate glasses in a similar position in the

infra-red spectrum.
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The problem in making a quantitative determina-
.tion of OH content from the infra-red spectra is choosing
the extinction coefficient o for the glass to use in the

Lambert-Beer equation. This equation takes the form

= =4
E. = oC =73 log,

. where E is the extinction of the spectrum at the peak,
C is the concentration of the absorbing species, (in
this case OH), d is the sample thickness and D is the
fraction of the infra-red radiation transmitted. Nemec
and GOtz (1969) report an experimentally determined
value for a of 49.1 ¢/molercm for the fundamental OH
vibration peak in a'glass of composition 8102‘50.86,

Al1,0, 14.84, B,O0, 10.5, Ca0O 17.95, MgO 4.79, Na20 0.98,

273 2
_Ba0 0.17 wt %. A comparison with the experimental

values for the extinction coefficient found by Franz .(1966)
for NaZO—BzQ3.glasses containing 10-20 wt 3 Na20, suggests
that a value for o of about 50 £/mole-cm would not be too

much in error for a Na20—B293f8102Aglass. This latter

figure has been used to calculate the OH or water content
of the_glasses in this present study from the intensity
of the infra-red absorption peak at 2.8ﬁ; the results
of these calculations are given in Table 4.2

No data on the extinction coefficient of the
overtone band at 1.4y is available to date. However,
it is interesting to compare their relative intensities;
these peaks are of size in approximate proportion to

the OH concentration calculated from the fundamental




Table 4.2
0 _ _as
H or water content of Na,0-B,0,-510,

~glasses calculated from the infra-red spectra

Glass | Path Length - Calculated OH,
Batch No. cms . 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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vibration peak at 2.8u. - More significantly, they are’
smaller than the corresponding absorption peak in fhe
'wet' B293.glass which showed anomalous acoustic
attenuation (see Chapter: 3) and are of the same order

of magnitude for those of the 'dry' B203.glass

(Kurkjian and Krause, 1966).

4,2.6 Electron niicroscopy

To determine the degree of morphology of the
phasevseparation of both quenched and heat treated
samples of the Na2Q—B293-SiOZ_glasses, transmission
electron micrographs have been made of carbon replicas
from freshly broken surfaces of each sample. Good
definitipn of the separation structure has been obtained
by etching the broken surface with water for 10 seconds,
and pre—shadowing with platinum. Prints from samples

of these micrographs are shown in Figures 4.7 to 4.10.

Volume fractions of the individual glassy phases have

been estimated where possible by lineal analysis of
micrographs representing total areas of 5000 square
microns. The features of the phase sepération of each

"glass composition will now be discussed in turn.

Composition 1

Sample 1/Q is seen to be heterogeneous. on a
fine scale at high magnification though transparent and
clear to the eye. The sample must then be considered

as phase separated though the morphology is not
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distinguishable. The micrographs of the samples that .
havé been heat treated at 550°C evidence that the
morphology is of the interconnected type and is thus
typical of glasses which have undergone unstable spinodal
decomposition. Mutual phase boundaries are sharp for all
the heat treated samples of this composition, and the
'scale of the separation is approximatelyf3000R. There.
appears to be a little tendency for the minor phase to
break up even after 504 hours of treatment at 550°C but
there is no evidence of crystallisation in the bulk of
the glass although a little surface de-vitrification
was observed after the longest period of treatment.

.Thevvolume'fractions of the SiOzfrich.BZQ3-poor
unetched phase for the various samples are as follows:
1/24 0.38; 1/48 0.36; 1/96 0.38; 1/168 0.36;
'1/504 0.37. Thus, the constant value for the volume
fraction indicates that tﬁe phase separation is complete
in less than 24 hours of heat treatment and that the
phases are undergoing the ripening process. consecutive
to the initial unmixing. This we also expect from
consideration of the cooling rates necessary to avoid
separation which were discussed in Section 4.1.4 of
this chapter. The slight variation in the'figufes for
the volume fraction of the individual phases is most
likely the result of over-etching of the water soluble
phase.

Assuming equal.densitygfor the tﬁ0fphases, the

tie-line for this glass has been drawn on the diagram







of Charles in Figure 4.3, The direction for this tie-
line agrees with those of previous workers and confirms
the assignation of an SiOz—rich B203-poor composition

to the minor phase.

Composition 2

The quenched sample of this composition shows
quite distinct phase separation in the form of drbplets
of maximum diameter about 500 R, dispersed in the
complementary phase. A variation in the shape and size
of these droplets is apparent though the mutual phase
boundaries are not well defined. This glass shows no
opalescence, but too must be regarded as phase separated.
Heat treatment at 550°C reveals a droplet structured
minor phase which is shown byrdifferential etching to be
the B,O,-rich-phase. This is typical morphology for a

273
' glass undergoing metastable decomposition. The droplets

are randomly positioned in the structure and grown in
maximum linear dimension of about. 7000 R after 24 hours
of heat treatment to about.Sﬁ'after 504 hours. Minimisa-
£ion of the interfacial energy causes the spheroidation
of the nucleated phase as the separation proceeds. No
crystallisation is apparent in any of the glass samples.
Nucleated phase volume fractions 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 for this
value evidences that the individual phases have reached

their final compositions before 24 hours of heat
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treatment and that the glasses in this series represent
various stages of coalescence of the minor phase.

Figure 4.3 shows the tie-line for this glass on
the assumption of equal densities of the phases; its
direction is nearly parallel to that for composition 1,
and supports the contention that the minor phase is

B Q3, Na O-rich and SiO

2 2 2—POOZ['.

Composition: 3

Glass' 3/Q is seen to be heterogeneous, with
separation occurfing on a scale between 500 ® and 1000 R.
This sample shows no blue hazy appearance typical of

phase separation but must be regarded as separated.

Composition 4

- The quenched sample of composition 4 is-
separated on a scale of 1000 ® to: 3000 & but is

optically quite clear. After 48 hours of treatment at

5500C this glass shows a phase separation of size lyu

to: 3u. The morphology is difficult to determine;
boﬁndaries are sharp yet no large distribution in

second phase particle size is evident. This second phase
appears to be undergoing a transition between an inter-
connected and a droplet structure, and has a volume
fraction of 0.37. A B293—rich SiOszoor composition

is evident for this phase.







- 82 -

Composition 5

Although sampe 5/Q is visibly clear, a very
pronounced interconnected structure of approximately
1000 & is revealed by the electron microscope. After
48 hours of heat treatment at 550°C the structure has
coarsened considerably and the two phases ére now
distinctively separéted by sharp boundaries. This sample
has undergone spinodal decomposition and the volume
.fraction of the B293 rich etched phase is 0.54. It is
difficult to confirm this from the phase diagram of

Charles (1970) as the distances of the ends of the tie-

lines to the starting composition are nearly equal.

Compositions: 6 and 7

These two binary glasses show separation on a
fine scale in the quenched condition. Sample 6/Q
evidences heterogeneities between 200 ® and 500 R in
size, and for»?/Q these»distinct regions are 500 g to
1000 R in size. Both glasses are optically clear.

Composition 8

The composition of this glass places it on the
SSOOC isotherm of metastability proposed by Charles.
The quenched sample of this glass evidences some phase
separated character on a scale of 2000 & to 4000 &

and must be regarded as phase separated although it is

optically clear.
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Composition 9

The composition of this glass was chosen to lie
. outside the area indicated in all the previous studies
where sub—liquidus immiscibility occurs in the
NaZO-BzQ3-Slo2
separation to be exhibited in this sample, and as such

‘system. Thus we do not expect any phase

it should be unique amongst all the glasses of this
present study. However, the micrographs of this.quenchéd
sample evidence a degree of heterogeneity in the structure
on a small scale of about 2000 8. The metastable dome
proposed by Charles is based on opalescence and clearing
observations; glass 9/Q would thus be judged as
vhomogeneous,uyet if the criteria of phase separation is
whether the electron microscope reveals heterogeneity,

this glass is separated.

Composition 10O

A very distinct two phase structure is seen in
the electron micrograph of sample 10/Q on a coarse scale
of 1000 2 to: 3000 R. The exact morphology of this

visibly clear glass is not discernable.

The more general conclusions to be drawn from
thé electron micrographs of the NaZQ-BZQ3-SiOZ.glasses
of this work are two in number. Firstly, all the glasses
of this study whether quenched or heat treated are
ﬁeterogeneous, and must.be considered as phase-separated.

Secondly, where the phase-separation morphology has been
4




- 84 -

discernable in the quenched sample of each glass
composition, the same morphology results on heat treat-
ment at 550°c. This is surprising as the thermal history
of a quenched glass is wvery indeterminate, and the phase-
separation occurring must be characteristic of the
separation processes over a large range of temperatures.
Such a function is further evidence that the micro-
structural characteristics of a phasé—separa£ed.glass

are determined nof'only by the temperature of.heat—

treatment, but also by the thermal history of the sample.




CHAPTER FIVE

THE EXPERIMENTAL METHOD
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Introduction

This chapter is concerned with the
experimental methods involved in the measurement
of ultrasound attenuation and velocity. A
description of the electronic systems and the
operating procedures involved in the determina-
tion of the ultrasound propagation characteristics

of the Na,0-B,0,-SiO, glasses are included with

2 273 2
full details of the errors in measurement.
Particulars of the quartz transducers used in
the generation and detection of the ultrasound
are found here, and the technique of transducer-
éample_acoustic bonding is outlined. The chapter
concludes with specifications of the cryostats

and furnace and the methods of thermometry and

temperature control.




5.1.1 The Pulse-Echo Technigue

The Pulse-Echo technique is used for the.measure-
ment of ultrasound velocity and attenuation, and involves
the introduction of a pulse of ultrasound into a sample,
observing the echoes as they reflect off two flat and
parallel faces normal to the propagation direction of
the stress wave. The delay between successive echoes is
the transit time of the stress wave in the sample, and
the decrease in pulse amplitude is a measure of the
attenuation.

Ultrasound generation is achieved by applying
a high voltage pulse of r.ff from a pulsed oscillator to
a quartz transducer acoustically bonded to one of the
sample faces. As a consequence of the converse piezo-
electric effect, a stress wave is induced which travels
at the velocity of sound to the opposite face.
Reflection occurs at the discontinuity in the medium;
the stress wave then returns to the initial face where
a small amount of sound energy is transferred back to
the quartz transducer. Here, as a result of the direct’
piezoelectric effect, a voltage pulse is induced in the
transducer. The cycle of feflection is subsequently

repeated to give a diminishing echo train which results

in a series of voltage pulses from the transducer.

These received pulses are detected and displayed
on an oscilldscope screen, the echo heights decrease
exponentially with time, and the time between is the

transit time of the sound in the sample. Deviations
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from ideality of the transducer and sample system give rise

to errors which will be dealt with later in this chapter.

5.1.2 Details of the'Measuring System

Two experimental systems have been used for the
measurement of ultrasound velocity and attenuation by the
pulse-echo technique. Both are essentially the same: a
Matec 9000 Attenuation Comparator, a complete system
alone, and é Mateé46OOO Pulse Modulator and Receiver which,
when combined with a 1204A Master Synchronizer and
Exponential Generator, and a suitable oscilloscope, form
an equivalent circuit.

The basic circuit layout and principle of
operation is shown in Figure 5.1. High voltage, high
frequency pulseS'are>generatea by tunable pulsed oscillator
plug-in units, ranging in r.f. frequency from 10 to 800 MHz .
which are connected into the 9000 or~§000 main frames.
Amplitudes of up to 3KV are_generatea.at the lowest
frequencies, falling off a little at the highest.. These
pulses are transmitted by a matching 508 coaxial line to
the quartz transducer by the T-R junction éircuit.shown
in Figure 5.2. This circuit has the~ftnction of protecting
the receiving amplifiers from the high-voltage initial
pulses, directing them to the transducer. The low. voltage
pulses received from the transducér on excitation by the
echoes force a high resistance in the direction of the
oscillator, but only a low resistance towards the

receiver, thus gaining maximum efficiency in the small
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signal detection. Pulse lengths, variable between 0.5
and: 3 usec ensure that the oscillator has turned off

. before the first echoes arrive; pulse repetition
frequencies are continuously variable from 10 to 1000 Hz,
allowing complete decay of the ulfrasound in the sample

before initiation of the next r.f. pulse.

A tunable receiver of bandwiath 4MHz mixes
the received pulse with a variable oscillator, connecting
the signal to a 60MHz intermediate frequency. This is fed
to a narrow-band amplifier and is followed by display on
an oscilloscope screen. Synchronizing pulses trigger
alternately the pulsed oscillator and an exponential
~generator, and with high pulse repetition rates, these

~ traces appear to be simultaneous.

Method of Operation

With the output of the pulsed oscillator
connected to the transducer and sample system, the oscillator
and Eeceiver are tuned to the resonant frequency of the
transducer, or -an odd harmonic if the overtone mode of
operation is desired. Small adjustments of oscillator and
receiver frequencies are made until a minimum in attenua-
tion is observed. This may be a few percent from the
nominal transducer resonance frequency as mechanical and
electrical coupling perturb the resonance condition. The
exponential decay pattern is theh fitted to the tops of
the echoes by adjustment of a prercalibrated multi-turn

potentiometer. A delay generator allows movement of the

exponential trace, and the fitting of the thin vertical
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leading edge gives a measure of the time between the

echoes to within *1%.

5.271 _ The.Pulse-Superposition'Technique for velocity

measurement

Although the pulse-echo technique furnishes
velocity measurements to 1%, often velocity changes
ithree orders of. magnitude smaller are required to be
investigated. One approach is to use an adaptation of
the above method called the Pulse-Superposition technique,
and is due to McSkimin (1961).

Basically, the method is to increase the repeti-
tion frequency of the r.f. pulses applied to the
transducer until their period is a small integral multiple
of the sound transit time in the sample. When this con-
dition is reached, the echoes will add, and superposing
on each other, a maximum in received signal will follow.

The equation describing the relationship between
transit time (s§) and pulse repetition period (T) leading

to a maximum in observed signal is

T = p§ - py/360f + n/f ‘ 5.1

where p is an integer corresponding to the number of
transits of the sound in the sample per applied pulse,
vy 1is the phase angle between reflected and incident
waves atfthe sample-bond interface, and n is an integer
describing whether the r.f. echoes are adding in phase

(n=0) or: 360n degrees out-of phase. This last condition
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is shown diagramatically in Figure 5.3. The greatest
problem associated with the pulse-superposition technique
is the evaluation of the n values of the observed maxima;
Section 5.2.4 is devoted to this problem.

5.2.2 Description of the System

The layout of the circuit is reproduced in
Figure 5.4. The accuracy of the technique is dependent
on the ability to detect a maximum in received signal
which is itself reliant on the maintenance and measurement
of a stable pulse repetition frequency. For this function
a Codasyn CS201S frequency synthesizér with digital
readout was selected. This piece of equipment generates
a sinusoidal wave of O to: 3V in amplitude at frequencies

of 0.1Hz to 2MHz with long term stability 1 part in 107

and short term stability 1 part in 109. Accuracy of
readout is #0.1Hz, suitable for the function in question.
The sine wave output triggers a General Radio
1217C Pulse Generator on the negative going part of the
cycle at a preset signal level. The resultant negative
square pulse of variable length from a minimum of 0.1 usec,
and’nano-second'rise time, is used to modulate the
.Arenbérg PG650C Pulsed Oscillator. A pulsed rather than
a blocking oscillaﬁof must be used as it is essential in
the technique that the'pulées produced are coherent wiﬁh
respect to their initiation. Power for the oscillator is
provided by an. Arenberg PS~660 external supply giving 2KV

amplitude at repetition frequencies up to- 30KHz, and 1KV
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amplitude at the more usually necessary repetition
frequencies in the' 30 to 300KHz range. Cafe has to be
taken in choosing pulse lengths; square pulses are
~generally Qesired containing enough cycles for the r.f.
frequency to be well defined yet a duty cycle of 25% must
not be eXcéeded or overloading of the oécillator ensues.
A constant resistive loading of 93 o in the
form of a heat shunt is placed in parallel with the pulsed
oscillator output.- The pulses are then attenuated by a
680 2 resistor to allow pulses of considerable magnitude
to be applied to the transducer without overloading the
amplifier with too large received echoes. A T-R junction
protecté the Arvenberg PA-620 pre-amplifier from the high-
voltage pulses supplied~to the transducer. The output
from this tunable low band-pass amplifier is connected to
the Arenberg WA-600E wide band amplifier, capable of 90db
‘géin_overall. A Tektronix 585A oscilloscope with a
fype 82 plug-in is used to display the video output from
the wide band amplifier, and is triggered from the positive

output terminals of the pulse generator.

5.2.3 Operation Procedure

Firstly; the frequency synthesizer is set to a
low value (1KHz) and the pulsed oscillator to the resonant
- frequency of the transducer. The output level of the
pulse generator is maximized, and with the B time-base
of the 585A oscilloscope adjusted to a suitable sweep

speed, the pulses and echoes are detected on the screen.
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Peaking of the echoes is achieved by tuning the input
and output stages of the pre-amplifier, small corrections
being ﬁade in the r.f. frequency of the pulsed oscillator
until a maximum in signal intensity is observed. This
corresponds to a resonance in the transducer and semple
system, the condition required for the most accurate
results. The'sequence of operation from this point is
best represented by Figure 5.5.

The pulse repetition frequency required for
pulse superposition can be_approximately found by a prior
pulse-echo measurement, and the synthesizer is adjusted
to this value. The B time base is now changed to give
about' 50 pulse and echo systems in the x direction of
the screen, and the horizontal display selector is turned
to the 'B intensified by A' position. Intensification
of about 5 pulse and echoes is.achieved by selection of
a suitable time base speed, the delay being adjusted
until they appear central on the screen.

In this mode, a pulse of -40v appears at the
'A gate out' terminal of the oscilloscope for the duration
of the A time base operation, and is connected.via a
1.5KQ current limiting resistor to the trigger input
terminal of the pulse generator. This depresses the
floating sine wavevvoltage'fron the synthesizer to below
that required to trigger the pulse generator, inhibiting
the generation of the r.f. pulses during the time that
the time-base is operative. Protection of the output

stage of the synthesizer is achieved by incorporating
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a 680 O series attenuator between the synthesizer and
the pﬁlsevgenerator.

