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Abstract 

The effect on the electrical properties of doping simple 

borate materials with various halides has been investigated. 

Most of the work concentrates on sodium borate as a base material 

but an extension is made to also consider alkaline-earth borates. 

Initially, glassy products are examined but later in the project, 

because of significant and unexpected trends, attention is focussed 

on re-crystallised glass-ceramics formed from the original glassy 

specimens. 

Results indicate that a wide range of halides can be used to 

reduce the inherent resistivity of the initial borate material. 

The effect occurs in both the glassy and glass-ceramic samples 
but is most dramatic 'in the latter case. The reduction is of 
such magnitude that, unusually, the glass-ceramic frequently has 

a lower resistivity than the parent glass, and some sodium borate 

based samples can almost be classed as fast-ion conductors. 

Any accompanying structural changes were monitored using a 

range of techniques including X-ray diffraction, infra-red 

absorption, nuclear magnetic resonance and electron microscopy. 

These measurements met with varying success though the prominent 

finding of each investigation is that the added halide is absorbed 

into the base compound with remarkably little structural re
arrangement. 

Because the resistivity reduction effect is so much greater 

for the glass-ceramics than for the glasses, investigations on the 

two types of specimen are discussed independently and differing 

theories put forward. These theories are thoroughly discussed and 

comparisons made with publications on analogous materials. For the 

glasses work on halide doped lithium borates and silver borates is 

the most similar yet reported, but it is believed that the study 

on re-crystallised specimens is the only work carried out on any 

halide doped borate glass-ceramics. 



CHAPTER 1 : Introduction. 

1.1 The Nature of Glass. 

1. 

While glass is today one of the most widely used materials, 

having a host of applications, the nature of its structure is 

still not understood. Indeed, the first problem encountered is 

to define exactly what is meant by a 'glass'. 

Early work on simple glasses, e.g. by Tammann (1), considered 

them simply to be 'super-cooled liquids'. The results of 

X-ray diffraction experiments on glasses in the early 1920's (2) 

showed a lack of long range order. To emphasise this finding the 

definition consequently changed to 'structureless solids' 

though the idea of the glassy state being a direct extension 

of the liquid state was not totally relinquished (3,4, 5). 

Later a commonly used definition of a glass was that it 

was "an inorganic product of fusion which has cooled to a 

rigid condition without crystallising", this definition was 

put forward by the American Society for Testing Materials 

in 1949. However, this definition is now thought to be 

unnecessarily restrictive. Firstly, various organic non

crystalline solids can be prepared which show similar 

characteristics to inorganic glasses, yet these would not 

be included in this definition. Secondly, amorphous materials 

showing glassy behaviour can be prepared by methods other than 

fusion e.g. vapour deposition or neutron bombardment. 

In more modern definitions it is again the non-crystalline 

nature, or at least the lack of long range order, that is 

emphasised. Mackenzie (6) describes a glass as "any isotropic 

material, whether it be inorganic or organic, in which three

dimensional atomic periodicity is absent and the viscosity 



2. 

of which is greater than about 1014 poise". 

The fact that the definition of a glass has been subject 

to alteration indicates that considerable advances have been 

made in the level of understanding of glass structure. 

Originally efforts could only concentrate on observation 

of physical properties e.g. by Lebedev (7) in 1921, who 

expressed the opinion that glass consisted of highly dispersed 

small crystals whose presence could perhaps be investigated 

by X-rays. Some of the earliest X-ray structural analysis on 

glass was undertaken by Randall et al (8) on vitreous silica.. 

The main conclusion arrived at in this work was that the 

observed diffraction pattern resulted from a structure of 

very small cristobalite crystals, of around 15 i in size. 

However, Zachariasen (9) disagreed with this because of 

discrepancies in the expected and observed densities, the 

physical property behaviour and the failure of the model 

to account for the diffraction pattern of heat-treated samples. 

Instead,Zachariasen put forward a model which states that the 

linking of atoms is essentially the same for the glassy and 

crystalline form of a material and that both forms contain 

extended networks. However, the difference between the two 

systems is that the glassy network lacks periodicity and is 

not symmetric but is instead of a more random nature. 

For oxide glasses Zachariasen, in the same reference, 

expanded the,work of Goldschmidt (10) and put forward various 

criteria which have to be met if a material is to be capable 

of forming a glass. These concerned, for example, the anion 

radius / cation radius ratio, the number of cations available 

and the typ~ of bonding between adjacent oxygen polyhedra. 
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For these oxide glasses it is postulated that two types of 

oxygen ion exists, those bonded to two polyhedra, bridging 

oxygens, and those bonded to only one polyhedron, non-bridging 

oxygens. The cations are then thought to exist in holes 

between the oxygen polyhedra where their charge neutralises 

the excess negative charge of the non-bridging oxygen ions. 

Oxides directly involved in the structural network are termed 

network formers, and those whose ions tend to fill an 

interstitial role are termed modifiers. Some oxides can not 

be directly classified and can play a dual role dependent on 

the circumstances and are therefore termed intermediate. 

General support for these ideas came from the X-ray 

results of Warren and associated workers (11-19), though 

Warren pointed out that Zachariasen's model was not the only 

possible interpretation of his findings. Nevertheless the 

two sets of work are frequently combined as providing the 

'random network model'. 

An early ~riticism of Zachariasen's work came from 

Hagg (20) in 1935, who objected to the need for a continuous 

3-dimensiona1 network to be present. He thought that glass 

formation was due to the presence of large, complex anions 

in the me1t,which are strongly bound. It was argued that 

these would be difficult to assimilate into a regular lattice 

and hence there would be a tendency towards supercooling and 

glass formation. 

Solomin (21) in 1940, and Tarasov and co-workers in later 

years (22, 23), when considering the structure of vitreous 

silica suggest the presence of molecular chains or even 
\ 

'linear branched net-like' regions. This; unlike the 
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Zacharias en model, accepts the possibility of silicon-oxygen 

tetrahedra being joined along their edges. Richter et al (24) 

come to a similar conclusion and these general ideas are 

supported by Stevels (25). An interesting observation, which 

can be considered to uphold this line of theory, comes from 

Bruckener (26). He finds an assymetry in the density of 

vitreous silica fibres, with the density in the radial direction 

being greater than that in the axial direction. He assumes 

this to be due to the orientation of the chains along the axis 

of the fibres. These general ideas of the presence of 

cross-linked chains are commonly referred to as the polymeric 

hypothesis. 

Huggens, Sun and Silverman (27), again concentrating on 

silica, pointed to the fact that different molecular structures 

exist in the various crystalline silicate minerals. There are 

semi-infinite sheets in mica, semi-infinite chains in pyroxenes 

and rings in wollastonite. They considered that vitreous 

silica was made up of a mixture of these units, the fraction 

of each ,type,being dependent on composition. Similarly, 

Van Wazer (28) believes in the presence of rings and chains 

in the structure of phosphate glasses. 

In place of these units Bockris and co-workers (29, 30) 

and Fajans and Barber (31) consider a 'discrete ion' concept 

in which distinct, large but not infinite molecular groups 

are present in glass, with the physical properties being 

controlled by the type of ion that is predominating at a 

particular composition. 

Kobeko (32), in a completely different approach, 

postulates the existence of a more 'orderly amorphous' structure 
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being present in the super-cooled liquid than in the more 

usual liquid. This new structure then becomes fixed on 

vitrification. This is often referred to as the 'hypothesis 

of short range order'. 

Another theory to appear is the 'micro-homogeneity' 

theory, which is mostly the result of work by Porai-Koschitz 

and co-workers (33-35). Using mainly X-ray diffraction data 

attempts are made to illustrate the presence ,of micro-regions 

of varying composition. For example, binary silicates were 

thought to consist of regions with a sodium meta-silicate 

composition surrounded by vitreous silica. Notably, no attempt 

was made to explain the structure of the inherent vitreous 

silica. 

Apart from direct structural theories various authors 

have put forward ideas regarding the nature of the chemical 

bonding necessary if glass formation is to take place. 

Sun (4) assumes that there is a greater tendency towards glass 

formation if the atomic bonds are very strong. Simplistically 

his line of thought is that on solidification it is more. 

difficult for the atoms to rearrange into a crystalline form 

if the bonds in the liquid are strong. 

Smekal (36) puts the emphasis on the actual type of bond. 

He believes that a mixed bond is desirable for glass formation, 

i.e. one which is neither purely covalent nor purely ionic. 

He argues that covalent bonds are too directional for the 

required random nature to be achieved, and that ionic bonds 

are so non-directional that it is easy for the atoms to align 

themselves on freezing, hence an intermediate bond is necessary. 
h • 

Stanworth (37) agrees with the need for intermediate bonds but 



6. 

recognises the fact that the formation of such bonds is due 

to the particular difference in the electronegativities of 

the atoms concerned. Hence, it is his view that glass formation 

would be favoured if the difference in electronegativity of the 

constituent atoms lies within a certain range. 

In general these bond theory predictions are in quite good 

agreement with what is found in practice. However, invariably 

there are exceptions to the general case and the predictions 

cannot be applied with a great deal of reliability. Similar 

comments can be made on the structural theories mentioned 

earlier; each theory can seem to be applicable in certain 

cases, but not to be applicable in certain other cases. Given 

the wide range of materials that form glasses it is highly 

probable that no one theory can apply universally. Indeed, 

even for a particular multicomponent system,the structure, and 

the theory pertaining to it, may change considerably as the 

composition within the overall system is varied. 

1.2 Conversion to Glass-Ceramics. 

The re-crystallisation of a glass into a glass-ceramic 

is somewhat analagous to the crystallisation of a melt on 

cooling. Crystallisation does not occur uniformly and 

simultaneously throughout the material, rather it occurs on 

certain sites, called nuclei, which tend to grow in size until 

much or all of the original material has become crystalline. 

It is thus possible to consider crystallisation as consisting 

of two processes. Firstly, there is the formation of the 

growth sites i.e. nucleation, and secQndly there is the growth 

of these sites. The kinetics governing these two processes , 
can be treated individually with the overall result being their 
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combined effect. Only a brief account of the processes is 

given here, since thorough, detailed accounts have been written 

by many other authors (e.g. 38-45). 

1.2.1 Nucleation. 

Nucleation can be of two types. If nucleation occurs in 

a pure phase, and the probability of it occuring is independent 

of position within that phase, then the phenomenon is called 

homogeneous nucleation. If nucleation occurs at the interface 

with a foreign particle, which would serve to catalyse the 

nucleation, then the phenomenon is called heterogeneous 

nucleation. Homogeneous nucleation will be discussed first. 

Consider cooling a liquid to its 'melting point', Tm" At 

this temperature the free energy of the liquid is equal to that 

of the crystalline solid. On cooling below Tm the free energy 

of the liquid is higher than that of the solid and there is a 

tendency for nucleation to occur. However, the formation of 

nuclei necessitates the building of a solid/liquid interface 

which itself needs energy to achieve. Hence, it is generally 

the case that some degree of supercooling is necessary before 

it is favourable for nuclei to form. 

It can be shown (40, 44, 46-49) that the rate of formation 

of nuclei per unit volume of liquid, I, is given by: 

I = nf .exp (-l6A1iG~2) exp( -GR ) 

3RTG~ RT 

where: 

n is the number of particles per unit volume, 

f is the frequency of vibration of particles at the 

crystal/liquid interface, 

" A is Avogadro's number, 



GB is the bulk free energy of crystallisation, 

GS is the free energy per unit surface area of the 

crystal/liquid interface, 

V is the molar volume, 

GR is the energy concerned with the re-arrangement of 

the liquid particles into the correct crystal structure. 

In essence, the first exponential factor describes the 

'thermodynamic barrier' to nucleation, while the second 

exponential factor is concerned with the 'kinetic barrier': 

8. 

Consider the case when the temperature is ~T below the 

melting point. The entropy of fusion, ~S, which is assumed 

to be independent of temperature, is related to the change 

in GB with temperature by: 

-AS = d (GB) 
dT 

However, the second law of thermodynamics shows (e.g. 50) 

that ~S is equated to the latent heat of melting, L, 

by: 

AS = 

Hence 

It follows that the equation for the nucleation rate can 

be written as: 

I = nf .exp( -16A1TG~rr;) exp (-GR) 

3RTL 2Ai!. RT 

It will be noted that the nucleation rate is highly sensitive 

to the degree of supercooling due to the 6.T2 term in the 

exponent. 

The above treatment assumes that the steady state has 
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been reached and does not include initial transient effects. 

-If the melt is seeded then heterogeneous nucleation can 

take place, which will always tend to decrease the degree of 

supercooling that is necessary before nucleation begins. It 

must be recognised that pure homogeneous nucleation is rather 

difficult to achieve, there are always trace impurities 

available, or even the walls of the liquid container will 

suffice. 

The effectiveness of such a seed, or nucleating agent, 

depends very much on the resemblance of the lattice spacings 

of the inhomogeneity with respect to those of the phase being 

crystallised. The smaller the degree of disregistry then the 

greater the tendency to nucleate. It is for this reason that 

the best nucleating agent is an unme1ted seed crystal of the 

liquid in question, or a similar isomorphous crystal. 

The important factor in heterogeneous nucleation lies 

in the surface tension between the inhomogeneity and the 

nucleated phase. If this is low then heterogeneous nucleation 

is favoured. A manifestation of this surface tension lies in 

the contact angle, e , at the junction of the inhomogeneity 

and the nucleated phase. It is possible to adjust the 

'thermodynamic barrier' exponent by multiplying it by a 

function f(9), in order to convert the resultant nucleation 

rate to be that concerned with heterogeneous nucleation. 

fee) is given by (see 45): 

f(8) = (2 + cost)(l - Cose)2/4 

For any value of (00< 9<1800
) the thermodynamic barrier 

is reduced and nucleation will occur more easily than in the 
\ 

homogeneous case. 
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1.2.2 CrYstal Growth. 

The following ideas regarding the subsequent growth of 

the nucleated crystals were first formulated by Turnbull in 

1956 (43). Crystal growth is essentially the result of the 

difference between two kinetic processes; firstly the transfer 

of atoms from the liquid to the crystal, and secondly the 

reverse process. Two energy values are important. Firstly 
, . 

there is the diffusional energy, GD, require~ for an atom to 

cross the interface between the liquid and the crystal, and 

secondly there is the free energy of crystallisation, GB• 

In transfering an atom from liquid to crystal the 

activation energy that has to be overcome is simply GD, for GB 
is in its favour. For the reverse process the activation energy 

becomes the sum of GD + GB• Hence the net rate of transfer ot 

atoms to the crystal 6N becomes: 

~N = nt[exp(-:~) - eXP{-(GD :TGB1)] 

,1N = nf.eXP(-Gp){l - eXP(-G:§} ) 
. R~ RT 

The symbols used are as defined previously. As each particle 

is deposited on the crystal surface the effective increase in 

the crystal dimension is of the order of the particle 

separation ao • Consequently, the rate of crystal growth, 

U, is given by: 

U = ao·nf .exp (-:~)(1 - exp (-~l) 

There is one further refinement to be made to this 

equation. Growth in general does not occur uniformly over 

the crystal surface, it is more energetically favourable for 
'\ 
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atoms to be deposited on steps provided by screw dislocations 

present on the surface. Therefore only a fraction of the atomic 

sites are actually available for growth. The correction factor, 

by which the above growth rate has to be multiplied in order to 
.' 

allow for this effect, is given approximately by ~T/21iTm (45). 

The decrease in the bulk free energy at the crystal surface 

results in the emission of heat. If the thermal conductivity 

of the material is not sufficient to conduct this away then 

there is a build up of temperature at the interface and the 

application of the above equation is affected (51). However, 

only in cases where extremely high growth rates occur does 

this become important (45). 

Typical curves showing the relationship between the 

nucleation rate, the growth rate and the degree of undercooling 

are shown in Fig. 1.1 (45, 52). The crystallisation of a glass 

to form a glass-ceramic is analogous to these processes 

described above. Hence, depending on the crystallite size 

required, the conversion usually takes the form of a two 

stage heat treatment. The specimen is first held at a lower, 

nucleating temperature before being heated to the higher crystal 

growth temperature. It is then usually allowed to dwell at 

this temperature until crystallisation is complete. 

1.3 Origins of the Project and Possible Applications. 

Initial ideas and enthusiasm for this project stemmed from 

communications with Borax Research Ltd. (B.R.L.). It had 

been discovered that a highly conducting glass or glass-ceramic 

could be formed by doping an anhydrous borax based glass 

(Na2 0:2B203) with certain halides (53). 

There was obviously a great deal of scientific interest 
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in these materials. The nature of the conducting species, 

the mechanism of conduction, the effects of heat treatment, 

and the inter-relation of conductivity and structure all had 

to be investigated. This type of work would involve the use 

of a wide range of experimental techniques and would form a 

very interesting project. 

12. 

Furthermore, there is also a direct technological 

application associated with these materials. This application 

lies in the field of electrolytes for high power density 

batteries. Such batteries have been considered for use in 

various traction vehicles, such as railway engines, cars and 

other road vehicles (for example see 54-56), and for use as 

a load levelling facility by the electricity supplY,industry 

(for example see 57, 58). The possible use'in such batteries 

of a highly conducting material based on sodium ion transport, 

will be illustrated in the following discussion. 

The traditional battery in common use every day is the 

lead acid battery. However, this has an inherent problem in 

the fact that its associated energy density is very low; only 

approximately 30 Wh/kg. (58). Coupled with this is the 

relatively high cost of raw materials, i.e. lead. Hence, it 

is of little surprise that considerable effort has been made 

in attempting to find an alternative battery. 

Several battery systems have been considered including 

nickel-iron at 40 Wh/kg., silver-cadmium at 80 Wh/kg., 

zinc-air at 150 Wh/kg. and lithium-sulphur at~300 Wh/kg., 

(all figures taken from 59). Despite its huge energy density 

the lithium-sulphur battery is not the most widely investigated 

battery. This is because of manufacturing problems and the 
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difficulty in obtaining an electrolyte. Rather, the battery 

most favoured is the sodium-sulphur battery, with an energy 

density of approximately 230 Wh/kg. (59). The basic principles 

of operation have been investigated by a host of workers and 

are well understood (e.g. 60-63) and the areas of possible 

application are constantly being reviewed (64-68). 

The electrodes in this battery are liquid sUlphur and 

liquid sodium, together with an electrolyte of beta-alumina. 

The battery is operated at 3500 C in order to keep the electrodes 

molten. It was the discovery of beta-alumina that really 

made the possibility of manufacture of the battery a viable 

idea. The problem was not only that the material had to be 

highly conducting to sodium ions, but it also had to survive 

in a very harsh chemical environment, be mechanically strong, 

give long life, be easily formed to the necessary shape and 

the raw materials and manufacturing costs had to be as low as 

possible (see 69). 

There are, however, considerable problems to be overcome 

when using beta-alumina as the electrolyte. Firstly, it is 

very difficult to machine and shape to the form needed, and 

secondly it is a difficult material on which to form seals. 

Despite these drawbacks beta-alumina has remained the first 

choice material because of its extremely high conductivity and 

chemical inertness. 

Nevertheless, the idea arises of whether it would be 

possible to use a glassy material as the electrolyte instead 

of beta-alumina (e.g. 70). Glasses generally consist of low 

cost raw materials, the manufacturing process is usually easy, 

there is no problem in moulding a particular shape that may 



14. 

be necessary, and the conduction is isotropic, so that there 

are no problems associated with grain boundaries or orientation. 

Furthermore, by adjusting the exact composition and/or changing 

the heat treatment procedure, the physical properties of the 

glass can be changed to some extent. Hence, the matching of 

thermal expansions for seals etc. can be achieved more easily. 

The seals themselves would still remain a problem, though the 

favourable possibility of direct glass-to-metal seals could 

be considered. 

However, all of this speculation relies on the availability 

of a glass with high sodium ion conductivity. It is not 

absolutely necessary to emulate the extremely high conductivity 

of beta-alumina because the glass electrolyte could be made 

much thinner, nevertheless a very high conductivity is required. 

A number of highly ionically conducting glasses have been 

found, but in most cases the mobile ion is either lithium, 

silver or occasionally the fluoride ion. The glasses with 

highly mobile lithium ions include the systems Li20 + LiF + 

Al(P03)3 (71), Li20 + B203 + LiX (X = I, Br, Cl, F) (72-76), 

and Li20 + B20
3 

+ LiF + Li2S0
4 

+ Li2S0
3 

(77). Those with highly 

mobile silver ions include AgX + Ag20 + P205 (X = I, Br, Cl) (78), 
, 

AgI + Ag20 + Mo0
3 

(79), AgX + Ag20 + B20
3 

(X = I, Br) (80) and 

Ag2S + AgP0
3 

(81). The fluoride ion conducting glasses are 

based on ZrF4 (82). 

Because of the direct comparison with highly conducting 

lithium halo-borate systems and silver halo-borate systems, 

mentioned above, in the first instance it is perhaps not 

surprising that the sodium halo-borates show high conductivity 

also. How~ver, effects to be mentioned later give surprising 
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and interesting results. 

-It is usually the case that the electrical conductivity 

of the re-crystallised glass-ceramic is inferior to the parent 

glass (45,79, 83). However, should the reverse be true in 

a particular case, then the material could still be considered 

as a possible electrolyte. Admittedly, a further heat treatment 

step would be introduced into the manufacturing process, but 

this could be contended with providing it brings about no 

great inherent deformation. Furthermore, the re-crystallised 

glass-ceramic is usually much stronger than the parent glass (45), 

which would be a favourable improvement. 

Borates are quite resistant to attack by sodium and hence 

the possibility of using these materials as an electrolyte 

could be considered viable. 

1.4 Aims for Advancement. 

It must be remembered that throughout the period of this 

project there has been very close liason with an industrial 

research group at B.R.L., who have been working on similar 

materials. From the outset it was decided that the emphasis 

of the work in the respective laboratories should differ; 

while work at B.R.L. would concentrate on maximising the 

electrical conductivity of the materials and assessing their 

performance and viability as electrolytes, work at Warwick 

would concentrate on the understanding of the conduction 

process and its mechanism, on considering any structural 

effects, on the effect of heat treatments on conductivity, and 

on the possible extension to other analagous materials. 

It is this latter area of work that is reported in , 
this thesis. 
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1.5 Thesis Plan 

The thesis is divided into eight chapters. 

Chapter 2 reviews current knowledge and opinions regarding 

electrical conductivity in various glassy and crystalline 

materials. It includes a brief discussion of electronic 

conductivity but concentrates mainly on the theory of ionic 

conduction and on the various materials for which this process 

is important. 

Chapter 3 describes the compositions used, the method of 

glass preparation and the heat treatment processes used in the 

conversion to glass-ceramics. 

Chapter 4 discusses all the experimental apparatus used and 

the techniques employed in making the measurements, including 

forms of the samples used in each case. Also mentioned are 

possible sources of error that arise in each technique. 

Chapter 5 contains the results pertaining to electrical 

conductivity and transport phenomena in general. 

Chapter 6 gives an account of the results obtained from 

techniques that were used to investigate the structure of the 

glasses and glass-ceramics. Such results complement the results 

of ChaDter 5. 

Chapter 7 disusses the overall experimental findings and 

attempts are made to correlate the observed changes in conductivity 

with changes in the structure. 

Chapter 8 summarises the salient features of the work and 

generally concludes the discussion. Suggestions for future work 

are made. 



CHAPTER 2 

Electrical Conductivity Processes in Glasses. Glass-Ceramics 

and Ceramics. 

2.1 General Comments. 

Electrical conductivity is one of the most important 

physical properties of any material and governs its possible 

use in a host of applications. The range of conductivity in 

glasses and ceramics is vast, some materials are highly 

insulating, others are semiconductors, while others are 

superionic conductors. Consequently, there is a great 

diversity of application, which serves to encourage further 

study into the understanding of electrical phenomena. Not 
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only is there an interest in conductivity from a phenomenalogical 

viewpoint but it also provides a fascinating subject for 

workers in theoretical aspects of physics and materials sCience, 

and there is.an increasing tendency to approach the subject 

from a modern quantum mechanical regime. 

Charge can either be carried by electrons, holes or 

ions, hence the subject of electrical conductivity is generally 

split up into two branches, firstly electronic conductivity 

and secondly ionic conductivity. However there is a growing 

tendency to compare these two branches from a theoretical 

outlook and attempts have been made to unify theoretical idGas 

regarding the two subjects. (For a detailed discussion on 

this topic see (84) ). 
-

It should be remembered that both electronic and ionic 

conductivity occur in all materials. However it is usually 

the case that one of these mechanisms predominates over the 
\ 

other. Consequently materials tend to be classified as either 
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electronic conductors or ionic conductors. This project is 

mainly concerned with ionic conduction and hence a rather less 

detailed description of electronic conductivity processes will 

be given in comparison to the discussion on ionic conductivity. 

2.2 Electronic Conductivity. 

Theoretical ideas regarding electronic conduction have 

been developed from initial simple assumptions of electron 

movement in 'perfect', 'stationary', 'pure' crystalline lattices. 
. . 

The starting point is the 'Hartree-Fock one electron 

approximation'. This assumes that any electron interacts only 

with the time-averaged charge due to all the other electrons. 

Added to this is the adiabatic approximation which assumes 

that there is negligible coupling between the motion of the 

electrons and the relatively stationary ion cores; this means 

that the ions can be considered stationary on their lattice 

sites. Lastly boundary conditions inherent to the theory are 

set by the periodicity within the lattice. 

Involved discussion of the calculations cannot be entered 

into here. (For a thorough discussion see (85-88». However, 

the general results are threefold. Firstly the available 

energy states are sectioned into bands which lie only in 

certain energy regions. Secondly each electron becomes 

delocalised so that it can no longer be alloted to a given 

ion. Thirdly each electronic state can be described by a 

wave-vector which is restricted to lie in a given range 

called a Brillouin zone. The form of the Brillouin zone is 

governed only by the type of lattice concerned. 

Implicit with this band theory is the concept of a 

density of states function, N(E). This quantity denotes 



the number of states per unit volume available for occupation 

at an energy E. It is possible to calculate the band structure 

of simple crystalline solids and hence to categorise the 

material. If N(E) is non-zero at the Fermi energy then the 

material is a metal or metallic compound with a conductivity 

that tends to a finite value at low temperatures, (these 

materials will not be discussed further). If N(E) is zero 

at the Fermi energy, i.B. the Fermi level is in the band gap, 
., 

then the material is a semi-conductor or insulator. 

For these pure intrinsic semi-conductors the number of 

charge carriers varies as T3/2exp(-~/2kT) where 6G is the 

energy gap (86 p.23l, 87 p.198). The mobility of the carriers 

is governed by phonon scattering and varies with temperature 

as T-3/2 (88 p.155, 89 p.15-l6). The conductivity which" is 

essentially the product of mobility and carrier density 

therefore varies as exp(-AG/2kT). 

Before considering amorphous semiconductors it is 

interesting to consider the results of doping or of including 

defects in crystalline materials. Such entities introduce 

localised states which lie within the energy gap. Depending 

on the type of defect or dopant that is present, two types of 

state can occur. Firstly occupied states can exist close to 

the conduction band (donor states), secondly unfilled states 

can exist just above the valence band (acceptor states). It 

then requires little energy to raise an electron from the 

donor level to the conduction band or from the valence band 

to a donor level tleaving a hole in the valence band). 

Consequently, the conductivity of the material is vastly 

increased even'for relatively small amounts of impurities. 

19. 
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Such conductivity is termed extrinsic conductivity, in 

comparison to the intrinsic conductivity of the pure, perfect 

crystal. A thorough discussion of the doping of semiconductors 

can be found in any solid state physics text (e.g. 86-89). 

2.3 Amorphous Semiconductors. 

The whole theory of electron energy bands has been built 

up from ideas assuming lattice periodicity and that each 

electron can be described by a Bloch wavefunction with an 

associated wavenumber. Consequently, it may be thought that 

such bands could not exist in amorphous materials where there 

is no periodicity. However this is clearly not the case. 

One of the obvious features of most glasses is their 

transparency to visible or perhaps infra-red radiation. As the 

frequency of the radiation is increased a cut-off region is 

eventually reached; this is synonomous with an energy gap, 

i.e. bands still exist. It is assumed (85 p.1-2) that the 

band structure of the glass is not greatly different from that 

of the crystalline material, except that any structure in the 

bands is smoothed out and, more importantly, some localised 

states may appear in the energy gap. Consequently, it could 

therefore follow that NeEf) is not zero for an amorphous 

semiconductor. ',(Ef is the Fermi energy). 

The origin of these bands is perhaps most easily explained 

by Anderson's tight binding approximation (85 p.43. 88 p.140). 

When atoms are well separated the equivalent energy levels 

on each atom will be exactly the same. However, as they are 

brought together the Pauli exclusion principle demands 'that 

the energy levels are slightly shifted relative to each other. 

Consequently, bands of energy states arise, the shape of the 
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b8.nds (and whether they overlap or not) being determined by 

the final arrangement of the atoms and the particular type 

of energy state involved. From this qualitative viewpoint there 

is no inherent reason why the arrangement of the bands has to 

be periodic. 