If the operation at the p equal to or greater
than 2 . condition in equation 5.1: is desired, the last
step may be ignored as the superposed echoes occur in
the time slow between the applied pulses, but for clarity

~of display this procedure of allowing the superposed
echoes to be observed is normally followed.

On select;ng the 'A delayed by B' horizontal
display mode, the intensified part of the trace is
displayed. The procedﬁre‘followed next is to adjust .
the pulse repetition freqﬁency.until a maximum in
received signal is obtained, the result of the addition
of the echoeS'frém successive pulses. If the specimen
is flat, parallel and homogeneous in character, sharp
maxima will occur; only those.cérresponding to the
different n and p values should be seén. For materials
with high attenuafion, adjustment of the fifth figure
of pulse-repetition frequency will be necessary,'sixth
figure accuracy is available for those with low attenua-
tion; However, lack of specimen ideality will result . |

in many spurious maxima which are difficult to identify.

5.2.4 Indentification of the 'in-ph

Indentification of the n equal to Zzew condition
is one of the greatest problems associated with this
technique. Measurements by the pulse-echo method are = .

only accurate enough to predict the pulse-repetition
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frequency to x1%, usually leaving some doubt aé to
whether the maximum observed is the n equal to -1, O
or +1 condition. |

McSkimin (l§6l) has produced an analytical
method for determination of the n value associated with
an observed maximum. From equation 5.1 we can determine
the change (AT) in repetition period T required to main-
tain superposition as the r.f. frequency is changed from
fH to fL:

PYL 1 PYy

1
AT = = (n - ==f) - & (n - ==2)
£ 360° ~ E 360

5.2

The angle by which the’reflecéed wave is out
of phase with the incident wave (y) is a function of wave
frequency, and it is necessary to evaluate this angie at
frequencies fH and fL‘ Figure 5.6 shows a plan of bond,
transducer and sample, with mechanical impedances
zy1 2, and 24 respectively, equal to the ultrasound
velocity multiplied by the density for each medium. The

reflection phase angle is obtained from the relationship

y = -2 tan L 2d/97s .
where 7d _ iz (Zl/Zz) tan Blll + tan le2
(z,/%,) - tan B,l, tan B, 1,
_  2n.frequency
and 31,2 o velocity for bond (1) and transducer (2).

Thus a graph of AT versus bond thickness for a specific

change in wave frequency may be drawn.
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By measuring the AT's for the superposition
maxima in the locality of that predicted from the pulse
echo measurements, it should be possible to aésign the
heasured points to the different n and p curves on the

~graph. Bond thicknesses are not measurable to any
appreciable degree of accuracy, but are approximately

+3 to Sﬁ,vgiving at Bl value of 10 to 20 degrees. However,
little success was gained by this method using nonaq as
the bonding material.

Private communication with‘Dr. H.J. McSkimin
resulted in his suggestion that the failure of the method
when using nonaq as the transducer to sample bond may be
due to the ' lossy' nature of the seal. Subsequent
experiments using mannitol as the seal proved much more
successful, although they could only be carried out at
room temperature as the mannitol bond failed at about
-30°%.

Figure 3.7 is a graph of AT versus bond
thickness in degrees of wavelength of the ultrasound.
This set of curves is drawn for sample I-/48, using
a 12.0MHz shear wave transducer with a mannitol bond,
considering a change in wave frequency of 10%; that is,
from 12.0MHz to 10.8MHz. The mechanical impedance of
mahnitol when subjected to a shear stress was measured

X105 X10° , | L
to be 5.4 g/cm“sec, and 9.0 g/cm”sec for a longitudinal
stress.

A later experiment executed to determine the

apparent sound. attenuation due to a nonaq bond is
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detailed later in Section 5.6.4. This experiment con-
cluded that nonagq did not prove to be an extremely loosy
bonding agent; further reasons for the failure of this

method for this particular seal remain obscure.

5.3 Quartz Transducers

The conversion between electrical and mechanical
energy by the converse and direct piezoelectric effects
is found use in the generation and detection of ultra-
sound. Only non-centrosymmetric maferials may be
piezoelectric; although many crystals -such és Rochelle
salt, tourmaline and quartz exhibi£ this property, the
latter is usually chosen for-its high physical strength
despite its lqwer piezoelectric coefficients.

As the piezoelectric properties of a crystal
are anisotropic, consideration of the direction of the
applied electric field must be made to produce the
desired acoﬁstic mode. To produce an ultrasonic trans-
duger operating in the longitudinal mode, a quartz
crystal is cut so that a slice in the y-z plane with its
thickness ih thé-x direction results. The thickness of
this 'x=cut' crystal is chosen to correspond to one-half
fhe wavelenéth 6f sound at the frequency at which it is
to be operated, thus describing the resonant frequency:
of the transducer. . A shear mode may be excited by using
a sliée,cut perpendibuméruto.the y.direction, and is
termed the 'y-cut' transducer. These cuts are demonstrated

in Figure 5.8. Both types of transducer are co-axially
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~gold-plated to produce an electric field parallel to

the thickness axis.

A transducer may be driven at a harmonic
of its fundamental frequency, the nth harmonic producing
n/2 acoustic wavelengths in its thickness direction.
Only if n is odd will any net strain result; odd
harmonic operation is the only possible operation

condition.

5.4 Transducer to Sample Bonding

To obtain good acoustic coupling between the
transduéer and sample, it is necessary to use a bonding
agent. This seal should be uniform, and parallel to
the same tolerance as the sample, and it is preferable
that the acoustic properties of this seal do not change
appreciably over the temperature range of the experiment
'ih question. The efficiency of the bond varies with
sample matefial for any one bonding agent; and a process
of trial and error indicates the best agent to use.

Silicone fluids of 250,000 and 1,000,000
centi-stoke provide adequate'seals to sodium-
‘borosilicate glasses for both longitudinal and shear
waves between 100 and 280°K, while Dow 279-V9 Resin
proves efficient between 130 and 300°K. Solid bonds
such as phenyl salicylate and mannitol,‘which require
melting before use tended to powder at loQ temperatures,
resulting in a failure in acoustic coupling. Nonaq

Stopcock Grease, manufactured by the Fisher Scientific
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Company gives excellent characteristics for both waves
.between 1.5 and 280°K. The bonding agenté eventually-:
chosen for this work were Nonaqg for below room temperature
experiments, and mannitol for experiments between room
temperature and 400°k. |

To form a transducer to'sample bond when using
Nonag, a small drop of the agent is applied to one of
the flat sample faces, and the transducer is placed on.
top. Using a pair of tweezers and a small ball of tissue,
the transducer is moved in a circular direction until
an increase in the frictional force required to execute
the movement evidences the expulsion of most of the
agent, leaving a thin transducer to sample seal. The
excess agent is then carefully removed from the transducer
perimeter. Silver-dag conducting paint is then applied
to the outer coaxial gold ring of the transducer and to

the remainder of the sample face to enhance a good earth

contact.

A mannitol bond is made in much the same method;
preheating of the sample and transducer to the melting
point of mannitol at 1690C is required, and a small weight
placed on the transducer whilst cooling improves. the

seal homogeneity.

Measurements with a dial_guaée'generally.evidence
a bond thickness of about:3 to 5 u, with fhe desired
parallelicity. Preparation by this method is shown to
~give a homogeneous efficient acoustic bond as shoﬁn by

decay patterns of an exponential character.
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5.5.1 Exrrors in Velocity Measurement

Errors in velocity measurement can be divided
into three categories; an error due to phase changes
at the sample-bond interface, errors due to diffraction
caused by beam divergence, and an error due to uncertainty
in the path length of the ulfrasound wave. In a
crystalline system, angular misorientation leads to an
error in measured ultrasound velocity for a particular
direction of propagation, but is redundant for an
isotropic system.

5.5.2 . Phase Changes at the Sample-Bond Interface

The angle between incident and refleéted waves
at the sample-bond interface is the constant, y , of
equation 5.1, and its method of evaluation has been
loutlined in equation 5.3. For a bond of thickness 5 u
| having an ultrasound velocity of 5 x 105.cms/sec, y is
calculated to be approximateiy 5° when the transducer
is operated at within 1% of its resonant frequency.
This leads to an error of 0.001 usec in transit time,
0.03% of the typical transit times observed in this work.
This error will Be smaller for a shear wave of lower
veiocity, and is calculated as 0.02% for a shear

velocity of: 3 X 105 cms/sec.

5.5.3 Beam Divergence

Papadakis (1966) has produced an analysis of

velocity error due to the transducer acting as a



- 100 -

piston source of finite area. In this analysis,.a
graph of phase advance of the stress wave versus distance
of the echoes from the source into the elastie half-
space for various anisotropies is produced. The pulse-
superposition effectively adds many echoes of various
phase advance weighted by the attenuation in the sample.
On materials with low attenuation, such aS'CaWO4, this
effect may be seen by different echoes maximizing at-
slightly different pulse repetitién frequencies, but on
the relatively high attenuation glasses used in this
work, no such phenomena was observed.

Referring to the graph of Papadakis, an error-
of negligible magnitude.in veldcity is calculated for

a transducer of 7 mm active area at 12MHz for an

isotropic system.

5.5.4 Path Length of the Ultrasound Wave

The path length of the ultrasound wave is
defined by the dimensions of the specimen. A correction
for thermal expansion must be made for a velocity versus
temperature determination,which involves knowledge of
the width of the sample at a fixed temperature and the
coefficient of thermal expansion throughout the whole
temperature range.

The measurement of sample width in this work
was made by a dial guage at room femperature. Random
errors of measurement are estimated at about 0.05%,

while the systematic error due to the absolute calibration




- 101 -

of the instrument is unknown, but is assumed to be small.
Thermal expansion coefficients of the glasses have been
measured only in the rangév300 to 750°K and are reported
in Chapter 4, and are of the order 6 Xx lO_G/OC. This
coefficient is expected to decrease at lower temperatures,
and may possibly be negative below 30°K (Krause and
'Kurkjien, 1968), reaching zero at 0°K. The fractional
change in path length can thus be estimated as
approximately 0.1% from 1.5 t0f300°K, and 0.06% from

300 to 400°k, though thermal expansion measurements below
room temperature would resolve this problem and allow

accurate. correction for velocity to be made.

5.5.5 ‘Tbtal Error

The largest error in velocity is that produced
by the uncertainty in the coefficient of thermal expansion.
For this reason, the.ﬁelocity.curves have been left .
uncorrected, but the maximum error may be concluded to

be 0.18% at 1.5°K, 0.08% at 300°K and 0.14% at 400°K.

5.6.1 Errors in Attenuation Measurements

A measurement of ultrasonic attenuation by the
pulse-echo technique is composed of two contributions;
the losses due to the intrinsic attenuation in the
specimen which are the losses of physical significance,
and apparent losses due to the lack of ideality of the
sample, bond and transducer system. Either elimination
of these latter losses;, or their calculation énd

~Hp
{%ﬁﬁ?«;ﬁgfﬁ
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subtraction from the total measured loss leaves the
intrinsic sample attenuation. These apparent losses

may be defined intothree categories; diffraction losses,
non-parallelism losses, and losses due to the acoustic

bond and associated electrical system.

5.6.2 Diffraction Losses

Because of the finite size of the ultrasonic
‘transducer, the sound beam will diverge and have a |
diffraction field. .A non-planar wave results, and an
error occurs as the planar transducer integrates the
stress wave across its complete surface. The beam
divergence may also result in a sidewall reflection,
as shown in Figure 5.9. Acoustic mode conversion can
also take place at the medium discontinuity. Inter-
ference at the transducer between these waves of longer
path length also distorts the observed echo pattern.
Diffraction effects are most important at the low

megahertz frequencies and for small transducers.

These effects are most obvious in materials
of low intrinsic attenuation and cause a non-exponential
decay pattern even undef the most ideal situation of
no sidewall reflection, high sample homogeneity, and
perfect sémple_geometry. A small maximum in the
attenuation pattern occurs at a distance az/i from the
transducer, where a is the radiué of the active area of
the transducer, generally equal to radius of the area

of the overalpping electrode plating, and A is the
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ultrasound wavelenth. A theoretical analysis (Truell,
Elbaum, Chick, 1969) shows a number of different maxima
resulting from the diffraction fieid of the transducer;
a graph of loss versus distance from the transducer-
sample interface is shown in Figure 5.10. Thus by
fitting the pre-calibrated exponential decay to identi-
. fiable maxima on the echo pattern, a correction for the
diffraction effect may be made.

The sodium borosilicate samples. used were of
size 13 x 13 x about 7 mm., large enough to eliminate the
possibility of sidewall reflection with a transducer of
.7 mm active radius. At a wave frequency of 12MHz,
az/A is approximate 13 cms for a longitudinal wave of
velocity 4.5 x lO5 cms/sec. Measuring between echoes
2 and 5 and referring to the graph evidences approximately
0.1 db in diffraétion loss in 7 ﬁsecs,'the equivalent of
0.014 db/ﬁsec. This is extremely small in comparison

with the experimentally measured attenuations of between

0.5 and 1.5 db/usec, an error of less than:3%. A shear

wave, with longer wavelength than a longitudinal wave of
the same frequency however produces, in terms of db/ﬁsec,
an appfoximately equal diffractioh loss, again no greater

than 3% at all experimental attenuations.

5.6.3 Non-parallelism
Figure 5.11 shows successive reflections of
an ultrasound beam in a sample with wedge angle ¢ between

the two opposite flat faces. The planar wave, when
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reflected from a su:face ﬁ;t normal to its direqtion of
propagation, meets the transducer at an angle elﬁo the
perpendicular; the consequent phase difference across
the transducer is the cause of a non-exponential echo
pattern. An analysis &f the situation (Truell and
Oates, 1963) {gsults in the theoretical modulation of
the echo pattern by a Bessel function, as shown in
Figure 5.12. This curve is an accurate representation
of the observed pattern in a non-parallel sample.

If the sample attenuation is of sufficiently
high attenuatioh,-only the first part of the modulating
curve will be seen, as in the case of the glasses studied
in this work. A good approximation to the apparent

, 1 .
attenuation, e, thus seen 1is

| e 2.2.2 2.
of = 8'68 U i a 81 "gp/unit time 5.4

N

<

where £ is the ultrasound frequency, a is the radius of
the active area of the transducer, . v is the ultrasound

‘velocity, L the sample length, with the measurement of

" the attenuation made over n echoes.

Substitution of values corresponding to glass

samples used in these experiments, which have a

parallelicity between faces of,lo_4'radians, shows a

calculated attenuation of 0.001 db/usec at 12MHz, only
0.25% of the experimental attenuation, and hence negligible.
HOwevér, a wedge angle only five times larger leads to
a 6% error in attenuation; great care in sample pre-

paration had to be exercised to achieve the high degree

of parallelicify.required.
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5.6.4 Coupling losses

Losses arising from the trénsducer to sample
bonding and from the electrical system contribute to the
apparent losses in the pulse-echo technique. With a
sample of length L and intrinsic attenuation o per unit
1ength, estimation of these losses may be made by the
following procedure.

1. The attenuation for one round trip is
made using one transducer as normal. This is equal to

2La + o equal to Ky where oy is the loss due to the

ll
coupling and electrical system.

2. The measurement is repeated with an
identical transducer, bond and electrical loading applied
to the opposite face. The single round trip attenuation

is then 2La +_d +,a2, equal to Koy with dz the apparent

1
attenuation due to the addition of the second transducer.

- 3. Using the second transducer as the ultrasound
~generator and receiver, a further measurement of atten-

uation is made which should be equal to that measured in

step 2. Agreement of the two values shows sample

"homogeneity and alignment of the two transducers.

4. A further measurement is then made
following the removal of the first transducer and
associated bonding material. This attenuation is
20L + a,, equal to «;.

Thus, by simple.elimination between the three




equations
K

and

Attenuation measurements on sample 978/2/Q using
12.0MHz,. 10 mm, Y-cut transducers and a nonaq bend,

. using a double-ended 50 @ sample-holder at 77°K were as

follows:
Ky = 4.74 db
Ko = 4.76 db
Ky = -4.74 db

This shows an apparent attenuation due to each bond and
an associated electrical system of 0.02 db, only a small
figure in -comparison with the intrinsic attenuation in

the sample.

\

5.7 The. Sample Holder for use at Low_Temperatures

The sample holder for use between 1.5°K and
3009k is designed to produce a continuous matching
coaxial transmission line to the transducer while holding
the sample in position in- the cryostat. A diagram of
the sample holder is shown in Figure 5. 13. A stainless
steel tube with a copper wire inner core form the coaxial

line. It terminates in a spring and a silver steel

plunger which makes a pressure contact with the inner

transducer electrode. This termination is surrounded

5.5

5.6
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“by a solid brass cylindrical block of high thermal
éapacity for minimisation of temperature gradients.

The sample and transduéer'are mounted oﬁ a brass platform
and held in contact with the plunger and block by three
springs wound concentrically around three brass columns.
These springs are in turn adjustable in position by a
‘moving platform mounted on a screw thread which turns

on a third brass platform. This third platform also
serves to stabilise the columns.

This sample anchoring device is itself
connected to a set of thin-walled stainless étéel tubes
strengthened by circular cross-members. The tubés are
attached to a solid ﬁacuum—tight brass disc which fits
into the top of the cryostat. The‘vacuum seal is made
with the assistance of a rubber O-ring. The thermo-

_ couples and heater leads pass inside the stainless tubes
and out through a vacuum seal to the potentiometer and

temperature controller.

5.8 . The Helium Cryostat

The helium cryostat consists essentially of
two concentric double-walled glass dewars, each with a
_vertical window to allow.observation bf the helium
flevel, and- the associated_vacuum systems. Evacuation
of the interspace is performed between experiments
to exbel’ény'hélium that may have diffused in, while
the interspace of the oﬁter dewar is a permanently

sealer wvacuum.
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To the inside of the inner dewar is connected
a 150 litre-atmosphere/min rotary pump to evacuate the
Adewar and to pump on the liquid helium. A constant
pumping pressure can be maintained by a Cartesian
Manostat,. allowihg a_maximum fluctuation in pressure of
.i% mm of mercury under most pumping conditions. These
pressures are measufed by a combination of a mercury
and an oil manometer. Using liquid helium refrigerant,
temperatures down to 1.5°K can be reached. In certain
experiments the range 45°K to 77°K can be conveniently
covered by pumping on liquid nitrogen. In both cases
the sample temperature may be obtained by comparing
meaéured.gas pressures with standard vapour pressure
tables. -

Sample temperatures are measured between
4.2% and»BOéK by using a gold-iron versus chromel
thermocouple, and from 30°K tOf3OOOK by using a copper
. versus constantan thermocouple.  Each thermocouple is
- fixed to the sample by low temperature varnish.
Calibration of these thermocouples is performed by taking
emm.f. measurements at three fixed points and fittiﬁg

these to an equation of the form (White, 1959):

2 3

E = at + bt® + ct” + d 5.7

where d is the residual e.m.f. with both thermocouples

at the reference temperature.

‘For the. gold-iron versus chromel thermocouple,

s

the reference temperature is. liquid helium at 4.2°K, with
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calibration points at 1.5°K (pumped He), 63.15°K

(triple point of N2) and 77-36°K (boiling point of N2

at. 760 mm pressure). A liquid nitrogen‘reference at
approximatelyv77,4°K, taking account of this temperature
variation with pressure, and calibration points at

4.2°K, 63.15°K and 273.16°K'(ice point) are used for the
copper versus constantan thermocouple. Good agreement |
was found in experiments reported here between the emm.f's.
of the two thermocouples between 20°K and 40°K; the
temperatures indicated usually agreed to within i1/3OK.
Measurements of these e.m.f's. are made with either a
.Tinsley-3387B potentiometer or a Harwell Temperature
Controller, - both capable of 1 ﬁV resolution.

The Harwell Temperature Controller is also

electrically connected to a heater element consisting
of a constantan wire of resistance: 300 2 wound on a
vermiculite frame surrounding the sample. Power is
automatically supplied to the heater when the sample
temperature falls below that indicated and set on a
front mounted dial, and adjustment of the time constants
of internal circuits to match the thermal inertia of the
system allows temperatures steady to 1/lOthoK to be
maintained. However, most of the experiments executed
in £he helium cryostat were.performed under. conditions
of rising temperature. At no time did the temperature

- increase at a rate greater than 1/3OK per minute,
enabling measurements of velocity and attenuation to be

made under virtually static conditions.
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Cooling of the system is achieved by introduc-
tién of liquid nitrogen into the outer dewar. The
presence of helium gas in the inner dewar prevents
condensation of vapours on the sample and thermocouples.
The sample is thus cooled to 80°K in approximately
12 hours. Liquid helium is then transferred into the
inner dewar using‘a doubleswalled transfer tube with
pre-evacuated interspace. Approximately 1 litre of
liquid helium is necessary to reduce the sample temperature
to 4;2°K and a further 2 litres are added if it is desired

to reduce the sample temperature to 1.5k by pumping.

5.9 The Nitrogen Cryostat

A second cryostat for use between 45°K and
-BOOQK'is also available. This cryostat is of metal
construction and has the usual facilities for evacua#ion
of both interspace and dewar. The sample holder used in
this cryostat is similar to that used in the helium

cryostat, the only difference being the smaller size

needed for accommodation in the smaller system. Copper
Versus'constantan thermocouples are used for temperature
measurement. When the Harwell Temperature Controller is
in use during a cooling cycle, temperatures can be held
for lons‘periods with less than l/20thoK fluctuation.

A small auxiliary heater is also mounted underneath the
sample ﬁoider to boil off any excess liquid nitrogen

between pumping and heating cycles.
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5.10 The High Temperature Sample Holder and Furnace

To examine the acoustic properties of the
samples above room temperature it was necessary to
construct a compatible sample holder and furnace system.
This is considered superior to an oil-bath system for
two reasons. Firstly, higher temperatures are attainable,
and secondly, damping of the transducer by the oil and
conduction of seund at the oil-sample interface produces
erroneous results in velocity and attenuation measurements.

The sample holder was designed so that the
spfings clamping the transducer to the electrical contacts
are out of the furnace. This design is shown in
Figure 5.14, and ensures that no loss of temsion and loss
of electrical contact occurs at the high temperatures
where the springs would normally lose their elasticity.
The main body of the sample holder is stainless steel
of consequent high thermal inertia. A 50 2 matching
coaxial line cbnsisting of a copper rod and aluminous
porcelain tube of appropriate dimensions inside a
stainless steel tube form the transmission line to the

transducer.

A platinum versus platinum-13% rhodium thermo-
couple in contact with the sample is used as the temperature
sensor, and is connected to a Eurotherm PID/SCR stepless

_temperature controller which supplies power to the

furnace windings.

The furnace is made of sindanyo,'an asbestos

compound, with a mullite core 1%" in diameter and
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12" in length. Vermiculite packing forms the thermal
insulation. The furnace winding is Kanthol wire of
total resistance 26 @ to match the output 6f the
Eurotherm temperature controller. This winding of
100 turns is made in such a way as to produce only the
minimum of temperature gradients. On introduction of
the sample holder, this ideal condition is somewhat
perturbed, but thermocouples placed at both ends of the
sample evidenced temperature differences no_greafer than
1.5°K across the sample.

The maximum operating temperature of about
1000°¢C is &efinéd by the materials of construction,

but limitations of transducer, bond and sémple precluded

use above aboutf4OOOK.




CHAPTER S IX

" RESULTS OF THE ULTRASOUND

ATTENUATION AND VELOCITY MEASUREMENTS
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6.1.1 The temperature dependence of ultrasound

attenuatipn‘and'velocity‘between‘4.2°K and 400°K

To assess the effects of composition and phase
separation on the acoustic properties of the Na20.—BZQ3—SiO2
~glasses of this work, a programme of measurement of the
temperature dependence of ultrasound attenuation and

- velocity between~4.29K and 400°K has been undertaken on

a variety of samples.

The temperature dependences of ultrasound at
12,6 MHzifor samples 1/Q, 1/48, 2/Q, 2/48, 3/Q, 4/Q,
5/Q,~7/Q;and'%/Q are shown in Figures 6.1 to 6.9. Both
longituainal and shear wave characteristics are presented
for the first seven of these samples, and only the shear
wave atfenuation’for the last £wo, The feature common
to all the attenuation characteristics is a broad loss
peak thaf extends over the whole range of temperature
covered. This peak is similar-in nature to the acoustic
loss peak observed in SiOzkand other inorganic glasses.
In the Na,0-B,0 -Si02 glasses the intensity and position

27 7273
of the maximum acoustic loss is a function of both glass

composition and heat treatment; for sample 8/Q the peak
has become so broad and low that the actual peak position
is difficult to determine. Another noticeable finding is
that the loss for the longitduinal wave is less than that
for thé shear wave;- Similar behgviour has been observed
in vitreous SiOz.

Also necessary for a comprehensive investigation

is the measurement of ultrasound attenuation in glasses
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of the same composition but with a.range of times of
heat treatment. FigurevG.lO illustrates the acoustic
shear'loss.between 45°k andIBOOOK in glasses 1/96,
1/168, 2/96 and 2/168, with the dashed lines representing
data from Figures 6.1 to 6.4 for samples 1/Q, 1/48, 2/Q
and 2/48. These results depict the rise in maximum
acoustic loss and upward shift in peak temperature as
the time of heat treatment at 550°C is increased. A
small subsidiary peak of increasing amplitude from sample
2/96- to 2/168 appears at about 28OOK, and is also seen
in the acoustic attenuation characteristic of sample 8/Q.
If an acoustic loss peak is due to a relaxation
mechanism it is usual to study its positional dependence
upon- frequency and so find the activation energy and
attempt frequency of the process responsible. For the
Na20-B293-SiOZ_glasses of this present study it is found
that the peak temperature and maximum acoustic loss
increase with increasing acoustic frequency. . Examples
of this effect aré illustrated in Figures 6.11 and 6.12
whiéh show the temperature dependence of acoustic shear
loss for the heat treated sample 1/48 at 12.0 MHz,
20.0 MHz and: 36.0 MHz acoustic frequencies, and for the
quenched sample 2/Q at 12.0 MHz, 15.0 MHz ‘and 20.0 MHz .
acoustic frequencies. An,attempt.tovmeasure the acoustic
loss for sample 2/Q at: 36.0 MHz was made, but the loss
at the peak maximum was too high to be reliably measured.
The maximum losses are approximately linearly dependent

to the acoustic wave frequency and the shift in peak
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temperature is small; once again similar behaviour
has been noted in vitreous SiOz.

To further investigate the mechanism responsible
for thé large acoustic loss peak, measurements of loss
at several acoustic frequencies were made at different
tgmperatures‘in the range 1.4°K to 400°K. Losses higher
than 4 db/ﬁsec were measured from chart recordings of
the echo pattern. A Box-Car detector system and an X-Y
recorder connected into the video circuit of the attenua-
tion comparator allowed accurate reproduction of the-
echo display. A typical result is shown for sample
1/48 in Figure 6.13 where ultrasound attenuation is
plotted against loglo (frequency). Assuming loss is
proportional to (frequency)n, thiS'plot‘ailowsAevaluation
of the exponent n at each temperature.

A mechanism which attenuates an ultrasound wave
should also produce an accompanying.chanée in elastic
modulus and hence ultrasound velocity. It is important
to measure the ultrasound velocity as a function of
temperature in the same samples used for the measurement
of attenuation; throughout the work ultrasound attenua-
tion and velocity have been measured simultaneously.
Figures 6.14 to 6.19 show the temperature dependence of
longitudinal and shear wave velocities in samples 1/Q,
1/48, 2/Q, 2/48, 4/Q and 5/Q between 4.2°K and 400°K.
‘Shear wave velocities only between 45°K and 400°K for

samples 7/Q- and 8/Q are presented in Figure 6.20. Ihe
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velocities have been corrected for phase shift effects
at the transducer-sample interface as detailed in
Section 5.2. All velocities show smooth variations with
temperature and evidence a relaxation in elastic modulus.
The velocities decrease to a minimum value at a temperature
higher than the position of maximum acoustic loss, but
:ise-again to reach a steady rate of increase by-4OOOK.
Absolute values of,vélocity, the fractional relaxation
in velocity and the fractional change in velocity with
temperature dV/VdT at 400°K vary both with sample
composition and time of heat treatment.

In Table 6.1 are collected ultrasound shear and
longitudinal velocities at 280°k for all the samples
studied. A wide range of ultrasound velocities is

exhibited by the Na20-B203-Si02'glasses of this work.

- 6.1.2 . The'temperature‘dependence“of:ultrasound

attenuation and'velocity'belowa4;2°K

To gain information about the low temperature
vibrational properties of NaZQ—B293—8102_glasses,'
measurements of ultrasound attenuation and velocity were
made from 4.ZQK-£o-as low temﬁeratures as could be reached
in the cryostat, about 1.4°K. figures 6.21 to 6.23 show .
the temperature dependence of ultrasound attenuation of

both shear and longitudinal waves in selected samples

of the glasses at 12.0 MHz and: 36.0 MHZz .acoustic frequencies.
These“resuits are plotted from data originally intended

for the study of attehuatioh-freqdency dependences below
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4.2°K, an example of which is, shown in Figure 6.24.
Measuremenfs were made by tuning the pulsed oscillator
to each frequency at each temperature. Figures 6.21
and 6.23 include information taken from the 4.2°%K to
400°K measurements,-and Figure 6.22 incorporates data
from the attenuation versus temperature experiments at
©36.0 MHz on sample 1/48.

There is a small peak‘in the acoustic attenuation
at a temperature below 4.2°k for all the samples studied,
and for both longitudinai and shear waves. This peak
is in a similar position to the peak observed in other
inorganic glasses (Krause and Kurkjian, 1968), about
which much interest has been recently centred. As such,
this anomalous property of the Nazq-B293—SiOZ_glasses
is of great importance. The peak is superimposed on the
side of the much larger acoustic absorption which
maximizes at‘lOQoK to 13OOK, and thetotalimeasured.attenua—
tion fallé rapidly below 2°K. An increase in the acoustic
frequency has the effect of shifting the maximum of the
small peak to a higher temperature, but an exact determina-
tion of the peak teﬁperature is complicated by the
existence of the larger acoustic loss on to which it .
is imposed.

To try to ascertain the activation energy and
attempt'ffequency of thié low temperature absorption
mechanism, careful attenuation and velocity.measurements
were fepeated on samples 4/Q, and 2/Qii; this latter

sample is a second glass prepared from batch 2. These
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experiments‘were undertaken with the pulsed oscillator
of the attenuation comparator fixed a£ each frequency
throughout a complete cooling cycle. It is better to
avoid returning the oscillator between measurements and
‘this approach fulfills this requirements That the sample
reached equilibrium in about- 4 minutes after each |
‘temperature change was evidenced byjcopstant,velocity.'
and attenuation readings. However, to make certain of
steady state conditions the system was allowed to
stabilise for 15 minutes before each measurement was made.
Use of the cartesian manostat for pressure control while
pumping on the liquid helium-ensured_goodAtemperature
control during the measurements, temperature drift over
the 15 minute period did not exceed l/30thoK.

Figures 6.25 to: 6.29 -show the results of these
expériments. The features of acoustic atténuation are
much the same as those of Figures 6.21 to 6.23. A much
smqller-activaﬁion energy is associated with the smaller
peak mechanism than'withAthe larger peak on to which it .
is imposed (a point to be discussed in greater detail
later), and the smaller peak thus suffers a larger shift .
in temperature with increasing‘acoustic‘frequency. Ihus,
between 12.0 MHz ‘and 60.0 MHz, the small peak appears
to climb up the steep rise in acoustic attenuation and
consequently the attenuation at its maximum is not.a
simple function of acoustic frequency.
| Ultrasound veldcities are also reported as a

function of temperature for each acoustic frequency in
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Hgures 6.25 to 6.29, and have been corrected as detailed
in Section 5.2. These velocities afe linearly dependent
on temperature down to about 2°K, where they then flatten
out. The scatter of results is largest at 60.0 MHz
where the increase in attenuation and decrease in number
_ of echoes available for superposition reduces the
sensitivity of the measurement. Ultrasound shear
velocities change by less than 0.1% over the temperature
range 4.2 to ZOK, and equal teméerature.gradients are

exhibited at different acoustic frequencies by the same

sample.



























































































CHAPTER SEVEN

" DISCUSSION OF THE RESULTS
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Introduction

This chapter is devoted to a discussibn of the
results from the measurements of acoustical and other
physical properties of the NaZO—B203—Si02_glasses made
in the course of this study. This discussion is con-
) duéted with reference to previous studies of other
vitreous materials. The chapter commences with an
e#amination of the densities of the Na20—B293-SiO2
" glasses, and some preliminary conclusions are drawn
as to their structure. In Section 7.2 the acoustic
loss mechanism in both Na20—B293-SiO2 and SiOz‘glasses
is investigated in detail. Also included in this
section is an enquiry into the more general effeéts of
sample composition upon the uitrasound propagation
characteristics. The third section of this chapter
contains a survey of the effect of advancing phase
separation on the acoustiec properties of NazQ—B293—SiOé
~glasses, and a proposal is made to account for the

observed behaviour. Chapter 7 closesAwith a scrutiny

of the small acoustic loss peak which occurs in these
and other inorganic glasses in the liquid helium range
of temperature. Some possible causes of this low
temperature feature of the ultrasound propagation
characteristics are reviewed in the context of recent

advances in the understanding of the vibrational

properties of glassy materials.
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7.1.1 The,density.of.the,NaZOrB2Q3rSiO2.glasses

Much information about the structure of .a solid

- may be gained from one of its most fundamental properties,
the density. Before entering into a detailed discussion
of the results: from the ultrasonic-measurementé of the
Na,O-B,0_-SiO

2 273 2 .
dependence of the densities and draw some initial con-

" glasses we will examine the compositional

clusions about the packing of the atoms.

Both SiO2 and BZQ3 are glass formers, that is
they can readily form a glass lattice. Na2Q is a network
modifier; while not capable of forming a glass alone it
can enter a glass lattice composed of one of the glass
forming series of compounds, and modifies the structure.
Therefore the density of a glass will be determined
largely by the glass forming molecules but will be
adjusted by the addition of a modifier. We can calculate
a theoretical density for the Na20-B203-SiOZ'glasses by

consideration of the mole fractions Xs and partial molar

~volumes v, of the constituents through the equation

X.Im,

ii
Pcalc 7.1

N = N

X, Vv,
11

whére m, is the molecular weight of eaqh constituent.
As choices for the densities of the glass formers we
will take that for vitreous SiO, as 2.20'g/cin3

(Fraser, 1968) and that for vitreous B,0, as 1.84.g/cm3

(Uhlamann and Shéw, 1970), indicating partial molar
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volumes of 27;3»cm3/mole and: 37.8 cm3/mole respectively.
Only three significant figure accuracy is used in the
following calculations as these densities are dependent

on water content and fictive temperature -in quite a complex
manner. For convenience we will take the partial molar
volume of NaZQ as. zero, and an interpretation of the
results will be made with this fact in mind. .Comparison
between calculated and experimental values of density

for the glasses of this work is made in Figure 7.1 where
the densities of each composition is plotted against

wt% Na,O.

2
The first important feature shown by these
results is that the calculated and experimental densities

for the binary glasses 6/Q and 7/Q agree to within about

1.5%. They are also close to the values of density
reported for glasses in this particular binary system
in the review paper of Uhlmann and Shaw .(1971) which
are shown in comparison to the theoretical densities
calculated from the partial molar volumes in Figure 7.1.
It is most probable then that the structure of B,0,-5i0,
~glasses is locally very similar to the single-component
parent compounds, and is mainly SiO4 tetrahedra and BQ3
triangles with very little modification in terms of
cation-oxygen-cation bond lengths. No conclusions may
be drawn as to the clustering of the species in the
structure but it is well known that'glasg-infglass
phase separation occurs in the B293—SiO2 system

(Charles and Wagstaff, 1968).
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For the glasses which contain from: 3.3 wt%

to 19.8 wt% Na,0 the calculated values of density are

2
only slightly larger than the experimental values
evidencing that the partial molar volume of the Na,O
species is very small. Thus the Na20 molecules enter
: the B203 SiOZ.glass network and reside at holes or
. vacancies in the lattice. For furtherlelaboration on
this point it is necessary to digress a little and

examine the densities and structural models for

NaZO_-Slo2 and NaZO B203 glasses.