A difference between intrinsic crystalline semiconductor 

energy bands and those of an amorphous semiconductor lies in 

the respective tail regions of the conduction and valence bands. 

In the case of amorphous semiconductors, Gubanov (90) and 

Banyai (91) demonstrated that',the states are localised and 

not extended, even though the wave functions of the states 

overlap t85 p.3 and p.46). 

With this resulting band scheme for amorphous 

semiconductors three possible transport mechanisms for 

carrier conduction occur (85 p.4?). Firstly, as in the case 

of intrinsic crystalline semiconductors, there is the 

possibility of promoting electrons to the conduction band, 

followed by their motion therein. In this case the conductivity 

-(Ec-Ef) varies as exp , kT ' where Ec 1s the lower edge of the 

extended state conduction band and Ef is the Eermi level. 

Here, the mobility has a value of approximately 0.1 cm2v-l s-l 

(85 p.48). This expression should be compared to that above 

for intrinsic crystalline semiconductors where Ef lies in the 

centre of the gap so that Ec-Ef=Eg/2. 

The second conductivity mechanism is hopping between the ' 

localised states in the band tail and the band gap. This 

type of hopping 1s thermally activated as it needs the 

interaction of phonons in order to succeed. The associated 



mobility is given by (84 p.375): 

~ =ea2·~h·exp(-W/kT).exp(-~a) 
kT 

where W is the energy difference between the sites involved 

in the 'hop', \)Ph is a phonon frequency, 'a' is the hopping 

distance and the term exp(-2~a) describes the overlap of 

the wavefunctions describing the two sites, with ~ indicating 

the rate of spacial decay of the localised wavefunction. 

The mobility in this case is typically an order of magnitude 

smaller than that in the former case. 

Over most of the temperature range, dependent on the 

glass concerned, one of these two mechanisms, mentioned 

above, predominates. It is only at low temperatures that 
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the third mechanism, variable range hopping, need be considered. 

This can only occur when N(Ef) is non-zero and involves hopping 

to sites which are energetically, but not spacially, closer 

to the original site and foregoes nearest neighbour hopping. 

Conduction occurs only near the Fermi energy and varies 

as exp(_B/Tl / 4), (85 p.48). 

Amorphous germanium and amorphous silicon are typical 

semiconductors and their conductivities are well documented. 

(As a general reference see 85 p.345 and p.362). It has 

proved possible to separate the conduction due to each of 

the above three mechanisms, and it is found that for germanium 

variable range hopping predominates almost up to room temperature, 

where localised electron hopping takes over. At higher 

temperatures localised hopping by holes becomes the most 

important factor. Similarly for silicon, over a large 

temperature range, variable range hopping proves to have 

first priority. 



One further point must be mentioned in association 

with these two amorphous semiconductors. Their conductivity 

is not very sensitive to dopants which would form donor or 

acceptor states in the crystalline materials, (92). This 

is in marked contrast to the effect of such dopants on the 

crystalline materials, as was mentioned earlier. It is 
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postulated (93, 94) that this difference is due to the fact that 

in the crystalline material the dopant, e.g. five valent 

phosphorus, is taken into the lattice directly .in place of 

the four valent germanium or silicon atom. This allows its 

fifth valency electron to become loosely bound. In the case 

of amorphous germanium or silicon the network is able to 

rearrange so that all the valence electrons of the phosphorus 

atom are used in bonding. Consequently, there is no loosely 

bound electron able to contribute to conduction. 

Chalcogenide glasses also form an interesting group of 

amorphous semiconductors. Their conductivities generally 

show an exponential dependency on temperature and the 

associated mechanism is thought to be thermally activated 

localised state hopping with holes being the main carriers 

(84 p.387, 85 p.535) though the precise nature of this 

hopping remains open to debate. 

The value of the conductivity is very low, for amorphous 

selenium it is approximately lO-16Jl-1cm-1 (95). 

One other family of amorphous semiconductors must be 

discussed, and they provide rather a contrast to those 

mentioned previously as their conductivity mechanism does 

not involve band theory. These are the oxide glasses that 

contain transition metal ions. The electronic conduction 



in these glasses arises from charge transfer between ions 

of variable valency. Historically the glass most frequently 

investigated is V20
5 

in P20
5

, (96), but other transition 

metal oxides such as FeO, CoO, Cu20 and NiO can easily be 

incorporated into a glass forming oxide base. (For a general 

review see 97 p.579). The conductivity of such glasses can 

be represented by the following typical equation: 

V4+ _ 0 _ V5+ --. V 5+ - ° _ V4+ 

i.e. inter-ion electron migration takes place. The 

conductivity is dependent on the overall concentration of 
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the transition metal ions and also on the relative concentrations 

of the high- and low- valency ions, with a maximum in the 

conductivity occuring when the concentration ratio is 

unity (98). 

Because the conductivity is governed by a migration rate 

the usual exponential dependence of conductivity on temperature 

is observed to hold (97 p.587). 

2.4 Ionic Conductivity Theory. 

Over the years an enormous amount of data has been 

published regarding the ionic conductivity of a wide range 

of both crystalline and glassy materials. Theoretical ideas 

describing these phemomena have remained rather simple, but 

nevertheless describe the experimental findings rather well. 

As early as 1908 it had been established (99) that, for 

a large number of crystalline and glassy materials, the 

conductivity-temperature relationship could be described· by: 

log e= A + ~ 
T 

where (?is the resistivity and A and B are constants. However, 
~ 

the first person to determine experimentally that electrical 



conduction could be due to the motion of ions was Joffe 

in 1931 (100), who was working on crystals of the rock-salt 

type. Even so, it was not until 1946 that Frenkel put forward 

ideas that related ionic motion to the above formula (101). 

He was working on crystalline materials at the time, though 

similar concepts for the glassy state soon followed from 

Stevels (102, a and b). 

The diffusion process envisaged by Frenkel was of two 

types. Firstly there was the motion of interstitial ions 

between interstitial sites, and secondly there was the movement 

of lattice ions into neighbouring lattice site vacancies. 

Essentially this second process can be thought of as being 

the diffusion of lattice holes. In either case the ion is 

described as being in a potential well and the diffusion 

process is controlled by the activation energy needed to 

complete the in~er-site 'jump'. 

The following theory initially concerns periodic crystal 

lattices, but it,will ultimately be extended to include glassy 

networks. In the case of these periodic lattices in zero 

applied field the varying atomic potential can be 

diagramatically illustrated as in Fig. 2.l.A. The mobile ion 

will tend to rest at the minima of the potential well (i.e. at 

positions x, y, z) where they vibrate with thermal energy at 

a frequency foe The probability that at any instant in time 

the ions have an energy E is governed by the Boltzmann 

factor exp(-E/kT). 

It follows that the number of jumps per second that an 

ion makes either to the left or to the right, is given . , 
by fo.exp(-U/kT) where U is the well height. In zero field 

25. 
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the probability of jumping to the left is equal to that of 

jumping.to the right. Consequently if fL corresponds to the 

frequency of jumps to the left, and fR to the frequency of 

jumps to the right, then in zero field: 

fL = fR = ~fo·exp(-k~) 
When an external electric field, ¢, is applied, the potential 

diagram, while maintaining its well-like character, will 

acquire a constant slope, as in Fig. 2.1.B. The difference 

in potential energy of the ions in adjacent well troughs 

(or of adjacent peaks) is given by ¢.a.q. where q is the 

charge on the ion and a is the well separation. Consequently 

the barrier height for a jump to the left has been increased 

by 1 ¢aq, while that to the right has been decreased by the 
2 

same amount, i.e. the situation becomes: 

fL = ~.fo·exp(-(u + 

fR = ~.fo. exp(-(u -

1/2 
kT 
1/2 
kT 

¢ag») 
¢ag») 

Thus the net flow of ions to the right, J::.f, is given by: 

Af 

Af 

It must be emphasised that the application of an external 

field does not 'force' or 'pull' ions out of the potential 

well, but rather serves only to preferentially direct what 

was otherwise random motion. 

The distance moved with each jump is a, hence the drift 

velocity to the right, V, of each mobile ion is given by: 

V = a. Af 

The current density, j, is defined as: 

j = n.q.V 

26. 



where n'is the number of mobile ions per unit volume. 

Consequently: 

j = n.q.f .a.exp(-U).sinh(~) 
o kT 2kT 

Except in cases of very high field, ¢aq« 2kT, 

i.e. 

and 

sinh(~) ~ ~ 
2kT '" 2kT 

j = n~q2a2fo .exP(=:) 
2kT kT 

The resistivity, (l, is defined as 

e = ~ 
j 

hence, p = 2kT .exp(.!L) 
nq2a2fo kT 

Note that this theory has described one dimensional 

behaviour. In a three dimensional crystal jumps will occur 

in directions that are not necessarily parallel to the applied 

field. This introduces a numerical multiplying constant, of 

the order of unity, into the pre-exponential part of the 

above equation. 

The above relationship is the same as that deduced by 

Frenkel (101), Owen (103) and by Hench and Schakke (104). 

Other authors have put forward similar formulae which differ 

from this by only a numerical constant. For instance 

Stevels (102), when considering glassy materials, writes: 

p = 6kT oexp(u) 
bnq2a2fo kT 

where b is the number of adjacent wells that the mobile ion 
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can jump into. Mazurin (105) supports the work of Skanavi (106) 

and defines the resistivity by: 

f= 3kT oexp(.!L) 
nq2a2 f o kT 

In all cases the discrepancies are very minor. It is very 



common to write the equation in the following form: 

log (> = 10g(; 2kT ) + !L 
nq2a2 f kT 

o 
In most experiments, when measuring the resistivity as a 

function of temperature, the factor !L varies very much 
kT 

more quickly than the logarithmic term in the expression. 

This logarithmic term is therefore frequently treated as a 

constant, and the equation can be· written in the form: 

where 

and B = U 
it 

This is precisely the same form as that found empirically 

(mentioned above). 

The equation needs one further refinement. The value 

of n has so far been taken to be constant; this is simply 

not the case. The number of vacancy pairs or interstitial 

ions per unit volume varies as: 

n = n exp(-w \ 
o 2kTJ 

where W is the energy needed to create a vacancy pair or 

to remove an ion from a lattice site to an interstitial 

position (86 p.539, 88 p.37). The resistivity equation 

then becomes: 

log e = 10g(; 2kT ) + U + 1/2W 
noq2a2fo kT 

In principle this variation of n would only affect the 

gradient of a plot of log p versus liT, the form of the 

relstionship would be unaltered. However, in real crystals 

the situation is more complicated. In such a crystal there 

are some inherent defects such as interstitials and vacancies 
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which are due to the presence of impurity ions, grain 

boundaries etc., i.e. these defects are not thermally 

generated. At low temperatures the current is carried by 

these inherent defects, the thermally activated defects 

being negligible. The activation energy for the conduction 

is then simply U/k. It is only above a certain temperature 

that thermally activated defects need to be considered. At 

this stage the activation energy becomes eU + W/2)/k and 

the conductivity increases more quickly with temperature 

(see 86 p.544 and 107 p.855 for further discussion on this 

topic). The overall conductivity/temperature relationship 

is shown in Fig. 2.2. The low temperature region is called the 

extrinsic region because it depends on impurities r while 

the high temperature region is called the intrinsic region. 

The situation is rather analagous to that of doped semi

conductors (see earlier). 

2.5 Ionic Conductivity Theory applied to Glasses. 

The above theory and resultant equation for conductivity 

in crystalline materials requires only relatively minor 

adjustment in order to apply it to glasses. There are, 

however, a few points to be considered. 

Firstly Fig. 2.1.A depicts· a regular lattice with constant 

well depth and constant well separation. This is certainly 

not the case in a more randomly arranged glass. Instead, 

the situation is much more like that depicted in Fig. 2.1.C. 

Consequently it is more difficult to assign a single value 

to the well height. The best that can be done is to consider 

U as some complex average of the individual well heights, 

and it will be this average that is observed experimentally. 
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Secondly, the above theory concerns the movement of 

defects such as interstitial ions and vacancies, however, 

the more random nature of glass makes it very difficult to 

sensibly define such defects. Indeed in certain binary 

oxide glasses the alkali metal ions are thought to be almost 

entirely interstitial. In these circumstances it is certainly 

not necessary to have a vacancy formation energy as part of the 

overall activation energy. Consequently the activation energy 

reverts to being U/kT and a plot of log ~ versus liT results 

in a single straight line. 

According to the above equation, the conductivity is 

directly proportional to n, the number density of mobile 

species. Hence assigning a nUmerical value to n is also 

an important issue. While it is thought that nearly all the 

alkali ions in binary glasses become interstitial,it does 

not necessarily follow that they are all mobile. The value 

of n is therefore not simply directly proportional to the 

concentration of alkali-oxide. For example, the conductivity 

of the system Na20-Si02 increases very quickly as more Na20 

is added (108), the rate of increase being far above the 

linear rate expected. One model which attempts to explain 

this effect is the 'weak electrolyte theory' (109, 110). In 

this theory it is postulated that only a small fraction of 

the available sodium ions are sufficiently loosely bound to 

be able to contribute to conduction. The remaining ions are 

held in the macro-molecular skeleton. The situation is then 

analagous to disassociation in an electrolytic solution 

illustrated by the following equation: 
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The rapid increase in conduction is then thought to be 

due to the degree of disassociation increasing rapidly on 

adding Na20, i.e. while the addition of a small amount of 

Na20 may only slightly increase the number density of alkali 

ions, it drastically increases the number of mobile alkali 

ions. Ravaine and Souquet (109) have put forward conductivity 

data which they claim support this theory. 

Models other than the weak eiectrolyte theory have been 
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put forward which also claim to explain this variation of ionic 

conductivity with composition. For example, Glass and Nassau (111) 

suggest a random site model. They believe that a continuous 

energy distribution of alkali ion sites exists and that 

consequently a clear distinction between mobile and immobile 

ions is not meaningful. Instead, they believe that at low 

concentrations of alkali ions only the low lying energy states 

are filled. In this case a high activation energy barrier has 

to be overcome. At increased concentrations of alkali ions 

the less low lying states start to be populated with a 

consequent reduction in activation energy and a disproportion-

ate increase in conduction. 

It has not yet been discovered which of these models 

is correct. 

2.6 The Nature of the Activation Energy. 

Considerable effort has been made in attempting to 

calculate the activation energy U concerned with the ionic 

diffusion process (e.g. 112 - 115). Anderson and stuart (112) 

have put forward a model which allows U to be calculated tram 

other measurable physical phenomena concerned with the glass. 

In this model the activation energy is divided into two parts, 



firstly an electrostatic energy contribution, and secondly a 

strain energy contribution. Hakin and Uhlmann (116) have 

applied the model to alkali silicate glasses with quite good 

results. The electrostatic contribution is calculated from 

the difference in potential between the situations when the 

alkali ions and oxygen ions are separated onlyoy the sum of 

their radii, and when they are separated by half the distance 

between adjacent interstitial sites. The strain contribution 

is found from the work done in expanding a cavity of normal 

radius r 1 up to a radius r 2 , where r 2 is the radius of the 

alkali ion, the unexpanded void radius r 1 being estimated 

from data concerned with the diffusion of gases through the 

material. 

2.7 Ionica11y Conducting Glasses. 

Owing to the vast nature of this subject, and the 

enormous amount of data available, it is only possible to 

cover a few of the more simple or directly relevant glasses. 

The field is certainly still growing, with new and interesting 

glasses frequently being put forward. 

2.7.1 Binary Alkali Silicates. 

These glasses are perhaps the simplest ionically 

conducting glasses in existence. However, their useful 

application as ionic conductors is rather restricted because 

they are not particularly conducting. Vitreous silica itself 

is very resistive indeed (""1016,n.cm. at room temperature, 

104, p.594). It has been shown (117,118) that the conduct-

ivi ty of 'pure' silica is highly sensitive to the number tYf 

impurity ions, especially sodium ions. Consequently it 
.. 

becomes very difficult to assign a definite value to the 

32. 



conductivity. 

The. addition of any alkali oxide to silica vastly 

increases the conductivity. The variation of conductivity, 

and its associated activation energy, with the mole fraction 

and type of added alkali oxide has proved to be a source of 

interest for many authors (e.g. 112,116,119 - 129). 

Owen (103p.120) provides a neat review,as do Hench and 

Schaake (104 p.594 - 605) who also consider the glasses 

in the molten state. 

Considerable scatter becomes apparent when the results 

of various authors are compared, this is particularly 

noticeable for the lithium and sodium silicates. However, 

at least up to approximately 25 mol.% alkali oxide, there is 

a clear trend that the smaller the alkali metal ion then the 

larger the increase in conduction. 

The only disagreement with this general rule occurs 

when considering the sodium and lithium ions. At low 

percentages of alkali oxides both of these binary glasses 

tend to show some degree of phase separation with lithium 

silicate being particularly susceptible (126). Consequently, 

the conductivity that these materials exhibit will be very 

dependent on the precise glass forming conditions used. 

Presumably it is for this reason that such a large scatter 

of experimental results occur. The alkali ions with larger 

radius do not show this immiscibility phenomena. 

At relatively low levels of alkali oxide Owen (103) 

argues that the silica network is still relatively compact. 

Consequently, the activation energy for conduction simply 

depends on the physical size of the ions. It is for this 
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reason that the smaller ions are more effective in increasing 

conduction than the larger ions. 

At large percentages of alkali oxide (~25 mo1.%) many 

silicon-oxygen bonds are non-bridging and the network has 

a much more open structure. In this situation the physical 

size of the ion is not the only important factor. The 

Cou1ombic attraction the alkali ion has to its surroundings 

must also be taken into account. The smaller ions have a 

higher field strength than the larger ions, hence this. 

electrostatic contribution to the activation energy will 

show an opposite effect, as far as ionic size is concerned, 

in comparison to the motional contribution. As a result, 

at large percentages of alkali metal oxide, the activation 

energies for the various types of alkali ions are much more 

similar than they are at low percentages of alkali oxide. 

Also, at large percentages of alkali metal oxide the overall 

rates of decrease of activation energy and resistivity on 

adding further oxide are much reduced (103 p.120, 116, 126). 

Typical results ~llustrating these overall effects are 

given in table 2.1 The values quoted are approximate averages 

taken from a review by Hakin and Uhlmann (116 p.134 - 135). 

Table 2.1 

Conductivity Data for Binary Alkali Silicates 

Mo1.S Activation Energy Resistivity$tcm. 
Alkali Oxide kJ/mo1. (room temperature) 

1~ Na20 75 5 x lOll 

3~ Na20 65 2 x 109 

1~ Cs20 93 6 x 1015 

. 
1010 3~~ Cs20 

, 
66 7 x 
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2.7.2 Binary Alkali Borates. 

Like pure vitreous silica, pure vitreous boric oxide is 

very resistive. Consequently the resistivity that is measured 
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for a particular sample is very dependent on impurity content (130). 

It is so resistive that measurements are usually made only at 

elevated temperatures (> 200·C). Numerous workers (e.g. 130 - 136) 

have studied the conductivity of B20
3

, with some (130, 131, 133, 

135, 136) extending the studies into the molten region. The 

conductivity is apparantly continuous through the softening 

point and the activation energy stays constant. The activation 

energy for conduction that is reported. by the various authors 

is reasonably consistent, with the stated values being in the 

+ range 102 - 8 kJ/mo1. Only Thomas (133) is outside this 

range with his results yielding a value of approximately 139 kJ/mo1. 

The results of the various authors can be extrapolated in 

order to calculate the room temperature resistivity. Typically 

this is of the order of 1020 (tcm, however there is some 

variation between authors. Arndt's results (131) yield 1018S1.cm 

while those of S~htschukerew and Muller yield 1031 ~cm! The 

degree of purity of the samples may well be an important factor. 

In general, the conductivity starts to increase as alkali 

metal oxide is added to the boric oxide base. However the 

situation is not the same as with silicate glasses. For 

silicate glasses, as was mentioned earlier, the conductivity 

drastically increases even on the addition of only small 

amounts of alkali metal oxide, the rate of increase then 

starts to decrease on further addition. In contrast to this 

behaviour, when small amounts of alkali metal oxide (~5%) 

are added to boric oxide the conductivity increases only 



slightly. This is especially true for the alkali metals 

with large ionic radius (5 p.98, 97 p.567, 105 p.21, 132). 

Indeed Spaght and Clarke (134) find that the conductivity is 

at first decreased on adding alkali metal oxide. However, 

above approximately 8% alkali metal oxide the conductivity 

starts to increase dramatically, with it increasing at a 

faster rate than is found in the binary silicates over this 

region (97 p.566). 
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The alkali metal ions with smaller.radius tend to increase 

the conductivity to a greater extent than those with larger 

radius (105 p.22), though this effect is not as pronounced 

as in the case of the binary silicates. 

At higher percentages of alkali metal oxide the 

conductivity of the glasses reaches a reasonable level but 

is still far from high. For example considering a glass 

containing 36% Li20, Ravaine (70) finds a room temperature 

resistivity of 2 x 1010J1.cm with an activation energy 

of 70 kJ/mol. For a similar glass the results of Button 

et al (75) yield 4 x 109J1.cm and 69 kJ/mol. for the 

corresponding values. 

Sample results for a glass containing 33% Na20 are set 

out in Table 2.2. This glass is of extreme importance to 

this project as it forms the basis of most of the materials 

that have been investigated. See Chapter 3. 

\ 



Table 2.2 

Conductivity Data for Na20 

Source Room Temperature 
reference Resistivity 

ohm. cm. 

Spaght (134) 2 x 1010 

Schtschukarew (132) 4 x 1010 

Namikawa (137) 1 x lOll 

Thomas (133) 2 x lOll 

Oka (138)" • 6 x lOll 

.. For readings up to 440·C only. 

2.7.3 The Mixed Alkali Effect. 

: 2B20
3 

Activation Energy 
kJ/mol. 

68 

68 

73 

77 

81 

If a second alkali metal oxide is added to a binary 
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oxide glass, the resultant glass does not have a resistivity 

which is additive in the amounts of each alkali present (5 p.99). 

It is also true that if one alkali oxide is gradually replaced 

by another in a series of glasses then the resistivity does 

not vary linearly with composition. This effect is not 

limited to electrical conductivity, other physical properties 

show discrepancies with predicted behaviour, though electrical 

conductivity is one of the properties in which the effect is 

most pronounced. Nor is the phenomenon limited to a 

particular oxide base, similar trends are found in silicates, 

borates, borosilicates, germanates and other oxide glasses. 

This type of behaviour is called the 'mixed alkali effect'. 

As far as resistivity is concerned, not ·only is there 

a departure from linearity as one alkali oxide is replaced 

by another, but a very pronounced maximum occurs, usually 

at a composition corresponding to equi-molar amounts of 

the two alkali ~oxides. The effect is most noticeable when 



the radii of the two types of alkali ion differ considerably 

(105 p.22, 139). 

Some of the effects can be quite startling. For 

example it has been found for the glass Na20 + 4Si02 that 

the resistivity is increased more if half· of the soda is 

replaced by potash, or by lithia, than if half of the soda 

is simply removed (123). Also if potash is added to a 

sodium silicate glass, the resistivity is increased, whereas 

the addition of further alkali oxide to a binary glass 

invariably leads to increased conduction (123, 140). 

The dependence of this effect on the difference in 

ionic size between the two types of alkali ions is well 

illustrated by the fact that for the glass XLi20 + (1-X)Cs20 + 

Si02 the resistivity for X =.0.5 is a factor of approximately 

104 higher than for the end members of the series, while 

for XNa20 + (1-X)K20 + Si02 the resistivity for X = 0.5 is 

only increased by a factor of approximately 70 over the end 

members (140, and for similar work see also 141 and 142). 

Numerous theor~es have been put forward which attempt 

to explain the mixed alkali effect, some of which remain 

rather qualitative. Authors who have suggested theories 

include Lengyel in 1945 (141), Steve1s in 1957 (102b), 
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Markin in 1958 (143), Myu11er in 1960 (114), Wey1 in 1964 (144), 

Charles in 1965 (142), Day and co-workers (145 - 147), 

Hendrickson in 1972 (148), Hayami in 1972 (149), Sakka 

in 1978 (150) and Matusita in 1980 (151). 

It is admitted and acknowledged that the mixed.a1ka1i 

effect is one of the most interesting and important phenomena 

in the subject of ionic conductivity, both from a technological 



and fundamental point of view. However, it is not of direct 

relevance to the work contained in this thesis. Consequently 

these theories will not be elaborated on here, but most are 

discussed in a review article by Isard (152). 

2.7.4 Glasses Containing Halogens. 

2.7.4.1 Borates. 

Most work in this category has concentrated mainly on 

the addition of halogens to lithium borates or silver borates. 

It has been consistently found that the addition of a halogen 

to the base glass has enhanced the ionic conductivity. 

In a series of papers (73, 74, 153, 154) Levasseur, 

Hagenmuller and co-workers have studied the system B20
3 

+ 

Li20 + LiX ex = a halogen). They have found that the 

resistivity can be reduced to only 3 x 105f1.cm. at room 

temperature, the activation energy being approximately 

44 kJ/mol. This occurs for the glass 41.1% B20
3 

+ 23.4% Li20 + 

35.4% LiCl (see also Ravaine, 70). 
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Actually, for corresponding doping levels, it was found that 

the halides with larger anion radius (i.e. LiI) could enhance the 

conductivity to a greater extent than those with smaller anion 

radius (i.e. LiF). However, in the case of LiI, the glass-forming 

region is reduced because the glass tends to devitrify on the 

addition of only small quantities of it. Consequently," due to 

the fact that more Liel than LiI can be incorporated into the 

glass, maximum conductivity can be achieved by using the 

former halide. 

Button et al (75, 155) have worked on similar materials. 

They found that the room temperature resistivity could be 

reduced to 7 x 106 ft.cm. for a glass of composition 



22.6% LiCl + 21.~~ Li20 + 56.4% B20
3

,the activation energy 

was approximately 55 kJ/mol. 

Smedley, Angell and co-workers (72, 76, 77) have 

worked on the system Li20 + B20
3 

+ LiF. The lowest resist

ivity achieved was approximately 107Jl.cm. at room 

temperature with an activation energy of 56 kJ/mol. This 

was for the glass 44% B20
3 

+ 36% Li20 + 2~~ LiF. This group 

of workers also investigated the addition of Li2S0
4 

and 

Li2S0
3 

to the ternary glass. They found that the room 

temperature resistivity could be further reduced, for 

example down to 3 x 106Jl.cm. for 14.8% Li20 + 25.5% LiF + 

31.7% B20
3 

+ 15.?~ Li2S04 + 12.3% Li2S0
3 

(77, see also 72 

for similar compositions). 

Overall it appears that the addition of LiCl to the 

binary glass can increase the conductivity by up to 4 or 5 

orders of magnitude if introduced in the correct proportions. 

Minami and co-workers (80) have investigated the 

addition of silver halides (iodides and bromides) to silver 

borate glasses. The resulting glasses have proved to be 

very highly conducting indeed. The lowest resistivities 
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were achieved using AgI and were of the order of 1.5 x 102!l.cm., 

the activation energy being approximately 25 kJ/mol. This 

occured for the composition 500~ AgI + 25% Ag20 + 25% B20
3

• 

Apparently the only work carried out on sodium 

halo-borate materials was performed by Stalhane in 1930 (156) 

on the conductivity of molten specimens. Whilst this 

can not be directly related to work on glass, it is 

interesting to note that he found that the conductivity 

of Na20 + 2B20j'increased on the addition of NaF, and 



increased to a greater extent on the addition of NaCl. 

2.7.4.2 Phosphates. 

As in the case of the halo-borate glasses mentioned 

above, the halo-phosphates that have been investigated 

most frequently are those of lithium and silver. 

Doreau et al (157), in investigating the lithium 

chloro-borate system, found that the minimum room temperature 

resistivity occured with the glass of composition 40.6% Li20 + 

29.4% P205 + 30% LiCl, and has a value of 2 x io6 Sl.cm. 

The corresponding activation energy was 51 kJ/mol. 

Ravaine (70) quotes results for the glasses 56.3% Li20 + 

18.7% P20
5 

+ 25% LiX (X = F, Cl, Br). He finds that the 

room temperature resistivity decreases from 5 x 107J1.cm. 

for LiF, to 1.1 x 107 Jl.cm. for LiCl and to 1.3 x 106 .R.cm. 

for LiBr. Thus for conductivity enhancement purposes the 

effect of the various halides is in the order LiBr> LiCl > LiF. 

The silver halo-phosphate glasses are reported to be 

more conducting than the lithium based materials. Minami 

and Tanaka (78) investigated the glasses Ag20 + P20
5 

+ AgX 

(X = I, Br, Cl). It was found that the iodide glasses were 

more conducting than the bromide glasses which were in 

turn more conducting than the chloride glasses. The minimum 
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room temperature resistivity that was achieved was approximately 

60Jlcm. for 65% AgI + 23.3% Ag20 + 11.7% P205. The 

activation energy was 23 kJ/mol. The minimum room temperature 

resistivity that could be achieved with a chloride based 

glass was 1.3 xlo5Sl.cm. 

2.7.4.3 Molybdates. 

Silver iodo-molybdate glasses have also proved to 



be highly conducting. The most highly conducting material 

investigated so far has the composition 60% AgI + 20% Ag20 + 

2~~ M0
3

. A room temperature resistivity of only approximately 

50(l.cm. is reported by Kuwano and Kato (158), while Minami 

et al (79, 159) find a corresponding value of 70.n. em. for 

the same material. 

Overall it can be seen that incorporating halides into 

a relatively non-conducting base glass can lead to materials 

that are very highly conducting indeed. The various authors 

mentioned above occasionally put forward theories to explain 

this behaviour, and these theories will be discussed in 

later chapters. 

2.7.5 Fluoride Ion Conducting Glasses. 
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Some glasses exist in which the mobile ion is the fluoride 

ion. Early work concentrated on glasses based on BeF2 , AIF3 

or fluorophosphates". These glasses were very resistive, 

IOn 0 having a resistivity of 10 U'.cm. even at 200 C. (70, 160). 

More recently some ZrF
4 

based glasses have been 

investigated (82, 160). These show an improved ionic 

conductivity, however they still have a room temperature 

resistivity of the order of 1010 - 10l1 S(.cm., the 

aetivation energy being approximately 75 kJ/mol. 

2.7.6 Alkali-Free Glasses. 

In general the resistivity of alkali-free glasses is 

exceedingly high. For example the resistivity of 3~~ SrO + 

68% B203 at 450°C is reported to be 1.5 x 1011S1.cm., with 

an activation energy of 147 kJ/mol. (161). A similar glass 
'\ 



with Na20 replacing the SrO has a resistivity of only 

3 x 103Sl.cm. and an activation energy of approximately 

70 kJ/mo1. (see previous section on alkali borate glasses). 

Despite the high resistivities involved, considerable 

interest has been shown in alkaline-earth silicates (162), 

alumino-silicates (163), borates (161, 164) and alumino

borates (163,165, 166). Most of the investigations centre 

around trying to identify the conducting species and a 

certain degree of controversy still remains. For barium 

silicate glasses Evstrop'ev and Khar'yuzov (167) are firmly 

++ of the opinion that the mobile species is the Ba ion. 

Similarly for calcium silicate glasses Schwartz and 

Mackenzie (162) believe that it is the Ca++ ion that is 

responsible for conduction. However, for calcium 

alumino-borate glasses, Owen (165, 166) suggests that the 

mobile ions are the oxygen ions. This suggestion was 

further investigated by Hagel and Mackenzie, but they 

believe their oxygen diffusion results indicate that some 

other conduction mechanism is more probable, though they 

hesitate to state which. Hirayama (161) also does not define 

a specific mechanism, but he does tend to favour the idea 

of the cation being the mobile species in most cases. He 

does acknowledge the unusually high resistivity of the 

calcium alumino-borates and is willing to consider other 

mechanisms for this glass. 

For the purposes of this project,only the alkaline earth 

borates need to be discussed further. These glasses will 

be mentioned again in later chapters. Because the 

compositions used by the various authors differ considerably 
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it becomes difficult to make a direct comparison in order 

to note the dependence of the conductivity on the type of 

alkaline-earth ion that is present. The best that can be 

done is to compare roughly similar compositions and to look 

for overall trends. For 38.8% BaO + 61.2% B20
3 

Hirayama (161) 

reports a resistivity of 3.2 x 101°st.cm. at 450°C, with 

an activation energy of 166 kJ/mol. His corresponding 

Iln values for 31.8% SrO + 68.3% B20
3 

are 1.5 x 10 ~L.cm. and 

147 kJ/mol. Similarly, for 25.9% CaO + 61.4% B~03+ 
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12.7% A120
3 

Hagel and Mackenzie find values of 4.1 x 1011'(l.cm.' 

and 171 kJ/mol. while for 28.5% CaO + 57.1% B20
3

+ 14.3% A120
3 

Owen (165) reports approximately 1.5 x 109J1.cm. and 

147 kJ/mol. for the corresponding results. By comparing 

these and other reported measurements it appears that the 

dependence of conductivity on the 'type' of alkaline-earth 

ion is such that conductivity increases in the series 

Ca<Sr<Ba. This is in spite of the fact that the barium 

ion is considerably the lE'.rgest and that the barium glasses 

are the densest and most viscous (164). The same trend in 

conductivity is shown in the molten systems (164). 

2.8 Ionically Conducting Glass-Ceramics. 

The conductivity of a glass-ceramic is of course 

dependent on the chemical composition of the parent glass. 

It is also dependent on the volume fraction of crystalline 

material and on the nature of the crystals that have 

formed in the heat treatment process. 

The usual case is that on conversion from a glass to 

a glass-ceramic the resistivity of the material increases 

considerably (45 p.200, 70,83 p.707). 



The degree of increase in resistivity can be quite 

large. For example the resistivity of a ZnO + A1203 + Si02 

glass is increased by at least four orders of magnitude on 

crystallising (45 p.204). 

Similarly, but to a lesser extent, the resistivities 

of the glasses AgI + Ag20 + M03 are increased by a factor 

of between 10 and 20 when the crystallised material is 

investigated (79). 

An exception to this general rule can occur however. 

This happens when the mobile species (usually alkali metal 

ions) are preferentially ejected from the crystalline phase 

being formed. This leads to them being in increasing 

concentrations in the residual glassy phase. This situation 

can then lead to increased conductivity. However, it 

must be stressed that this behaviour is comparatively rare 

and the more usual case is that the conductivity decreases 

on crystallising. (See 45 p.200 for a thorough discussion). 

2.9 Ionically Conducting Ceramics. 

Most conventional ceramics are good insulators. 

However, it can occur in some cases that the combination 

of the crystal structure and the nature of the atoms or 

ions involved gives rise to high ionic mobility. Some 

simple general rules can be applied in order to help predict 

when good conduction will take place. Firstly there must 

be a high concentration of the mobile species, secondly a 

low potential barrier to motion is required, thirdly there 

must be a large number of available sites of similar energy 

for the mobile species to move into, and fourthly the 

structure should be continuous. 
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The highly conducting materials can be classified into 

three main groups; firstly alkali metal ion conductors, 

secondly conductors for which the mobile ion is from the 

copper/silver group, and thirdly mobile anion conductors. 

2.9.1 Alkali-Metal Ion Conducting Ceramics. 

One of the most commonly investigated conductors, and 

one against which other conductors are frequently compared, 

is sodi um ~ -a1 umina. Its general formula is Na20: 11A120
3 

but it is commonly written as NaAll1017 • Its highly conducting 

properties were first discovered by Yao and Kummer (168) but 

have since been investigated by many other workers (e.g. 169, 

170). The resistivity rather depends on the method of 

preparation but is typically of the order of 72rtcm. at 

46. 

25°C with an activation energy of 15.8 kJ/mo1. (taken from 169). 

The key to its high conductivity lies in its layer-like 

structure. This structure is of blocks which contain 

aluminium and oxygen ions only, which are separated and 

mirrored in layers containing sodium and oxygen ions 

only (171 p.496, 172 p.ll). Within this layer the sodium 

ions are very loosely bound and are highly mobile. Hence, 

conduction is 2-dimensional in single crystals and 

consequently poly-crystalline materials are used in most 

applications. 

Frequently a different form of (l-alumina is used; this 

" is known as (3 -alumina and has the general form 

Na20:XA120
3 

where 5 <x< 7. This phase .has a slightly 

different structure to the ~-alumina and a further improved 

conductivity. The lowest reported room temperature resistivity 
n 

is approximately 30S2.cm. (168). The ~ -alumina has 



inferior mechanical strength in comparison to ~-alumina, 

so usually a material consisting of a mixture of the two 

phases is used as a compromise. 

Lithium~-alumina is also an interesting ionic conductor, 

with it having a similar structure to its sodium counterpart. 

However, its resistivity is rather higher, with a figure 

of 200Sl.cm. ~eing reported for room temperature (173). At 

300°C it is said to be 30 times less conducting than sodium 

~ -alumina (174). 

Few materials can surpass the conductivity of ~-a1umina. 

For sodium conduction a recent competitor is the chemical 

system Na(1+X)zr2P(3_X)SiX012 • It has been found (175) 

that within this family the most conducting member is 

Na3zr2PSi2012' At 300°C it has a resistivity of only 5Sl.cm., 

which is competitive with ~-a1umina, however the reported 

activation energy, 28 kJ/mo1., is rather larger than that 

for p-alumina. The structure of this material is of 

Zr06 octahedra sharing corners with Si0
4 

and P0
4 

tetrahedra. 

The skeleton structure so formed has intersecting tunnels 

in which the sodium ions are free to move. 

The corresponding lithium material Li3zr2PSi2012 is 

again found to have a much higher resistivity than the 

sodium based compound. The conductivity is reported to be 

lower by a factor of 103 (176). 

For lithium ion conduction the most conductive material 

so far reported is Li14Zn(Ge04)4 which has a resistivity 

of only 8 g.cm. at 300·C (177). At this temperature the 

resistivity of lithium ~-a1umina is approximately 

110 n. cm. (174). The structure of this material is based 
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on a lattice of LillZn(Geo
4

)4; the three remaining lithium 

ions occupy one of two types of interstitial site. These 

sites have an occupancy of only 16% in one case and 55% in 

the other case. Furthermore they are interconnected by 

regions through which the lithium ions can move very easily. 

Thus, the ideal conditions for fast ionic motion are present. 

Another reasonably conducting material, which will be 

of interest again in later chapters, is the boracite 

Li
4

B
7
012Cl (also the bromine analogue). At 300°C it has 

a resistivity of only lOOSl.cm. (178). Again, the reason 

for its high conductivity lies in its structure. According 

to Levasseur et al (179) the material is built up from a 

framework of B03 and B04 units with a sublattice of Li-Cl 

atoms. The sublattice is formed using only three lithium 

ions. The fourth ion then occupies a tetrahedral site 

with an occupation probability of .25. It is this defect 

structure that gives rise to the,high mobility of the 

lithium ions. 

Many other alkali-metal ion conductors exist, 

e.g. NaInZrS
4 

(180), NaSb0
3 

(175), Li3N (181) and 

Lil_X(Zr,Hf)2_XT~(P04)3 (182). Conductivity data for 

these and numerous other materials, including some 

potassium ion conductors, can be found in the review article 

by McGeehin and Hooper (172). -

2.9.2 Silver/Copper Ion Conducting Ceramics. 

Most highly conducting materials where the mobile ion 

is the silver ion are based on silver iodide. Silver iodide 

• itself undergoes a phase transition at 149 C from the 

relatively poorly conducting, low temperature P form to 
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the highly conducting, high temperature ~ form. In this 

~ form the iodide ions form a body-centred cubic lattice. 

For each iodide ion ttere is a total of 21 interstitial 

sites that the silver ion could occupy (183 p.286), it is 

therefore very easy for the silver ion to diffuse and a 

high 3-dimensional conductivity results. At 150°C the 

resistivity is only 1 Jl.cm. and the activation energy 

4.8 kJ/mol. (184 p.268). 

Much of the work on silver ion conducting materials 

has concentrated on stabilisi~g the high conductivity phase 

of silver iodide down to room temperature. Three types 

of approach have been made. Firstly by partial replacement 

of the iodide ion by another anion, typically S2-, po
4

3-

2- n or w0
4 

• For example, Ag6I
4

W0
4 

has a resistivity of 2l~'.cm. 

at room temperature (185 p.19). Secondly, by partial 

replacement of the silver ion by another cation, typically 

Rb+, NH4+ or K+. For example RbAg
4

I
5 

has a resistivity 

of only 8S1.cm. at 20·C (184 p.269). Thirdly, by partial 

replacement of both ion types, with most investigations 

centring around the system AgI + HgI2 + Ag2S,e.g. Ag8HgS2I 6 

has a resistivity of 14 a.cm. at 25°C (186 p.593). 

Apart from silver iodide the other important silver 

ion conductor is silver p -alumina. This has a similar 

structure to its sodium counterpart but the reported 

resistivity is higher, (156~.cm. at room temperature with 

an activation energy of 16.4 kJ/mol. (168) ). 

Copper ion conducting materials are in general 

analagous to the corresponding silver based materials. 

However, the transition to a highly conducting phase, should 
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one occur, usually takes place at a higher temperature in 

the copper based material than in the silver based material. 

Also, the ultimate conductivity is usually lower. A wide 

50. 

range of conductivity data for copper ion conducting compounds 

(and for silver ion conducting materials not mentioned above) 

can be found in the review by McGeehin and Hooper (172). 

2.9.3 Anion Conducting Ceramics. 

The mobility of anions does not in general approach 

the mobility of cations. It is only oxygen and fluoride 

ions that in some cases become reasonably mobile. 

The most common fluoride ion conductor is CaF2 doped 

with either NaF or YF
3

, In the first case the singly 

valent alkali metal ion induces fluoride ion vacancies. 

In the second case the tri-va1ent yttrium ion induces 

fluoride ion interstitia1s. Both situations increase the 

mobility of the fluoride ion. Nevertheless, the resistivity 

is still rather high, only decreasing to 100~.cm~ at 

7000 C (172). 

In recent years, interest in the materials MBiF4 

(M = K, Rb, T1) has arisen (187). These show considerably 

improved conductivity over the above materials, with the 

room temperature resistivity being of the order of 

only 2 x 103Jl.cm. 

For oxygen ion condUction, two classes of material 

deserve mention. Firstly, there are the oxides Zr02 , Hf02 , 

Ge02 or Th02 doped with alkaline-earth oxides, sc20
3

, Y20
3 

or rare earth oxides (172, 188). The reason for the high 

mobility is that the dopants cause oxygen vacancies in the 
\ 

host materials. However, the resistivities remain rather 



high with 4J1.cm. at 1000oC, plus an activation energy 

of 63 kJ/mol., being the best that has been achieved (188). 

Improved oxygen ion conductivities have been achieved 

by Takahashi and co-workers (189) who have used similar 

dopants as above in a Bi20
3 

base material. For example 

6S1.cm. is reported for 75% Bi20
3 

+ 25% Y203 at 700·C. 

The field of anion conductivity is slowly widening, 

with anion electrolytes being required for monitoring 

elements in industrial processes. However such applications 

are rather specific and general data are not widely available. 
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CHAPTER 3 

Materials Preparation and Allied Topics. 

3.1 Choice of Compositions~ 

As was mentioned in Chapter 1 (section 1.3), initial 

information regarding this project came from Borax 

Research Ltd., (B.R.L), who had found that a highly 

conducting material could be formed by doping the glass 

Na20:2B20
3 

(or other sodium borate compounds) with certain 

halides. The first steps in this project were· to confirm 

the existance of this effect and to ascertain the range of 

materials in which it occurs. 

Results from B.R.L (53) indicated that Na20:2B203 
was the best base material to use in order to observe the 

maximum effect. If any other ratio was used then the degree 

of enhancement in the conductivity was not as high. 

Consequently, this base glass was used in the initial 

experiments and indeed predominated throughout the whole 

of the project. The use of Na20:2B20
3 

as a base material 

is also beneficial from another point of view, it is 

available commercially as the compound Na2B407, i.e. anhydrous 

borax. This precludes at least some of the possible 

weighing errors in making the mixtures to be melted. 

B.R.L. had used a number of transition metal halides 

as dopants. This was because maximum conductivity could 

be achieved with this type of halide. However, it was 

decided that work in this project would proceed along 

different lines. The transition metal ions are, of course, 

generally multivalent. This adds a further complication 

to the chemical system so that it becomes more difficult 
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to know exactly which ions are to be considered as possible 

current carriers. Perhaps more importantly, it also 

introduces a possible mechanism for electronic conductivity 

(see the end of section 2.3). For this reason alternative 

dopants were considered. 

The obvious choice would be to use an alkali-halide 

dopant, indeed the use of a sodium halide would greatly 

simplify matters from a compositional point of view. 

However, here too there are problems. It is well known 

that alkali halides are only sparingly soluble in anhydrous 

borax (190, 191), with the iodides being less soluble than 

the bromides, which are in turn less soluble than the 

chlorides (190). Consequently, if the enhanced conductivity 

effect is present in the alkali-halide doped borax materials, 

it might not be observable simply because there is 

insufficient halide incorporated into the product. 

With these factors in mind it was decided to proceed 

using dopants consisting of alkaline-earth halides. These 

halides have cations with only one valency level, and, 

according to B.R.L., should give a reasonable conductivity 

enhancement effect. 

Na2B407 is involved in most of the materials to be 

discussed. For the sake of brevity, it will be understood 

that where the stated glass composition does not total 100% 

then the discrepancy will be the total of Na2B407 included 

in its makeup, e.g. the glass 20% CaC12 + 80% Na2B407 will 

simply be referred to as 'the 20% CaC12 glass'. 

After initial investigations had been completed work 
, 

progressed to also consider alkali metal halides as dopants, 
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despite their low solubility, and to investigate other 

halides such as those of zinc. 

Towards the end of the project, work was also carried 

out on materials in which the base glass was not ~a2o:2B203 

but instead was one of the alkaline-earth borates, 

BaO:2B20
3

, Sro:2B20
3 

or CaO: 2B20
3 

, i.e. the form XB
4

0
7 

in each case. The dopants in these alkali-free materials 

were the halides of the particular alkaline-earth. ion 

contained in the base material. This particular alkaline

earth oxide / B20
3 

ratio was chosen in order to provide a 

direct comparison to those experiments carried out with 

Na2B
4
0

7 
as the base.glass. The glass with MgO + 2Bz0

3 
as 

its base material could not be included in this series 

because MgO + 2B20
3 

does not form a glass. Indeed, not 

only would the MgO/B20
3 

ratio have to be altered, but 

alumina would also have to be included in order to form a 

glassy product (192, 193). The composition could then become 

rather complex and,useful comparisons would be impossible. 

3.2 Preparation of the Glasses. 

The glasses used in this project were made using the 

standard glass forming procedure. 

The first stage was the mixing of the chemical 

constituents. The compounds were obtained from the usual 

commercial chemical suppliers and were usually of analytical 

grade. The anhydrous borax was provided by B.R.L. When the 

base glass was not simply Na2B
4

0
7

, the extra B20
3 

was included 

via the use of boric acid. Occasionally, the metal oxide 

constituent was not available in the simple oxide form and . , 
was introduced into the glass by decomposition of the 
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carbonate compound. Whenever possible anhydrous halides 

were used, but from time to time the use of hydrated 

compounds was unavoidable. After mixing, the powders were 

put into a dry vessel which in turn was put onto'a 

mechanical roller for a period of not less than twelve 

hours, i.e. the powders were roll-mixed. 

The powders were then melted using platinum crucibles, 

in air, in an electric furnace. For the glasses based 

on Na2B
4
0? the melting temperature was 900oC, and the 

melting time was 3 hours. However, for the alkaline-earth 

borate glasses the melting temperature had to be increased 

to 1200oC. Typically 200 gmt batches were melted. 

After the stated melting time the molten glasses were 

poured into graphite coated steel moulds of the required 

shape. For the conductivity experiments the mould was 

a 2.5cm. diameter cylindrical block, shapes for other 

apparatus will be mentioned in the relevant experimental 

sections. The resulting solid glasses were then annealed. 

For most cases when the base glass was Na2B
4
0? the annealing 

temperature used was 450oC, and the annealing time was 

3 hours. A few variations on this annealing temperature 

were necessary and will be mentioned individually later. 

The alkaline-earth borates needed higher annealing 

temperatures, with barium borate requiring 530oC, strontium 

borate requiring 5800 C and calcium borate requiring 600oC. 

The method of arriving at the annealing temperature will 

be described in section 3.4. 

If it was necessary to further shape the specimens 
~ 

they were cut using a diamond abrasive saw after the 
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annealing stage. For example, the 25mm. cylindrical blocks 

for the conductivity measuring apparatus were cut into discs 

of 1-2 mm. thickness. 

The only serious problem encountered in the glass 

forming procedure was the partial loss of halogen during 

the melting time. It is probable that both evaporation of 

the halide and evolution of the halogen itself take place. 

According to Dunicz and Scheidt (190) the latter process 

is a result of the following reaction: (X = a halogen). 

4X- + 02 (atmospheric) + 2B203--+ 2X2t + 4B02 

Without using sealed melting ampoules, the only method 

of reducing halogen loss is to melt for a shorter time or 

at a lower temperature. However, this leads to a reduction 

in the homogeneity of the product and should be avoided. 

This project is essentially of a comparative nature and it 

was therefore considered sufficiently correct to compare 

final products of known starting composition. After all, 

it is the initial compositions that would be important in 

achieving the final physical behaviour. It would also be 

very difficult to compare a series of similar final products 

as it would be impossible to know from which starting 

compositions to make the similar final product series. 

Consequently, for most purposes, the loss of halogen in 

melting was ignored, and particular attention was paid in 

ensuring that all glasses received almost identical melting 

conditions. 

Nevertheless, the loss of halogen on melting was 

monitored. Most glasses were chemically analysed for 
~ 

their final composition. The analysis was carried out by 
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staff at B.R.L.'s analytical section. Some sample analytical 

results are shown in Table 3.1. The following conclusions 

can be drawn. Firstly that the larger the halide ion the 

more volatile it is. In melting the 90% Na2B407 + 10% cax 

(X = a halogen) series of glasses, the fluorine content 

remains unchanged, while approximately 15% of the chlorine 

and bromine is lost, and virtually all of the iodine. As 

the amount of halide increases (the series l~~ C~C12 ~ 

l~ CaC12 --+20% CaC12 and also 10% NaCl-+2~~ NaCl) the 

percentage of halogen lost also increases. Furthermore, 

the degree of loss seems approximately independent of the 

type of added cation (compare the ,10% CaC12 and the l~~ MgC12 
glasses). Finally, the increased melting temperature of 

the glasses based on alkaline-earth borates leads to a large 

increase in the fraction of halogen that escapes. Great 

care will have to be taken in discussing and comparing 

physical properties because of this fact. 
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Table 3.1 

Results of Chemical Analysis 

Approximate 
Glass Halogen wt.% Halogen wt.% Fraction of 

(mo1.%) at Weighing in Glass· Halogen 
remaining 

900~ Na2B407 2.0 2.0 1 
+ 10% CaF2 
90% N802B407 3·7 3.2 0.86 + lOO~ CaC12 

900~ Na2B407 7.9 6.7 0.84 
+ lOO~ CaBr 2 

90% Na2B407 12.1 0.6 0.05 + lOO~ CaI2 
85% N802B407 5.6 4.7 0.84 + 15% CaC12 

80% N802B40
7 7.7 6.0 0.78 + 20% C8oC12 

90% N802B407 3.7 3.3 0.89 + 10% MgC12 
900~ N802B407 1.9 1.45 0.76 + 100~ NaC1 

8oo~ N802B40
7 4.1 2.9 0.70 + 20% N8oC1 

90% C8oB407 3.8 1.0 0.26 + 10% CaC12 

90% SrB407 3.0 1.3 0.43 + 100~ SrC12 
90% BaB407 2.5 1.55 0.62 + 10% B8oC12 

\ 



3.3 Thermal AnalYsis Techniques. 

Knowledge of both the annealing temperatures for the 

glasses, and of the crystallisation temperature for the 

process of conversion to glass-ceramics was gained from 

differential scanning calorimet~y (D.S.C.) or differential 

thermal analysis (D.T.A.). 

As a material transforms from one phase to another 

there is an associated change in free energy. C~nsequently, 

heat is either taken in or given out. The glass to crystal 

transformation lowers the free energy of the material, so 

consequently the change is exothermic. Both D.S.C. and 

D.T.A. techniques involve monitoring this free energy 

change. 

3.3.1 Differential Scanning Calorimetry. 

In this technique the measured quantity is the rate 

of heat evolved, or ta~en in, as the specimen transforms. 

In practice it is a comparative technique, with the heat 

input to the specimen being compared with the heat input 

to an inert reference of similar mass and heat capacity. 

The difference in heat inputs is then a direct result of 

the transformation. 

The measurement of heat content can allow quantitative 

studies of the specific heat of the specimen or of the 

kinetics of crystallisation, however for the purposes of 

this project only the crystallisation temperature was 

required. In this mode of operation, the sample and 

reference are simply heated so that their temperatures 

increase at a constant rate. When the specimen transforms, 

and gives out heat, it requires less power from the 
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apparatus to maintain the constant temperature rise than 

does the reference material. This difference is then 

observed on the outputs from the calorimeter. 

It is possible to use either monolithic or powdered 

specimens. As this project deals with properties of bulk 

materials the corresponding form of the specimens was 

usually chosen. Typically, 100 mg. specimens were used. 

In the case of a powder specimen, the surface free energy 

per unit volume is vastly increased and this tends to 

promote crystallisation, i.e. the crystallisation peak 

occurs at a lower temperature. The difference in 

crystallisation temperature for the bulk material and for 

the powdered material is dependent on particle size and 

on the surface free energy. If a material has a high 

surface energy it tends to surface crystallise, and this 

phenomenon was observed in some of the samples investigated 

in this project. This will be mentioned again later. 

D.S.C. measurements were made on most samples as a 

matter of course. The form of the observed trace is 

rather similar in all cases and there seems little point 

in displaying all the curves that were obtained. 

Consequently, only specimen curves are shown, and these 

comprise Figs. 3.1 - 3.4. 

In general, D.S.C. is a more sensitive and quantitative 

technique than D.T.A., and was used preferentially 

throughout the project. The only limitation with D.S.C. 

is that it becomes unreliable at very high temperatures. 

The equipment used was a Seteram model III calorimeter 
~ 

and was limited to use below 827°C. This caused no 
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problem with the glasses based on Na2B407 but for certain 

of the alkaline-earth borate based glasses it was necessary 

to use a D.T.A. method. 

3.3.2 Differential Thermal Analysis. 

This is a very similar technique to D.S.C., again 

it is a comparative technique requiring the presence of 

an inert reference. The main difference lies in the method 

of detecting the heat changes. 'In D.T.A. the two samples 

are simply heated at a constant rate and the difference 

in temperature between them monitored. Under ideal 

conditions, over most of the temperature range this 

difference would be zero. However, when the specimen 

transforms it is slightly heated or cooled and a temperature 

difference is registered. The particular apparatus used 

was constructed at Warwick and is capable of performing 

measurements up to 1400oC. However, because of the 

availability of the D.S.C. equipment it was used only 
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very occasionally. A sample observation is shown in Fig. 3.5. 

3.4 Heat Treatments. 

3.4.1 Estimation of the Annealing Temperature. 

Section 3.2 gave information regarding the annealing 

stage in the glass forming process. In order to understand 

how the annealing temperatures were found from the D.S.C. 

investigations a short discussion on the glass transition 

temperature, Tg (see Fig. 3.1), is necessary. For a 

glassy material the curve of volume versus temperature 

shows a distinct change in slope at a particular temperature. 

Above this temperature the material has the same expansivity 

as the liquid even though it is quite highly viscous. In 
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this state it is correctly described as a 'super-cooled 

liquid'. Below this temperature the material has a much 

lower thermal expansion coefficient, in some cases 

approaching that of the corresponding crystalline solid, 

and it is in this temperature range that the material 

should be correctly known as a glass. The temperature 

at which this change of slope occurs defines Tg. Actually, 

Tg can take a range of values as it is slightly dependent 

on the cooling rate involved. 

Effectively, as the material is heated through Tg 

the number of degrees of freedom associated with its 

structure increases, i.e. there is an endothermic transform

ation which can be observed by thermal analysis. Just 

below Tg the properties of the glass can change slowly 

with time, so that it is in this region that the annealing 

temperature must lie. It will be noticed that this fact 

correlates the values of Tg observed in Figs. 3.1 - 3.5 

with the annealing temperatures quoted in section 3.2. 

(For a detailed discussion of Tg and annealing temperatures 

see 5 p.2-5 and p.61-64, and 194 p.4-6). 

3.4.2 The He-crystallisation Process. 

As was stated in section 1.2 the usual conversion 

process involves two stages; nucleation followed by 

crystal growth. The crystal growth temperature is easy 

to assess from thermal analysis, however it is much more 

difficult to find the best nucleation temperature. 

Indeed, it becomes rather a matter of trial and error. 

Furthermore it soon became apparent, see below, that the 

addition of halides to anhydrous borax greatly affected 
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the nucleation properties. It would have been an impossible 

task to investigate the nucleation temperature for each 

composition. Consequently, it was decided to use a 

simplified heat treatment procedure consisting of a 

single dwell temperature in the vicinity of the crystallisation 

temperature. It would then be a much easier task to compare 

directly the properties of various compositions. 

Generally the dwell temperature chosen was between 

the onset of crystallisation and the peak rate of 

crystallisation (see Fig. 3.1) though occasionally 

temperatures just outside this range were used. Electron 

microscopical studies (see later) demonstrated that the 

dwell temperature was very critical in relation to the 

size of the crystallites found in the final product. In the 

lower reaches of the crystallisation temperature range the 

crystallites were small, and a considerable time was needed 

to crystallise the sample fully, i.e. a low crystal growth 

rate was observed which allows many crystals to nucleate. 