7.1.2 The‘densitieS'and'structural‘modelS'for

Na,0-SiO and Na.0-B,0., glasses

2 2 2 2" 3

Robinson (1969) and Kruger (1972). have shown
that for a NaZQ—SiOZ.glass the density is not simply‘
determined by the partial molar volume of each con-
stituent,. but:a rather more complicated relationship
prevails. It is thought that when a NaéO molecule
enters a Si02_glass lattice, one bridging oxygen atom
joining two- adjacent SiO4 tetrahedra is replaced by
two non-bridging oxygen atoms facing each other, and
the two Na+'ions are then located in the structure
near this site (Urnes, 1967). This has the effect of
weakenlng the network and as discussed in Chapter 3,
.the ultrasound velocity decreases. An expansion of

the glass lattice also results, and the Na20 occupies

a finite partial molar volume.
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On addition of Na20 to. vitreous B2

changes of quite a different nature take place. Pure

Q3, structural

B293 consists mainly of BQ3 triangles with about 1% BO4
tetrahedra (Bray, 1967). In the presence of the network

modifying Na,O, the boron atoms change their coordination

2
number from 3 to 4 and a strengthening of the lattice
ensues (B;ay and O'Keefe, 1963). The sodium ions reside
in holes in the lattice and the oxygen atom donates an
electron to two boron atoms which then assume a tetrahedral
environment by sharing the extra oxygen ion (Silver and
Bray, 1958). Biscoe and Warren (1938) have noted that
the 'average' B-O distance increases slowly from 1.39 &
to 1.48 & on addition of Na20. The lattice still expands
in the presence of an alkali oxide network modifier, but
not on the same scale as glasses in the NaZO—SiOzlsystem.
To demonstrate that NaZQ occupies a larger
partial molar volume in a SiO2 based than a B203 based
lattice, we may compare the density data on NaZO-SiOZ_
and NaZO-BZQ 'glasses with the values calculated through
equation 7.1, using a zero value for the partial molar
volume for Na20 as before. This comparison is seen in
Figure 7.2. We observe that the alkali oxide occupies
a larger partial molar volume-in the SiO, than in the
B203 lattice over the entire compositional range of the
diagram as witnessed by the greater difference between

calculated and experimental densities in the Na20—8i02

'glasses. In fact, between O% and 12% (wt) Na,O there
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is actually a contraction in the‘B293 lattice. This is

most probably caused by the attraction of the small,
+ .
charged Na cation and the oxygen atoms in the glassy

structure.
In the light of the information on Na,0-SiO,

and Na,0-B,0; we can speculate a little on the structure

of the Na20-B293-Slo2

From the observation that there is only a small expansion

~glasses of this present concern.

of the B,0,-Si0O, glass forming lattice on the introduction

273 2
of the alkali oxide network modifiér we can conclude
that most of the Na,O molecules concentrate in the regions
of the structure which are locally high in B293, where
the modifying molecules can take up such positions to
cause only small increases in the volume of the lattice.
In support of this conclusion the tie-lines on the
tgrnary diagram of the Na20—B203-Si02 system are such
as to indicate that the glass separates into a high
B2Q3—high Na2Q phase and a high SiOz—low NaZO phase
(see Chapter 4). Thus, in a Na20—B203fSiOZ‘glass, we
can expect, on additionvof Na20, an increase in the
coordination number of the boron atoms from 3 to 4 and
hence a general strengthening of the lattice due to
further,créss linking in the structure. We cannot
exclude however the possibility of the collection of
Na,O molecules at Si-0-Si sites though such an

2
occurrence will be less frequent.
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7.2 . " The ultrasound propagation characteristics and

the effects of composition in Na‘20'-B293—SiO2

~glasses

- 7.2.1 " Ultrasound attenuation in NaéO‘—B‘Q‘-SiO2 glasses

The propagation behaviour of an ultrasound stress
wave in a solid is determined by the attenuation and
velocity of the wave. Properties of a solid that are
sufficiently well coupled to the lattice will cause
changes in the attenuation and velocity of the wave, and
an assessment of their individual influences on the propa-
.gation behaviour is desirable. We have seen in Chapter: 3
how the propagation characteristics of vitreous SiO2 and
many other inorganic glasses are dominated by a large
acousfic absorption peak that occurs below room temperature.

The Na,0-B,0,-SiO, glasses too exhibit this large acoustic

2 273 2
loss peak and the associated changes in elastic modulus.

However, in the glasses of this present study there are

two other phenomena which can make a contribution to the
observed acoustic attenuation, namely Rayleigh scattering
at phésereparation boundaries, and thermoelastic loss.
We shall estimate the magnitude of the loss due to each
of these mechanisms to determine the extent of their

effect on the measured attenuation.

Scattering of stress waves in a solid may be

caused by differences in the elastic properties from

point to point, and the magnitude of the resultant loss
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is dependent on the space derivatives of the elasticity
and density. In general, inhomogeneities such as neutron
damaged portions of a solid or voids and bubbles will
~give rise to scattering of an ultrasound wave. So too
will the phase separated regions of the glasses of this
study.

The scattering cross section and hence the
acoustic attenuation resulting from the changes in density
and elastic constant between the phases is difficult to
calculate as no-exact details of these variables are
available. However, the wavelength of the ultrasound
wave at 12 MHz is approximately 0.5 mm and therefore is
much greater than the dimensions of the phase-separafed
regions. It is thus likely that the wave suffers very
little direct Rayleigh scatteriﬁg. Further evidence for
this assumption is that there is no overall temperature
independent increase in the ultrasound attenuation in the

sequence of glasses from 2/Q to 2/168 where the droplet .

structured regions grow from 5008 to.5ﬁ in size. Inspection
of the NazQ-B293-SiOZ_glasses under both the optical and
electron microscope reveals the absence of any\la;ge.voids
or bubbles. Thus we can conclude that scattering

mechanisms make negligible contributions to the observed

acoustic attenuation.

Thermoelastic loss _

When a longitudinal stress wave propagates
through a solid, there are at any one instant alternate

regions of densification and rarefaction of the material.
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These regions suffer changes in temperature, and local
temperature gradients are set up. The flow of heat between
these regions is accompanied by the production of entropy
and a dissipation of energy, which results in the attenua-
tion of the sound wave. Lucke (1956) has derived the

equation describing the thermoelastic loss as

| 2 2.2
. = 8.63? 2n° ﬁﬂ . _ﬂ—%—i db/usec 7.2
: (o) 1+~ 1

where t is the relaxation time for the flow of heat equal
to K/QCsz. The term AM/M, is the, fractional difference
between the adiabatic and isothermal elastié moduli which
determine the velocity of the sound wave. Relationships
for AM/M, for isotropic materials are not available in the
literature, but for a cubic crystal with longitudinal wave
propagation in the <100> direction this ratio is given by
2

(C..+2C,,)
AM . 11 12 a T 7.3

MO ' Cll oCp

Qhere o is the coefficient of thermal expansion. For an
isotropic material Cll is equal to pVE and C12 is equal to
(Vi —IZVE), and these values can be substituted into
equation 7.3 to calculate the value of AM/M, . Exact values
for all the parameters needed to compute the thermoelastic
loss for the NaZO-B203—Si02_glass of this study are not
known but have been approximated to those of another sodium

borosilicate glass, namely Pyrex. For an order of
magnitude calculation of the thermoelastic loss at room

temperature, the several variables have been taken as follows:
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o  5x10”%/°k
K (Pyrex: - Zeller and Pohl, 1971) . lO5 ergs/cmoK
Cp (Pyrex: Kaye and Laby, 1971) 7.8xlO6 ergs/goK
v. 4.5x10°

L .5x10” cms/sec
v 2.8x10°

S .8x10~ cms/sec
P - 2.1 ‘g/cmz

The-calculated thermoelastic loss at 12 MHz acoustic
frequency for a longitudinal wave is thus approximately
lO_8 db/usec. No thermoelastic loss is expected for |
the isovolumetric shear wave. The thermoelastic loss

" can thus produce no measurable contribution to the

~ observed attenuation.
Thus we see that the only intrinsic mechanism

that influences the observed acoustic attenuation in the

Na20—B293—8102

mechanism, Following the subtraction of the small apparent

~glasses is the structural relaxation

losses due to diffraction, coupling and wedging effects
which total 0.021 db/usec (see Chapter 5) the remaining

acoustic attenuation is that of direct interest in this

study.

7.2.2 Distributional effects in the acoustic loss

mechanism in SiO, and Na20-B203-8102_glasses

Before commencing a detailed investigation of

the form of the large acoustic loss peak in the Na20-

B,0,-Si0 ~glasses, let us re-examine the data available

273 2
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on the attenuation in vitreous 8102 in order to'gain
any extra information which may be of use in the
present study.

It has already been shown in Chapter: 3 that
the acoustic loss peak in inorganic glasses such as Sioz,
GeO2 and'BZQ3 is much wider than that expected for a
single activation energy (H) and single attempt frequency
(wo) process, and that a distributioﬁ in activation
energies is necessary to account for this broadening.
However, a distribution in activation energies is not
unique in causing a broadening of a relaxation loss peak;
a distribution in attempt frequencies ana a single activa-
tion energy will have a similar effect. To resolve this
point it is advantageous to follow the mathematical
analysis of Niblett (1966). He has shown that where
the internal friction of a relaxation process has been
measured at a number of acoustic frequencies, a graph of
the difference in reciprocal temperatures at the peak
half heights A(1/T) versus the reciprocal temperature
of the peak maximum l/Tmax should differentiate between
the two possible distributional cases. For a single
H-single 0y process (1/T) should be constant and equal
to A, where

: : 7.4
¢ (2-/3)

~
+
®

and R is the universal gas constant. For a single H

and distribution of W A(1/T) should again be constant
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with l/Tméi'but will have a largef value than for the
single relaxation; and for a distribution in H and a
single W the graph will be linear but will have a positive
slope of gradient proportional to the spread in activa-
tion energies. For this latter case, the intercept of
the graph on the A(1/T) axis will be at the value of A
where H is now H, the averége or mean activation energy
obtained from the shift in Tmax with acoustic frequency
through equationlB.l.

Figure’ 7.3 shows such a plot for vitreous SiOZ.
The data points are obtained from the 66 KHz results of
Fine (1954), the 20 MHz results of Anderson and Bommel
(1955),. the work 930 MHz of Jones et al (1964) and the
27.5 GHz:thermél Brillouin scattering results of
Pine (1969). The value of the intercept A has been
calculated assuming an average activation energy of
1030 cal/mole, and is included on the plot. Uncertainty

in the values of the data points is represented by a

vﬁertical bar. A least mean squares line has been computer
fitted to all 5 points on the graph, and has a positive
_gradient‘of approximately 8.

The scatter of the points from the graph is
typical of théf observed in other similar experimental
situations, for éxample the study of Bordoni peaks
(Niblett, 1966) but it is shown with emphasis from the
~gradient of the graph that the brdadening of the relaxa-
tion peak in vitreous SiO2 is due to a distribution in

activation energies rather than a distribution in attempt
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frequencies. Further quantitative information is
difficﬁlt to extract from the graph as the general shape
of the activation energy distribution is a complex shape
rather than a more simple Gaussian or lognormal distribu-
tion. As the general nature of the acoustic loss peak in
other inorganic glasses is.véry similar to that in
vitreous SiO,, it is a very fair assumptioh that in these
" glasses too there exists a distribution of activation

énergies rather than attempt frequencies.

- 7.2.3 " The attempt frequency and mean activation

energy of the acoustic loss mechanism in

Na,O-B

,0-B,0 -5i0., glasses

3 2

The acoustic loss peaks in Na20rB203-SiOZIglasses
of this study are wider than that of a single 1 relaxation
with a comparable mean activation energy of about
. 3K cal/mole (see later) and are broadened on the low
temperature side of the peak as shown in Figure 3.6. A
comprehensive plot of A(l/T) against l/Tmax similar to
that for vitreous SiO2 cannot be made as results at such
diverse frequencies for the NaZO-BZQ3-Si02'glasses are
not available. However, on the assumption that the
broadening is due to a distribution in the activation

energies of the loss mechanism a similar plot for the

Na20-B2_O3—8102

tion results at 12 MHz and the data point A calculated

~glasses has been made using the attenua-

from the average activation energy of the loss process.




_133_

The relationship between the angular relaxation
frequency and the temperature for an actiﬁation process
may be calculated throﬁgh the Arrhenius relationship of
equation: 3.1. Observation of the peak temperature of
maximum loss at two or more acoustic frequencies allows
evaluation of both w_ and H. 1In Figure 6.12 it may be
seen that the peak temperature in the quenched sample
2/Qii shifts from 128°K at 12 MHz acoustic frequency to
132°K at 20 MHz. Ideally a more accurate calculation
would be made if the acoustic attenuation had been
measured at mofe diverse acoustic frequencies,but.at
frequencies above 20 MHz the loss in this sample is too
large to be accurately measured, and pulse echo techniques
become less powerful at frequencies much below 12 MHz.
Solution of equation: 3.1 at these two acoustic frequencies
yields an-attempt'frequéncy of lO13 Hz and an average
activation energy of: 3300 cal/mole.

The heat treated sample 1/48 shows a similar

shift in peak temperature, from 104°K at 12 MHz to 108°k
at 20 MHz, but the peak temperature at 36 MHz cannot be
resolved accurately due to the large scatter of results
at the high level of attenuation. These results again
indicate an attempt frequency of the order of lO13 Hz,
but with a lower activation energy of about 2800 cal/mole.
Although an accurate determination of g is hindered by
tﬁe absence of resulfs over a much larger range of

acoustic frequencies, it is interesting to note that

heat treatment which enhances the phase separation in
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these glasses and glass composition both have no large
scale effect on the attempt frequency.
We can now complete the plot of A(1/T) versus

1/T by including the extrapolated point A. This graph

max
is shown in Figure 7.4, and includes data for glasses
1/Q, 1/48, 2/Q, 2/48 and 5/Q. Mean activation energies
are calculated for the three glasses 1/Q, 2/48 and 5/Q
by assuming an attempt frequency of lO13 Hz, and using
the peak temperature through equation- 3.1. The extra-
polated point A is extremely close for all the glasses.
The gradients of the lines on the graph vary between
3.5 and 7; this proximity in order of magnitude is taken
to indicate that the distributional widths of the
activation energies are very similar.

The value for the attempt frequency associated
with the acoustic loss mechanism is in agreement with
the findings of both Krause and Kurkjian (1966) and
Strakna and Savage (1964) who have shown that the value
of 1013 Hz is reasonably constant for all glasses which
exhibit this acoustic loss peak, including Sioz(.B293,
GeO2 and As293, As both vitreous 5102 and B293 show a
. very similar value of Wy then it is perhaps not surprising

that a borosilicate manifests much the same value too.

- 7.2.4 Calculation of the distribution in activation

energy of the acoustic loss mechanism in

Na,O-B

2 29 -5i0

3 2.‘_glas.s.es

‘The total internal friction Q;l at a temperature
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T produced by a set of relaxation centres each with a
different activation energy Hi can be represented by a

summation of equations of type 2.46 thus

-1 w/w,
QTl.= I A ———s 7.5
i 1+ (w/w.)
, i
. where wg = wg exp (-Hi/RT) 7.6
th

and Ai is the relaxation Strength of the i loss centre.

The problem in determining the activation energy distri-
bution for the loss mechanism is to calculate the value

of Ai for each Hi from the internal friction data. A .
continuous distribution of activation energies can be
represented by a set of discrete equally spaced activation
energies, each with the same ;ttempt frequency W The
total internal friction is then the sum of the internal
frictions of the single activation centres. When these
single activation energy loss curves are close enough
together a continuum of activation energies is simulated,
as shown in Figure 7.5. The next task is to choose an
appropriate number of activation energies with the correct
spacing and magnitude in energy to represent the distri-
bution in the NazO-BZQ3—Si02_glasses. Acoustic loss in

| all samples is large'betWeen l;3°K and 400°K and through
.equation 7.6 it can be demonstrated that the activation
energies must range from values of less than 50 cal/mole
to as large as 12,000 cal/mble. An éppropriate choicé

for the set of discrete energy values is forty equally
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spacéd steps between: 300 cal/mole and 12,000 cal/mole.
The overlap of the single Hi loss curves is good down
to 900 cal/mole; an increase in the number of steps to
80 rénders only a’marginal improvement in the overlap
whilst considerably complicating the calculations to
follow.

The procedure now is to expand equation 7.5 at
forty different temperatures and then solve for the
- forty unknown Ai values from the resultant simultaneous

equation system
A - x.='B 7.7

where A is the square matrix of 1600 elements of type
(w/wi)/(l+(w/wi)2), x is the matrix of 40 unknown Ai's
to be determined and B is the matrix of forty internal
friction measurements at forty temperatures between 10°k
and 400°K in steps of 10°k.

It would seem that the simplest method of
obtaining the matrix x is to multiply the inverse matrix
5:1 by matri# B. This method of solution has been
attempted, but results with physical meaning could not
be obtained; . values of the elements of x, both positive
and negative, with orders of magnitude much greater than
expected were acquired by this method. The reason for
this is that the exact solution for the values of the
A's fOund"by matrix inversion tolerates no error in the
input data of the internal friction and small changes in

this data result in large numerical changes in the solution.
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Thus a different method of solution to equation
- 7.5 has been formulated which produces a physical result
for the activation energy distribution while allowing for
the presence of random errors in the internal friction
measurements, A set of initially selected set of ai's

is fitted to the experimentally observed.attenuatioh by

a least mean squares procedure. A Fortran IV programme,
which is reproduced in Appendix I, has been developed

to run on an IBM: 360/67 computer. This programme

minimizes a function called SUMSQ equal to

BmM
0
=

where Q&l is the measured internal'frictioh a£ temperature
T and Qél is the internal'friction calculated from
equation 7.5 and the initial set of Al's, each with
corresponding Hi's. Each Ai is incremented or decremented
within preset limits by a supplied step to minimize the
value of SUMSQ. Multiplication of the step by 0.5
followed by further adjustment of the Ai's is then under-
taken to continue the minimization procedure. This
complete process-is cycled a number of times until SUMSQ
falls below 0.005. Subroutine programmes are called to
calculate the matrix A and also to calculate the value

of Qal after each adjustment of Ai. The final set of

Ai is that obtained when the value of SUMSQ has fallen

to this required level. Another subroutine is then

called to calculate the expected relaxation in elastic




- 138 -

modulus through a modification of equation 2.50

TR T A,

. T”r‘;A 1
) = z ) 2 7 . 8
i l+(m/wi)

The expected relaxation can then be compared with the
observed relaxationr(see Section 7.2.9).