At the upper reaches of the temperature range the 

crystallites were large and the material crystallised 

quickly, i.e. a high crystal growth rate with few nuclei. 

In this latter situation there was a tendency for the 

sample to deform. 

Overall the most commonly used heat treatment was a 

rise from room temperature at 50 C per minute to a certain 

'middle of the range' temperature, followed by a dwell 

of 2 hours to crystallise the sample. 

The effect on the crystallisation of varying the 

heat treatment dwell temperature is shown by Fig. 3.6. 



FIG URE 3·6 

THE EFFECT OF HEAT TREATMENT DWELL 

TEMPERATURE ON CRYSTALLISATION 

10% NaCI + 90% Borax 
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550 0 c 



This depicts samples of a typical composition 

(9~~ Na2B40
7 

+ l~~ NaCl) after heat treatment at the 

stated temperature for a dwell time of 2 hours. 

(h.t. = heat treatment). 

The nucleation brought about by the addition of a 

halide is illustrated by Figs. 3.7 - 3.10. These show 

a series of glasses with the composition of borax plus 

varying amounts of NaCl. In the pure borax sample, large 

crystals can be seen which tend to crack the specimen. 

In the doped samples the grain size is much reduced, 

leading to less deformed samples. This difference is 

emphasised in Fig. 3.11 which shows a close-up comparison 

of a typical re-crysta1lised sample of firstly pure 

borax, and secondly borax with the addition of 10% NaC1. 

Note also, from Figs. 3.7 - 3.10, that as the halide 

is added crystallisation tends to occur more readily at 

a lower temperature • 

. • 
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FIGURE 3·9 
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FIGURE 3·10 
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CHAPTER 4 

Experimental Techniques. 

4.1 Electrical Conductivity. 

4.1.1 Connections to the specimen and the arrangement 

within the furnace. 

The specimens for the electrical conductivity apparatus 

were discs of 25mm. diameter with a typical thickness of 2mm. 

Three electrode contacts were made to the sample. These 

electrode contacts were formed by sputtering gold layers onto 

the surface of the specimen. Appropriate masks were used to 

obtain the design shown in Fig. 4.1. 

Within the furnace, contacts to the gold electrodes were 

made via screw arrangements. Good contact was ensured by 

painting around the gold/screw interface with a colloidal 

silver suspension which dries to a highly conducting layer. 

The overall apparatus is shown in Fig. 4.2. 

The furnace took a considerable time to stabilise at 

a particular temperature and it. was found, through 

measurements on· standard glasses, that sufficient accuracy 

could be achieved if measurements were made during heating 

at a slow, constant rate. Consequently, this second method 

of performing the experiment was adopted, with a heating 

rate of 30 C per minute being used on every occasion. The 

thermocouple was positioned very close to the specimen. 

Once the resistance, R , of the specimen had been s 

found, the resistivity,(', could be calculated by using 

the following expansion (195 p.105): 
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() = R .1"( ~2r + g)2 
s 4t 

r = R s· 1'228 Stcm. 
t (cm.) 

4.1.2 D.C. CircuitrY. 

The three electrode arrangement has been used by many 

workers (e.g. 195 p.104). It can, in certain configurations, 

remove the possibility of inadvertently including any 

surface conductivity contribution in the measurements. 

It is only the bulk conductivity that is required. 

In any resistance measuring system where the mode of 

measurement is D.C. and the conductivity is ionic, one of 

the problems encountered is the polarisation of the specimen. 

At high resistivities the current flowing will be very small 

and the time needed to notice polarisation effects is very 

long, hence there is little problem. However, at medium 

or high conductivities the value of the resistance being 

measured can quickly change with time. One of the aims 

considered in constructing a measuring circuit was to be 

able to measure resistances of as wide a range as possible. 

Consequently, an 'electronic clock' and switching arrangement 

was incorporated into the circuit. This mechanically 

switched the polarity of the input sisnal every 5 seconds. 

This time period was sufficient for the observer to take 

a reading but, up to a pOint, was not long enough for any 

polarisation effects to be noticeable. 

At high resistances electronic noise and 'pick-up' 

(especially from the mains) become problems. Consequently, 

a 'floating earth' system was used instead of mains earth, 

and caraful attention was paid to shielding various wires 
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and connections. 

The overall electronic circuit used is shown in 

Fig. 4.3. The circuit utilises an ANCOM 15A-7D amplifier 

which is a hybrid low noise device especially suited to uses 

involving small currents. In this mode its input impedance 

is of the order of lOI4~. With the amplifier wired as 

shown, the resistivity of the sample could be found from 

the simple equation: 

R
f 

was always kept very much smaller than Rs ' and was 

changed periodically during the experiment. It follows 

that there is very little voltage drop between the central 

electrode and the output. Consequently, the output can 

be fed to the guard ring which results in the guard and 

central electrodes being at approximately the same potential. 

Thus, no surface current can flow to the central electrode 

and interfere with the measurement of the bulk conductivity. 

4.1.3 A.C. CircuitrY. 

The D.C. circuit described above performed perfectly 

well over a large resistance range. However, it soon 

became apparent that, at elevated temperatures, highly 

conducting materials begin to polarise, not only within the 

5 seconds allowed by the switching electronic clock, but 

at too fast a rate to make D.C. measurements a sensible 

technique. A standard A.C. type system would have to be 

used. Nevertheless, it was still the D ~ C.' conductivity 

that was of primary interest, so to avoid any frequency 

dependent effects it was decided to use a low frequency. 

• 
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Ultimately, 27Hz was found to be appropriate. 

Originally it was thought that the best procedure would 

be simply to use the existing D.C. circuitry in an A.C. 

mode and perform the whole experiment in this way. However, 

in this revised form the measurements were swamped with 

noise even at moderate resistances of 108{2, i.e. the A.C. 

mode is much more susceptible to noise than is the D.C. mode. 

Further shielding of the circuit and the incorporation of 

suitable filters would be necessary. 

Rather than amend the D.C. system, which itself was 

working perfectly correctly, it was decided to construct a 

completely separate A.C. circuit. Measurements could then 

be carried out in either mode without any adaptation being 

necessary. A second ANCOM 15A-7D amplifier was used in this 

new circuit, which, in order to try and avoid any 

intra-circuitry noise, was kept as simple as possible. The 

block diagram for the circuit is shown in Fig. 4.4. The 

oscilloscope was incorporated solely to provide a visual 

check on the input and output signals so that any distortions 

could be observed. Ro is a standard resistance. 

The ANCOM l5A-7D is connected for unity gain. The 

signal at the central electrode can then be applied to the 

guard electrode in order to remove surface conductivity. 

The filters (196 p.169) were needed as an aid in reducing 

noise levels. Their circuit is shown in Fig. 4.5. The 

chosen values of the numbered resistances were 

Rl = 47 kst1 R2 = 68 &t , R3 = 100 kll. The capacitance, C, 

was 2.2 }AF. 

as follows: 

The characteristics could be calculated 
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The resonant frequency, fo' is given by: 

fo = ..1.-(Rl + R2 \ t = 27Hz 
21lC Rl ,R2 ,Ri} 

The bandwidth, A f, is found from: 

Af = 1 = 104Hz 
1TCR

3 
The amplification at resonance, A, can also be 

calculated: 

A = ~ = 1.06 
2.Rl 

It is worth noting that R2 alters fo but not ~f or A; it 

can therefore be used as a tuning control. 

As can be seen, the measuring frequency of 27Hz 

corresponds to the resonance frequency of the filter, The 

amplification factor at resonance is virtually unity, hence 

the signal passes through unaffected and no further 

adjustment of the output voltage is necessary. With the 

amplifier connected as shown, the following formula 

applied: 

Yin 
V out 

Rs = R (~ - l' o Vout I 
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Resistances of up to 1010 ohms could be measured accurately 

with this system. Just as importantly, given the application, 

measurements could be made down to only a few ohms. 

The combination of the D.C, and A.C. systems allowed 

measurements to be made from 1013 ohms to 10 ohms. 

Occasionally the electrical properties of the specimen 
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resulted in its resistivity lying totally within the range 

of one of the types of measuring systems thr'oughout the 

whole of the temperature scan. More usually the measuring 

system was switched during the course of the experiment. 

This only entailed changing the three inputs to the specimen 

electrodes and was easily accomplished. Invariably, the 

two systems gave consistent results at the changeover. 

4.1.4 Results for Standard Glasses. 

As a check on the accuracy of the conductivity measuring 

apparatus, some standard glasses of known conductivity were' 

measured. 

Firstly a sample of Float Glass was obtained from 

Pilkington Bros. who also supplied conductivity data. The 

results obtained are plotted in Fig. 4.6, together with the 

data supplied by Pilkington Bros. It can be seen that there 

is excellent agreement. 

Secondly, anhydrous borax glass was made and its 

conductivity measured. The results obtained are plotted 

in Fig. 4.7. The reproducibility of the graph was 

investigated by making a second sample and measuring its 

conductivity as a comparison. This second set of data is 

also shown in Fig. 4.7. There is very good agreement between 

the results for the two specimens. The graph yields an 

activation energy of 73 ~ 4 Kj/mol. and the room te~perature 

resistivity is approximately 1011 ohms. This is in 

excellent agreement with other reported results (see Table 2.2) 

and is indeed identical with data referred to by Namikawa (137). 

These trial experiments clearly demonstrate the reliability 

" and accuracy of the conductivity measuring equipment. 
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4.2 X-ray Diffraction. 

X-ray diffraction analysis is a technique used by a 

very wide range of solid state physicists and materials 

scientists. When a beam of X-rays is diffracted through 

an angle of 29 by a set of crystal planes the equation 

governing' the scattering is: 

2.d.Sin e = nA. (Bragg's Law) 

where n is an integer, Il is the wavelength of the X-ray 

beam and d is the perpendicular distance betw~en adjacent 

atomic planes of the set concerned with the scattering. 

Most experimental apparatus involve monitoring the 

X-ray intensity as the angle e is varied. This can be 

achieved by a photographic method or by using an electronic 

detector. The set of 'd' values corresponding to the peaks 

can be calculated and from these the identity of the sample 

can be established via a comparison with standard results. 
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In the case of glasses a more random arrangement replaces 

the well defined crystal planes. As a result, no sharp 

peaks in the X~ray intensity are observed. Instead, only 

one or two very broad, diffuse, increased intensity regions 

occur. 

X-ray diffraction was used with these points in mind. 

Firstly it was used as a matter of course to check on the 

glassy nature of the initial materials. The lack of peaks 

in the resultant scan would serve to confirm the lack of 

crystallinity. Secondly, after the conversion of the sample 

to a glass-ceramic, the nature of the crystal species could 

be investigated by calculating the set of d-spacings associated 

with the observed peaks. 
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Initial work was carried out using a standard 

Debye-Scherrer powder camera technique. This method is well 

known and is described in detail by many authors (e.g. 86 p.44, 

88 p. 27, 197 p.130, 198 p.lO). The sample is used in fine 

powder form and covers a cylindrical fibre within the camera. 

X-ray sensitive photographic film is mounted around the specimen. 

Due to the vast number of crystallites that are present there 

will always be some at a convenient angle to diffract the 

inooming X-ray beam. Hence, cones of rays diyerge from the 

specimen and strike the photographic paper in arcs. These 

arcs can then be related back to the d-spacings. The X-ray 

generator was constructed by Philips Electronic Instruments 

and the radiation used was copper K~ i.e. a wavelength 

of 1.542 i. 
Midway through the project an X-ray diffractometer 

became available. This apparatus provides an improved 

technique and was subsequently used in preference to the 

powder camera. Again, the construction of the apparatus and 

the method used is well known and discussed in detail 

elsewhere (e.g. 197 p.16l, 198 p.29). As in the above 

case the generator was made by Philips Electronic Instruments 

and copper K-radiation was used. The goniometer arrangement 

was of the horizontal type. Either a powdered or a bulk 

sample could be used, however the 25mm. disc samples that 

were used in the conductivity apparatus (see previous section) 

proved to be an ideal size for the sample-holder. Consequently 

this type of sample was used on most occasions. 

The basic principle of operation is that, with the 

X-ray beam being horizontal, the sample is rotated about a 
\ 



vertical axis through the point where the X-rays hit the 

sample. Coupled with this rotation is the rotation of a 

detector about the same axis. The coupling is such that if 

the specimen turns through an angle 9, then the detector 

arm rotates through 29. The output from the detector then 

transfers to a pen recorder. 

4.3 Electron Microscopy. 

4.3.1 General Observations. 

Scanning electron microscopy was carried out on 

• several samples using a Cambridge 250 Stereoscan microscope. 
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The specimen preparation was as follows. Firstly, the samples 

were set in plastic resin in order to facilitate polishing 

and general handling. Polishing was accomplished via the 

combined use of silicon carbide abrasive paper and, for a 

fine finish, diamond paste. Finally, to avoid charging up 

of the sample in the microscope, the specimen was coated in 

a thin layer of carbon by an evaporation technique. 

The initial use of the microscope was to investigate 

the dependency of the crystallite size on the heat treatment 

temperature during the glass to glass-ceramic conversion. 

It was envisaged that the crystallite size could change 

drastically with the heat treatment temperature, and that 

this could affect the resultant conductivity. 

Generally an electron accelerating voltage of 20KV was 

used throughout these observations. Any voltage higher than 

this tended to damage the samples. 

4.3.2 The Use of E.D.A.X. 

The scanning electron microscope that was used also 

incorporated an 'energy dispersive analysis by X-ray' 



(E.D.A.X.) system. Such an apparatus analyses the character

istic X-rays given off by the sample and relates the observed 

spectrum to the elemental composition. Unfortunately, the 

apparatus is insensitive to elements below sodium in the 

periodic table. Hence, it can not investigate the presence 
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of boron or oxygen in the samples. This makes true quantitative 

work rather difficult but nevertheless the technique provides 

an excellent comparison for the other elements that are present. 

Usually it is the K type X-ray lines that are used. 

However, for elements such as barium, where the energy of 

the K X-ray lines is above 20KV, observations can be carried 

out on the L X-ray lines without any difficulty. 

E.D.A.X. could be carried out on the specimen as a 

whole or on regions within the sample. This second facility 

proved especially useful as it allowed compositional 

comparisons to be made between the crystallites and the 

residual glassy phase. Consequently, any preferential influx 

or expulsion of certain elements to or from the crystalline 

phase could be investigated. 

4.3.3 Determination of the Conducting Phase. 

A rather novel technique was used to qualitatively 

compare the relative conductivities of the crystalline and 

residual glassy phases in the glass-ceramics. As was stated 

above, the usual procedure was to coat the specimen in a 

layer of carbon in order to prevent charging. However, in 

this technique only half of the specimen was covered. The 

aim was that, in the uncoated section, the more resistive 

region would indeed charge up and be conspicuous due to the 

characteristi'c charge-glow that occurs in this situation. 



75. 

Whereas, in the more conductive phase region the charge would 

be conducted away, and the area would not glow. 

The graphite coated section was used as a control 

for this experiment and could also be used for 'normal' 

observations. 

In the event, it was found that if the usual electron 

accelerating voltage of 20KV was used on th~ uncoated area, 

then both phases charged up quickly. In order to achieve 

satisfactory results the accelerating voltage had to be 

reduced to 5KV. 

4.4 Triple Disc Experiments. 

In pure Na2B407 the mobile ion responsible for 

conduction is the sodium ion (see Chapter 2, section 2.7.2). 

However, in a sample such as 90% Na2B40
7 

+ 10% caC12 the 

situation is far less clear cut. The possibility that the 

most mobile ion is the chloride ion, or even the calcium 

ion, and not the sodium ion can not simply 'be discounted. 

The situation has to be checked and the nature of the 

conducting species verified. The 'triple disc experiment' 

is one method of achieving this. 

In these experiments three of the 25mm. disc specimens 

(as used in the conductivity apparatus - see sections 3.2 

and 4.1) of the same composition were arranged on top of 

each other. A large D.C. potential was then put across 

them for several hours, and the current through the bulk 

of the specimen was monitored by an electrometer. The 

general arrangement is shown in Fig. 4.8. The gold electrodes 

and contacts to them were made as for the conductivity 

measuring app~ratus (see section 4.1.1). 
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The surfaces providing contact between the discs were 

highly polished with great care. The aim of the experiment 

76. 

was that, as the specimens polarised, it would prove possible 

for the mobile species to transfer from disc to disc, thus 

these ions would increase in concentration near the appropriate 

electrode. While maintaining the applied potential the discs 

could be separated and then analysed either by chemical 

analysis or by E.D.A.X. An increase in the relative concentration 

of a particular ion in the disc adjacent to the appropriate 

electrode would indicate that ion to be the mobile species. 

4.5 Thermopower Experiments. 

Historically most thermopower experiments have been 

performed on electronically conducting materials. If one 

part of a semi-conductor is heated the number of conduction 

band electrons in that region is increased. This creates 

a concentration imbalance and, as a result, electrons diffuse 

towards the cooler part of the specimen. This in turn 

creates a back potential tending to inhibit the migration. 

Eventually equilibrium is reached with the back potential 

cancelling the concentration gradient. In the equilibrium 

situation the electrical back potential that is set up, 

divided by the temperature difference between the hot and 

cold regions, is called the thermopower. If the conduction 

had been via holes the thermopower would have had an opposite 

sign. Consequently, simple measurement of the thermopower. 

can give the sign of the charge carrier. 

A somewhat analagous situation arises in the case of 

crystalline ionic conductors. In these materials the 

conductivity>'mechanism is usually either interstitial ion 
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motion or vacancy motion. In either case the number of such 

defects is temperature dependent, thus the necessary situation 

for a thermopower effect to be observed is achieved. Similar 

arguments can usually be made for other ionic conductivity 

mechanisms. 

Ionic thermopower effects have been investigated by a 

few authors (199-202) with considerable interest centering 

on the silver halides. 

For the purposes of this project it was never the intention 

to perform detailed quantitative experiments to ascertain, 

for example, thermopower versus temperature curves. All 

that was required was evidence concerning the sign of the 

charge carrier that would back up, or otherwise, the results 

from the triple disc experiments mentioned in the previous 

section. With this single notion in mind the basic apparatus 

shown in Fig. 4.9 was set up. Again a 25mm. disc sample 

was found to be convenient. The temperature difference 

across the sample was measured via the two thermocouples 

which were embedded as close as possible to the specimen. 

The thermo-voltage developed was measured on an electrometer, 

with contact to the copper bars being made via brass screws 

sunk into the material. 

The upper copper bar could be warmed by using either 

electrical heating tapes or a bunsen flame. Alternatively, 

the lower bar could be cooled by surrounding it with ice. 

Good electrical contact to the specimen was achieved by 

one of two methods. Firstly, the established gold sputtering 

technique was used. The gold was sputtered over the upper 

and lower surfaces of the disc and then colloidal silver 
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painted over this to provide a complete interface between 

the gold and the copper bar. The second method simply 

entailed using a layer of colloidal graphite. Both methods 

seemed equally successful. 

It may be envisaged that contact potentials between 

the various metals could effect the results obtained. This 

was checked"by removing the sample but using the same. 

'sandwich' of metals in the sample gap. No results of a 

comparable magnitude were obtained. Similarly if an inert 

sample was used no thermopower voltage arose. 

4.6 Infra-red Absorption. 
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The atomic units within a glass or a glass-ceramic have 

characteristic vibrational modes, with the frequency of these 

vibrations often falling in the infra-red region of the 

spectrum. Consequently, infra-red absorption spectroscopy 

is a powerful tool for the investigation of structural units 

on a local scale. Vibrations of individual bonds and of 

atomic groups can both be observed provided they fall within 

the relevant frequency range" 

For all investigations a double beam spectrometer was 

used. In such apparatus two identical beams emanate from the 

infra-red source. The specimen is positioned in the path of 

one of the beams, whilst the second beam enters the spectrometer 

directly. A comparison of the infra-red intensity in the two 

resultant beams yields the degree of absorption by the specimen. 

The double beam technique avoids errors such as absorption by 

the atmosphere, which might otherwise be thought to be due 

to the specimen. 

The main problem in the preparation of specimens for use 
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in infra-red absorption measurements was due to the fact that 

borate materials tend to absorb rather strongly over a wide 

range of frequencies. This means that very thin specimens 

had to be used in order to observe structure within the 

absorbing regions. This was beyond the scope of normal 

grinding and polishing techniques, hence special procedures 

had to be employed. 

One method that was used was the KBr disc technique. 

This is a standard technique used by many 1,Iiorkers. In this 

procedure the powdered sample was mixed with powdered 

anhydrous KBr, generally in an approximate ratio of 1:8. 

The mixture was then put into an hydraulic press and a disc 

formed. The pressure used was approximately 10 tons on a 

t inch die, and the thickness of the resulting disc was 

typically O.lmm. The KBr shows very little absorption over 

most of the infra-red range and therefore acted as an inert 

matrix through which the specimen was thinly dispersed. 

This method has been criticised on several counts. Firstly, 

it subjects the specimen to high pressures which may distort 

or change the normal structure. Secondly, it has proved 

impossible to remove water contamination completely. Thirdly, 

the strength and shape of the absorption peaks have been 

found to be dependent on particle size. Fourthly, the 

possibility of chemical reactions altering the compounds 

that are present can not be ruled out (for further discussion 

on the validity of the KBr disc technique see, for example, 

203 p.122, 204, 205, 206). 

Despite these drawbacks this procedure, or similar 

procedures; has been used by a host of authors. It is a 



simple technique to use and has been effective in a wide 

range of cases. For binary sodium borate glasses, serious 

water contamination and peak distortion were found only to 
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be present at low sodium content (206). However, at concentr

ations above approximately 10% Na20, the KBr disc method was 

found to give similar spectra to those obtained by other 

techniques. The predominant base glass used in this project 

was 33.3% Na20 + 66.7% B20
3

, consequently the KBr disc 

technique has been used with a reasonable degree of confidence. 

It was used for both glasses and re-crystallised glass-ceramics. 

The second method used to produce thin samples was to 

blow bubbles from the molten glass. A steel tube of 7mm. 

internal diameter was dipped into the melt and withdrawn 

with a globule of glass attached to the end. When the glass 

had cooled to a reasonable viscosity (a visual estimate made 

easier with experience) a bubble was blown. The wall 

thickness was generally of the order of a micron. The specimen 

was then immediately mounted in the sample holder and the 

infra-red absorption measurements taken. Delays of hours or, 

in some cases, even minutes resulted in 'fogging' of the 

specimen. The resulting spectra were usually of superior 

quality in comparison to those taken with the KBr disc method, 

provided a sufficiently thin specimen could be obtained. 

While the above 'blown bubble' technique could be 

attempted quite readily for glassy samples, problems arose 

when the infra-red absorption spectrum of are-crystallised 

sample was required. Not surprisingly, the heat treatment of 

such thin samples met with rather less than complete success. 

The films tended to crinkle and deform in the heat treatment 
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furnace, with the resulting crystalline products being many 

times thicker than the initial glassy sheets. Nevertheless, 

it was usually found that the edge of one such product could 

be used to obtain a reasonable spectrum. 

Both the KBr disc technique and the blown bubble method 

were used repeatedly during the course of the project. 

Measurements were made on three spectrometers. Initially 

a Grubb~Parsons 'Spectromaster' spectrometer was used. This 

instrument was rather old and it was quite difficult to obtain 

reasonable results. However, some spectra were obtained using 

the blown film method and will be presented later. During a 

period of time spent working at Borax Research Ltd. a 

Pye-Unicarn SP 1100 spectrometer was available. This model 

covers the range 4000cm:l to 400cm:l which includes most 

of the region of interest for borate based materials. Numerous 

spectra were taken on this apparatus, the vast majority of 

which involved the KBr disc technique. Finally, a Perkin Elmer 

model 983 spectro-photometer was used. This instrument also 

incorporated a Perkin Elmer model 3600 data station which 

provided facilities for data storage and handling. The range 

associated with this spectrometer is 5000cm:l to l80cm:l 

The extension of the range to lower wavenumbers than had 

previously been available proved particularly useful. Both 

~Br disc and blown film measurements were made on this 

instrument. 

4.7 Nuclear Magnetic Resonance (N.M.R.) 

The work on N.M.R. has progressed along two fronts. 
\ 

Firstly, to investigate the boron nucleus and to ascertain 
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whether the addition of a halide dopant in any way.a1ters 

its co-ordination state in the resultant glass. Secondly, 

to observe the resonance due to the sodium' nuclei and to note 

if it is changed substantially when the doped material is 

heat treated. The apparatus used was a Varian VF16B wide 

line N.M.R. spectrometer. 

4.7.2 Theory. 

Detailed theory on N.M.R. will not be entered into here, 

but a thorough treatment can be found in many' texts (for 

example 207-219). Only a few brief results need to be 

mentioned. The boron and sodium nuclei have spin 3/2 , hence, 

due to the quadrupo1ar interaction, in single crystals their 

N.M.R. spectra would consist of three equally spaced lines, 

see Fig. 4.10. However, in po1ycrysta11ine and glassy 

materials, the relative position of the outer satellite lines 

is not fixed, hence they become very broad and are often 

un-observable, see Fig. 4.11. Thus, only the central line is 

usually observed. 

In some cases this central line is itself broadened by 

second order quadrupo1ar effects. If this is so, then the 

frequency width, 0» is given by (217, 220, 221): 

t» = 25 C
2 

192\)0 

where ~o is the central frequency and C is called the coupling 

constant. 

If C is very small then second order quadrupo1ar effects 

are not important and the width of the line is due to simple 

dipolar effects. 

In most N.M.R. experiments it is the derivative of the 

absorption peaks that is observed. This has to be integrated 
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if it is necessary to utilise the true absorption curve. 

4.7.3 Boron Studies. 

The boron nucleus, lIB, has been investigated in a wide 

range of materials by a host of workers. Such materials 

include boric oxide and binary glasses (217, 221-238), 

ternary glasses (239-249), boro-silicates (217, 250-257), 
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boron containing single crystals (258, 259), poly-crystalline 

minerals (260-265) and other compounds (266-271). In more 

recent years advances have been made in two ~reas. Firstly, 

with the use of the lOB isotope. This is proving a more 

sensitive tool than lIB (272-277). Secondly, in the 

theoretical interpretation of lineshapes with the use of 

computer simulation predictions (278-293). 

In borate glasses boron can exist in 3 co-ordination 

or 4 co-ordination with oxygen. In the case of 3 co-ordination 

the coupling constant is quite large at 2.76 ~mz (217, 221, 

227, 230, 263, 267, 283). This gives broadening due to 

second order quadrupolar effects and the resulting line is 

also rather assymetric. The highly symmetric arrangement for 

the 4 co-ordinated state gives a vanishingly small coupling 

constant, hence the line is not broadened by second order 

quadrupolar effects and is very narrow. Hence, it is possible 

to observe both types of resonances simultaneously, and the 

relative fraction of each type of state can be calculated. 

Boric oxide itself is considered, usually from X-ray 

results, to be made up of wholly 3 co-ordinated boron in 

both the glassy (294-302) and crystalline form (303, 304), 

though the presence of groups made up from the triangular 

units remains open to debate. The N.M.R. results of various 
\ 
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workers agree with this idea of 3 co-ordination for boron in 

the simple oxide (217, 221, 227, 230, 263, 267, 283). If 

Na20 is added to B20
3 

one possibility is that on adding one 

unit of Na20 the added oxygen becomes bonded to two of the 

previously 3 co-ordinated boron atoms, making then 4 co

ordinated. The two Na+ ions then enter interstices. Hence, 

considering the formula XNa20:(1-X)B20
3

, there must be a 

total of 2X boron atoms in 4 co-ordination. The total number 

of boron atoms is 2(1-X), consequently if N4 is the fraction 

of borons that are 4 co-ordinated then: 

= . 2X 
2(1-X) 

= ..A
I-X 

The absorption peak from 3 co-ordinated boron is very 

broad. Hence, as X increases, the strength of this signal 

becomes very weak, and it tends to disappear into noise. 

Thus, at high X, the result for N4 from a simple measurement 

of peak heights becomes artificially high and large 

discrepancies from true results occur.(226, 227). Ways of 

correcting this effect have been developed (226, 227), 

however, this calibration procedure will not be entered into 

in the work performed in this project and comparisons will 

only be made to the early raw data of Silver and Bray (221). 

The relative N4 results to be given can be directly compared 

to the ,c/ ' values quoted in that work. a 

Correctly calibrated results for various borate glasses 

are given by Bray and O'Keefe (227), this work illustrates 

that N4 follows the predicted formula until X~ 30%. For 

sodium borate with X >3~~ N4 falls rather below the 

predicted value, though the limit of glass formation is 

reached before there is much discrepancy. In the case of 
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lithium borate the glass formation region is extended, and 

it is found that N4 falls back to zero at X = 7~~. It must be 

mentioned that some of these high lithium content results 

should be questioned; the glass forming region for lithium 

borate does extend further than for ·sodium borate, but 70% Li20 

is considerably beyond the region generally accepted in which 

a clear homogenous glass can be formed (193, 305). 