The programmé takes about 200 éeconds CPU time
to reduce SUMSQ below 0.005, where ‘the measured and
calculated internal frictions at each temperature then
agree to about l%,@hich is approximately the random error
in measurement at the highest acoustic loss. Here foo
the value of SUMSQ reaches a minimum; to make SUMSQ
exactly zero, a set of Ai's similar to that obtained
from the matrix inversion method has to be substituted
- for the set with the correct ofder of magnitude. The
final set of Ai are then printed out together with the
ratios of the calculated to the measured internal
frictions. Also included in the output is a table of the
expected relaxation in elastic modulus at each temperature
computed from the final distribution in activation
energies.

In Figure 7.6 are shown the results of the
. computation of the distribution of activation energies
for the acoustic loss mechanism. The value of the
relaxation strength Ai per: 300 cal/mole interval is
plbtted against Hi for glasses 1/Q, 1/48, 2/Q, 2/48 and
5/Q. A very similar shape for the activation energy

distribution is revealed in all five glasses, and the
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magnitudes of the Ai's are proportional to the amplitudes
of the observed acoustic loss as expected. A tail in each
distribution is seen as far out as 12000 cal/mole; this
tail is much longer than that for wvitreous SiO2 which
effectively ends at about 4000 cal/mole. This feature
demonstrates the presence of acoustic loss centres with
very high associated activation energies, a point which
will be discussed in greater depth in Section 7.2.5,

No distinctive peaks are seen in the shape of the
distribution which indicates that the aﬁerage.activation
energies H calculated from the shift in peak temperature
with acoustic frequency are only a mean in the spread of
Hi and do not correspond to any particﬁlar feature of thé
loss mechanism in these glasses. The curves take the
form of an equnential decay and can be shown to be

represented by the curve.
" AL = Ao exp (-Hi/5000)

with Hi in units of cals/mole, though the significance
of this exponent is not fully.underétood,

If we assume that each loss centre exhibits
an equal relaxation strength independent of the activa-
| tion energy associated with'it, then the graph represents
the relative number 6f‘absorption centres with each Hi.
From the observation that the acoustic attenuation falls
sharply below 1.4°K it seems likely that there is a
maximum in the activation energy distribution at low

values of Hi which is not shown on the graph, and therefore




- 140 -

lies below 900 cal/mole. It is also of interest here to
remark that the shape of the activation energy distribution
does not alter in any significant degree between samples

of the same composition but with different times of heat
treatment, excepting that the relaxation strengths at

high activation energies undergo greater fractional changes
than those at ' low values of activation energy.

- 7.2.5 The frequency dependence of acoustic loss

The frequency dependence of ultrasound attenuation
at any fixed temperature provides much information on the
mechanisms of acoustic absérption at that temperature.

A plot for this dependence in sample 1/48 has been
introduced in Chapter 6 and shows results typical of all
the NaZO-BZQ3-Si02'glasses in'this study. Stiaight lines
have been computer fitted to the data points by a least

mean squares method, and the calculated exponents n

assuming a frequency dependence of o = af® are as follows

7K 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¢alculated exponents agree well with the hypothesis
of a structural relaxation as the mechanism of the
acoustic attenuation. For a single activation energy -

single attempt frequency the exponent at the peak maximum
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should be unity. The compliéation of a distribution of
activatioﬁ énergies and thg.measurements at constant
temperature rather than at corresponding points on the
loss curve for each frequency perturb the value of the
exponent from unity. The presence of the small low
temperature peak disturbs the exponent at 1334OK and
4.2°K which should and does have values of less than and
greater than 1.0 respectively when astride the loss peak;
that shifts upwards in temperature with increasing
acoustic frequency.

To compare the frequency dependence of the
acoustic loss with that in vitreous Sioz{ we can calculate
the frequency exponent of this latter glass from the

results of Fine (1954) and Anderson and Bommel (1955).

4 at 66 KHz .and

At the peak maximum Q T is 0.84 x 10~
18.8 x lO_4 at 20 MHz. These values show a value for

n equal to 1.14 which is very similar to the corresponding
number in NazQ-B293-Sioz_glass. This indicates the great
similarity in the nature of the acoustic loss in the two
~glasses and is further evidence of a common loss

mechanism.

- 7.2.6 The general nature of the large acoustic loss

peak in.the.NaZOrB293rslozzglasses

The value of the attempt frequency. associated
with the relaxation loss peak of lO13 Hz .in the Nazo—

BZQ3—SiOZ_glasses is no. exception to the common value

found for all the inorganic glasses which exhibit this
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feature in their acoustic propagation characteristics.
This again illustrates the similar- nature of the
mechanism present in these vitreous materials. We have
seen in Chapter:- 3 that the most probable cause of the

loss in vitreous SiO2 is the transverse motion of oxygen
atoms in non-linear oxygen-cation-oxygen bonds; therefore
_ we expect the source of the loss in the Na20-B293-SiO2
~glasses fo be a similar oxygen motion in Si-O0-B, Si-0-Si
and B-O-B non-linear bonds.

The intensity of the acoustic loss peak in the
NaZQ-BZQ3-Si024glasses of: zero and low Na20 content is
much greater than that in both Si02_and BZQB’ as can be
seen by the direct comparison in Figure' 3.1l. This
important detail evidences a higher concentration of
ultrasound absorption centres in the multicomponent than
in the single componentAglasses. A greater incidence
of non-linear bonds is presumably necessary for the
mutual accommodation in a glassy structure of both
BO,

of BO

triangles and Si0, tetrahedra and also a small number

4 tetrahedré, all with different cation-oxygen bond
lengths."In a crystallographic sense, a greater defect
nature is present in the multicomponent glasses.

A-second.outstanding point is that the average

activation energy H associated with the loss mechanism

in the Na20—B293—SiOZIglasses (3000 cal/mole) is larger
than that in either vitreous SiO2 (1030 cal/mole) or
vitreous B,0, (v1350 cal/mole). The tail of the distri-’

bution in activation energies for the loss mechanism in
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the Na20-B203—Si02'glasses extends out as far as
12000 cal/mole, to much greater value than the cor-
responding distance in the single component SiOz'glass
of about 4000 cal/mole. It is unlikely that a greater
activation energy will be associated merely with the
presence of non-linear Si-O-B bonds and we conclude
that the cation-oxygen-cation bridging bonds are distorted
through larger angles in the compound glasses. This
phenomenon is again most probably the consequence of the
multicomponent nature of the Na20—B203-SiOZ.glass forming
lattice.

The small peak in the acoustic attenuation
which appears at about: 300°K in samples 7/Q, 2/96 and
2/168 is thought to be a similar feature to that seen in
the acoustic absorption spectrum of 'wet' B293 (Krause
and Kurkjian, 1966b). 1Its smaller magnitude in the
Na,0-B,0,-Si0O ‘glésses is due .to the lower concentration
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of water. As in vitreous B293, the addition of Na2Q

removes the peak.

loss characteristics

The addition of Na20 in the Na20-B293—Si02_glasses
of this study serves to decrease both the intensity and
the temperature of maximum loss of the large acoustic
absorption peak. The effect on the intensity is clearly
seen in Figure 7.7 where the peak height is plotted

against the molar percentage of NaZO in the quenched
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~glasses of the series. Althoﬁgh*the water concentration
varies bétween these samples by a factor of 4, no
systematic behaviour in the acoustié«loss which can be
ascribed to the presence of OH ions ié indicated and
therefore we can conclude that the changes in the observed
loss characteristics are an intrinsic compositional effect.
A linear dependence of maximum acoustic loss exists out to
at least 10 mole% Na20; the data point for the broad and
diffuse loss peak is the only evidence of deviation from
‘this linear behaviour. Thé'general effect on addition of
Nazo is similar to that observed in the NaZO-GeO2 system
as reported in Chapter: 3.

‘An interpretation of the behaviour in the Na20—
B203—8102Aglasses can be made through a local structural
model where the alkali oxide molecule modifies the glass
lattice at the cation-oxygen-cation bridging sites, the
non-linear members of which are responsible for the
acéustic loss. We have already seen in Section- 7.1.2
how Nafﬁ ions modify B-0-B bridges by increasing the
coordination number of the boron atoms from 3 to 4 and
create an extra bridging oxygen bond. The proximity of
the'Na+‘cations to this site then acts to impede the
movemeﬁt of the oxygen atoms, and decreases the intensity
of the aéoustic loss. Any Si-0-Si bonds which come into
contact with NazQ molecules result in two non-bridging
Si-0 bonds which again make no further contribution to

the acoustic loss. The éequel of addition of an alkali

oxide molecule to a Si-0-B bond is difficult to predict.
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An extra bridging oxygen bond will not belproduced as
the silicon atom cannot increase in coordination number
beyond 4, and the most likely result is one Si-O and
one B-0 non-bridging bond, neither of which will act as
an acoustic absorption centre.

We will see in the following section how the
~ultrasonic velocities rise as the Na20 content of the
~glasses increases, and how this may only be explained by
the concentration of the alkali oxide molecules at B-0-B
sites. Consequently we can infer that the decrease in
~ultrasonic attenuation is due to the elimination of this
type of cation-oxygen-cation bond rather than any other.

The average activation energy for the acoustic
loss mechanism is lower in sample 1/48 (2800 cal/mole)
than in sample 2/Qii (3300 cal/mole) which suggests that
" glasses with a higher Na20 content have a lower associated
H. If we assume a constant. attempt frequency for the
loss mechanism throughout all the glasses of this work,
the general decrease in peak temperature on addition of
NaZO further evidences the effect of alkali oxide on
the average activation energy. This effect is again
borne out by the greater fractional décrease in magnitude
of Ai at higher than lower activation energies in the
series 1/Q — 2/Q — 5/Q (see Figure 7.6). It thus follows

that  the Na.O molecules concentrateat the B-O-B bonds

2
of highest activation energy for movement of the oxygen

atom, which are the most non-linear in nature. . Here,
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where the boron atoms are closest together, the addition
of an extra oxygen bridging atom can bring about the most

energetic advantage.

7.2.8  Ultrasound velocities : the compositional

dependence
The ultrasound velocities of the Na_.0~B_O -SiO2

2 273
~glasses at any given temperature vary quite considerably
between the samples of different composition. It is of
- value to examine the dependence of velocity upon composition
to gain information about the structure of these glasses.
For the purpose of comparison we will choose the velocities
at the convenient temperature of 280°k. Firstly, however,
if is pertinent to compare the results of this present’
study with those from the only other previous similar
work, that of Gladkov and Tarasov (1960) (see Figure: 3.2).
Away from the binary edge of the ternary diagram
but within the compositions defined by the 10 wt% Na20
limit, the measured longitudinal‘velocities of the
quenched‘glasses 2/Q to 5/Q, and 10/Q are in reasonable
agreement with the results of Gladkov and Tarasov. How-
ever the binary glasses 6/Q and 7/Q have ultrasound
velocities that are respectively 10% and 15% too low.
Proceeding to compositions of higher Nazo content we
find that the longitudinalvvelocity of glass 1/Q is 4%

too high to agree with the previous work, and glasses

8/Q and 9/Q have velocities exceeding those indicated
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by the previous study by 14% and 12% respectively. The
reasons for the discrepancy between the present results
and those of Gladkov and Tarasov are as -follows:

(a) Gladkov and Tarasov report lon@LEudina.ultrasound
velocities of thé pureﬁSiOZ.and B2931glasses 6% and 13%
lower than the accepted values found by many othep'

workers and consequently must be regarded as being in error,

(b) they failed to measure the velocity in any binary
BZQ3-SiOZ_glass and assumed a straight line dependence
between their (erroneous) values for SiO, and B,0,;

any deviation from this linear behaviour would considerably

alter the position of the iso-velocity lines along this

edge of the diagram,

(c) they do not report the temperature at which the
measurements were made, or comment on the purity and
water content of the samples or state their thermal
history.

Further comparison: between the present study and that
of Gladkov and Tarasov is made difficult due to the

absence of details of the experimental method of the

earlier work.

To collect the information on the effect of the
alkali oxide modifier NaZQ on the ultrasound velocity
in the glasses of the present work, both longitudinal
and shear wave velocities of quenched glass samples are
plotted as a function of mole% Na20 in Figure 7.8. Also

included for comparison are the longitudinal wave velocities




60

“xi0® | N\ . | ©
0
S'Q' < - N020—5l02
§ LONGITUDINAL
- ' Na,0O-B,0
> 0 - Nay0-B,04
(8}

ULTRASONIC VELOCITY

' 200 5 |Q 15 20

MOLE °lo Nﬂzo
“"'5;'\.‘-:':"~i'|=|gu|-¢7a Ultrasound veloclties for Na;0 - B,03 - SiO2

.- glasses. in . comparison with Non s|()2 ond
Na:O- 8203 glosscs

P S




- 148 -

for the Na.0-SiO. and Na.0-B.O, glasses (see Chapter- 3)

2 2 2 23
but with the wvalue for 100% 8102 taken from the results
of Fraser (1968) and that for 100% B293 from Uhlmann

d Sh . - -Si
and Shaw (1971) The Na20 B203 SJ.O2

all lie near a line on the ternary diagram satisfied by

~glass compositions

the relationship (wt%) (n)NaZO.(40+n)B203,(60-2n)SiO2
which indicates that both Na20 and B293 content are
increasing from left to right acfoss Figure 7.8. The
solid line drawn on this figure for Na20-B2¢3-SiOZ'glasses
are an interpolation of the velocities for compositions
described by this relationship. It should be stressed
however that a plot of ultrasound velocity versus actual
BZQ3 or 8102 content does not exhibit the essential
simplicity of Figure 7.8. The mechanical properties -
shear modulus, bulk modulus and Young's modulus - also
become progressively larger on addition of alkali oxide
in the series of glasses, and evidence an increasing
resistance to shear, hydrostatic compression and tension

as the Na.O content is raised. Poissons ratio, however,

2
displays no general trend with sample composition.

The longitudinal and shear ultrasound velocities
increase smoothly on addition of Na20 even though the
accompanying iﬁcrement in BZQ3 content would be expected
to decrease the stiffness of the glass lattice. This
behaviour is qualitatively similar to that observed in
the Na,O-B.0. system but is opposite to that in glass of

2 273

the NéZO-SiO2 system. An increase in the ultrasound

velocity in the NaZO—BZQ3-Si02‘glasses as the Na,O content
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is raised evidences growth in the strength of the lattice
and is almost certainly caused by a rise in the coordination
" number of the boron atoms from 3 to 4. Association of the

+ . .
Na ‘ions with SiO, tetrahedra would produce singly bonded

4
oxygen ions and hence decrease the cross-linking in the

structure,.

A very important point to note here is that the

2
species in the glass lattice whether the glass compositions

Na,O0 molecules are apparently associated with the BZQ3

are within (glasses 1 to 8 and 10) or without (glass 9)
the area reported by Charles (1970) as that where
metastable immiscibility is manifested. No sharp change
in ultrasbund velocity and hence by implication change

in structure, especially boron coordination number, is
‘observed anywhere in the series of glasses as would be
‘expected on the change from a glass of a BZQ3 and NaZO
rich phase and a SiO2 rich phase to élglass of structural

homogeneity. It is reasonable to suppose that there are

regions of high B293 and NaZO concentration over all the
area of the ternary diagram bounded by the compositions
of this work; a proposal which is supported by evidence
of phase separation in the electron micrographs of every
~glass studied.

' ‘Another interesting detail arises from inspection
of Figure 7.8; the longitudinal,ultrasound.velocity in

the Na,0-B,0,-SiO, glasses increases to larger values

2 273 2
compared with glasses in the Na20-3203 system (Gladkov

and Tarasov) even allowing for the suspected error in
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the results. The maximum velocity for Na,0-B,0, glasses

is 4.95 x 105 cm/sec at: 35 mole% Na2

45% of the boron atoms are 4 fold coordinated (Bray and

Q, where approximately

O'Keefe). A plausible reason for the high ultrasound
velocity in the higher Na,0 content Na20—BZQ3-SiO2 is
that a larger proportion of the boron cations in the
lattice can become 4 coordinated in the Na20,--B293-SiO2
~glasses than in the binary Na20-B293‘glass.

7.2.9 The temperature dependence of the ultrasound

velocities

An ultrasound damping mechanism has an associated
change in elastic modulus and hence ultrasound velocity,
as detailed in Chapter 2. The charactéristic minima in
both the shear and longitudinal ultrasound velocities

in the Na,0-B,0.,-5i0, glasses are directly connected with

2 273 2
the large acoustic loss peak which occurs below room
temperature in these materials. After the minimum, the
ultrasound velocity becomes quite linear with temperature;
this form of velocity-temperature curve is very similar to
those for many other inorganic glasses such as Sioz( Ge02,

BeF, and Zn (PO (Krause and Kurkjian, 1968).

3)2
The two Lame constants u and.A,-which are related

2

to the ultrasound velocities through equation 2.12 provide
an alternative way of looking at the ultrasound velocities.
The temperature dependence of these constants for samples
1/Q, 1/48, 2/Q and 2/48 are shown in Figures- 7.9 and 7.10

from which it is evident that there is a relaxation in the
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sources. The calculated change below 80°K is unreliable
as the distribution of activation energies below about
900 cal/mole is not accurately obtained, so this portion
of the solid line isshown dashed. However, the value for
the unrelaxed modulus at O°K is precisely indicated.