The glasses investigated at Warwick were melted in 

platinum at 1000oC. for 3 hours, cast into cylinders at 

1.5cm. diameter and annealed at 4550 C. The samples in this 

form could be mounted directly into the spectrometer without 

any modification. The re-crystallised materials were 

obtained by heat treating the cylinders at 5200 C. 

4.7.4 Sodium Studies. 

The N.M.R. spectrum of sodium in sodium borate glasses 

is much less well documented than that of boron. Indeed, 

considering the alkali borate glasses, the most frequently 

investigated alkali metal nucleus is lithium (217, 223, 306, 

307), with caesium also coming under considerable scrutiny 

(232, 308, 309). The sodium resonance is more usually 

investigated in materials such as ~-a1umina (310-318), 

crystalline minerals (319, 320), NaTiS2 (321) and other 

compounds (322-326). 

The reason that the Na resonance in sodium borate glasses 

is so infrequently investigated is that it is very difficult 

to observe. Indeed, in his early work, Bray states that the 

resonance cannot be observed (221). Furthermore, even in 

crystalline borates, the Na resonance cannot be seen unless 

the material is hydrated (320). Bray has since revised his 



opinion and has displayed an observed Na resonance in glassy 

Na20:2B20
3 

(217, p.116). The difficulty in observing the 

resonance is put down to the fact that the coupling constant 

would vary greatly with each sodium ion, due to its random 

placement in the network. 

Observations were made at 12.0 MHz in a steady field 

of 10.7 KG. It was found that in order to avoid saturating 
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the N.M.R. signal a rather low input R-F field had to be used. 

If this input was reduced still further then the signal to 

noise ratio decreased. 

4.8 Density Measurements. 

The extent by which additions change the network of a 

base glass can be seen from density measurements. It is a 

simple, but nevertheless very useful, investigatory technique. 

A standard Archimedian type method was used, with 

chloroform being the immersion fluid. The sample was weighed 

first in air, Ma' and then in chloroform, Mc. The upthrust, 

M - M , is then given by: a c 

Ma - Mc = dc.V 

where V is the volume of the sample, and dc is the density 

of chloroform. 

Hence, 

where d is the density of the sample, 

d = dc.Ma 
M - M a c 

The sample was attached to the weighing balance by very 

thin wires in order to reduce any effects due to surface 

tension at the liquid interface. The mass of the wires was 

subtracted from any weighing result. Samples of considerable 
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mass (~25gms.) were used so that accurate results were easily 

obtafned. Such measurements were repeated on several 

occasions in order to estimate the possible experimental error. 

As well as standard density results, also of interest 

is the average linear separation of the boron atoms, S. This 

gives an indication of how open the boron network is. S3 is 

the volume of glass per boron atom, so that the reciprocal of 

S3 is the number of boron atoms per unit volume. 

S =(NO. 1 fl of B atoms per unit vol. 3 

S = Cd 
1 

1/ 
) 3 x no. of B atoms per unit mass 

The number of boron atoms per unit mass can be calculated 

from the composition. 



CHAPTER 5 

Results for Electrical Conductivity and Related Topics. 

5.1 Electrical Conductivity. 
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When considering the results obtained for the various 

doped materials it is usually interesting to draw a direct 

comparison with the results obtained for anhydrous borax 

glass. Consequently, in most figures t~e results for the 

anhydrous borax glass are reproduced alongside the results 

for the doped material. For the sake of consistency the pure 

borax results are always plotted with the .~ symbol, and for 

ease of comparison the graphs are plotted on the same scale 

wherever possible. 

5.1.1 Glassy Materials based on Anhydrous Borax. 

Early work in the project concentrated on glassy materials. 

In all the glassy systems investigated a very high degree of 

reproducibility of conductivity results was achieved. 

Fig. 4.7 showed the similarity of the results obtained when 

repeating conductivity measurements on borax glass. This 

close matching of curves is typical for all the glasses 

investigated. It is estimated that each conductivity 

value is correct to within approximately 8%, and that the . 

activation energy calculated from the gradient of the curves 

is correct to within approximately 5%. This is based on 

analysis of repeated runs on several glasses, and on the direct 

comparison with standard glasses diseussed in section 4.1.4. 

Table 5.1 gives atomic percentage compositions of some 

of the glasses to be mentioned later in this chapter. 

For reasons stated in section 3.1 the first addition to 

anhydrous borax glass that was investigated was CaC1
2 • Three 



Table 5.1 

Glass Compositions 

Atomic Percentages 

Overall Na 0 B Added Added 
Composition Cation Halide 

Ion 

100% borax 15.4 53.8 30.8 

1~~ (Mg,Zn)CaC12(F,Br,I) 
+ 90% borax 15.0 52.5 30.0 0.8 1.7 

15% (Ba)CaC12 
+ 85% borax 14.8 51.7 29.6 1.3 2.6 

2~~ CaC12 
+ 80% borax 14.5 50.9 29.1 1.8 3.6 

10% NaCl(F,Br) 

+ 90% borax 16.0 52.9 30.3 0.8 

20% NaCl 

+ 80% borax 16.7 51.9 29.6 1.9 

30% NaCl 
+ 70% borax 17.5 50.5 28.9 3.1 

8.77% NaC1 

+ 7.89% B20
3 

+ 83.34% borax 15.4 53.2 30.6 0.8 

glasses of different composition were made: 90% borax + 

l~fo CaC12 , 85% borax + 15% CaC12 and 80% borax + 2~~ CaC12 · 

The conductivity results for the 10% CaC12 glass and the 

20% CaC12 glass are shown in Fig. 5.1, together with the results 

for pure borax as a comparison. For the sake of clarity the 

measurements for the 15% CaC12 glass are not shown here, but 

they lie intermediate to the other two combination glasses 

and are displayed in a later figure (Fig. 5.3). 
~, 

It can be seen that there is a considerable decrease in 
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resistivity on adding the halide. A decrease of over an order 

of magnitude is observed at room temperature for the 2~~ CaC12 

glass. At this stage it is difficult to comment as to whether 

the decrease in resistivity is due to a decrease in activation 

energy, (i.e. a change in slope) or if it is due to a change 

in the pre-exponential factor in the conductivity equation, 

(i.e. an increase in the number density of effective charge 

carriers which results in a lower intercept). See section 2.4 

for a discussion on the conductivity equation. The activation 

energy measured for the doped glasses does not differ from 

that of the pure borax glass by more than the possible error 

range associated with the measurement. The calculation for 

the activation energy of the 20% CaC12 glass yields 73 ! 4kJ/mole, 

while that for borax (see section 4.1.4) was similarly 

73 + 4kJ/mole. 

No presumptions were made as to which ion had to necessarily 

be present in order to achieve the conductivity enhancement 

effect. However, it was thought less likely that the improved 

conductivity was due specifically to the calcium ion. In 

order to check on this idea a glass of composition 10% MgC12 + 

9~~ borax was made and its conductivity measured. The results 

are shown in Fig. 5.2; also plotted are the results for the 

l~~ CaC12 glass. A decrease in resistivity compared to pure 

borax is again observed, with the resistivity of the 10% MgC12 

glass being also slightly less than that of the l~~ CaC12 glass. 

Consequently, it appears that the size of the alkaline-earth 

ion influences the degree of decrease of resistivity at least 

to a certain extent. These ideas are supported by the results 

of measurements on a 15% BaC12 + 85% borax glass. These 



RESISTIVITY PLOT 
12~~~~~~~ ______________________________ ~ 

I c (!] 100 % BORAX (G LASS) 

:I: 10 u 

:I: 
.J:: 
o 

)

t-..... 
:> 6 ..... 
t
V) ..... 
ff) 

W 
0:: 

o 
...... 6 
(!) 

o 
....J 

.,. 

2 

x 10 % CaCl + 90% BORAX (GLASS) 
2 

~ 1 0 % M g C t 2 + 90 0/0 B 0 R AX (G LAs s ) 

[!][!] 

[!][!] 

[!I[!] ~X 
[!I[!I X~~ 

[!I [!I $ <!> 
[!I [!I y ~ 

[!I [!I x:~~ 

r!lr!lr!lr!lr!l ~I> <l> 

b~iJ 
~X~~~ 

r!lr!lr!l@ ~I<!><!> 
[!I [!I [!] x X~ <!> 

[!I(!][!I 'J~" <!> <!Y" 

(!] It' Y 
~ ~fY 

1.5 2 2.5 

lOOO/TEMP (to 

3 3.5 

" -C\ 
C 
:0 
m 

V1 

N 



91. 

measurements are shown in Fig. 5.3, which also displays the 

results for the equivalent calcium chloride glass. It is 

observed that BaC12 enhances conductivity to only a small 

degree and certainly not as much as CaC12 • Thus, it appears 

that for the addition of alkaline-earth chlorides to borax 

the degree of resistivity decrease follows the pattern 

Ba< Ca< Mg, which, of course, is the order of decreasing 

ion size. 

It may be thought rather strange that the addition of a 

chloride to borax should decrease the resistivity at all. It 

should be remembered that the addition of an alkaline-earth 

oxide to a sodium borate glass results in a conductivity 

reduction (151). 

In order to remove any doubts regarding the validity of 

the above results, glasses of the following two compositions 

were made: 10'~ MgO + 90% borax and 10'~ CaO + 90'~ borax. As 

expected these samples showed an increased resistivity in 

comparison to pure borax. Because these samples conform to 

the expected behaviour there is no reason to distrust the 

results for the halide doped samples, i.e. it is confidently 

believed that the decreased resistivity is a real effect. 

Having considered various alkaline-earth ions in the 

dopant material the natural progression was to investigate 

the dependency of the decreased resistivity effect on the 

type of halide ion. With this aim in mind two further glasses 

were made. These were 10'~ CaBr2 + 90'~ borax and 10'~ CaF2 + 

90% borax. The former of these two glasses showed similar 

conductivity properties to that of the 10% CaC12 glass; the 
. 

results are shown in Fig. 5.4. The enhancement effect seems 
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virtually independent of whether the anion is bromine or 

chlorine. However, the situation is very different for the 

10% CaF2 glass, the results for which are shown in Fig. 5.5. 

Far from there being a decreased resistivity in comparison 

to pure borax, over most of the temperature range the 

resistivity is considerably increased. There is also quite 
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a noticeable increase in activation energy, the measured value 

is 78 ! 6 kJ/mole. The results were confirmed when the 

experiments were repeated on other glasses of the same 

composition. 

In order to complete investigations on using calcium 

halides as dopants, a glass of composition 10% CaI2 + 90% borax 

was made and its conductivity measured. The results are shown 

in Fig. 5.6, apparently the material had a resistivity 

virtually identical to that of pure borax. The reason for 

this soon became obvious when chemical analysis results on 

the glass were obtained. Almost all of the iodine had 

volati1ised during melting, see table 3.1. This high 

volatility precludes iodides from being used as dopants unless 

the melting procedure is amended greatly. 

As mentioned earlier, the presence of the alkaline-earth 

ions should, if anything, be detrimental to the conductivity 

of the material. Consequently, it was decided to attempt 

to improve conductivity by using NaCl despite the reported 

lower solubility in borax (see section 3.1). It was found 

that up to 30% NaC1 could be incorporated into the borax base 

while still being able to achieve a clear, homogenous glass. 

At this upper limit a high quench rate had to be employed, 

and the anne~ling temperature carefully monitored in order to 



12 

[!] 

A 

x: 

10 1 u 

x: 
:J: 
D 

>-
~ -:> 6 
~ 
U) -U) 

W 
0::: 

Cl -- 6 
CJ 
D 
-1 

4 1 

2 

RESISTIVITY PLOT 

. 
100 % BORAX (G LASS) 

A 

1 0 % C a F 2 + 90 % B 0 R A X (G LAS S ) ~[!J 
A[!J 

[!J 

AI!/ 
A [!J 

[!J 

A [!J[!J 
Al. [!J 

A [!J[!J 

A A[!J[!J 

A [!J[!J 

,~ 

1.5 2 

A [!J[!J 

.~ 

2.5 

IDDD/TEMP (K) 

3 

[!J 

." -Cl 
C 
::0 

"' 

I~ 

3 .. 5 



FIGURE 5·6 

In 
• 

." 

\ 
e 

ED 
I§) 
e 

e 
lib 

El 

'\ 
\ 

\ 
El e 

El 

.- \ In . 
0 

N 

...J 
~ 

a.. 

'" 
Q., 

>-
s: 
UJ .- I--

'Ell 
"-

> 
0 
0 - 0 .- .... 

Vl Vl El@ - Vl 
Vl <t: €f N 
UJ -l El 
a::: l!J EleP 

EJE> 
x 
<t: EJI~ 
0:: 

Vl 0 EJ 
• V') co 
<t: 

~ \ -l 0 
L:J C> l/') 

~ 

x .... 
<t: + 
0:: N 

....... 
0 ro en LJ 

~ ~ 0 

C> 
0 

C> C> 
..- .--

EJ E) 

.... 
N 0 .... .... co to N 

(W~ WHQ) J.1IAllSIS3~ (Otl!lQl 



93. 

prevent the material from crystallising. It should be noted 

that the addition of 30% NaCl puts considerably fewer chloride 

ions into the glass than does 20% CaC12 , see Table 5.1. It is 

for this reason that it is considered that NaCl is 'relatively 

less soluble'. 

Glasses were made of the following compositions: 

l~~ NaCl + 90% borax, 20% NaCl + 8~~ borax, 3~~ NaCl + 70% borax. 

The conductivity results for these materials are shown in Fig. 5.7. 

It can be seen that there is a steady reduction in resistivity as 

the percentage of halide in the glass is increased. There also 

appears to be a steady reduction in activation energy~ it is 

down to 63 ! 3 kJ/mole for the 30% NaCl glass. 

It was realised that these three compositions, as well as 

introducing chloride ions into the glass, also increase the 

atomic percentage of sodium ions in the material. Without 

further investigations it could not be definitely concluded 

that the decrease in resistivity was due to the presence of 

the chloride ions. Instead it could be said that the 

improvement resulted from the increase in sodium ion concentration. 

The glass of composition 8.77% NaCl + 7.89% B203 + 83.34% borax 

has the same atomic percentage of sodium as borax, and 

approximately the same atomic percentage of chloride ions as 

a l~~ NaCl + 90% borax glass. The conductivity results for 

this ternary glass are shown in Fig. 5.8. A considerably 

reduced resistivity is observed, compared to pure borax. This 

decreased resistance ean not be due to extra sodium ions, it 

must therefore be a result of the presence of· chloride ions. 

Conductivity measurements were also made on two further 

sodium halide containing glasses. These compositions were 
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10% NaBr + 9~~ borax and l~~ NaF + 9~~ borax. The results are 

plotted in Fig. 5.9. Over most of the temperature range there 

seems to be a general decrease in resistivity as the size of the 

added halide ion increases. It is also observed that a reduction 

in activation energy accompanies the decrease in resistivity. 

The activation energy for the glass doped with fluoride is 

80 ! 2 kJ/mol., while that for the glass doped with bromide is 

68 ! 5 kJ/mol. All these results will be discussed further 

in Chapter 7. 

These measurements are all of considerable interest, however 

the reduction in resistivity is not sufficient that the doped 

glasses could be considered 'good ionic conductors'. The original 

liaison with B.R.L. had led to the belief that far greater effects 

would be observed. Although B.R.L. had found that the greatest 

reductions in resistivity were obtained with transition metal 

halide dopants (see section 3.1), considerable enhancement had 

been obtained with alkaline-earth halides. A large effect had 

also been observed using ZnC12 as the additive. For this reason 

the next glass melted was of the composition 10% ZnC12 + 9~~ borax. 

The results of conductivity measurements on this glass are shown 

in Fig. 5.10. As with most of the doped glasses measured previously, 

a small decrease in resistivity of up to an order of magnitude is 

found in comparison to pure borax. However, this reduction 

was certainly not of the extent expected. 

Further detailed discussions with B.R.L. regarding melting 

procedure, chemicals used, measuring apparatus, etc., resulted 

in the discovery of at least two distinct differences in 

experimental technique between work reported here and work 

carried out at B.R.L. The first of these differences was that 
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B.R.L. had used a nitrogen atmosphere in the melting furnace, 

in contrast to a normal air environment. Secondly, no fast 

quench step was involved in the B.R.L. glass formation 

procedure; consequently it was possible that their glasses 

had crystallised to a certain extent. 

The first of these possibilities was checked by making 

a 10% MgC12 + 90% borax glass in a nitrogen a.tmosphere and 

measuring its resistivity. The results are shown in Fig. 5.11; 

also shown are the results for the glass of the same composition 

that was melted in an air atmosphere. Allowing for experimental 

error there is apparently no difference between the two sets 

of results. This similarity was confirmed for other glass 

compositions. It could be confidently stated that the 

discrepancy in results reported here and those observed by 

B.R.L. was not due to the atmosphere in the melting furnace. 

Consequently, attention was turned to the possibility of 

crystallising the glasses. 

5.1.2 Glass-Ceramics based on Anhydrous Borax. 

At this point it is worth re-stating the fact that the 

vast majority of glass-ceramics have a higher resistivity than 

their parent glasses (see section 2.8). In glasses the mobile 

ions are less strongly bound and the potential barriers 

impeding their motion are, on average, lower. The only case 

where resistivity is decreased on crystallising is when the 

mobile ions are strongly preferentially ejected into the glassy 

phase at the glass/crystal interface. This concentration 

build-up in the more conducting residual glassy phase can, in 

a few circumstances, lead to an overall decrease in resistivity. 
\ 

However, this behaviour is quite rare. 
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For reasons stated in section 3.4 the recrystallisation 

process was a single stage heat treatment. The crystallisation 

dwell temperature was chosen as a result of D.S.C. or D.T.A. 

measurements, this was also discussed in section 3.4. Unless 

otherwise stated, the time the samples remained at the dwell 

temperature was two hours. 

The samples subjected to heat treatment were first cut 

into the 2.5cm .. discs that were necessary for the conductivity 

measuring apparatus. Thus, no further shaping was required 

after the conversion process. 

Because of the large decrease in resistivity predicted 

by B.R.L., the first glass to be re-crystallised was the 

10% ZnC12 + 90% borax sample. Specimens were heat treated 

at one of three temperatures: 700oC, 6000 c or 550oe. The 

samples heat treated at either of the two upper temperatures 

appeared crystalline throughout the bulk of the material. 

A certain degree of deformation had occurred with the specimen 

heat treated at 700oC. 

Resistivity measurements on the samples proved very 

interesting. It was found that the specimens heat treated at 

either 6000 C or 7000 C exhibited a resistivity which, at room 

temperature, was over four orders of magnitude lower than the 

parent glass, and up to five orders of magnitude lower than 

that of pure borax glass. There was only a slight difference, 

if any, between the samples crystallised at 600 0 e and those 

crystallised at 700oC. The experiments were repeated on 

several occasions and the above results verified. Admittedly, 

there was considerable scatter associated with the measurements, 

rather more~han with the glasses, however the decreased 
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resistivity effect was undeniable and quite startling. 

This increased experimental scatter was found on all 

subsequent measurements on re-crystallised materials. 

Consequently, at least five sets of data were taken for each 

heat treatment temperature on each composition. To plot all 

the collected data points graphically would lead to considerable 

congestion on the figure, especially where comparisons are 

being made between different heat treatments. Consequently, 

in most cases for the re-crystal1ised specimens, only the 

best fitted line will be drawn on the resistivity plot. At 

the very worst the discrepancy between the drawn line and any 

individual result may be up to a factor of four. Although 

this is considerable for a single result, the logarithmic scale 

of the resistivity plot makes the situation tolerable. The 

question of this scatter will be returned to later. 

The best fitted results for the zinc chloride doped 

materials heat treated at 7000 C and 6000 C are shown in Fig. 5.12. 

The specimens of the above composition re-crysta11ised 

at 5500 C were observed to behave rather differently. The guard 

ring arrangement, for the connections to the specimen in the 

resistivity apparatus, allows the removal of surface conductivity 

contributions from the required bulk resistivity value (see 

section 4.1). However, whether or not the guard ring is 

connected usually alters the result by only up to a few percent, 

i.e. the surface conductivity is much smaller than the bulk 

value. In the case in question the complete opposite was true. 

The surface conductivity was much larger than. that through the 

bulk. With knowledge of the results obtained.for the specimens , 
re-crysta11ised at higher temperatures, the obvious conclusion 
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to draw was that this specimen had surface crystallised. 

Indeed, this was quite obvious from the appearance of the 

disc. The layer-like structure is shown clearly on an electron 

micrograph (see Fig. 6.14). Bulk resistivity measurements 

are difficult to perform on such samples because any slight 

error in removing the surface conductivity contribution will 

distort measured results considerably. Nevertheless, the 

observed results are also shown in Fig. 5.12. No other 

composition showed such a strong tendency to surface crystallise. 

Having verified that a large resistivity reduction could 

be achieved via a heat treatment procedure, the emphasis of 

the work shifted back to the original lines of the investigation, 

i.e. the use of alkaline-earth halides as dopants. Glassy 

disc specimens of the composition l~~ CaC12 + 9~~ borax were 

subjected to the same re-crystallisation process as the above 

ZnC12 doped materials; i.e. two hour heat tr.eatments at either 

700oC, 6000 C or 550oC. All specimens were well crystalline 

throughout the bulk of the material. 

Conductivity measurements showed that all three types of 

sample had a similar resistivity, and that its value was 

several orders of magnitude below that of the glassy specimen. 

In order to indicate the magnitude of the experimental scatter, 

dotted lines are drawn on the results figure which show the 

extent of the individual measured data points. The 'best 

fitted line' is also displayed. See Fig. 5.13. There is 

virtually no apparent dependence of the resistivity on the 

actual heat treatment temperature used. 

One further interesting observation is that the results 
". 

indicate a marked change in slope in the resistivity curve at 
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high temperatures. Indeed, in the high temperature region the 

trend in resistivity seems to follow that of the parent glass 

very closely, both in activation energy and absolute value. 

This phenomenon was observed with several other compositions 

and will be discus~edfully in Chapter· 7. 

Another alkaline-earth halide investigated for its use 

as a resistivity reducing agent was BaC12 • Glassy samples of 

composition 15% BaC12 + 8~6 borax were re-cry~tallised at 550°C, 

and the resulting glass-ceramics were subjected to resistivity 

measurements. The results are shown in Fig. 5.14. A large 

decrease in resistivity in comparison to the original glass 

is achieved. Indeed, the behaviour is very similar to that 

observed when doping with CaC12 , though the final observed 

resistivity is not quite as low. The sharp change in the slope 

of the resistivity curve at elevated temperature is again 

present. 

Following the lines of the experiments carried out on 

glasses, the next additive investigated was NaCl. Re-crystallised 

samples of 10% NaCl + 90% borax were made using ,heat treatment 

temperatures of 650oC, 600 oC, 550°C, 538°C, 525°C, 512°C and 

500oC. The appearance of some of these samples can be seen in 

Fig. 3.6. Resistivity measurements were carried out on all 

samples. Those specimens which were heat treated at a temperature 

of 525°C or above showed a much decreased resistivity in 

comparison to the corresponding glassy material, and there was 

little observable difference in the resistivities of these 

samples. The results are shown in Fig. 5.15 .. The measured 

activation energy was 26 ~ 5 kJ/mole, and there was again a 

marked change in gradient at high temperatures. As the heat 
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treatment temperature was reduced below 5250 C the measured 

resistivities quickly rose back towards that of the parent 

glass. This overall effect is mirrored by the form of the 

samples as shown in Fig. 3.6. For a heat treatment temperature 

of above 5250 C the specimens are opaque and well crystalline, 

while those heat treated below 5250 C are decidedly glassy. 

A clear pattern is beginning to emerge. As the heat 

treatment temperature is increased to above the temperature 

at which crystals start to form, the resistivity of the material 

drops rapidly. However, a temperature is reached where the 

resistivity reduction is a maximum. Heat treatment above this 

temperature will result in no further decrease. 

The use of NaC1 as an additive was further investigated 

by re-crysta11ising glassy samples of composition 20% NaCI + 

8~fo borax, and 3~fo NaC1 + 7~fo borax. The heat treatment 

temperature used was 5250 C in each case. The results of 

resistivity measurements on these materials are shown in 

Fig. 5.16. Large decreases in resistivity in comparison to 

the parent glasses (see Fig. 5.7) are obtained. In relation 

to the magnitude of the resistivity reduction brought about 

by crystallisation, the difference in resistivity between the 

glass-ceramic products of the three compositions is quite 

small. However, it does appear that the least resistive 

material in the range is the specimen containing 20% NaC1. 

Further addition of the halide is detrimental to the conductivity. 

~here thus appears to be an optimum doping level. 

At this point attention was paid to the use of other 

sodium halide dopants, i.e. ~aBr and NaF. Samples of 
.. 

composi tion10% NaBr + 90% borax and l~fo Nal" + 90% borax were 
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re-crystallised from the parent glasses. A heat treatment 

temperature of 525°C was used in the case of the bromide 

doped glass, however it was found that at this temperature 

101. 

the fluoride doped specimen did not fully crystallise, 

consequently the dwell temperature was increased to 5500 C for 

this latter case. Resistivity measurements were then carried 

out on these samples. As can be ·seen from Fig. 5.17, the 

bromide doped sample showed a greatly decreased resistivity 

in comparison with its glassy form. (The measurements for 

the parent glass were shown in.Fig. 5.9). The ultimate 

resistivity achieved is not quite as low as with NaCl, and 

also the activation energy is rather higher at 42 ~ 6 kJ/mole. 

Nevertheless, the decreased resistivity effect is most 

certainly present. 

However, in the case where NaF was the added halide the 

situation is rather different. The results are shown in 

Fig. 5.18. Far from showing a decrease in resistivity the 

trend is the complete op~osite. A higher resistivity is 

observed for the glass-ceramic than is observed for the glassy 

material. This experiment was repeated on several occasions 

and the results verified. It does not appear that the fluoride 

ion is capable of acting in the manner necessary to promote 

decreased resistivity, whereas bromide ions decrease resistivity 

almost to the same extent as chloride ions. 

Finally, a sample of pure borax glass was re-crystallised 

at 5500 C and its resistivity measured. The appearance of 

this sample can be seen in Fig. 3.11. The resistivity results 

are shown in Fig. 5.19. Far from there being a reduction in 
\ 

resistivity on crystallising, a resistivity increase is 
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observed. This is the more usual trend on transforming a 

glass to a glass-ceramic. Furthermore this result shows that 

the decrease in resistivity observed on re-crystallising a 

doped specimen is a direct consequence of the doping, and is 

not some artificial effect. 

In summary, when borax is doped with certain halides the 

resistivity of the product can be reduced by over five orders 

of magnitude, in some cases, when the initial glassy material 

is converted to a glass-ceramic. It is most certainly the 

presence of the halide ion itself that is necessary in order 

to promote this resistivity reduction. The type of metal 

cation involved in the halide is of secondary importance. 

Chloride ions and bromide ions seem to act quite similarly 

but fluoride ions do not produce the large decrease in 

resistivity. The low resistivity that is achievable is not 

critically dependent on a precise doping level, though the 

resistivity reduction can be increased slightly by choosing 

an optimum percentage addition. The lower percentage limit 

of dopant necessary in order to achieve a marked resistivity 

decrease has not been fully investigated here and is an 

obvious area of interest for future work. Room temperature 

resistivities of less than l0611. cm • have been easily obtained 

and it is highly possible that this could be further reduced 

using different heat treatment procedures. 

5.1.3 Alkali-free Borates. 

Alkaline-earth borate glasses have a much higher 

resistivity than the equivalent alkali borate. glass, indeed 

they are very good electrical insulators. Furthermore, as 
\ 

was discussed fully in section 2.7.6, the mechanism responsible 
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for the electrical conductivity in these glasses is still 

under considerable discussion. 

Towards the end of this project it was deci~ed to 

investigate the effect of the addition of halides on the 

electrical properties of some alkaline-earth. borate glasses, 

and also to explore the effects of heat treating the samples. 

The halide additions used were chlorides, XC12 , such that there 

was only one type of alkaline-earth ion prese~t. Thus, glasses 

of the form 100% XB407 and 9~~ XB407 + 10% X?12 were formed, 

where X = Ca, Sr, Ba. Glasses based on magnesium borate 

could not be investigated due to the fact that the product 

does not form a glass at this composition. 

A melting temperature of l2000 C was used in all cases. 

Annealing temperatures and crystallisation temperatures were 

found by D.S.C. and D.T.A. techniques (see section 3.4). It 

was found that both these temperatures varied with the type 

of cation involved. The barium borate based glasses were 

annealed at 530~C, the strontium borate based glasses at 5800 C 

and the calcium borate based glasses at 6000 C. A similar trend 

was discovered for the crystallisation temperatures. It was 

possible to crystallise the barium borates at 7000 C, while· 

the strontium borates required 7200 C, and the calcium borates 

required 7500 C. 