The first point to notice is that both the
experimental and calculated relaxation in elastic modulus,
indicated by the total fractional change in these moduli,
increase in the order 1/Q, 1/48, 2/Q to 2/48 (see
Figures 7.11 to 7.14) in agreement with the magnitude of
the 6bserved acoustic loss peaks. This is exactly as
expected from the theory of the standard linear model
of anelasticity. Secondly, the calculated relaxation
in y is larger than that observed experimentally. This
is a very similar situation to that for,vitréous SiOz‘
(Anderson and Bommel, 1955) and indicates, as seen in
Figure 7.11 to 7.14, that the contributions to the change
in elastic modulus from these other sources are such as
to increase the modulus ﬁ with increasing temperature.

| Once we have removed the contribution to the
temperature dependence of the elastic moduli due to
the structural relaxétion process we see that the changes
in both'u and_i with temperature have a very similar
shape. Fundaﬁentally, there is a positive temperature
coefficient of ultrasound velocity at temperatures
higher than where the structural relaxation dominates the
propagation velocity. Thié is itself in complete contrast

to the negative temperature dependence of ultrasound
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i

velocity usually shown by crystalline materials. In
this fespect there is completely different behaviour
between glasses and crystalline solids. Possible reasons
for this unusual performance, which is characteristic

of many inorganic glasses, will now be investigated.

- 7.2.10 The positive temperature coefficient of ultrasound

velocity and the coefficient of thermal expansion

in Na20—B203-5102_glasses

Krause and Kurkjian (1966a) have demonstrated
that addition of 2 mole% Na20 to vitreous GeO2 has the
effect of changing the sign of the temperature coefficient
of ultrasound velocity at 300°K from positive to negative;
the same authors (1968) have found that at this same
temperature the sign of the coefficient in vitreous B,0,
is also negative. In contrast, certain'of the materials

of this present study, which contain large amounts of

both Na.O -and B,O., have a positive temperature coefficient

2 2737
of velocity at temperaturés above the minimum associated
with the structural relaxation (glasses 1/Q, 1/48, 2/Q,
2/48, 5/Q and 7/Q), while glass 8/Q exhibits a coefficient
equal to: zero, within experimental error.

The reason for tﬁe anomalous positive temperature
coefficient of ultrasound velocity in inorganic glasses
is not well understood. Anderson and Dienes (1960) have
considered that the positive coefficient of ultrasound

- velocity in vitreoﬁs SiO2 is phenomenologically related

to the very low coefficient of thermal expansion.
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(o = 5.10—7/OK at’ 300°K) . Starting from the supposition
of Lazarus (1949) that an elastic modulus M is a function

of both volume and temperature, it can be shown that

e L M :

where K is the bulk modulus of the solid. The argument

is then that if d is small enough then %% is governed by

the sign of %% . Anderson and Dienes have shown that
v

from considerations of the Born-von Karman model for a

solid that %% v is positive for a small coefficient of

thermal expansion at high témperatures (for example,

- 300°K) .
A similar argument holds for a Grineisen solid
in which
b= 'E%KY ‘= constant . 7.10
\4

The differential of this equation is

dlni . dlng d1nC
“K - 3 + S _ LV 7.11
dT = - aT daT ’

Ordinarily both a and CV increase with temperature, and
the temperature coefficient of the compressibility l/K

depends on the balance of the first two and the last terms.

. dlna - - : dinl /g
But if a and d% “are small enough, 'then _—ﬁf__ . can

be negative, which results in a positive temperature

coefficient for the bulk modulus K and also for the

~ultrasound velocities.
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Krause and Kurkjian (1968) have pointed out
that such glasses as GeOz, Ber and4Zn(PQ3)2'have'a
coefficient of thermal expansion and order of magnitude
larger than that in vitreous SiOz, yet still exhibit a
‘positive temperature coefficient of ultrasound velocity.
The same is also true of the Na20-B203-Si02'glasses of
this study. .Glassy BZQ3 has, however, a coefficient of
thermal expansion only 2 to:3 times larger than these
other inorganic_glasses, yet displays a negative
temperature coefficient of ultrasound velocity. These
facts led Krause and Kurkjian to conclude that the
hypothesis of Anderson and Dienes is not correct.

. Let ﬁs now re-examine that data on the fractional
temperature coefficients of loﬁgitudinal.ultrasound
velocity in inorganic glasses which are available in

_current literature. In Figure 7.15 is shown

av
S for a number of inorganic glasses, including

mVL dT

those of this work, plotted against their coefficients of
thermal expansion. Data points for the shear velocities

of Na.,0-B.0,-SiO. glasses 7/Q and 8/Q, for which the

27 7273 2
temperature variation of longitudinal,velocity has not
been measured,. are included with the justification that
the fractional temperature coefficients of velocity for

both shear and longitudinal velocities are usually

almost equal. Apart from the data point for the non-
av.
6

L. -
oxide BeF., which lies off the diagram (7=.—5 = +250x10 -,
: 2 - VL 4T 3

d‘4=f7.5 X 10_6) there is a clear correlation between the
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two va;iables. The failure of the data point for BZQB
to lie near the extrapolated curve may be the result of
the different bonding character in this glass. The
other inorganic glasses mentioned here are tetrahedral
in character while.BZQ3 consists chiefly of planar BQ3
t;iangles in which structure greater amblitude of
_vibration perpendicular to the triangles is possible.

It is now necessary to look at the magnitude of
the terms in equation 7.11 to gain more information on

the relationship between the temperature coefficient of

~ultrasound velocity and the coefficient of thermal

dinl/g
expansion. The terms —3T and 3a have been calculated
for the Na20—B203-Sioz'glasses 1/Q and 2/Q and also for
. vitreous 8102 from the data of Anderson and Dienes (1960).
These results are as follows, in units of oK_l
1/Q 2/Q . S5i0y
dinl/K -5 . -5 -4
T o -6.5x10 -7.2x10 -1.1x10
(300-4007K)
3a,,.0 1.95x10°°  1.64x10 ° 1.5x10°
(3007K) '
Substituting these numbers into equation 7.11 we can
dlne dlnC
calculate the value of the term —gy= = —37 assuming

that the Grufieisen model is valid. Then, it can be
shown that to render the.glass"normal', that is to have
a positive temperature coefficient of compressibility,

if all the other terms'in equation 7.11 rémain constant,
the coefficient of thermal expansion in all three_glassgs

would have to be as large as 3 x 10_5. This value is
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much larger than thatmfor.cz-quarstz<(oz.'=-7.5xlO-'6 parallel
to tﬂé:zéaxis, l~'.37xlO“5 perpendicular to the -z-axis)
which has a negative temperature coefficient of ultrasound
velocity, and is also larger than that for many metals.
It thus appears that factors other than a small coefficient
of thermal expansion cause the anomaly in the behaviour
of the ultrasound velocity. The failure of equation 7.11
to explain satisfactorily the anomaly is most probably
due to the limitations of the single parameter Grineisen
theory.

| The bresence of other anomalies in the vibrational
behaviour of vitreous SiO2 and other inorganic glasses,
such as a neéative coefficient of thermal expansion at
low temperatures, excess specific heat over that expected
from the Debye theory, and a negative pressure coefficient
of shear and bulk moduli are considered to result either
from low lying trénsverse vibrations which are possible
in open tetrahedrally coordinated structures (Krause and
Kurkjién,1968; White, 1964) or from vibrations.connected
with defects such as oxygen vacancies (Leadbetter, 1968).
A network filling alkali oxide decreases the low temperature
expansivity of vitreous SiOZ'(White, 1964) and increases
the coefficient of thermal expansion (Robinson, 1969)
-_evidencing the suppression of these modes by the alkali
oxide molecules. If these low-lying modes are also
responsible for the positive temperature;coefficienﬁ;of
_ultrasound velocity in inorganic glasses, then it is

expected that addition of Na,O0 would decrease the magnitude
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of this unusual effect. However, no such information
on~alkali—oxideASiOz_glasses is available. |

. The variation of the temperature coefficient of
ultrasound velocity with sample composition for NaZO-
B293-Si02'glasses are difectly obtainable from the results
of this present work. In Figure 7.16 is plotted the
fractional temperature coefficient of shear velocity at
400°K for glasses 1/Q, 2/Q, 5/Q, 7/Q and 8/Q against the
molar % NaZQ content of the glass. All the data points
lie on or very near a smooth curve, indicating that there
is a strong correlation between the two variables, and
that the magﬁitude of the ultrasound velocity anomaly
decreases with increasing Na20 content.

A corresponding increase is also seen in the
coefficient of thermal expansion with increasing Na,O

2

It is interesting to observe that the data points lie

content in the Na20-B203-SiO-.glasses (see Figure 7.17).

on a smooth curve even though tﬁeAglasses are of varying
SiOz;B293.ratio; the alkali oxide content dominates the
thermal expansion behaviour. Although the coefficients
of thermal expansion cannot be considered as anomalously
low, even at: zero Na20 content, the coefficient of
thermal expansion does increase on addition of the
network modifying alkali oxide.

In conclusion it appears that on inspection of
the results from this present study and the data

available on vitreous §i0, and other inorganic glasses,

that the positive temperature coefficient of ultrasound
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velocity is not the consequehce of a small‘coefficientAof
thermal expansion. The two properties appear to be
related to the existence of a third phenomenon, which is
most’likely the low-lying vibrational modes of the type

proposed by White or Leadbetter.

~7.2.11 The complex parts of the elastic moduli y' and i'

We have.seeh in Chapter 2 that the internal
friction exhibited by a material.is.given by the ratio of
" the imaginary part to the real part of the complex elastic
modulus which governs the velocity of the acoustic wave.

That is, for a complex elastic modulus ¢ + ic,
- - 1
ot & . 7.12

Both the real and imaginary parts of the elastic moduli
of a solid can be calculated from the attenuation and
velocity data, and the out-of-phase stress-strain
relationship for the acoustic loss identified. For an

isotropic material, for example a glass,

1 S Atz |
Q" =% and o = fiiiﬁ_ - 7.13

where QS and QL are the internal frictions exhibited for
a shear and a longitudinal ultrasound wave. The models
of Anderson and Bommel and Strakna for the loss mechanism
in vitreous SiO, and other inorganic single-component
~glasses predict more.loss for a shear vibration, and only

when the potential wells, between which the oxygen atom
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moves, are of initially unequal depth will a longitudinal
‘wave be attenuated. This is reflected in the imaginary
parts of the elastic constants for vitreous SiOz, which
are calculated from the results for the attenuation of

both shear and longitudinal waves at 21.5 MHz as

p' = 5.45x108 dynes/cmz, A= 2.l7xlO8 dynes/cm2

at the peak maximum (47OK). Thus the loss in both the
shear and longitudinal waves is mainly accounted for by

the shear vibrational term p'. This finding is in agreement
with that of McSkimin (1953) who has compared the ' and

“A' terms in vitreous SiOz_down to 70°K at 20 MHz .acoustic
frequency.

If we now envisage a mixed cation-oxygen-cation
bond, for example an Si-O-B bond, then we expect that on
application of Anderson and Bommel's model that the
potential wells perpendicular to the Si-B direction will
be of equal depth. We then anticipate that the shear
- vibrational term ﬁ' will be.greéter than the dilational
term‘i'. However, on application of the elongated bond
model of Strakna to an Si-0-B bridging unit the po#ential
wells will be of unequal depth and we thus expect a
larger- term in‘i'. The Na20—B293-SiOZ.glasses of this
work must contain mixed cation-oxygen-cation bonds; a
comparison of the magnitudes of the imaginary parts of
the elastic-moduli may provide some valuable information
about the mechanism of ultrasound absorpfion. The

moduli.ﬁ' and 1A' have been calculated at the maximum of
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the acoustic loss for various Na,0-B,0 -5102 samples

2 2°3
and are as follows, in units 6f lO8 dynes/cmz.

u' a
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 4077

Thus we see that A' is greater in relation to
ﬁ' than in vitreoué SiOz{ and in most NaZQ-B293-SiOé
~glasses is almoét as large as u'. ihis'gives.support
for the elongated as opposed to the non-linear bond model
for the acoustic loss mechanism.

The multicomponent nature of the NaZQ—BZQB-SiOZA
' glasses may, however, have the effect of distﬁrbing the
symmetry of the potential wells between which the oxygen
atoms. vibrate and thus change the ratio of u' to ' that
is found in the single component SiO, material. A
puzzling aspect of a relatively large term in A' is that
there is no corrésponding relaxation minima in the
temperature dependence of A. This point at present

remains unexplained.

It is also of note that the presence of the
relatively large A' term is the most notable way in which
the anelastic properties of Na20-B293-Siozlglasses differ
from those‘in vitreous §iO,. Further comparisons with

other inorganic glasses cannot be undertaken at the
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present time due to the unavailability of concurrent
ultrasound velocity and attenuatioh measurements; a
comparison of the complex elastic constants in different
~glasses would be a study worth ﬁndertaking by future

workers.

7.2.12 . The ultrasound velocities below 4.2°K

In the liquid helium temperature range the
ultrasound shear velocities show a linear dependence
on temperature to about 1.5°K where the dependence then
flattens off. The increase in sound velocity with
decreasing temperatﬁre is associated with the rapid fall
in the magnitude of the acoustic attenuation of the
higher temperature peak. A relaxation in velocity
associated with the 4OK‘peak is not seen as this

feature is relatively small.

Extrapolation of the ultrasound velocities
from 4.2°K to the limit of 0°K is simplified by the smooth

temperature dependences. Thus, an accurate calculation

of the Debye temperature and the parameter A of equation- 3.5,
which describes the value of C/T3 in the low temperature
limit, can be made. The values of this latter parameter

are calculated here with the purpose of finding use in
future comparisons with the values determined from
measurements of the specific heat of glasses in the

NaZO—B293-SiO2 system. In Table 7.1 is collected the

data of the number of atoms per unit volume (N), the

Debye temperature calculated through equation: 3.6




Table .

The atomic density (N), C/'f['3 in the low temperature

limit, Debye temperature (eD) and Debye frequency (vD)

for Na,0O-B.0_-SiO

2 273

2

and other inorganic glasses.

The

asterisk denotes glasses for which the parameters have

been calculated from the 280°K values of ultrasound

- velocity.
Nx1022 /T g o, vp
Glass} no,atoms/cc.ergs/°K4mole OK sec™!
. 3 12
1/Q 7.88 1.12x10 409 8.51x10
3 12
1/48 | - 7.86 1.16x10 405 8.42x10"
| 3 E 12
2/0 - 7.52 1.51x10 369 7.68x10
' 3 , 12
2/48 | . 7.51 1.42x10 377 7.84x10
_ .3 12
- 3/Q 7.75 1.10x10 407 8.47x10
| 3 - 12
4/Q 7.52 1.40%10 378 7.86x10
5/Q 7.71 1.27x10° 391 8.13x1072
6/0* |  6.95 1.59x10° 352 7. 32x1012
| 3 12
/0% 7.10 2.33x10 318 6.61x10
8/Q* 8.52 9.05x10% 445 9.27x1012
2 13
9 /Q* 8.75 6.19%10 498 1.04x%10
3 12
10/0% .| 8.24 1.02x10 418 8.71x10
) ' 2 13
510, 6.62 4.96x10 495 1.03x10
. 3 12
B,0,* | 7.95 2.83x10 276 5.75x10
2 | 12
Pyrex 7.05 - 7.07x10 449 9:,34x10
. 1
GeO 6.36 4.9.x10% | 309 6.43x10°%
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assuming that the atom is the fundamental vibrational

3
acoustic

Debye frequency equal to-keD/h; These parameters are

unit, C/T in the low temperature limit and the

presented for the Na20-B293-SiOZ‘glasses of this study
and also for vitreous 8102 (Flubacher, 1959), GeO2
(Antoniou and Morrison, 1965), Pyrex 7740 (Zeller and

Pohl, 1971) and B (calculated from data collected by

293
Uhlmann and Shaw, 1971). Data for the NaZQ—BZ_O3—SiO2
~glasses for which the ultrasound velocities have not been
measured as a function of‘temperature are denoted by
an asterisk, and there each parameter has been calculated
from the 280°K value of ultrasound velocity.

The Debye temperatures of the NaZQ-B293—SiO2
'glasses lie between those of vitreous SiO, and B,0,
which is to be expected of a compound of these two
materials. There is also a correlation between the
Debye temperatures of the Na20-B293—SiOZ'glasses and

their total Na.O content, a correspondence which carries

2
over to the low temperature limit of C/T3. Thus we can

expect a strong dependence of the thermal properties
upon the Na20 content, and the important role that the
alkali metal;. take in determining the vibrational
character of the NaZO-BZQ3-SiOZ.glasses is again
accentuated.

A further point of importance to notice from
the table.is that the Debye frequency for each of the

~glasses is of the order of the attempt frequency
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associated with the activation energy process that is

the cause of the large acoustic loss peak. Anderson and
Dienes (1960) interpret this fact as indicating that
there is. zero entropy of activation which infers that the
relaxation proceeds with no reorganisation of the structure
around the relaxing species. This conclusion is perfectly
in accord with the proposed models for the acoustic'loss
mechanism of Anderson and BSmmel. The common value for
Debye frequency and attempt frequency of the loss process
further indicates that the vibrational frequency of the
relaxing unit is of the order of highest lattice frequency
that cqntribufes to the specific heat. This strongly
points to a single atom as the relaxing species, and adds

weight to the propounded acoustic loss mechanism.

- 7.3 The effect of phase separation on the elastic

. and anelastic‘properties.of.Nazo—B293-Si021glasses

74301 Elastic properties

The elastic constants of shear modulus, bulk
modﬁlus,_YQung's modulus and Poisson's ratio at 280°K fbr
the Na20-B203-SiOZ_glasses in the different stages of
heat treatment are presented in Table 6.l1l. An important
feature to notice is that the ultrasound velocities and
elastic constants. vary with the time of heat treatment
at 550°C in glasses in batches 1 and 2 in a complex

manner; a smooth or simple variation is not found. To

help understand this behaviour it is useful to utilise
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previous theoretical treatments of the elastic properties
of two-phase materials.

Many investigatofs have endeavoured to find a
way of expressing the elastic properties of a two-phase
composite in terms of the elastic constants of the
indi#idual phases. The majority of these attempts have
been concerned with the properties of a material having
the morphology of regions of one phase isolated in a
matrix of the other. However, it has provéd difficult .
to find an expfession which takes into account such factors
as second phase shape and distribution. It has been found
more. useful to derive formulae for the upper and lower
humerical limits to the elastic properties of the
composite material.