The resistivities of the undoped materials are so high 

that they cannot be measured at room temperature with existing 

apparatus. The samples have to be taken to approximately 3500 C 

before the resistivity can be measured. In general Arrhenius 

type behaviour is exhibited as the temperature is varied, 

though it must be appreciated that the difficulty in measuring 
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such high resistivities gives rise to considerable scatter 

about the fitted straight lines. The experiments have been 

repeated and the results confirmed. The observed resistivity 

curves for the three sets of materials are shown in 

Figs. 5.20 - 5.22. Again, to avoid confusion from the 

plethora of data points, only the fitted straight lines are 

shown. 

As might be expected, the undoped materials all show 

very high resistivities with the re-crystallised materials 

showing a rather higher activation energy and, over most of 

the temperature range utilised, a higher resistivity than the 

parent glass. Alkaline-earth borate glasses have been 

investigated by other authors, but it is not a simple matter 

to compare the results obtained by them to the results given 

here, as the XO/B20
3 

ratio used does not coincide. However, a 

comparison table is given in Table 5.2, where the quoted 

results are taken from work on compositions nearest to those 

used here. It can be seen that at least order of magnitude 

correlation is shown, which is all that can be expected given 

the difference in compositions and the extreme temperatures 

and resistivities involved. 

The results for the doped glasses are not very different 

from the undoped glasses, the activation energy is very 

similar indeed. The doped glasses are slightly more resistive, 

which is the opposite trend to that shown with the glasses 

based on sodium borate, but overall the effect is not very 

startling. 

It is with the re-crystallised doped specimens that the 

results become most interesting. Once again a reduced 
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Composition Activation Resistivity 
.,. Energy at 4500 C 

kJ/mo1e ohm. cm. 

CaB
4
0

7 
i.e. 33.3% CaO 181 ± 15 1.6 x lOll 

+ 66.6% B20
3 

SrB
4
0

7 
i.e. 33.3% srO . 136 ± 18 1.4 x 1010 

+ 66.6% B20
3 

Ba
4
0

7 
i.e. 33.3% BaO 184 ± 17 4.9 x 109 

+ 66.6% B20
3 

- - ------ .. _-- -- ---- -- --_._-

Table 5.2 

Comparison Activation 
Composition Energy 

kJ/mo1e 

25.9% CaO 

61.4% B20
3 

171 

+ 12.'7% A120
3 

28.5% CaO 

57.1% B203 
170 

+ 14.3% A120
3 

31.8% srO 

+ 68.3% B20
3 147 

38.8% BaO 

.. 61.2% B20
3 

166 

Resistivity 
at 4500 C 
ohm. cm. 

4.1 x lOll 

1.5 x lOll 

1 .• 5 x lOll 

3.16 x 1010 

Worker 

Hagel and 

Mackenzie 

(ref. 5) 

Owen 

(ref. 1) 

Hirayama 

(ref. 6) 

Hirayama 

(ref. 6) I-' 
o 
VI 
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resistivity effect is observed. It is most noticeable with 

the calcium borate based material. Here the resistivity is 

so decreased that measurements can be made even at room 

temperature. The room temperature resistivity is of the 

lIn order of 10 ~~.cm. and the activation energy is reduced to 

to 26 ± 4 kJ/mole. The effect is also very prominent in the 

strontium borate based material, with the activation energy 

being 34 .:!: 5 kJ/mole. In the barium borate ,based specimens 

the resistivity reduction is rather less, but the effect is 

certainly still present. 

Overall there seems to be a general consistency throughout 

the results and an apparent dependence of the resistivity 

reducing effect on ionic size. It is quite remarkable that 

not only can the addition of a halide bring about such a marked 

resistivity reduction, but also that the effect can be observed 

in such a wide range of borate materials. 

5.1.4 Electronic Conductivity. 

It was found that if any specimen was 'allowed to polarise 

in a D.C. voltage, the final current flowing was below the 

limit detectable in an electrometer. Thus the electronic 

component of conduction can be assumed negligible in respect 

to the ionic component. 

5.1.5 Further Comments. 

The resistivity measurements create many points of interest 

and also provoke a number of questions, some of which will be 

mentioned below. However, before diverging from the measurements 

themselves, a further point must be made regarding the scatter 

of results for the re-crystallised samples. Almost overshadowed 
'\ 

by the large 'random' scatter of results, there appears to be 
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an underlying trend that the resistivity of the sample increases 

with the number of measuring cycles. Because of the relative 

size of the effect compared to the 'random' scatter it is 

difficult to produce a meaningful graph illustrating the change. 

However, a set of repetition curves for a sample in which this 

effect was particularly large is shown in Fig. 5.23. It is 

emphasised that the observed increase is usually considerably 

less than this. A large number of 'same sample' repetitions 

is not possible due to deterioration of the gold electrodes 

and of associated contacts. 

The overall impression is of some sort of relaxation 

effect, though this interpretation is open to question because 

the highest temperature attained in the conductivity 

measurements, approximately 400oC, is still considerably 

lower than the heat treatment re-crysta11isation temperature. 

Thus there are no kinetic reasons why further relaxation 

should take place. The area obviously provides interesting 

features for future work, though the task of separating this 

effect from random scatter could prove difficult. 

Returning to the resistivity results in general, several 

questions need to be answered. Firstly, it must not simply " 

be assumed that the decrease in resistivity is brought about 

by increased sodium ion mobility, or even an increase in the 

effective number of ions available for conduction. The 

possibility that, in these doped re-crystal1ised materials, 

the halide ion itself is directly responsible for charge 

conduction cannot be ruled out without recourse to further 

evidence. 
, 
"' 

The re-crystallised specimens consist of at least one 
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crystalline phase plus a residual glassy phase. It was 

mentioned earlier (section 5.1.2) that in the few cases 

reported previously where crystallisation brings about 

decreased resistivity it was the glassy phase, not the 

crystalline phase, that was more conducting. It must be 

asked whether the resistivity reduction brought about in the 

present case is a manifestation of the same effect. Thus it 

must be established whether it is the glassy phase or the 

crystalline phase that is highly conducting. 

Even if experiments prove that it is the glassy phase 
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that is highly conducting, the crystalline phase should be 

identified as a matter of course. Naturally, if it happened 

that the conducting phase was the crystalline phase, then this 

identification procedure would become of greater importance. 

The environment of the various ions should be probed to 

look for changes that occur on crystallisation. This would 

include any changes in bonding and/or co-ordination number. 

The experimental work to be reported in the remainder of 

this chapter, and in the following chapter~ attempts to 

discover some of the answers to these questions, or at least 

to carry out investigations so that a greater insight into 

the conductivity mechanism can be gained. 

5.2 Determination of the Relative Resistivity of the Crystalline 

and Glassy Phases in the Glass-Ceramic Material§. 

The technique used in these investigations was discussed in 

section 4.3.3. 

The composition of the material used in these experiments 

was l~~ CaC12 + 9~~ borax. The re-crystallisation temperature 
~ , 

used was.7oooC, and the dwell time. was 2 hours. 



FIGURE 5'24 

Micrograph: Overview of sample used in 
'charging - up' experiment. 
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FIGURE 5 ·26 

Micrograph: Close-up of un-coated region 

FIGURE 5·27 

Micrograph: Close-up of un-coated region 
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An overall view of the sample is shown in Fig. 5.24. 

The border between the region coated in graphite and the 

uncoated region is easily observable. Fig. 5.25 shows this 

dividing line in rather more detail. Even at this stage the 

charge glow within the uncoated region can be seen to be 

clinging to only certain areas. Figs. 5.26 and 5.27 show the 

uncoated region at high magnification. It is very easy to 

see that the crystallites remain charge free, while the 

residual glassy phase is subject to considerable charging. 

The difference is very marked indeed. 

This set of photographs clearly demonstrates that the 

crystalline phase is capable of conducting charge away, while 

the residual glassy phase is not. Thus, it can be concluded 

that the low resistivity of these doped, re-crysta1lised 

materials is due to the crystalline phase that is formed 

being a good conductor. The effect is not due to an increased 

concentration of sodium ions in the glassy phase. 

This result has put increased importance on establishing 

definitely which ion is the mobile species in these low 

resistivity materials, on determining the crystal phase that 

is present and on looking for changes in the environment of 

the various ions on crystallisation. 

5.3 Thermopower Experiments. 

The background to this technique and the equipment used 

was discussed fully in section 4.5. The results will be used 

to confirm, or otherwise, the findings of the 'triple disc' 

experiments to be reported in the next section. 

Several of the low resistivity, re-crysta11ised, borax 
. 

based sampies were utilised in the experiments. A consistent 
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result was always achieved. It was found that independent 

of the dopant used, be it CaC12 , NaCl, ZnC12 , NaBr, etc., when 

a temperature gradient was applied to the specimen the colder 

surface became positive with respect to the hotter surface. 

This indicates that the charge on the ·mobile ion is positive. 

This fact was not affected by the overall temperature of the 

sample. 

This result was evidence that the mobile ion was the 

sodium ion. Of course, it was not possible to rule out that 

the mobile ion, dependent on the particular dopant, was that 

of calcium or zinc etc., but it was felt that this was less 

likely. Perhaps it is best to say that this result indicates 

that the conduction is not due to highly mobile halide or 

oxygen ions. 

5.4 Triple-Disc Experiments. 

The apparatus used and the experimental procedure are 

described fully in section 4.4. 

The viability of the procedure was first explored using 

a re-crystallised sample of composition 20% NaCI + 80% borax. 

The triple-disc arrangement was polarised at 90V, at room 

temperature, for a period of approximately 24 hours. The 

initial current flowing was of the order of 100I'A, and this 

fell during the course of the experiment to be below the noise 

level of the electrometer ( 10-10A). 

E.D.A.X. analysis of the three discs after polarisation 

are shown in Figs. 5.28 - 5.30. Fig. 5.28 shows the analysis 

of the disc that was nearest the positive electrode, Fig. 5.29 

shows the analysis of the central disc, and Fig. 5.30 shows , 
the analysis of the disc that was nearest the negative 
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E.D .A.X. Analysis: Disc nearest positive elect rode 
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electrode. It can be seen that there is a small but observable 

decrease in the chlorine/sodium ratio as the negative electrode 

is approached. However, it must be realised that at this stage 

it can not be stated whether this is due to the chlorine ions 

having moved to the positive electrode, or the sodium ions 

having moved to the negative electrode. Before this can be 

decided a stationary reference ion is needed. 

With this in mind discs of composition 15% BaC12 + 8~~ borax 

were utilised. It could not be envisaged that the large barium 

ion would be mobile to any relevant extent, it would consequently 

act as a reference in all three discs, against which the presence 

of other ions could be gauged. In order to try to increase the 

resulting degree of polarisation of the triple-disc arrangement, 

three improvements were made compared to the first experiment 

described above. Firstly, the polarising voltage was increased 

from 90V to 150V. Secondly, the experiment was carried out at 

an elevated temperature; 180oC. Thirdly, the time allowed for 

polarisation was increased to one week. 

Figs. 5.31 - 5.33 show the E.D.A.X. analysis of the three 

discs. It can be seen that the sodium/barium ratio increases 

quite drastically as the negative electrode is approached. As 

this cannot be attributed to a change in the percentage of 

barium that is present, the conclusion to be drawn is that it 

is the sodium ion that is mobile. The chlorine/barium ratio 

is much more constant. Strangely, the percentage of chlorine 

does appear to be rather reduced in the disc near the positive 

electrode. However, this effect is overshadowed by the 

variation of the sodium content in each disc. Consequently, , 
this result, combined with the thermopower measurements of 



FIGURE 5·31 

E.D.A.X . Analysis: Disc nearest positive electrode 
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E.D .A.X. Analysis: Centre disc 
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E.D.A.X. Analysis: Disc nearest negative electrode 



the previous section, provides conclusive evidence that, in 

these low resistivity materials, the ion responsible for 

conduction is that of sodium. 

112. 
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CHAPTER 6 

Results for Structural Investigational Techniques. 

6.1 X-Ray Diffraction. 

As discussed in section 4~2 X-ray diffractiona1 studies 

were used for two broad reasons. Firstly, to monitor the initial 

glassy materials, in order to demonstrate that they were indeed 

glassy products and that no trace crystallinity was present. 

Secondly, to identify the nature of the crystalline phase that 

evolved on heat treating the samples. 

Early work utilised the well-known Debye-Scherrer powder 

technique but later a diffractometer became available for use. 

·The experimental apparatus, general theory. and the technique 

used were also discussed in section 4.2. 

6.1.1 Studies on Glassy Materials. 

The X-ray diffraction pattern of most of the glassy products 

was taken as a matter of course after cooling from the annealing 

furnace, or after having been cut into discs. The nature of the 

work was purely. qualitative, so there is little point in 

re-producing all the curves that were observed. Instead, only 

sample curves illustrating the appearance of the diffraction 

pattern for a glassy material, and for the same material after 

a re-crystallisation heat treatment, will be given. 

The Debye-Scherrer powder diffraction pattern of the 

material of composition 10% NaCl + 9~~ borax is shown in 

Figs. 6.1 and 6.2. Fig. 6.1 shows the pattern for the glassy 

product, while Fig. 6.2 is the pattern taken after a heat 

treatment at 7000 C. There is a clear difference. The diffraction 

lines on Fig. 6.2 demonstrate the crystalline nature of the 
\ 

product, while the diffuse haloes of Fig. 6.1 are indicative 



FIGURE 6.1 FIGURE 6.2 

X-Ray Diffraction Patterns of 
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of a glass. 

This difference is also well illustrated when a diffractometer 

is used to record the X-ray pattern. Fig. 6.3 shows the result 

for the glass of composition 20% NaCl + 80% borax. The broad 

haloes are clearly seen. Figs. 6.4 and 6.5 are curves for the 

same material which has been subjected to further heat treatment. 

The specimen used for Fig. 6.4 is only partially crystalline, 

while that used for Fig. 6.5 is more fully crystalline. The 

heat treatment used was a dwell of 5000 C for 4 hours and 16 hours 

respectively. The samples were shown in Fig. 3.9. 

6.1.2 studies on the Re-crystallised Materials. 

The compositions investigated, and the order in which they 

were examined follows the pattern set by the conductivity 

measurements. Consequently the first re-crystallised material 

subjected to this mode of study was 10% ZnC12 + 90"~ borax. The 

specimen utilised had been heat treated at 700 0 C for 2 hours. 

At this stage the Debye-Scherrer technique was still being used, 

the observed X-ray diffraction pattern is shown in Fig. 6.6. 

The d-spacings resulting from analysis of the pattern are given 

in Table 6.1. Also shown in this table are the compounds that 

are thought responsible for each given line. Most of the lines 

can be allocated in this way. The A.S.T.M.S. powder diffraction 

reference lists were used as the source of information. 

Several points of interest arise from the analysis. Firstly 

that there is no trace of any halide compound. The ZnC12 appears 

to have dissociated at some stage in the melting or re-

crystallisation process. As the constituent ions are most 

certainly still present in the sample the question is provoked 

regarding their roles and positions within the material. 
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FIGURE 6 '6 

X-Ray Diffraction Pattern Of 
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Table 6.1 

Analysis of the Debye-Scherrer X-ray Diffraction Pattern 

for 10% Zi.1C12 + 90% Borax. 

d-spacing strength of Diffraction Line 
i 

6.17 

5.73 

5.29 

5.05 

4.12 

3.92 

2.94 

2.88 

2.76 

2.63 

2.53 

2.13 

1.96 

1.92 

1.77 

1.68 

A = ZnB204 

B = Zn5B4011 

C = Na2B
4

0
7 

medium 

medium 

weak 

weak 

medium 

medium 

medium 

medium 

weak 

weak 

weak 

weak 

medium 

medium 

weak 

weak 

Correlation 

A at 5.29 i 

A at 4.11 i 

C at 3.92 i 

B at 2.94 i 

A at 2.89 i 

or B at 2.86 i 

B at 2.66 i 

A at 2.55 i 

C at 2.12 i 

B at 1.96 i 

A at 1.95 i 

B at 1.68 i 
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The zinc ions have been assimilated to form one of two 

types of zinc borate phase. It is these phases that dominate 

the diffraction pattern. Given the original composition it is 

presumed that there must also be large amounts of one or more 

phases of sodium borate present. Indeed, two diffraction lines 

are allocated to such species. It is believed that only 

relatively few lines are observed for these sodium borate phases 

because of the great scattering power of the zinc ion in comparison 

to that of a sodium ion. 

The next material investigated was of composition 10% CaC12 + 

9~~ borax. The specimen had been re-crystallised by heating at 

700 0 C for 2 hours. A Debye-Scherrer technique was again used on 

this occasion. The analysis of the resulting diffraction pattern 

is shown in Table 6.2. Rather similar observations can be made 

to those noted in the previous case. Fir~tly, no halide phase is 

indicated despite the presence of chloride ions in the material. 

Secondly, most of the diffraction lines can be accounted for by 

relatively well~known borate phases. The calcium ion, being 

much smaller than the zinc ion, does not mask the contribution 

from the sodium borate phase, the presence of which is clearly 

indicated. 

Following this it was decided to scrutinise the products 

formed when NaCl is added to borax. The same compositions were 

used as were utilised in the conductivity measurements, 

i. e. 100'~ borax, l~~ NaCl + 90% borax, 20% NaCl + 80% borax 

and 3~~ NaCl + 7~~ borax. Six different heat treatments were 

used for each of the compositions. These consisted of a dwell 

at a temperature of 5000 C for either thour, 1 hour, 2 hours, 

4 hours, 8 hours or 16 hours. The resulting specimens were 



117. 

Table 6.2 

Analysis of the Debye-Scherrer X-ray Diffraction Pattern 

for 10% CaC12 + 90% ::'orax. 

d-spacing Strength of Diffraction Line 

R 

6.51 

5.79 

5.23 

4·32 

4.14 

3.91 

3.08 

2.94 

2.89 

2.76 

2.66 

2.45 

2.15 

2.04 

1.92 

1.89 

B = Ca2B205 
C = Ca3B206 

weak 

weak 

medium 

medium 

medium 

medium 

v. weak 

medium 

medium 

weak 

weak 

v. weak 

v. weak 

v. weak 

medium 

v. weak 

Correla tion 

A at 6.49 R 
B at 5.71 i 

A at 5.23 i 
B at 4.32 i 

A at 3.91 i 
B at 3·09 j 

B at 2.95 j 

B at 2.87 R 
C at 2.76 R 
A at 2.67 R 

or B at 2.67 j 

A at 2.45 R 
C at 2.16 j 

C at 2.04 R 
C at 1.90 R 
B at 1.87 R 
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displayed in Figs. 3.7 - 3.10. A diffractometer was used in 

these and subsequent investigations in preference to the Debye-

Scherrer technique. Analysis of the various diffraction patterns 

showed that the nature of the phases present for each particular 

composition was virtually independent of the length of the heat 

treatment (though of course the degree of crystallinity varied). 

Consequently there is little point in displaying all 24 curves 

concerned in this section of work. Instead, only typical curves 

for well crystalline specimens of each composition will be shown. 

These form Figs. 6.7, 6.8, 6.5 and 6.9. 

At first glance the diffraction patterns look quite different, 

however careful analysis has shown that similar phases are 

present on each occasion; it is the relative proportion of each 

phase that is changing. Consequently the position of major peaks 

for one composition corresponds only to a,minor peak in another 

composition, and vice versa. The analysis is summarised in 

Table 6.3. 

It was a rather complicated task performing the analysis. 

The main problem was the very large number of peaks encountered. 

They frequently overlap, causing irregularities in line shape and 

doubts over the appearance or non-appearance of sho~lders etc. 

Further difficulties arise in the interpretation because many of 

the peaks from different sodium borate phases occur at very 

similar angles. Nevertheless, the analysis has been performed 

carefully and the observed trends are put forward with reasonable 

confidence. 

Again no trace of a halide phase is observed, not even for 

the 3~6 NaC1 composition. At this stage it seems probable that 

the halide ions are either distributed through the residual 
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Table 6.3 

Analysis of the Diffraction Patterns for 

d-spacing (i) 

5·3 

4.40 

4·33 

3·93 

3·52 

3·45 

3·33 

3·01 

2.83 

2.64 

,SL,Series of Hateria1s. 

NaC1 + Borax. 

Correlation attempt strength and trend 
0% NaC1 ~ 3~1o NaC1 

6.55, 6.49 - A medium - weak 

weak - medium 

5.35, 5.23 - A strong - medium 

4.41 - A strong - weak 

4.32 - A v. weak - weak 
4.29 - B 
4.33 - C 

3.93 - A medium - strong 
3.90 - B 

3.48 - A medium - not seen 

3.43 - A . strong - not seen 

3.30 - A 
3.32 - B medium - weak 
3.32 - C 

3.05 B 

2.99 - B 

2.93 - B 
2.95 - c 

2.83 - B 
2.83 - c 

2.67 - A 
2.68 - B 
2.67 - C 

2.65 - B 
2.63 - C 

2.58, 2.51 - B 
2.52, 2.51 - C 

weak medium 

weak - medium 

not seen - strong 

medium - strong 

not seen - medium 

not seen - medium 

strong - weak 

cont'd ••• 
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Table 6.3 ( .•. cont'd) 

d-spacing (i) Correlation attempt strength and trend 
00;6 NaC1 ... 30% NaCl 

2.48 2.45 - A strong - weak 
2.48 - B 
2.47 - C 

2.24 2.21 - B v. weak - medium 
2.25, 2.27 - C 

2.12 2.12 - A medium - weak 
2.14 - B 
2.15 - C 

2.04 2.02, 2.05 - A medium - medium 
2.02 - B 
2.02 - C 

1.93 1.93 - A medium - medium 
1.95 - B 
1.92 - C 

1.91 1.92 - A strong - medium 
1.90 - B 
1.91 - C 

A = Na2B407 
B = Na

4
B20

5 
(someo5H20) 

C = Na6B206 

glassy phase, or they effectively act as an impurity in one'or 

more of the crystal phases, or they playa role in both of these 

situations. There is also no trace of any sodium halo-borate 

phase. 

Host of the lines can be accounted for by the presence of 

three sodium borate phases, Na2B
4
0

7
, Na

4
B20

5 
and Na6B206 • The 

diffraction lines due to Na2B
4
0

7 
tend to be strongest at low 

concentrations., This is not very surprising as Na2B
4
0
7 

is the 

chemical composition of the undoped parent glass. The strength 
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of the contribution from Na
4
B20

5 
increases with NaCl content. It" 

should be noted that this phase has a higher sodium content than 

Na2B
4
07, a fact which is mirrored by the composition of the present 

glasses in question, i.e. 3~~ NaCl + 7~~ borax has a higher atomic 

per~entage of sodium than lO~~ borax (see Table 5.6). These trends 

seem quite consistent though an anomaly does appear to exist for 

the line corresponding to a d-spacing of 2.52 i. 
The presence of Na6B206 is" rather more debatable. On no 

occasion can its presence alone account for a particular 

diffraction line. However, it must be included in the list of 

possible phases because all its strong lines are present on the 

observed diffraction pattern. 

A further point of interest is that all the phases have a 

sodium content equal to, or greater than, the parent glass. This 

means that the residual glassy material is comparatively deficient 

in sodium. This fact supports the evidence produced in the 

previous Chapter, that it is the crystalline material, not the 

residual glassy phase, that is highly conducting. 

X-ray diffraction analysis was also undertaken for the 

alkali-free materials. The observed diffraction pattern for a 

re-crystallised sample of composition l~~ CaC12 + 90% CaB407 is 

shown in Fig. 6.10. Analysis of this trace shows that the 

crystalline phase is conclusively CaB204 • The correlations are 

shown in Table 6.4. It should be noted that this transformation 

would leave the residual glassy phase severely depleted in . 

calcium in comparison to the original glass. 

As has been discovered in all previous cases, no trace of 

a halide phase, nor of a halo-borate phase, is present in the 
\ 

diffraction pattern. This is perhaps the most startling outcome 
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of the X-ray diffraction investigations. 

In general, relatively common crystalline phases have been 

found to appear on crystallisation of the mixed glasses. These 

alone cannot account for the large increase in conductivity. 

Table 6.4 

Analysis of the Diffraction Pattern for a Sample of 

He-crystallised l~~ CaC12 + 90% CaB407 • 

d-spacing Strength of Diffraction Line Correlation 

i 

5.98 weak 

3.75 weak 

3·57 weak 3.57 

3·45 medium 3.44 

3.19 v. strong 3.12 

3·09 medium 3.10 

2.97 strong 3.00 or 2.95 

2.81 weak 2.81 

2.67 weak 2.66 

2.63 medium 2.60 

2.53 strong 2.53 

2.38 weak 2.41 

2.35 weak 2.35 

2.30 weak 2.31 

2.25 v. weak 2.23 

2.19 v. strong 2.14 

2.05 weak 2.04 

1.98 
'\ 

weak 2.00 

cont· d ••• 
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Table 6.4 ( .•. cont'd) 

d-spacing strength of Diffraction Line Correlation 

i 

1.92 strong 1.94 or 1.92 

1.88 weak 1.84 

1.70 weak 
1.68 

1.69 weak 

1.53 weak 1.50 

1.37 weak 1.37 

1.33 weak 1.34 

6.2 Electron Microscopy. 

In support of the work on crystal phase identification, 

carried out by X-ray diffraction studies, the physical appearance 

of the crystals was examined by scanning electron microscopy 

(S.E.M.), and ,the chemical composition of the specimens was 

analysed semi-quantitatively by associated E~D.A.X. measurements. 

The apparatus and technique used was discussed fully in Section 4.3. 

It was decided to concentrate on two compositions that showed 

typical behaviour as far as electrical conductivity was concerned. 

The first composition chosen was 10% ZnC12 + 90% borax. It was 

thought that this composition would exhibit interesting features 

microscopically due to its tendency to surface crystallise (s~e 

Section 5.1.2). This indeed proved to be the case. Micrographs 

of a specimen heat treated at 7000 0 for 2 hours are shown in 

Figs. 6.11 and 6.12. The specimen was in the usual disc form. 

Fig. 6.11 shows'the flat surface of the disc, Fig. 6.12 is a 
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cross-section through the disc. In this latter figure, the flat 

surface of the disc is shown in the upper right-hand corner of 

the micrograph in order that the orientation of the specimen may 

be ascertained. 

The micrographs were obtained using back-scattered ~maging. 

This process enhances atomic number contrast rather than 

topographical features. Thus the regions of the material 

containing heavy elements appear lighter in the electron 

micrographs than those regions containing only elements of low 

atomic number. 

On both figures two types of 'light' crystals can be seen 

against a darker background. The E.D.A.X. probing of these light 

and dark areas, see Figs. 6.l3A and 6.13B, reveals that the zinc 

atoms are almost wholly contained within the 'light' phases and 

that chlorine atoms are distributed throughout all the material. 

These findings ~reat1y support the previous X-ray work in which 

this sample was found to consist of two zinc borate phases, which 

it is believed corespond to the lighter regions, plus a borax 

phase, now considered to be the darker background. It is 

probable that the background is made up of a mixture of 

crystal and glassy borax phases; it is not possible to 

differentiate between them because of lack of atomic number 

contrast. 

One further interesting effect with this material is the 

apparent preferred orientation of the crystals. Figs. 6.11 and 6.12 

clearly show that the crystals have tended to grow perpendicular 

to the flat surface of the disc. One manifestation of this 

effect is the appearance of surface crystallisation. This was 
"-

mentioned earlier in Section 5.1.2. This surface crystallisation 
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is best illustrated by observing a specimen that has been heat . 

treated at a lower temperature, and is only partly crystalline. 

Such a sample is shown in Fig. 6.14; it had been heat treated 

at 5500 e for 2 hours .. Despite the specimen being rather fractured 

the cross-section shows three distinct regions; two crystalline 

regions near the surfaces of the disc, plus a glassy interior. 

Another point that should be mentioned concerns the size of 

the crystallites. Figs. 6.11 and 6.12 show a sample heat treated 

at 700oe, and in this case the crystals are typically of the 

order of a few microns in width by perhaps ten microns in length. 

This is quite large and no problems at all are encountered in 

their observation. However, if the heat treatment temperature 

is reduced to 6000 e or 5500 e then the situation changes completely. 

No individual crystallites could be observed in either of these 

latter cases. The size of the crystallites had been reduced to 

below the resolution of the electron microscope and/or the degree 

of contrast between the two regions had been severely diminished. 

The second· composition to be investigated by electron 

microscopy was 1~6 eae12 + 9~~ borax, with heat treatments 

of 2 hours at 700oe, 6000 e and 5500 e being used. No preferred 

crystal orientation, or surface crystallisation, was observed. 

The appearance of the specimen is shown in Fig. 6.15A, and in 

greater detail in Fig. 6.l5B. Again, one or more light crystalline 

phases can be seen against a dark background. Back scattered 

electron imaging was used. 

E.D.A.X. studies on the two regions are whown in Figs. 6.16 

and 6.17. The dopant metal ion, this time the calcium ion, is 

again more prevalent in the lighter phase. With knowledge of 
\ 

the X-ray results for this sample (see earlier), the obvious 
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conclusion is that the specimen contains calcium borate crystals 

in a borax background. 

Another consistency observed is the dependence of crystallite 

size on heat treatment temperature. The crystallites in Figs. 

6.15A and 6.15B have the dimensions of several microns; some 

are even tens of microns long. Yet if the heat treatment 

temperature is reduced to 6000 e, or below, the crystals become 

unobservable. 

It may be thought that the obvious recourse was to utilise 

transmission electron microscopy (T.E.M.) in order to try to 

observe the crystallites in the materials subjected to lower heat 

treatment temperatures. T.E.M. shows a considerable advantage 

over S.E.M. in terms of resolution limits. However, advice was 

received that simple borate materials are far too volatile to 

stand up to the intense electron beam associated with T.E.M. and 

hence the exercise would prove fruitless. 

In summary, it has been found that the dopant metal ions, 

and in some cases the halide ions, tend to be concentrated in the 

emerging crystalline phase, and that the crystallite size is very 

dependent on heat treatment temperature. This latter statement 

is of extreme importance when it is remembered that it was found 

that electrical conductivity was not very dependent on heat 

treatment temperature provided the specimen is well crystalline 

(see section 5.1.2). 

6.3 Infra-Red Absorption Neasurements. 

The apparatus and techniques used in this work are discussed 

fully in section 4.6. 

The infra-red absorption properties of boric oxide and simple 

binary sodium borate glasses have been investigated by many 

• 

-------m 
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authors (e.g. 203 - 206, 327 - 332). Naturally, the glass with 

the borax composition has been included in some of the tests. 

It is generally reported that the absorption spectrum for this 

glass consists of at least two broad bands, centred on 

-1 -1 -1 approximately l350cm and 990cm ,plus a smaller band at 710cm . 

Various authors report that the central of these bands is sub

divided into two bands at 950cm-l and 1050cm-l , though the idea 

of this further subdivision being caused by th~ presence of 

water is mentioned by some (e.g. 329). 

A summary of previously reported infra-red absorption curves 

for sodium borate glasses is given in Table 6.5. The influence 

of alkali content on the strength of various bands is indicated, 

as is the allocation of particular molecular vibrations to each 

absorption peak. It is not surprising that the absorption bands 

found for the glass of the borax composition, i.e. a relatively 

high alkali content, are those predominantly associated with 

tetrahedrally co-ordinated boron. 

Unless stated in the text, all the spectra to be discussed 

here were obtained by using the KBr disc method (see section 4.6). 

Borax glass was used as the starting point in this study; 

the absorption spectrum obtained is shown in Fig. 6.18. It can 

be seen that there is good agreement between this spectrum and 

the established reported results. There appears to be little or 

no splitting of the central band. In order to investigate the 

effect of water the glass was allowed to become damp prior to 

measurement. The absorption spectrum for this sample is shown 

in Fig. 6.19. Indeed, not only does the central band subdivide 

but several other subdivisions occur also. This shows that ... 

considerable care has to be taken in maintaining the dryness of 
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Table 6.5 

Published Infra-red Absorption Data 

for Alkali-Borate Glasses. 

Trend on 
Increasing 

Alkali 
Content 

weaker 

stronger 

stronger 

weaker 

First 
strengthens 
rapidly (up to 
approx. 15% 
alkali oxide) 
then weakens 
slightly 

weaker 

Reported 
Vibration Type 

and 
Source Reference 

Bending vibration associated with 
a B03 unit .. 
(205, 328, 329, 330, 332) 

Vibration associated with a B0
4 unit (205, 328) 

Vibration associated with a boroxo1 
unit (332) 

Vibration associated with 
stretching a boron--non-bridging 
oxygen link (330) 

Vibration associated with a B04 unit (205, 328, 330, 332) 

stretching vibration associated 
with a B0

3 
unit . 

(205, 328, 329, 330, 332) 

Vibration associated with a B-O-B 
link (205) 

Vibration associated with a B0
4 group (328, 330) 

stretching vibration associated 
with a B03 group (329) 

Vibration associated with a boron
non-bridging oxygen pair (332) 

Vibration associated with a B0
3 group (205, 328, 329) 
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specimens if useful comparisons of spectra are to be made. This 

point was noted and due consideration was giver- to it. 

Virtually all of the glasses studied regarding their 

electrical conductivity properties were also scrutinised by 

infra-red absorption measurements. However, to avoid unnecessary 

repetition, only a few illustrative examples will be given here. 

Fig. 6.20 shows the absorption curve for the glass of 

composition 10% ZnC12 + 9~~ borax. The important point to be 

noted is the almost exact similarity to that observed with pure 

borax. The added halide does not appear to have altered the 

infra-red absorptive properties to any noticeable degree. 

The curve obtained from the glass of composition 2~~ CaC12 + 

8~6 borax is shown in Fig. 6.21. Even at this relatively high 

level of doping there is no definite change in the observed trace 

. compared to pure borax. 

Indeed, similar curves were obtained irrespective of the type 

of dopant used. Glass containing 20 mol.%, and occasionally as 

much as 30 mol.%, of added halides were regularly scrutinised and 

on no occasion were any new features on the absorption curve 

definitely identified. 

It becomes necessary to surmise where changes in the 

absorption curve may have been expected, though even here the 

situation is far from clear cut. If the added halide ion becomes 

bonded in some way to the boron atom then bending or stretching 

modes resulting from this linkage would be one possibility. 

However, at the present time it is not believed that vibrational 

frequencies for such pairings in a glassy network have been 

published. The nearest similar data appears to be that concerned , 
with crystalline boron triha1ides, and it is thought that 
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comparing the two situations would scarcely be valid. 

Alternatively the possibility arises as to whether the 

halide ion remains discretely bonded to the added cations, or 

even becomes associated with a- sodium ion within the glassy 

structure. Unfortunately the fundamental vibrations associated 

with most sodium halide bonding, alkaline-earth halide bonding 

and zinc halide bonding lie outside the range of the spectrometer, 

e.g. the NaCl fundamental vibration is at 366cm-l and that for 

NaBr is at 302cm-~ (333). Consequently, any vibration due to 

such species would not be observed. However, because of the low 

mass of the ions involved, MgF2 has a fundamental vibration at 

-1 . the rather higher wavenumber of 470cm • This represents the 

only occasion that the fundamental vibrational frequency of an 

alkaline-earth halide lies within the observable range. The 

absorption curve for a sample of MgF2 is shown in Fig. 6.22. 

A strong absorption in the region of 470cm-l is clearly seen, 

while the remainder of the trace is feat~reless. 

A glass of composition 20% MgF2 + 8~~ borax was prepared. 

If MgF2 was present as a discrete entity then a reduction in 

transmission would surely occur in the low wavenumber region for 

this glass in comparison to that for pure borax. The obtained 

curve is shown in Fig. 6.23. There does appear to be a small 

increase in absorption, but the effe«t is rather slight and 

certainly not as much as may have been expected if discrete MgF2 

was present in amounts as large as 20%. Consequently, it can be 

stated with confidence that the added halide becomes disassociated 

to a very large extent when it is assimilated into the glassy 

network. 

At this stage attention was turned to the absorption spectra 
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of re-crystallised materials. Again the main aim of the work 

was to look for changes in the observed curves brought about by 

the halide additives. 

Firstly a specimen of re-crystallised pure borax was 

investigated. The resulting trace was then used as a comparative 

reference. The curve is shown in Fig. 6.24, and it can be seen 

that a very large number of absorption bands were observed. This 

study is very much of a comparative nature and so no attempt was 

made to assign the bands. The re-crystallisatio,n procedure used 

o for this specimen was a heat treatment at 550 C for 2 hours. This 

was the same heat treatment that was used in the resistivity 

investigations. Indeed, in order that direct comparisons could 

be made between resistivity results and infra-red absorption 

measurements this general rule was applied in all the cases to be 

discussed here, i.e. the heat treatments used can be ascertained 

by reference to section 5.1.2. If in this previous section more 

than one heat treatment was used on a particular composition, then 

the procedure giving most typical resistivity results was 

reproduced for the purpose of these infra-red absorption 

measurements. 

A very wide range of compositions were investigated, 

including virtually all of those used in the resistivity studies. 

Only some typical specimen curves will be shown, and for 

comparative purposes the chosen curves will be for the heat 

treated versions of the illustrative compositions used in the 

above section on glassy specimens. Fig. 6.25 shows the results 

obtained for a re-crystallised specimen of composition 

10% ZnC12 + 90% borax, and Fig. 6.26 is the curve for 20% CaC12 + 

80% borax. The quality and resolution of the traces is rather 
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variable but other than this there is no conclusive difference 

between these curves and that for re-crystallised pure borax. 

This similarity is the general result found in all the 

compositions. 

Fig. 6.27 displays the curve obtained for a sample of 

composition 20% HgF2 + 80% borax. Overall the trace resembles 

the results for the other compositions, but a small extra band 

is noticeable in the region of 470cm-l • As mentioned earlier, 

this corresponds to the fundamental vibration of NgF2 . 

Consequently, it appears that some discrete MgF2 is still 

present. However, the vibration is not strong enough to have 

been caused by all the MgF2 in the composition of the material, 

i.e. the added halide remains disassociated to a very large 

extent. 

It will be realised that the conclusions drawn in the work 

on re-crystallised materials are the same as those resulting 

from the glassy specimen studies. These ~re firstly that the 

addition of ·halides to borax does not alter the boron-oxygen 

structural network sufficiently that changes are observed in the 

main vibrational spectra and, secondly, that the halide becomes 

greatly disassociated but a few discrete entities may, and in 

some cases certainly do, remain. 

Later in the project some thin film studies were undertaken 

and a spectrometer with a wider wavenumber range became available. 

The lower wavenumber limit that could be used was reduced to 

180cm-l • It was found that somewhat improved spectra could be 

obtained for the glassy materials. However, not surprisingly, 

attempts at re-crystallising the thin film specimens met with 

rather limited success and no real improvement over the KBr disc 
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technique was obtained for this type of material. The heat 

treatment procedure was again designed to reproduce that used in 

the resistivity ~ork (section 5.1.2). 

An additive studied extensively for its effect on electrical 

properties was NaC1. The fundamental vibration of this salt is 

at 366cm-1 (333), which is now conveniently in range. Consequently, 

it was the addition of NaC1 that was concentrated on in this new 

technique. 

Naturally, samples of glassy and re-crysta11ised pure borax 

were first run in order that the curves could be used as a 

reference. The spectra obtained are shown in Fig. 6.28. It will 

be seen that the curve for the glass does show improved resolution 

over that obtained by the KBr method, though, of course, the main 

features remain the same. 

Fig. 6.29 shows the absorption curve, for pure NaC1. The deep 

trough in the lower wavenumber region is clearly seen, and this 

gives an idea of where the effect may be,on its addition to borax. 

The series of Figures 6.30 to 6.32 show the transmission 

curves obtained on the addition of NaC1 to borax in amounts of 

10~6, 20% and 30%. Several observations arise from these curves. 

Firstly, the strong features that appear for the pure borax 

remain relatively unchanged. Secondly, the transmission in the 

NaC1 absorbing region is reduced, but not by nearly as much as 

might be expected. Thirdly, small, narrow bands gradually appear 

-1 -1 at 1570cm and 1730cm in the re-crysta11ised samples only. 

Fourthly, a relatively broad absorption becomes present at 
-1 . 

approximately 530cm • This occurs for both the glassy and 

re-crysta11ised materials, but is more noticeable in the latter. 

" The first two of these points confirm the results from the 
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earlier experiments using the KBr disc technique and have already 

been discussed. The two narrow bands have not been assigned to 

any particular molecular vibrations. The stated frequencies do 

not appear to correspond to any of the reported crystalline 

borate vibrational modes. The situation with the broader vibration 

at 530cm-l is rather different. In pure borax it is present only 

as a slight trough but nevertheless it has been assigned to a 

certain O-B-O bending vibration (204, 327). However, there does 

not seem any apparent reason why the addition of NaCl should 

enhance this particular vibration. An interesting alternative 

idea concerns the role of the sodium ions. A theoretical approach 

(334) gives the vibrational wavenumber of a Na-O diatomic molecule 

as 526cm-l , which is certainly in the vicinity of the observed 

vibration. The concept of vibrating Na-O polyhedra has previously 

been considered (335) but such units have, not generally been 

observed. However, the possibility that it is this form of 

vibration that is being enhanced by the halide doping cannot be 

ruled out. 

One further point to be discussed concerns the role of water 

within the glasses. Any residual water is made conspicuous by an 

-1 associated broad absorption in the region of 3500cm (204, 336). 

No matter how carefully the glasses were prepared there was always 

a certain amount of water present. The halide ion is, of course, 

singly charged, i.e. it has the same charge as the OH- ion. It is 

therefore a possibility that the dopant halide ion could replace 

some of the water that tends to be inherent in the glass. If 

this were true then, provided the specimens were treated exactly 

alike, a reduced inherent water content would be expected where 
, 

there is a high level of halide doping in comparison to that 



where there is lighter doping. This could be monitored by 

observing the strength of the water absorption at 3500cm-l • 

135. 

This study was undertaken for the series of NaCl doped glasses 

reported above. The resulting absorption curves are shown in 

Fig. 6.33 where the transmission axis has been considerably 

expanded in order to make the detail more easily observable. 

It can be seen that the band does appear to be rather stronger 

for the lightly doped materials. This is therefore considerable 

evidence that at least some of the added halide ion directly 

replaces hydroxyl ions within the glasses. 

Finally, some work on alkali-free borates remains to be 

reported. Binary alkaline-earth borates have been studied to a 

much smaller extent than have binary alkali borates, though some 

published results exist (e.g. 330). It is not believed that 

halide doped tertiary materials have been studied. As usual, 

materials of the same compositions as those used in the 

corresponding resistivity work were investigated. The KBr disc 

technique was the method utilised, and again only specimen results 

will be given. 

The observed infra-red absorption curve for binary glassy 

CaB
4
07 is shown in Fig. 6.34, and the corresponding curve for a 

re-crystallised sample is shown in Fig. 6.35. It will be seen 

that Fig. 6.34 is very similar to the equivalent curve for glassy 

borax. Indeed this same result is found for the other corresponding 

binary alkaline-earth borates that were investigated and it is 

also the findings of other workers (e.g. 330). It is generally 

concluded that equivalent glassy alkali and alkaline-earth binary 

borates have a very similar boron oxygen network. 

The curve for re-crystallised CaB
4
07 does show several 
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differences in comparison to that of re-crystallised borax, but 

this is hardly surprising as different crystal species are under 

investigation. 

Curves obtained for glassy and re-crystallised specimens of 

the doped material (l~~ CaC12 + 9~~ CaB407) are shown in 

Figs. 6.36 and 6.37. Apart from slight differences in spectral 

quality, both curves show great similarity to their binary 

counterparts. Other doped compositions behaved correspondingly. 

These are the same observations as were made in the case of 

the alkali borate samples, which indicates that the added halide 

ion is acting similarly in both types of material. 

6.4 N.M.R. studies. 

General ideas regarding N.M.R., the apparatus used and the 

method of sample preparation were discussed in section 4.7. 

6.4.1 studies on the Boron Nucleus. 

The nature of this work is rather in the same vein as some 

of the infra-red investigations in that it is attempting to 

discover if the. added halide ion bonds to a boron atom. If this 

so then the resultin3 molecular unit, presumably a B03Cl 

group, would be such that the environment of the boron ~ucleus is 

greatly changed. In effect it would have more of the character

istics of a B04 unit than a B03 unit. Consequently, the observed 

value of N4 (see section 4.7) would be increased, or at least 

changed to some extent. To a first approximation, in this bonding 

scheme, the effect of adding, say, NaCl to borax, is similar to 

adding further Na20. 

The most natural starting point for investigations is to 

utilise a specimen of pure borax glass and to observe whether N4 
\ 

is altered when a typical dopant, in this case NaCl, is added to 
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it. Certainly this was undertaken, however it should be 

recognised from the start that there is a problem associated 

with this composition. Consider the following argument. Borax 

glass contains 33.3% modifying oxide + 67.7% B20
3

. If the 

structural effect of adding a halide is as discussed above then 

a glass of composition 30% NaC1 + 7~/o borax can be described to a 

first order approximation as equivalent to containing 41.7% total 

modifier + 58.3% B20
3

• However, according to the raw data of 

Bray (227) N4 rises to a shallow peak at approximately )8% 

modifier, and so there is little difference between N4 values for 

33.3% and 41.7% modifier. This means that for these compositions 

the observed boron N.M.R. spectra would be expected to be similar 

irrespective of whether the halide ion bonded to the boron atom, 

or whether its addition did not affect boron co-ordination at all. 

Nevertheless, for the sake of completeness and uniformity, pure 

and doped borax based glasses were the first materials investigated. 

Tests on theoretically more illuminating compositions follow 

from this. 

The observed resonance for pure borax glass is shown in 

Fig. 6.38. The frequency used was 10.72 MHz with a steady field 

of 7.85 KG and a sweep-field of 250 G. These values were kept 

constant for all further observations. As expected, a large, 

narrow resonance, together with a smaller, broader, assymetric 

resonance can be clearly seen. For the broad line the peak to 

peak separation of the derivative signal is 89 ± 6 KHz, which 

gives a coupling constant (see section 4.7) of 2.7 ± 0.1 MHz. 

This is in good agreement with the published values mentioned 

earlier (section 4.7). 
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The resonance obtained for the doped glass (3~~ NaCl + 

70% borax) is shown in Fig. 6.39 and the resonances observed 
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using the corresponding pure and doped re-crystallised products 

are shown in Figs. 6.40 and 6.41. The resonances of the pure and 

doped pairings show a very great similarity, a result that was 

forecast in the above discussion. Numerical values of N4 for 

each specimen, averaged over several runs, are given in Table 6.6. 

It appears that N4 is slightly reduced in the case of the 

re-crysta11ised materials, but the difference is not very 

significant. As mentioned previously, these values can be 

'c ' directly compared to the raw / a values in the work of Silver· 

and Bray (221) on binary borate glasses. There is good agreement. 

Considerable thought was given to deciding which compositions 

would next be investigated. The rate of change of N4 with 

composition is greatest just above approximately 1~~ modifying 

oxide (221, 227). However, at this oxide content NaCl is only 

very sparingly soluble in the parent glass (190). Consequently, 

it was decided to compromise and base experiments on an intermediate 

composition, 20% Na20 + 8~~ B20
3

• This allows both a reasonable 

rate of change of N4 with composition and a fair degree of chloride 

solubility, approximately 12% (190), though the actual doping 

level used was 10%. 

The observed resonances for the pure binary material and for 

the doped specimens, in both ~he glassy and re-crysta11ised form, 

are shown in Figs. 6.42 - 6.45. Numerical values for N4 averaged 

over several observations are given in Table 6.7. It will be 

noticed that there is a small but perceptible increase in N4 for 

the doped sample in both the glassy and re-crysta11ised types of 

specimen. Consequently, it can be stated that, to a certain 
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Content 

100% borax 

700/0 borax 
300/0 NaC1 

100'/0 borax 

700/0 borax 
300/0 NaC1 

Content 

20% Na20 
800/0 B20

3 

18% Na20 
7C}6 B20

3 
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Table 6.6 

Boron Co-ordination in Borax-based Materials. 

Effective Content Type N4 (Peak Height Ratio) 

33.3% modifier Glass 18.4 ! 0.5 
66.7% B20

3 

41.7% modifier 
58.3% B203 

Glass 18.4 :!: 0.6 

33.3% modifier Cryst. 18.0 :!: 0.7 
66.7% B20

3 

41.7% modifier 
58.3% B203 

Cryst. 17.9 :!: 0.7 

Table 6.7 

Boron Co-ordination in Hateria1s having 

Lower Modifier Content. 

Effective Content Type N 4 (Peak Height Ratio) 

200/0 modifier Glass 17.4 :!: 0.6 
80'/0 B20

3 

28% modifier Glass 17.8·:!: 0.3 
72% B203 

200/0 modifier Cryst. 16.3 ! 0.7 
800/0 B20

3 

28% modifier Cryst. 16.7 :!: 0.5 
7Z'/o B203 

i 
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degree, addition of NaCl to the sodium borate materials results 

in an increase in the fraction of boron atoms that are four 

co-ordinated. However, it is not believed that there is a 

one-to-one correlation between the addition of a unit of NaCl and 

one furt~r boron atom becoming four co-ordinated. The results 

firmly indicate otherwise. For example, a glass of 33% modifier 

has an N4 value 18.4 (Table 6.6), while a glass with only 2~~ 

modifier has a corresponding value of 17.4 (Table 6.7). 

Consequently, if a linear change is presumed, a glass with 

28% modifier would have an N4 value of 18.15. However, the doped 

specimen with this percentage of modidier has an N4 value of only 

17.8 (Table 6.7). Actually, this face value discrepancy should 

be increased further because the assumed linear change in N4 is 

not correct. The rate of increase in N4 starts to become less steep 

above approximately 25% modifier (221), thus the N4 value for 28% 

modifier should be above 18.15. 

In summary, the ~.H.R. results have shown that the fraction 

of boron .atoms in four co-ordination increases on the addition 

of a halide, but to a far less extent than would be expected for 

a direct relationship. There is no apparent reason why the halide 

should indirectly affect the boron-oxygen co-ordination, 

consequently the increase in four co-ordination is presumed due 

to the presence of some B03Cl units. It should be emphasised 

once again that only a relatively small fraction of the added 

halide ions are thought to bond in this was. Results for the 

re-crystallised materials are very similar to those of the glasses. 



6.4.2 Studies on the Sodium Nucleus. 

Details of the experimental parameters used in these 

observations were given in section 4.7.4. 
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The difficulty in observing the sodium resonance makes 

accurate quantitative analysis impossible so only qualitative 

comparisons of the resonance for various specimens will be made. 

This section of work, unlike the study on the boron nucleus, does 

not suffer from any drawbacks regarding· the use of the borax 

composition and will therefore use borax as its standard. The 

observed sodium resonance for a specimen of borax glass is shown 

in Fig. 6.46. The signal, though weak, is just observable and 

should be compared to that reported by Bray and Silver (217). 

The resonance appears as a single line; any satellite lines that 

are present being too broad to be observed. In this situation the 

line has a width of 25 ! 3 KHz. If quadrupolar broadening is 

assumed then this width corresponds to a coupling constant of 

1.5 ! 0.3 MHz. Previously reported results are 1.9 MHz (221) 

and 1.85 MHz (217). The observed coupling constant is slightly 

lower than these values, but given the unavoidable poor quality 

of the resonance it is not surprising that some discrepancy occurs. 

Also, the observed sodium resonance does not have the double peaked 

character of a typical second order quadrupole broadened 

line (215, 220). Hence, as such effects may not be the primary 

cause of broadening, the value of the coupling constant quoted 

above represents a maximum value rather than an absolute value. 

The next sample investigated was the doped glass of 

composition 30% NaCl + 70% borax. The observed sodium resonance 

is shown in Fig. 6.47. It is very like that of the pure borax 

glass. Hence, the environment of the sodium ions in each of the 
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two cases is quite similar. 

Attention was then paid to the re-crystallised materials. 

The sodium resonance for a specimen of re-crystallised pure borax 

can be seen in Fig. 6.48. In obtaining this result it was found 

that the signal saturated very easily, consequently the R.F. power 

input had to be reduced to a very low level indeed, with a 

corresponding loss in signal to noise ratio. Despite the resulting 

poor quality of the resonance, it can be seen that once again no 

new features are present, with the trace resembling those of the 

glasses reported above. 

In the three materials discussed above the sodium ions appear 

.to exist in not very different environments. It should be 

remembered that there is also no dramatic difference in the 

electrical conductivity, so the two sets of experimental results 

are inter-supportive. It was with re-cry~tallised doped specimens 

that conductivity was greatly increased. The sodium resonance 

for a re-crystallised specimen of 3~~ NaCl + 70% borax is displayed 

in Fig. 6.49. It can be seen that the signal is very much larger 

than in the case of the earlier reported results, and it is also 

asymmetric to a certain degree. It is quite obvious that the 

environment of at least some of the sodium ions has changed 

considerably. 

The signal-to-noise ratio and general clarity of the curve 

are still not very high; so interpretation must therefore be 

rather tentative. However, the width and overall appearance of 

the line does seem to resemble a combination of a resonance 

similar to that observed in the previous three occasions, plus a 

second, narrower resonance superimposed on it, with this second 

resonance being offset to the left of centre as drawn. If this 
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is true then it can be argued that the 'usual' broad resonance 

line is due to immobile sodium ions in certain sites within the 

crystal lattice or in the residual glassy phase, and that the 

narrow resonance is due to sodium ions in alternative sites 

within the crystal that give rise to high mobility. The fact 

that highly mobile ions can give rise to narrow resonance lines 

is well known, and the phenomenon is called motional narrowing. 

It is therefore necessary to discuss mo~ional narrowing and to 

calculate whether it could be applicable in this type of material. 

The me.gnetic field that a nucleus is subjected to in an 

N.M.R. experiment is not only the applied field; there is also a 

contribution resulting from neighbouring nuclei. This second 

component is called the local field and it will vary in magnitude 

and direction from site to site and thus contributes to the width 

of the resonance line. However, if the nuclei are in rapid motion, 

constantly changing site, the time average of the local field will 

fall to zero. In this latter case the effective field in operation 

is only the' applied field and the observed resonance becomes much 

narrower. The general case is that motion~l narrowing will occur 

if the time average of the local field falls to zero within the 

relaxation time concerned with the resonance. The relaxation time 

is directly related to A~, the frequency width of the un-narrowed 

line, and simple theory shows that the following relationship has 

to be satisfied if motional narrowing is to be observed: 

where Tc is the dwell time of the relevant ion at a particular 

site (usually known as the correlation time). A full description 

of motional narrowing can be found in most of the publications 
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referred to for general theory (see section 4.7), in many of t'he 

other references mentioned in course of this discussion and in 

texts concerned with ion transport (e.g. 337). 

Tc can be found, at least approximately, from knowledge of 

the activation energy found in electrical conductivity experiments. 

The inter-site jumping frequency of an ion, f, is given by (see 

section 2.1.4): 

where fo is the thermal vibration frequency of the ion and u is 

the activation energy for motion. Typically fo is of the order 

of 1013 Hz and it has been found that u is approximately 0.3 eVe 

Now Tc = Ilf' therefore it follows that Tc is of the order of 

.5 x 10-8 secs. The observed value for J).» was 25 KHz, therefore 

1 / J::. "J ~ 4 x 10-5 secs. Thus Tc is indeed less than 1 Ill. ~ and, 

the condition for motional narrowing is easily satisfied. It is 

therefore perfectly plausible that the narrow line observed in 

this resonance is caused by sodium ions ca;able of a high degree 

of mobility. 

It will be noticed that the superimposed narrow line is quite 

strong, yet the original broad line has shown no loss of intensity 

in comparison to that observed in the previous three occasions. 

The number of sodium ions has remained approximately constant, 

therefore a boost in overall signal strength seems to have occurred. 

In order to understand why this has happened the concept of 

motional narrowing has to be tal~en a stage further. It should be 

remembered that the theoretical sodium resonance has a pair of 

satellite lines as well as the central line (see section 4.7.2), 

but because of broadening (see section 4.7.4) these satellite 

~ ; 

"I 
" 

i 
" 
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lines are not frequently observed in polycrystalline or glassy 

materials. It can be shown that (see previous references), if 

ionic motion is sufficiently fast, the satellites can be narrowed 

to the extent where they are contained within the central line and 

consequently boost its intensity considerably. This requires 

much faster motion than the more usually observed motional 

narrowing effect discussed earlier. It is necessary that: 

T '" /l'Jr 
c ~ ,,2 

Avs 

where ~~f is the frequency width of the final line and A"s is 

the typical frequency separation of the original central and 

satellite lines. The work of Cuthbert and Petch (319) yields a 

value for ~~s of approximately 225 KHz, while ~~f is about 15 KHz. 

Thus, in order to observe this effect, Tc needs to be less than 

3 x 10-7 sees. Again the result is satisfied, thus the extra 

signal strength could be due to this effect. 

In summary, the overall shape and magnitude of this final 

resonance is well described by the situation where some of the 

sodium ions are mobile to the extent illustrated by .the resistivity 

results. The remainder of the sodium ions exist in sites not very 

different to those that they occupy in the glassy or undoped 

product. 

6.5 Density Measurements. 

The results of density measurements on a range of the glassy 

materials will be used in the discussion on the relationship 

between structure and resistivity that will follow in the next 

chapter. The general technique and methods used were explained 

in section 4.8. Also in this section it was illustrated how the 

density measurements can lead to an approximate value for the 
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Table 6.8 

Results of Density Measurements on various 

of the Glassy Materials. 