The first .(Voigt) model for the investigation of
the elastic behaviour of a two-phase system assumes. con-
stant strain throughout all the regions of the solid. The

results from this model are formulae for the upper limit

to the bulk modulus K, shear modulus ﬁ and Young's modulus

E thus
K, = (-V,)K + KV, 7.14
w, = (1-v2):gl + _ﬁzvz 7.15
E. = (1-V,)E; + E,V, . 7.16

where the subscripts 1 and 2 refer to the matrix and

dispersed phases respectively, and V2 is the volume

- fraction of the dispersed phase. A second (Reuss) model
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assumes constant stress throughout the solid, and yields

formulae for the lower limits to the elastic moduli

1 -V v
1 2 2
- = —* 4 = 7.17
KL Ky K,
1 . LY V)
Tr— .= -—;——— + H— - 7.18
L 1 2
1 Y v, | |
Lo 2, 2 7.19
. L 1 2

Hashin and Shtrikman (1963) have formulated
improved upper and lower bounds for these elastic constants
using more modern mathematical techniques. These bounds
are the most restrictive possible for the bulk modulus
in terms of only the volume fractions of the phases and
their elastic constants, and assume arbitrary phase
~geometry. Hashin and Shtrikman consider that further
information on the second phase distribution is necessary
beforé an exact solution can be obtained, though exactly
how this information can be used is at present not known.
The upper limits to the bulk and shear moduli are given

through this treatment by

) -V
Ky = % 7T AT, 7.20
+ .
Kl_KZU -3K2+4 2
S 1=V,
Yo 0= Mo + - - 7.21
ra 2 1 6(K2+2u1)_V2

+
_ 5u2(3K2+4u2)

and the lower limits are obtained by interchanging

subscripts 1 and 2. These equations and their derivatives
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are those which have been found by Uhlmann and Shaw (1971)
to describe quite well the variation in elastic properties
of a number of two component, phase-separated glasses over
known or suspected tWOfphase regions of composition.

We are now in a position to see if the variation
in the elastic constants of the Na20-B293-Si02'glasses
with time of heat treatment is due to changes in the
shape and distribution of the second phase morphology or
whether it is due to chahges in the elastic constants of
the individual phases themselves. To do this we need the
information on £he elastic constants of the individual
phases within the heat treated glasses. The tie lines
on the ternary phase diagram for glasses in batch 2 end
at compositions very nearly corresponding to those of
~glasses 7 and.8. We will assume that the elastic constants
of the individual phases of glasses in batch 2 are equal
to those of glasses 7/Q and 8/Q although some error is

introduced from estimating the tie line position from

volume fractions obtained from electron-micrographs and
from the further complication that both these latter
~glasses are seen to be inhomogeneous. under the electron
microscope. For the purposes of the calculations to
follow the approximation is quite adequate. The tie line
for glasses in batch 1 after heat treatment at 550°C
terminate at compositions other than those of any of the
' glasses of this study but not too far away <from the
compositions of glasses in batches 7 and 8. Again we

will assume that the individual phase elastic constants
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are.similar to those in glasses of batch 2.

‘The Voigt upper and Reuss lower bounds, and the
Hashin-Shtrikman bounds to the bulk and shear moduli of
a hypothetical phase-separated glass of‘varying.volume
fraction but.with-individual-phases of compositions the
same as those of glasses 7/Q and 8/Q is shown in Figure
7.18. On the diagram are plotted the shear and bulk,
moduli of the glasses in batches 1 and 2, with BZQ3 rich
phases volume fractions of 0.62 and 0.28 respectively.
The data points are labelled with..the time of heat treat-
ment at 550°C. The vertical dispiécement of these points
is relatively ﬁnimportant as some error has inevitably
been introduced in selection of the elastic constants of
the individual phases, but the expected and experimental
spread in the constants is well illustrated.

The important feature of this graph is that the
experimental shear and bulk moduli for the glasses in
batches 1 and 2 heat treated at 550°C exhibit a large

spread in values. The shear moduli for glasses in

batch 2 cover a range of values within the vertical
distance described by the separation of the Voigt and
Reuss limits, but the bulk moduli have a much larger
range than éxpected. We do not anticipate that the

experimental values for the moduli of glasses in batch 1

will be limited by the Voigt and Reuss bounds as the
interconnected phase morphology of the heat treated

samples of this composition are not accounted for in
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i

these theoretical models. However, we do expect them to
bé bounded by the narrower Hashin-Shtrikman .limits which
are for arbitrary phase geometries.. The shear moduli for
'glasses in batch 1 also show a smaller spread in values
than the bulk moduli but both sets of elastic.constants
are greater in range than expected from the Hashin-
Shtrikman bounds. These latter bounds fit the experimental
data very well over the range of immiscibility in
composition of both NazQ-BZQ3 and NaZO-SiOZAglasses
(Uhlmann and Shaw, 1971); for the Na20-BzQ3;Sioz'glasses
of this present study they do not.

We can conclude that the elastic constants of
the individual glassy phases in the phase-separated
Na.0-B,0_-SiO

2 273 2
the time of heat treatment of the glass at 550°C. The

~glasses do not remain constant throughout

added complication of the change in size and shapes of
the individual phases , especially those in samples of
batch 2, pgts:further,calculations beyond the scope of
any mathematical treatment of two-phase composites yet
provided. Reasons for)the.change in the elastic constants
of the phases can only be speculative at the present time.
Plausibly the cause is a change in the internal structure
of the phases connected with a redistribution of the
Na+‘ions, a smalleriscale process of that which dominates

the elastic constants over all the compositions of the

'glasses in this work.
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72 3.2 Anelastic properties

The ultrasound attenuation characteristics of
~glasses in batches 1 and 2, unlike the ultrasound
velocities,  vary in a»simple way with time of heat treat-
ment at 550°C., In Figure 7.19 ‘is éhown the dependence
of the loss at the peak maximum on the time of heat
:trgatment; the peak loss rises smoothly with
treatment time. This behaQibﬁr is of great interest and
has not been previously reported upon in the MHz range
of. acoustic attenuation.

Firstly, we must ask whether the increase in
peak height is associated with phase séparation processes
or with thé more general fictive temperature effects that
have been observed'for example in vitreous 8102 (see
Chapter- 3). Le£ ﬁs explore this second possibility more
théroughly. The temperature of heat treatment, 5500C,
isiwell above the Tg point of the glasses in the quenched
stéte, and is also above that of -both phases in the inter-

i

connected structured glasses of batch 1, and above that

of at least the continuous phase of glasses of batch 2,
as witnessed by deformation of the glass samples upon
heat treatment. Any macroscopic sﬁructural relaxation
effect would have ample time to come to equilibrium
witﬁin the shortest time of heat treatment and we

- expect a common fictive temperature amongst all the heat
treated samples of SSOOC. Although a change in fictive
temperature has a large effect on the maximum acoustic

' = lo)
loss in vitreous SiOz,‘from 0.98 db/usec at T=980°C to
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0.84 db/usec at T=l4OOOC at 20 MHz .(Krause, 1971) such

a process is not active here. A second factor to
mention briefly is the effect of hydroxyl ion content

on acoustic loss. The OH content has only been assessed
for the Na,0-B,0_-SiO

2" 7273 2
it is not possible that a bulk diffusion of water either

~glasses in the 'quenched state but

in or out of the glass samples can occur within the time
of heat treatment. The pulse echo displays observed
during the measurements of ultrasound velocity and attenua-
tion did not evidence any gradient in elastic or anelastic
properties és would be expected if any long range
diffusional processes were operative during the heat .
treatment of the samples.

Therefore, the changes in acoustic atténuation

in the Na,0-B,0,-SiO, glasses of this work appear to be

27 7273 2
closely connected with the enhancement of glass-in-glass
separation. We can rule out the possibility of a
Rayleigh-scattering contribution to the acoustic

attenuation through the consideration of Section 7.2.1

It seems most likely that the changes in acoustic

attenuation characteristics on heat treatment are the

result of a re-organisation in the structure of the

" glass on a sub-microscopic level.

The variation of peak temperature with time of
heat treatment is an interesting aspect of the acoustic
attenuation characteristics of glasses in batches 1

and 2; the peak temperature rises with time of treatment..
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This variation is closely connected with the similarity
of the whole family of loss characteristics of the

Na20-B293—Slo2
maximum acoustic loss and peak temperature for all the

'glasses.. Figure 7.20 illustrates the

~glass samples of this work. A clear correspondence is
shown between these thvvariables, which reflects the
~general nature of the acoustic loss characteristics be
they for'glésses with different compositions or different
heat treatments. The data points for glasses 5/Q and
1/168 are coincident; a comparison of the temperature
dependences of acoustic loss of the two samples evidences
almost identical characteristics. It therefore seems
that the rise in acoustic attenuation upon heat treatment:
is due to an increase in the number of loss.centres in
the same way as this number is élso affected by the total
ﬁa O content in the quenched glasses of different |

2

composition.

The constant volume fractions of the individual
" glassy phases in glasses of batches 1 and 2 have shown
‘that the two phases have reached their terminal chemical
compositions early on in the heat treatment; the initial
stages of separation are thus complete after a very
short time at.SSOOC. The phase morphology is undergoing
the ripening processes subsequent to the initial
unmixing. Therefore we do not expect that the change

in acoustic attenuation is due to an overall change in
_chemical composition of the phases, but is the result .

of atomic re-arrangement within the phases. The
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resemblance between the effects of composition and heat
>treatmen£ on the acoustic loss in the Na20-B293-SiO2
strongly suggests that on heat treatment there is a
migration of Na® ions away from B-O-B bonds in the high

BZQ3Aphaserf the glass.

acoustic loss mechanism at MHz frequencies to those at

lower frequencies

The only other phase-separation dependent’
feature of the anelasticity of glasses is the alkali ion
diffusion peak of Na,0-B,0,-5i0, materials which reduces in
magnitude upon heat treétment, as mentioned in Chapter- 3.
Charles}(l964) found that the corresponding peak in
dielectric loss due to Na' ion migration in one particular
NaZO—BZQ3-Si02_glass also decreases in magnitude upon
heat treatment and has shown that this behaviour is
expected if the spheroidation of the Na20 rich phase
increases with heat treatment. However, in a later paper
(1970) Charles reports that the separation morphology
of an identical glass at an identical temperature and
time of heat treatment is of the interconnected type.

This casts doubt upon his original hypothesis about the
decrease in dielectric loss upon heat treatment. It is
also difficult to see how such a theoryAcouid explain

the observed behaviour of acoustic attenuation. It is

interesting to note however that the changes in

anelasticity at both- low KHz ‘and MHz .acoustic frequencies
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are connected with mechanisms involving Na' ions. This
strongly suggests that the observed behaviour in acoustic
and dielectric loss in the later stages of phase-separation
in Na,0-B,0,-5i0, glasses results from the repositioning
_of the alkali metal ions in the glass lattice.

7.4 The 4°K acoustic,loss4peakAin,the_NaéOrB293-

. glasses

5;02

The small acoustic loss peak that occurs at .
about 4°K in the Na20-B293—SiOZ_glasses of this study
'has.a counterpart'in a wide variety of inorganic glass,
see Chapter: 3. The feature common to all the glasses in
which this acoustic anomaly appears is that the cations
of the glass forming lattice are tetrahedrally coordinated
to either oxygen atoms as in vitreous SiOz{ GeO2 and

Zn (PO or in the case of BeF2 to fluorine atoms. As

327
we have seen in Section 7.2.8, the presence of the network

- modifier Na20 increases the tetrahedral character of the

NaZO—B203-Slo2

from 3 to 4 fold coordination. This, and the fact that

~glasses by conversion of the boron atoms

there are also regions of the lattice of low NaZO and
high SiO2 content where the tetrahedrally coordinated
Si atoms remain relatively undisturbed establishes the
tetrahedral nature of many cations in the glass lattice.
Thus the coincidence of tetrahedral bonding and the 4°x

acoustic loss peak is also apparent in the NaZQ-BZQ3-SiO2

" glasses of this .study.
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It has been suggested by Krause and Kurkjian
(1968) that the 4°K acoustic loss peak and the positive
temperature coefficient of ultrasound velocity have a
common cause in certain vibrational modes which can occur
in tetrahedrally coordinated structures. In the Na20-
BZQ3—SiOZ_glésses of this study, the temperature coefficient
of velocity is strongly dependent on the total NaZQ content,
evidencing éuppression of th cause of this effect by the
alkali oxide network modifier. However, the intensity of
the 4°K acoustic loss peak does not vary appreciably
between the glasses of this study with differing Na20
content, but to conclude that Krause and Kurkjian's
hypothesis is wrong would be hazardous as the source of
the loss may occur in the relatively undisturbed SiO2 rich
regions of the glass lattice.

The mechanism for the loss remains so far
unresolved. In the light of recent theoretical treatments
aﬁd experimental observations on vibrational properties

of vitreous materials we will now examine processes which

could be responsible for the 4°K acoustic loss.

Phonon-phonon interactions

If low-lying modes of vibration exist in a
solid, then they can have effects in the thermal con-
ductivity and ultrasound attenﬁation which will be most
discernable at low temperatures where higher frequency

modes have been frozen out. A possible cause for the
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2:03—Sloz‘glasses is then an

acoustic phonon-low frequency thermal phonon interaction.

4°x peak in the Na20-B

Before any detailed calculations of the acoustic loss can
be made it is necessary to know the thermal phonon
relaxation time. This_is,obtained directly from the
thermal ¢onductivity, specific heat and mean sound velocity
in the manner described in Section 3.3.1. The former two
parameters have not been measured for the Na20.—BZQ_3-SiO2

" glasses, but will again be approximated by those of Pyrex.
zeller and Pohl (1971) have measured the speéific heat and
thermal conductivity of Pyrex 7740 down to O.lOK, and have
shown that these parameters are very similar for all 8102
based glasses. At 4°K their results show that

Cy = 4x10° ergs/g°K K = lxlO4vergs/cmoK

and hence, through equation: 3.15, - © = 4xlO_ll secs.

The Akhieser type phonon-phonon damping loss
can now be calculated through equation'3.10. On the
assumption that the Gruneisen parameter is equal to unity,

the calculated loss for sampe 2/Q is l.2xlO_4 db/cm. and

4

thatzforisample 4/Q is 1.7x10 * db/cm. These values are

too small to account for the experimentally observed

2 4p/cm and 8x10™2 db/cm

peak intensities of 7x10
respectively. A similar calculation for vitreous SiO2
using values of CV'=~‘3xlO—3 ergs/goK and k. = lxlO4 ergs/cmoK
indicates a phonon-phonon damping contribution to the

acoustic loss at 4°K of l.2xlO'“4 db/cm compared to the

observed value of 8xlO_2 db/cm. Thus it is squ»that the
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low temperature peak in Na20—BZQ3—Si02‘and SiOz‘glasses,
and by inférence other inorganic glasses, is not connected

with an acoustic phonon-thermal phonon interaction.

An activation energy process

From the upward shift in peak temperature with
increasing acoustic frequency, it is evident that the‘4°K
loss is consisteht with the operation of an activation
energy process. Figure 7.21 shows the relaxation fregquency
versus recipfocal temperature plot of the data points for
the 49K loss peak in vitreous SiO2 taken from the results
of Kréuse (1964). Data points for NaZQ—B293-SiOZAglasses
2 and 4 are included on the plot and lie in close proximity

to the solid line for vitreous SiO2 represented by

11

£f = 1.4 x 10 exp (-60/RT)

which indicates, for SiOz, an attempt fregquency of

1.4 x 10™! Hz and an activation energy of 60 cal/mole for

the loss mechanism. The point A is taken from the dielectric
loss data for vitreous Si0, of Jaeger (1968); a similar
small peak in- the dielectric loss in vitreous Siozlappears
below 4°K.

A cert%in amount of error is inﬁroduced in the
identification of the peak temperature in the Na20—B203—

Si0. glasses due to contributions to the acoustic attenua-

2
- tion from the higher temperature loss mechanism and
appropriate error bars are included for each data point.

An attempt frequency of lOlO Hz to lOlz'Hz.and an
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activation energy of 60 # 15 cal/mole is indicated for

the Nazo-B293-Slo2

Assuming that an activation energy process is

~glasses.

responsible for the 4°K acoustic loss peak, it is difficult
to conject on the member responsible. The low attempt
frequency suggests that if it is a structural relaxation
then the relaxing unit is of large mass or 1is constrained
by weak forces. This unit must also be polarizable or

it would not affect the dielectric loss. The low activa-
tion energy for the process indicates a very small barrier
to the motion of the member and precludes any transla-
tioﬁal or rotational movement of the aétive member.

An interesting point arises here on inspection

of the thermal conductivity data for vitreous SiO2 and

Al

Pyrex from the pesults of Zeller and Pohl (1971). There
is quite a distinctive 'knee' in the temperature
dependence at about 10°K which is the result of an
anomaly in the thermal phonon mean free path rather than
in the specific heat. In the dominant phonon approximation,
the frequency of the thermal phonons at 10°K is about
2xlOll Hz; in practice this value is the upper limit

to the phonon frequency spectrum at this temperature.

A point B (see-Figure.7.21) corresponding to this-
frequency and temperatﬁre lies fairly near the relaxation
plot of Krause for the 4°K acoustic loss peak in vitreous

Si0_, and also near that for the NaZO-BZQ3-SiOZ‘glasses

27
of this study. It seems a possibility that the acoustic

and thermal phonon scattering has a common cause.




- 179 -

Zeller and Pohl have found that at 10°K the
phonon mean free path is proportional to the inverse
of the fourth power of the phonon frééuency, which
indicates that a Rayleigh scattering process may be
involved. They suggest that this scattering in a glassy
structure is similar to isotopic scattering in a
crystal; the vitreous material is approximated in
their treatment to a crystal where every atom is
displaced-frbm'its lattice site. The mean free path
of a thermal phonon at 4%k is,5xlO-5 cm. Thus with a
dependence of mean free path proportional to w_4 that .
for an acoustic phonon at frequency 12 MHz will be of
the order of lO13 cms which would result in an attenua-
tion due to this‘type of scattering mechanism of 10-12
db/usec. Clearly guch a mechanism cannot account for
the observed acoustic loss peak. Furthermore, it is
difficult to en&isage how a peak in acoustic loss rather
than a constant contribution to the observed attenuation
could result from such a process.

To sum up, the knee in the thermal conductivity

and the low temperature acoustic loss peak in vitreous
Na20—B203—SiO2 and SiO2 either have a common cause which
is not a Rayleigh scattering process, oOr they are the

result of separate mechanisms.

Phonon assisted tunnelling

More recently, Anderson Halperin and Varma

(1971) have shown from}general,considerations of the
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)
.!

' glassy state that at low temperatures there should be

" a linear tempefature»contribution to the specific heat
and thermal cénductivity which is proportional to T2

and w_l, and of interest here, an ultrasonic attenuation
wﬁich increases as T_l and wz. Their model is based on
the probablllty of phonon assisted tunnelling of atoms
or small groups of atoms between sites of equlvalent or
nearly equivalent potential energy Wthh are separated by
a small energy barrier. The results ofrZeller and Pohl
agree with this predicted behaviour in specific heat and
thermal conductivity in a number of vitreous materials
including SiO2 based glasses, but only in the temperature
range 0.1%% to 1°k. At 4°K, where the small acoustic
loss peak is observed in Na204B293-SiO2 and Si0,, the
phonon mean free path varies as m-4 and T-4; thus the
temperature range of the acoustic experiments is'outside
that  where the phonoﬁ-assisted.tunnelling mechanism is
operating. In addition it is also difficult to foresee
a situation where an'acoﬁétic loss which varies as T_l
would cause a peak in attenuation rather than a steady
parabolic rise.

To conclude, the only mechanism presently.
available to account for the acoustic loss peak in the
liquid helium temperature range for Na,0- B,0,- 510, and
other inorganic glasses is a thermally'activated

relaxation mechanism. However, although such a model

can be fitted to the.ultrasonié data, this cannot be
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. held as proof of its validity. Further detailed studies

of ultrasonic loss in both tetrahedrally and non-
tetrahedrally coordinated materials will be needed to

help identify the responsible mechanism. Such investiga-
tioqs in thé liquid helium temperature range and also those
a£ lower temperatures still will provide valuable

information on the character of the glassy state.




CHAPTER 8

SUMMARY




e
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Summary

The propagation characteristics of both
longitudinal and shear ultrasound waves have been studied
in glasses in the Na20-B293-SiO2 system. The temperature
dependence of ultrasound wave velocity and attenuation
between - 1.3°K and 400°K is dominated by an intense and
broad acoustic loss peak; in this respect the acoustic
properties of NaZO-B293—Sioz'glasses are qualitatively
similar to those in many other vitreous inorganic
materigls such as SiOZ, Geoz, and BZQB' It has been
shown that a thermally activated structural relaxation
involving the transverse motion of an oxygen atom
between two sites of equal or nearly equal energy in
a non-linear cation-oxygen-cation bond is the most likely

mechanism for the acoustic loss in vitreous SiO2

Na,0-B,0,-5i0,, and other inorganic glasses. A different

2 273 2!

mechanism involving an acoustic phonon-thermal -phonon

interaction has proved unacceptable as an explanation
for the observed loss. The intensity of the acoustic
attenuation péak and the mean activation energy for the
relaxation process are much larger in the Nazo.—BZQ3-SiO2
than in the single,component Si02‘and BZQ3_glasses; in
the ternary materials there are larger nuxnbers of non-
linear bridging oxygen bonds and these bonds tend to be
distorted on average through larger angles.

A recurrent theme that has emerged from the

results of this work is the strong dependence of the
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ultrasound propagation characteristics on the tétal

Na20 network modifier content of the glasses. The
intensity of the large acoustic loss peak and the unusual
positive fractional temperature coefficient of ultrasound
velocity decrease,-and the ultrasound velocity and
coefficient of thermal expansion increase as the Na2Q
content of the glass is raised. The decrease in maximum
acoustic loss and the increase in étiffness of the structure
can be accounted for by a local structural model where two
adjacent boron atoms linked by a common oxygen atom are
converted from: 3 to 4 fold coordination. Plausibly the
explanation for the observed decrease in the positive
temperature coefficient.of ultrasound Velocity‘is elimina-
tion by the alkali oxide molecules of the low frequency
modes of vibration which have.been proposed to be
responsible for many of the anomalous properties of
inorganic glasses. That the Na20 network modifier plays

a vital role in the strﬁcture'forming processes in the
Na,0-B,0,-SiO0:;

27 7273 2
dependence of the phase-separation characteristics upon

glasses is further demonstrated by the .

the amount of alkali oxide present. Results from this
study have provided valuable information on the function

of Na,0 in determining fhe.acoustical and vibrational

2
properties of the glasses.

In the general field of glass physicés it has
been found difficult to expose properties which are
discriminating enough to provide detailed information

about structural processes involved in phase-separation
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phenomenaf As a technique for the investigation of
~glass-in-glass phase-separation,. ultrasonic studies have
proved sehsitive to changes taking place in the individual
phases of Na20—BZQ3-SiOZ'glasses after long periods of
heat treatment. These changes are connected most likely
with the redistribution of the Na' ions within the
separate phases. In the Nazo-B203-SiOZAglasses of this
study, which lie in or near the region where metastable
immiscibility is observed, it has not been possible to
state that any sample is not phase-separated as all
samples have proved heterogeneous by the critical
inspection of the electron microscope. However, as has
been discussed in Chapter 4, the term 'phase-separated’
may well be a relative rather than an absolute term
especially.for_glasses that lie.vefy near in composition
to the extremities to the immiscibility dome; the ultra-
sound propagation character;stics of‘both optically clear
and blue-white large-scale separated NazorB293-SiO2

~glasses have been systematically studied in the course

of this work.

In all the NaZQ—BZQ3-Si02_g1asses whose acoustic
loss characterietics have been measured in the liquid
helium range of temperatures a small attenuation peak
has been observed at about 4°k. This feature is common
to. the acoustic properties of many tetrahedrally |
coordinated inorganic glasses. The frequency dependence
of the loss peak is consistent with an activation energy

process of energy'601§‘15vcal/mole and attempt frequency
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of 10%° to 1012 Hz; further studies of this acoustic

anomaly in other glasses are needed to clarify the
mechanism responsible. Indeed, more general investiga-
tions of ultrasound propagation.characteristics at very
low temperatures, perhaps as low as O.loK, will provide
much information about the vibrational properties of
the glassy state.

This present study, as an investigation into
the ability of ultrasonic.techniques to provide informa-
tion on the structure of multicomponent glasses, has
served to identify the variables of interest in the
temperature and acoustic frequency ranges in question.
It is anticipated that further similar ultrasonic
examinations of the elasticity and anelasticity of both

'Na,0-B,0,-SiO, and other glasses will be undertaken,

2 273 2
especially with reference to the significant and most
important effects of advancing glass-in-glass

separation.




Note added in proof

During the final stages of preparation of this
thesis an important paper was published entitled 'Boron
coordination in sodium borosilicate'glasses,' (Milberg, M.E.,
O'Keefe, J.G., Verhelst, R.A., Hooper, H.O., (1972) Phys.
Chem. Glasses, 13, 79) in which results of N.M.R. studies
of boron-oxygen coordination were reported. The major
. conclusions were as follows:

1. Na,0-B,0,-5i0, glasses with a Na,0:B,0, ratio
of less than 0.5 behave with régard to boron coordination
as if they were Na,0-B,0; glasses diluted by SiO,. They
contain. essentially no non-bridging oxygen ions and the

fraction of the boron atoms in 4 coordination is equal

to the ratio of Na20 to B293.

2. NaZQ—BZQ3-8102_glasses with a Na,0:B,0, ratio
~greater than 0.5 have a fraction of 4 coordinated boron
atoms less than this ratio, but still act as to show a

preference of the Na20 molecules for the,BZQ3 species.

The conclusions of this present study drawn
from the compositional dependences of density and
~ultrasound velocity have emphasised the same basic
findings of the N.M.R. study, that the nefwork modifying

NaZO species has affinity for areas of the glass network

locally rich in B,O,.
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Appendix I

This appendix contains a copy of the computer
programme used to calculate the distribution of activa-
tion energies in the mechanism responsible for the
large aéoustic loss peak in the NaZO-BZQ3-SiOZAglasses.
Further details of this least mean squares minimzation
procedure can be found in Chapter 7. The parameters

read into the programme are summarized in the following

table:

Symbol : Parameter . Value
N Number of unknown Ai 40
WW Acoustic frequency (Hz) 12xlO6

SMALL Preset value of SUMSQ 0.005
CYCLE Cycles of minimization -3
MAX Upper limit of Ai 1
.. -10
MIN Lower limit of Ai 10
s ‘ -2
S Initially set values of By 10
s | -3
STEP Initial steps of Ai 10
cow Measured values of internal
' friction . variable
IJg Upper temperature limit of

o
measurements ( K)

KJ Steps in Hi (cal/mole)
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DIMENSION S(46:)ySTEP(4 ), SOLI4T),CAL4L),Q(40) ,COEFF(1677) 4WI(1670)
7o SNUL6UN) y WE(40) ' :
DOUBLE PRECTSTON SMALL ,SUM(2),Z2(41)
CINTEGER CYCLE H(4M) ,CyU
FEAL MAX(4) ,MIN(40))
1 FORMAT(1CEB,.L)
2 FORMAT (27X, *INITIAL SOLUTIONS FITTED'/ ZSX,'MEASURED COEFF*/(4(10F
T10.3/70))
FORMAT (25X, *FINAL SOLUTIONS'/ (4(10E15e37)))
FORMAT (25X, *RATINS /{4{1NE1G.3/)))
FORMAT(25X,*SUMY/ (2F31.8))
FORMAT{25X, '"MEASURED COEFF'/ (4(1LE10, 3/10)
FORMAT(1E1l.5)
FORMAT(1E1D43)
14, FORMAT(25X,*CALCULATED COEFF'/ (4(1001043/)))
32 FURMAT(25X,'STEPS'/(4(10ELC.3/)))
59 FURMAT(////ZSX,'SOLUTIONS‘,/(&(IOEIO 3/)))
1(‘:1 FORMAT(T13)
102 FORMAT(F1%,.0)
103 FORMATI(I2)
194 FORMAT(EL12.5)
115 FORMAT(25X,*FREQUENCY="',E12,5)
302 FORMAT{25X,*MAX?y /(4(10ELO.3/))) S
303 FORMAT(25X,'MIN', /(4(1DELDL3/))) S
304 FORMAT(//'SMALL=',F1C.T///) . o
READ(5,121) N
READ(S,17:4) WW
RCAD(S,10:2) SMALL
READ(S,103) CYCLE - '
READ(S,1) (MAX(I),I=1,N) . -
READ(S,1) (MIN(I),T=1,N)
READ(S5,8) (S(1),1=1,N)} , S
READ(S5,1) (STEPETI),I=1,N) = = . 50 o
READ(5,9) (CO(TI),1=1,N) SRR
DD 12 I=1,N oo
12 CO(T)=CO(I)*1, LEé/(B 686%3, 142*ww)*,‘g“v
WRITE(6,105) WW ST
WRITE(6,302) (MAX(I),I=1,N)
WRITE(64303) (MIN(I)yI=14N) SRR
WRITE(6933) (STEP(I)yI1=14N) = I
'.WRITE(C)'Z) ‘CO(“",'I'=1,N’.
WRITE(6459) (S(1)41=14N)
WRITE(64314) SMALL * S
97 CALL CALC(so.N.anFF.wx.san,ww) R
Dﬂ?ll,N .
soL(ry=sery - o,
© CH(I) =G o
7 CONTINUE
o sSuUM(1)=D
T SUM(2) =0 , . e T
. CALL DEVI(SyZySOyN) - B
CCWRITE(6,2) (COCIY,1=1,N) : RURAN A
TWRITE(64910) (Z(1),1=1,4N) R
. WRITE(6459) (SUL(!).I l.N) R
1?00 17 K l.N “Pt’ y H,,;wb:*“ﬁ'ﬁ'p‘«rhj-*’

o ls « Jo NN ) I IV}

- A

L

L. . .
S S ST S T
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QIK)I=(7(K}/CO(K))

WE(K)=(0(K)-1)

SUMUL I =SUM{TI4+WE(K) %2
17 COMTINUE

WRITE(644) (QUI)41=14yN)
WRITE(S,5) (SUM{T),1=1,42)
DN 16 C=1,CYCLE

NO 19 Usl, 1t
DO 13 I=1,
c“M(’))_., '
<(1)-9(1)+5Tr9(1)
TE(S(I)GT.MAX(1)) GD TO 15
IF(SIIILLTLMIN(I)) GO TO 15
CALL DEV{S,Z4S0yN)
no 12 K;lyN :
QIK)=(Z2(K)/CO(K))
WEIK)=(Q(K)=1)
SUM(2)=SUM(2)+WE (K) %*2
18 CONTINUE
TE(SUM(1)=-SUM(2))15,14,14
15 TF(HIT)=111)21421422
21 STEP(I)=-STEP(T)
SE1Y=s0L(r1)
H{T)=HIT)+1
GO TO 13
22 STEP(1)==0u5%STEP(I)
S(I)I=SOL(T)
H(T)=1 :
6O TO 13
14 IF(SUM(’)—SMALL)99,99,20
2¢ SOL(T1)=S(D)
SUM(1)=SUM(2)
13 CONTINUE
19 CONTINUE o .
WRITE(5,59) (SOL(1),1=1,N) aw S
WRITE(6,4) (QUIV,T=1,NY - 00 o
WRITE(6433) (STEP(T)I=1,N) w0 - o=
WRITE(6,5) (SUM(I),I=1+2)
16 CONTINUE ‘
99 DO 25 I=1,N
s(ry=soLery o
25 CONTINUE y ST
CWRITE(6,3) (SOLUT),1=1,N) N R
WRITE(6,6) (CO(I),1=1,N) . e
CWRITE(A,10) (Z(T),I=1,N) A
CWRITE(694) (QUIV,I=14N) : C
WRITE(6,5) (SUM(IV,1=1,2) SRR
- CALL DISp(N.coEFr.SCAL.wI.ww,SOL)a,j;,,a,.,;;
D0 656 I=1,N" . R R
A=ALOG(SOL (1D - - e
B=ALDGLA(SOLIT)) I T S
656 WRITE(6,655) SOLII)yAsB ~  — on R
655‘FDRMAT(E15.3,2F15 )
98-STOP S D
“END

~ -
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SSUBROUTINGE CALCCAGNGZCOEFF ZWIZSCAL W)
C THIS SUAROWTINE CALCULATES THF 1600 TERMS NF TYPE
WT/L14+0WT)I=x2) ) :
DIMENSION C”FFF(lﬁnO,vWI(lbOO’vA(IﬁOO)911(1500’
151 FORMAT(14)
161 FﬂR”AT(“SX"TFMPFRATUQE 0-'*,13)
i FORMAT(I%) ‘
READ(S,15%1) 1J
WRITE(K,161) TJ
REAND(S5,171) KJ
WRITE(6,181) KJ
181 FORMAT (25X, *ACTIVATIDN ENERGIES 0-',15)
4NN=N*N
SCAL=1.0 ,
727=1.9E-30
R=1,.987
7=1.0E-30
C=1.0€13
M=D
KK=KJ/N
JJ=TJ/N
PO 1 I=KKyKJyKK
(RIQENY J:JJ’IJ'JJ
M=M+1
T=J
H=T1
WI(MY=CXEXP(-H/{R%.T))
TF(WI{M)-1.013,4,4
COEFF(M)= NI(V’/W
GO TD 5
COEFF(N)‘(W/WI(M)’/(l*((H/NI(M))**Z)’
SMALL=COEFF(M) /2
IF(SMALL 1.0)354141
35 COEFF{M)=Z21717
1 AIM)=COEFF(M)
RETURN
END

o I

L

AN

’ ' SUBROUT INE DEV(A¢ZyS0,N).
c "THIS SURROUTINE CALCULATES THE INTERNAL FRICTION FROM THE '

C  INCREMENTED OR DECREMENTED VALUES. OF THE RELAXATION ‘STRENGTHS
'DIMENSION A{40),50(1600) , o o

DOUBLE - PRECISTON z(40)
DO 1 K=1,N .
2(K)1=0,0 - I
DO 2 I=1,N . = '
L=K#(I-1)0%N - o
ZI(K)= Z(K)+SO(L)*A(I)
. CONTINUE s
" . RETURN

TEND

o N)
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SURROUTINE DISPINyCOEFFySCAL yWE W ,X)
C THIS SURKOUTINE CALCULATES THE EXPECTED RELAXATION IN ELASTIC
C MODULYS FROM THE DISTRIAUTION IN ACTIVATION ENERGIFS
118 FORMAT(13,D15.5)
i19 FOAMAT(//* TABLE 0OF DU/UY)
191 FORMAT(//' CHECK TABLE')
201 FORMAT ('Y(',12,')=',D15,5)
DIMENSINN X(40) 4WI(1600),COEFF(1600)
‘DOUBLE PRECISTON DUUL&0),Y(40)
NN=N=N
WRITE(A,]191)
DO 31 K=ieN
Y(K)=0.0
NN 22 T=1,N
L=K+ (T 1)*N
32 Y(K)=Y(K)+X{1)%COEFF(L)
WPITE(A,201) K,Y(K)
311 CUNTINUE
77=1,06-15
DO 9n T=1,NN
SMALL=WI(1)/22
TEUSMALL-1.0). 97, 98,98
g7 WI(1)=17
9R CONTINUE
WRTTE(6,119)
DO 13 K=1,N
DUU(K)=0.0
DO 14 I=14N
L=K+(I-1)%N -
14 DUU(K) = DUU(KD+X(I)*(1/(1+((H/WI(L))**2)))
WRITE(6,118) Ky DUULK)- S B
13 CONTINUE -
"RETURN "ff;s_..f“
END & DT

FE St L . A R
‘. : Lo e e e [}
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~Appendix ' II

For the purpose of further identification of

the Na,0-B,0.,-Si0O, glasses of this work, a list is

2 273 2
included here of the glass code numbers as used in

this thesis and the corresponding numbers used at the

Advanced Research Unit of James A. Jobling, Brancepeth
Castle, Co. Durham. TheseAlatter identifiers take
the form of the batch or composition number followed

by the melt number of the actual 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

iﬁ Jui. e
o¥iZak: .

0V 1972
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