Glass Composition Density Boron-Boron Separation 

( gm/cm3 ) (i) 

100% borax 2.37 3.27 

9~~ borax + 10% NaCl 2.37 3·32 

900;6 borax + 10% CaC12 2.36 3·35 

85% borax + 15% CaC12 2·36 3·39 

800;6 borax + 200;6 CaC12 2·35 3.43 

900;6 borax +10% CaBr2 2.42 3·37 

90% borax + 10% CaF2 2.41 3·31 

90% borax + 10% MgC12 2.33 3·35 

90% borax + 10% CaO 2.40 3·30 

900;6 borax + 100;6 MgO 2.38 3.30 

83.34% borax + 8.77% NaCl 

+ 7.89";6 B20
3 

3.30 

boron-boron separation distance, S. 

While it was thought that, in the case of the glassy 

materials, density measurements could help explain the dependency 

of resistivity and structure on the doping involved, it was not 

believed that such results would be as helpful in the case of the 

re-crystallised materials. For this reason the work was confined 

to glassy specimens. 

The results are given in Table 6.8. A possible error of 

of ! 0.01 gm/cm3 should be allowed for in the quoted density 

i' 
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values, this converts to = 0.01 ~ for the boron separation results. 

The observed density for pure borax glass is in excellent 

~greement with the value of 2.377 gm/cm3 quoted elsewhere (338). 

No published data on the density of halide doped borate glasses 

has been discovered. 

Further discussion of these observations is delayed until 

the following chapter. 
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CHAPTER 7 

Discussion of the Results and of Possible Explanations. 

7.1 Initial Comment. 

Several of the investigatory techniques that have been used 

have yielded rather similar types of results for glassy and 

re-crysta11ised materials. However, the main topic of concern 

in this thesis is electrical conductivity, and in these 

investigations the two types o£ specimen,show very different 

behaviour when subjected to doping. Consequently this Chapter is 

most conveniently divided into two main sections. The first of 

these sections will be concerned with glassy materials, and the 

second will concern re-crysta11ised specimens. 

The form of each section will be rather similar. Firstly 

there will be a review of the points to arise from the conductivity 

results, se«~nd1y a summary of information resulting from various 

structural investigatory techniques, thirdly an attempt to 

interpret these findings in terms of a possible explanation and 

fourthly, ,where possible, a discussion to compare and contrast 

any previously published work on the same general topic. 

7.2 Glassy Materials. 

It has been shown that, by suitable halide doping, it is 

possible to reduce the resistivity of a glass with a basic borax 

composition by over two orders of magnitude. An overall room 

temperature resistivity in the region of l09Jl.cm. can be achieved. 

A wide range of halide dopants can be used, though some are not 

as effective as others in reducing resistivity. In pure borax 

glass the conduction mechanism is primarily due to the mobility of 

the sodium ions. It is not believed that any other mechanism 

replaces this when doping occurs, i.e. the halide ions indirectly 
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increase the mobility of the sodium ions rather than themselves 

taking part in charge transfer. It has also been shown that 

increasing the level of doping results in a steady decrease in 

resistivity right up until the limit of glass formation is 

reached. 

The above paragraph effectively lists the most important 

points to emerge from the resistivity investigations, however 

some of the findings require a more det~iled comment before a 

realistic explanatory discussion can be attempted. 

The relative effects of the various halide ions on 

resistivity is one such point in question. For several types 

of dopant cation the use of either chlorides or bromides 

results in a rather similar reduction in resistivity. Thus, it is 

thought that chloride and bromide ions play similar roles on their 

addition to sodium borate glass. In contrast, it was found that 

CaF2 actually increases the resistivity of borax glass. Thus, 

fluoride ions are not capable of acting in the same way as 

chloride .or bromide ions. It may, at first thought, be believed 

that some inconsistency is present due to the fact that the 

addition of NaF to borax results in a small resistivity decrease. 

However, it should be remembered that the addition of NaF also 

increases the number of s.odium ions in the glass. It is presumed 

that it is the presence of these extra sodium ions that causes 

the decreased resistivity. 

It has proved impossible to investigate the effect of adding 

iodide ions because of the high volatility of the associated 

halides. 

As discussed in Chapter 2, incorporating ions such as those 
'\ 

of calcium or magnesium into a sodium borate glass would normally 
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result in an increased resistivity. Consequently, the decreased 

resistivity effect caused by adding the chloride or bromide ions 

is large enough to overcome the converse detrimental effect of 

adding the calcium or magnesium ions. 

The resistivity reduction that occurs is also dependent 

on the nature of the cation involved in the halide. It is perhaps 

not surprising that the addition of 20% NaCl to borax decreases 

the resistivity by considerably more than does the addition 

of 100;6 CaC12 (see Figs. 5.1 and 5.7) despite the fact that 

similar numbers of chloride ions are involved; the added alkali 

ions will also serve to increase conduction. Ot further interest 

are the resistivity results for a series of dopants where 

the cations are from a particular group. The alkaline-earth 

chlorides have been thoroughly investigated and it has been found 

that the presence of a large cation (e.g. barium) tends to reduce 

the magnitude of the resistivity reduction. The greatest 

conductivity increase for this series of halides was brought about 

by the use of magnesium chloride. 

The theoretical treatment in Chapter 2 demonstrated that the 

resistivity equation could be written in the form: 

log r = log po + u 
itT 

The question must be answered as to whether the resistivity 

decrease has been brought about by a change in activation 

energy, U, i.e. a change in slope of the drawn curves, or by a 

change in ~ , i.e. a change in intercept. In many of the 

observed results this answer is difficult to ascertain. The 

measured reduction could apparently be caused by small changes 

in either of the quantities. It is most useful to look at the 
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curves corresponding to higher levels of doping, e.g. that 

observed for the glass containing 3~~ NaCl (Fig. 5.7). The 

activation energy for pure borax is 73 ~ 4 kJ/mole (section 4.1.4) 

while that for the doped glass is 63 ~ 3 kJ/mole. There has been 

an obvious reduction in this case. Indeed, a steady activation 

energy decrease is observed, with increasing doping level, for 

other members of the series of specimens doped with NaCl. The 

value of log (>0 for pure borax, calcul~ted from the observed 

resistivity graph, is -2.25 ~ 0.07$l.cm., while the corresponding 

quantity for the glass containing 30% NaCl is -2.31 ~ 0.09 " .cm. 

These values are remarkably similar, so consequently it can be 

stated that the reduction in resistivity caused by doping is 

primarily due to a decrease in activation energy rather than a 

change in the ('0 term. 

In the case of the alkali-free borate glasses the effect of 

the addition of halides was to slightly increase the resistivity 

of the material. This increase was small, but is nevertheless 

the opposite to that observed with sodium borate glasses. Any 

theory regarding these effects would have to explain this opposing 

trend, though it should be remembered (see section 2.7.6) that 

the conductivity mechanism involved with alkali-free borate 

glasses remains under some debate, and is said by certain 

authors (165, 166) to be due to oxygen ion migration. If this 

latter comment is true then it is hardly surprising that the 

effect of 40ping is considerably different in the cases of sodium 

borate glasses and alkali-free borate glasses. 

One further point to arise from the resistivity results is 

that the nature of the environment in the melting furnace has no 

apparent bearing on the observed resistivity. Glasses melted in 
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nitrogen or melted in air exhibit a similar electrical resistivity. 

Knowledge of the relative distribution of the various ions 

through the glassy network is the obvious base from which to 

discuss the observed effects on resistiVity. X-ray diffraction 

was used only to confirm the glassy nature of the materials and 

thus to indicate that the crystalline halide additives had been 

completely assimilated. Infra-red absorption was perhaps the 

technique that was best suited to the i~vestigations. Several 

points arising from this work are worth summarising. 

Firstly, only slight absorption was noted at the fundamental 

vibrational frequency of the added halide; this confirms that 

the additive is virtually completely disassociated. Secondly, 

no vibrational absorption has been assigned to a B-Cl linkage. 

However, this statement should be discussed further because no 

published data on such vibrations in glass exists. As mentioned 

in the previous Chapter, the only data that may be remotely 

relevant is that for crystalline boron triha1ides, though even 

in this case any comparison is rather tenuous. 

The vibrational frequencies of BC1
3 

are observed to be at 

-1 46 -1 -1 6 -1 ( ) approximately 250 cm., 0 cm. , 470 cm. and 9 0 em. 339 - 341 • 

In the materials under investigation the first and last of these 

values lie in regions of strong absorption, consequently it is not 

surprising that no effect is noted. It is only in the case of the 

second and third frequencies that observation of extra absorption 

lines may have been expected. A theoretical approach assigns a 

value of 839 cm:l to the vibrational frequency of a 'B-Cl diatomic 

molecule' (334). It may be thought that this is a possible 

comparison with the glassy situation. No extra absorption is 
, 

observed at this value, but once again the situation is that in 



153. 

this wavenumber region there is already quite strong absorption. 

Overall it must b'e acknowledged that this direct approach is 

rather inconclusive; no definite B-C1 vibrations have been 

identified, but comparisons with established data are so weak 

that the presence of such bonds can not definitely be ruled out. 

An interesting point arising from the infra-red measurements 

is that at least some of the halide ions replace residual hydroxyl 

ions in the glass. This was evident from the reduced strength of 

the 3500 cm:l water absorption at higher doping levels. 

However, the most emphatic result to emerge from the infra-red 

work is the great degree of similarity between the absorption 

curves for the pure and doped glasses. Even when the doping level 

reaches 30 mo1.% the differences are relatively minor. It is quite 

remarkable that so much halide ean be assimilated into the glass 

yet the basic network remains relatively unchanged. This clearly 

indicates that the decreased electrical resistivity brought about 

by doping is a result of subtle network manipulation rather than 

by structural rearrangement. 

It was stated earlier that no vibration due to a boron-halide 

ion bond in a glass has yet been identified and that perhaps the 

best comparative data comes from work on boron trihalides. This 

is believed true, but it should be mentioned that some other 

infra-red work on the addition of halides to borate glasses has 

been reported. For example, Minami et al (80) have investigated 

the system AgX-Ag20-B203 (X=I,Br) and Irion et a1 (342) have 

investigated the system LiCl-Li20-B203. Both are analogues of 

the sodium system discussed here. In the former of these cases 

it is stated that "no new bands were observed on the addition 
, 

of AgI to Ag20-B203 glasses". Similarly in the second case, when 
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considering the general formula B203-XLi20-yLiCl, it was found 

that "no new features are detected compared with the spectra of 

the B203-XLi20 glasses; for a given x the spectra of the binary 

and ternary compounds are nearly identical". It is further 

concluded that "in the boron-oxygen 'lattice' LiCl is apparently 

'diluted' without producing strong interactions". The general 

results from these two investigations are clearly very similar 

to those reported in this work. 

The third structural investigatory technique that was 

employed was N.M.R. The study on the boron nucleus revealed that 

on adding a halide there was a slight increase in the fraction 

of four eo-ordinated boron atoms. This was not to the extent 

that would be expected if an equivalent further amount of 

alkali-oxide modifier was introduced. This increase in four 

co-ordination could be accounted for either by extra B04 units 

or by the appearance of B03X units (X = a halide ion). Consequently, 

the presence" of a small number of B-X bonds could not be ruled out. 

The study on the sodium nucleus demonstrated that, in the case 

of the glassy materials, no dramatic change had occured in the 

environment of the sodium ions on adding the halide dopant. Only 

minor changes could have taken place. 

It is not believed that any published work exists on the 

relationship between the N.M.R. spectra of borate glasses and 

halide doping. 

Perhaps the best starting point in trying to relate the 

observed structural effects to the resistivity results is to 

comment on how the halide ions could physically fit into the 

glassy network. The radius of a fluoride ion is 1.33 i, that 
\, 

of a chloride ion is 1.81 i and that of a bromide ion is 1.95 i. 



It is also important to note that the radius of an oxygen ion 

is 1.32 i, which is very similar to the fluoride ion value. 

Compared to this the chloride and bromide ion radii are much 
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larger and relatively equivalent. Consequently, from a simplistic 

argument, the fluoride ions could be assimilated into the 

network quite easily, wh~reas the structure would have to be 

considerably stretched in order to accommodate either chloride or 

bromide ions. 

Evidence for this statement is supplied by the boron-boron 

separation distances, S, extrapolated from the density measurements 

of the previous Chapter (see section 6.5). It can be seen that the 

presence of CaCl2 or CaBr2 substantially increases S. However, the 

addition of CaF2 only increases S by an amount comparable to that 

resulting from the inclusion of CaO. This is best observed by 

comparing S values for the addition of 10% of each of CaBr2 , CaC12 , 

CaF2 and CaO. 

It appears that S is rather independent of the exact nature 

of the alkaline-earth ion. The value of S for the addition 

of 10% MgCl2 equals that for the glass containing 10% CaCl2 0 A 

similar result occurs for the glasses doped with l~~ MgO and 

l~~ CaO. The alkaline-earth metal ions, being doubly charged, are 

quite small; presumably they therefore fit into the glassy network 

qui te easily, 

As was discussed in section 2.1.6, Anderson and stuart (112) 

have put forward a model which describes the activation energy for 

electrical conduction as being made up of an electrostatic 

attraction contribution plus an elastic st~ain deformation 

contribution. It is illuminating to consider how the presence 
, 

of halide ions could affect either of these quantities. 
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Firstly, halide ions are, of course, singly charged, and 

this single charge is distributed over a large volume. This is 

in comparison to the double charge on the smaller oxygen ion. 

Consequently, any sodium ions moving in the vicinity of the halide 

ions would experience a much reduced electrostatic field and would 

therefore be more mobile. 

Secondly, the halide ions, because of their size, have been 

shown to stretch the boron-oxygen network. Thus, when a sodium 

ion attempts to pass through the structure, part of the expansion 

necessary for its passage has already taken place. Here again,\ 

high mobility of the sodium ions is favoured. 

Neither of these favourable effects relies on any particular 

bonding of the halide ion within the network. Its volume alone 

is sufficient to decrease resistivity. The fact that only a few, 

if any, direct B-Cl bonds occur has no effect on the interpretation. 

These ideas are also in good agreement with other observations that 

have been made. For example, this behaviour would not give rise to 

any sudden or dramatic drop in resistivity. The effect would be of 

a gradual nature; which is exactly what was found experimentally. 

Furthermore, this explanation would indicate that the reduction in 

resistivity had been caused by a decrease in the potential barrier 

to motion, i.e. activation energy. Again this is what was 

found in practice; the pre-exponential factor remains almost 

unchanged. 

The results for the alkali-free glasses (i.e. that halide 

doping led only to a small change in resistivity, generally an 

increase) would also not be surprising according to this scheme. 

It must be remembered that there are two schools of thought 
\ 

regarding the conductivity mechanism for alkaline-earth borate 



157. 

glasses, see section 2.7.6. The first, led by Owen (165, 166), 

believes that the mobile ions are the oxygen ions. If this is 

the case it is not difficult to see why doping with a halide 

results in a slight rise in resistivity. First of all, the atomic 

percentage of oxygen would be redUced, and secondly regions 

of the network through which the oxygen ions may have passed are 

now blocked by negative halide ions. Indeed, it is possible that 

the halide ions occupy sites similar to those preferred by oxygen 

ions, effectively reducing the number of sites for the oxygen ions 

to move into. Overall these results could be taken as good 

circumstantial support for Owen's theory, though this argument 

assumes that the halide ions are immobile, which may be an over-

simplification. 

The second, more conventional, view regarding the main 

conductivity mechanism is that the primary mobile ion is the 

alkaline-earth ion. The reason that the resistivity of these 

base glasses is so high is mainly because the double charge on 

the alkaline-earth ion results in it being very strongly bound in 

the network. The subtle changes in the structure brought about 

by the addition of a halide are going to have a very negligible 

effect in comparison. Consequently, if this second view is taken 

it is easy to see why only a small change in resistivity is 

observed on doping, though admittedly this does not explain why 

the trend is towards a slight increase. 

It is informative to expand slightly at this point and to 

consider in terms of the results obtained in this study, some of 

the 'standard' conductivity theories. For example, the weak 

electrolyte theory which has been discussed by several authors, 
't:,. 

including Ravaine and Souquet (109). The main ideas in this theory 
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are that only a relatively small number of the mobile-type ions 

are actually mobile. The remainder of these ions being relatively 

strongly bound in molecular complexes. In attempting to explain 

the observed effects in terms of this theory it could be argued 

that there would be a reduced dissociation energy concerned with 

the added halide and hence there would be an increase in the 

equilibrium number of cations actually mobile. However, this set 

of ideas does not'agree with the experimental findings. An 

increase in the number of mobile cations would result in a change 

in the pre-exponential factor and not the activation energy. This 

has been shown not to be the case. Overall it can be stated that 

these experimental results do not support the ideas of the weak 

electrolyte theory. 

A second conductivity theory is the random site model. This 

has been discussed by Glass and Nassau (111) amongst others. In 

this model it is deemed that due to the random nature of the glassy 

structure there must be a wide range of sodium sites with differing 

energies. Consequently, it is thought that a true distinction 

between a 'mobile' alkali ion and an 'immobile' alkali ion is 

unjustified. A theoretical treatment shows a direct relationship 

between ion mobility and the extent of the site energy distribution. 

The addition of a halide to the glass is bound to lead to the 

appearance of some new types of sodium sites and consequently 

there is an increase in the site energy distribution and therefore 

ion mobility. In summary, the random site model does not disagree 

with the experimental findings reported here. 

While it is not believed that any work has previously been 

reported on halide doped sodium borate glasses (or halide doped 
~ 

alkaline-earth borate glasses) some results have been published 
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for rather analogous systems. Most of these results were 

mentioned in section 2.7.4, (and source references quoted), and 

it is interesting to consider the explanations for the observed 

effects put forward by the various authors. 

Perhaps the most similar system to that investigated in this 

work was the study of the B20
3 

+ Li20 + LiX (X = a halogen) series 

of glasses carried out by Levasseur and co-workers (73, 74, 153, 

154). They too found that the addition of the halide could reduce 

resistivity, with the effect of chlorides and bromides being 

considerably greater than that of fluorides. Only small amounts 

of iodides could be incorporated into the glasses. Overall these 

results show a great qualitative similarity to those reported here. 

The explanation did not contain any theoretical model but it was 

supposed that (73) "this phenomenon may be the consequence either 

of a dilation of the boron-oxygen matrix or of the higher 

po1arisabi1ity of the halogen". Such views are not unlike those 

proposed earlier in this Chapter in explanation of the results 

obtained.in the present study. 

The work of Button et a1 concentrates on the chloride version 

of the above lithium ternary glasses. A reduced resistivity was 

achieved on the addition of the halide, which was brought about 

by a reduction in activation energy. Several suggestions are put 

forward in an attempt to explain the effect such as (155) "el 

additions can dramatically affect the total number of (lithium) 

+ sites and thus the effective Li ion jump distance" (a res~lt 

which would reduce resistivity, see section 2.4), "chlorine 

additions •.• lower the strain energy barriers to ion motion" 

and "the cou1ombic potential ••• must be affected by halide , 
additions". It was also acknowledged that their observed results 
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tend to favour the random site model in comparison to the weak 

electrolyte model, which is a result in agreement with this study. 

The analagous fluoride doped lithium ternary system was 

investigated by Smedley, Angell and co-workers, the addition 

of the fluoride caused a reduced resistivity. However, no theory 

stating that the reduction was directly related to the presence 

of the fluoride ion was put forward. Instead, the authors appear 

to believe that (76) the high conductivity is caused simply by 

being able to incorporate more lithium ions into the glass than 

would have been possible just by the addition of the oxide. 

Indeed, they find that the replacement of Li20 by LiF decreases 

the conductivity. At first this may seem contrary to the results 

of this study where it has been observed that the addition of a 

chloride increases conductivity even when the overall sodium 

content is reduced. However, it should be remembered that the 

additive under discussion is the fluoride. It was the case that 

in this work the addition of CaF2 to borax indeed increased 

resistivity. It was only the addition of NaF (i.e. an effective 

increase in sodium content) that brought about a reduction, 

i.e. there is no general disagreement. 

Moving slightly away from alkali borate materials, Minami 

and co-workers (78 - 81) have studied the effects of adding 

silver halides to various silver based glasses; silver phosphate, 

silver molybdate and silver borates. Host of their work is 

concentrated on the addition of silver iodide and once again a 

reduction in resistivity is reported (sections 1.3 and 2.7.4). 

In the case of the most relevant materials, the doped silver 

borate glasses, it is generally concluded that not all silver ions 
,. 

contribute to conduction; the silver ions interacting mainly 
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with the halide ions being especially mobile. A significant 

contribution from silver ions interacting with a B04 group is 

suspected and the dominant conduction mechanism is thought to 

be dependent on composition. The third type of silver ion site, 

where the ions form partially covalent bonds with non-bridging 

oxygen ions, is not thought to give rise to high ion mobility. 

These views are not entirely in agreement with those expressed 

in this study but nevertheless the most ,important idea, that 

regions near the added halide ions are areas of high mobility, 

is again put forward. 

One final interesting point also arises from the work of 

Minami et ale When investigating the system AgI-Ag20-Mo0
3 

(79) 

(for which the addition of the AgI increases conductivity) a 

comparison is made to the conductivity of the equivalent 

crystallised material. Invariably the crystallised material is 

found to be more resistive. This is the opposite effect to that 

found in this study. For all the halide doped glasses mentioned 

above this is the only occasion on which the crystallised product 

is mentioned. It is not known whether measurements have been 

performed on such materials and the results found to be inferior 

and therefore not reported, or if the crystallised materials 

simply have not been investigated. 

In summary, it is believed that the reduced resistivity 

values for the doped glasses are the result of the halide ion 

improving sodium ion mobility by two means. Firstly, the electric 

field around the halide ion is reduced in respect to that around 

an oxygen ion. This is because of its large size and single 

valency. Secondly, the network around the halide ion has become 
\ 

distorted in order to accomodate the dopant ion and is consequently 
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more 'open'. Both these situations would afford easier transport· 

of the sodium ions. 

It should be made clear that the dramatic effect noticed on 

the resistivity of re-crystallised material is not thought to be 

due to a similar explanation. The resistiVity decrease is 

altogether too abrupt for it to be directly caused by a subtle 

change in lattice structure. 

7.3 Glass-Ceramics. 

The room temperature resistivity of the re-crystallised 

products can be over four orders of magnitude below that of the 

parent glass. In contrast to the situation with glassy materials 

(where there is a gradual reduction in resistivity with increased 

doping level) light doping of the glass-ceramics leads to a very 

dramatic decrease in resistivity, but on further doping the rate 

of reduction in resistivity is much smaller. Indeed, it has been 

found in one case, where the doping level was particularly high, 

that the resistivity reached a minimum at a certain amount of 

additive and that a higher doping fraction resulted in a slight 

resistivity increase. 

The resistivity is relatively independent of heat treatment 

temperature provided that the specimen is well crystallised 

through its volume. Scanning electron microscopy was used to 

observe the crystallites. Typically, at the high end of the 

crystallisation temperature range (a limit set by deformation of 

the specimen) the dimensions of the crystallites were of the 

order of 10 - 50 )1m, while at lower crystallisation temperatures 

the crystallite dimensions were below 1 )Vm. The nucleating 

effect of the halides should also be considered; the crystallites 
~ 

formed on heat treating pure borax were very large indeed. 



163. 
Overall it appears that the resistivity does not depend 

greatly on crystallite size for a given volume fraction of crystal 

phase. The reduction in resistivity brought about by crystallis-

ation is therefore a bulk effect and is not concerned with sodium 

ion motion along the glass/crystal interface; a situation which 

would be highly dependent on crystallite size. 

For any given composition the decrease of the observed 

electrical resistivity occurs very abruptly as the heat treatment 

dwell temperature increases, and therefore as the crystal volume 

fraction reaches a certain proportion. Simplistically, this fact 

can be associated with the cross-linking of crystalline regions. 

However, this does not necessarily mean that the 'light' 

crystalline regions have to overlap. A considerable percentage 

of 'the residual dark area' may be crystalline, and, as these 

regions contain at least some halide ions, the crystallites will 

be reasonably conducting. The presence of such secondary crystallites 

could therefore facilitate the linking of conducting regions. 

The lowest obtainable room temperature resistivity is 

dependent on the type of added halide, but a value of 106 $1 .cm. 

is approachable with most of the chlorides and bromides that have 

been investigated. It should be remembered that crystallisation 

of a pure borax glass resulted in an increased resistivity, as 

generally expected. 

Before any further discussion of the resistivity results it 

is beneficial to emphasise certain points. Firstly, the 

'charging-up' experiments using an electron microscope have proved 

without doubt that it is the crystalline phase formed during heat 

treatment that is the highly conducting region. The residual 
\ 

glassy phase is of minor importance, especially at low temperatures 
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(see later discussion). The abrupt change of resistivity on 

doping is so marked that it may be believed that some mechanism 

other than sodium ion t~ansport is responsible. However, the 

'triple-disc' experiments and the thermopower work have shown 

that this is not the case. The major electrical conductivity 

mechanism is still sodium ion transport. 

As with the glassy specimens one of the most important 

queries regards the effect of the addition of the various types 

of halide ion. This is best answered by considering the series 

of glass-ceramics where NaX (X = a halogen) is the dopant. It 

was clearly shown that in the case of C1- and Br- a very large 

increase in conductivity was observed, with C1- ions providing a 

slightly greater resistivity reduction. However, F- did not 

reduce the resistivity, its presence actually increased resistivity 

over most of the temperature range (that is with respect to pure 

borax glass). 

The nature of the added cation appears to be of less 

importance. For example, there is little difference in resistiVity 

between the glass-ceramic containing l~G ZnC12 and that containing 

10% CaC12 • Both show a resistivity of approximately 106 " .cm. at 

room temperature. Indeed, even when the cation is the large barium 

ion the resistivity only increases to 7 x 106 SG. cm • When the 

additive is simply NaCl, once again a resistivity value of 

106 &6.cm. is achieved; this figure is the approximate result over 

quite a large range of dopant concentrations. 

The resistivity-temperature graphs all show a consistent 

pattern. Obviously, the activation energy has changed dramatically 

on crystallising the glass, which results in the observed reduced 

resistivity. However, because of the low gradient, at high 
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temperatures the magnitude of the resistivity reduction with 

respect to the parent glass becomes smaller. Usually in the 

temperature region where the two respective curves begin to 

converge there is quite a sharp change in the activation energy 

for the glass-ceramic. Above this 'transition temperature' the 

activation energy is similar to that shown by the glassy product, 

though the overall resistivity usually still maintains a slightly 

reduced value. 

A further point of note is that in general the surface 

conductivity of the specimens was found to be negligible in 

comparison to the bulk conductivity. Surface conduction was only 

found to be a problem in one isolated case, where the dopant 

was 10% ZnC12 and the heat treatment temperature used was not 

high enough to fully crystallise the glass. 

One of the most interesting sets of results were those 

obtained for alkali-free glass-ceramics. The reduced resistivity 

effect was still present, at least to some extent, in all three 

doped compositions investigated. The added halide ions seem to 

affect this type of material in a similar manner to that in which 

they affect the sodium borate specimens. In the sodium borate 

glass-ceramics the mobile ion is the sodium cation, consequently 

it seems only reasonable that the mobile ions in the alkali-free 

glass-ceramics are the alkaline-earth cations. This is true 

whatever the conductivity mechanism in the parent glass (see 

earlier discussion on alkali-free glasses). The confirmation, or 

otherWise, of this statement is a possible area of future work. 

Having discovered such a dramatic effect on the observed 

resistivity when the specimen is crystallised, the prime concern 
\ 

was then the identification of the crystalline species, mainly 
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by X-ray diffraction •. The most important feature of the X-ray 

patterns was that all the observed lines could be assigned to 

well-characterised sodium (or dopant metal) borates with no 

unidentified lines which might indicate some unknown and possibly 

highly conducting phase. The low resistivity phenomena must 

therefore arise from subtle modification of the structure of 

simple metal borates. 

The actual crystal phases formed depend on dopant concentration 

e.g. as increased amounts of NaCl are added, Na4B205 is, formed in 

preference to Na2B
4

0
7

, However, these trends have little influence 

on the observed conductivity. 

Furthermore, the X-ray diffraction data indicates that 

the atomic fraction of sodium in the crystalline borate phase 

that is produced on heat treatment is always increased relatively 

to that in the parent glass composition. Thus, the residual glassy 

phase is left comparatively depleted in sodium and therefore it 

would be expected to have a higher resistivity than the original 

composition. This inference, that the highly conducting phase 

must be the crystalline phase and not the residual glass, is 

supported experimentally by the findings of the 'charging-up' 

experiments utilising electron microscopy. 

Finally, none of the diffraction patterns showed any trace 

of a halide phase, This is quite remarkable given the high dopant 

concentrations occasionally used, and shows how easily the halides 

can be incorporated into the sodium borate structure. 

Most of the above statements regarding X-ray diffraction 

results have been directed at the sodium borate based materials. 

Howeve~, rather similar results were obtained with the alkali-free 

materials and the same general conclusions apply. 
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The X-ray diffraction work is in excellent agreement with 

the electron microscopical studies and with the associated 

E.D.A.X. analysis. The number of phases revealed in the 

micrographs always corresponds to the number found using X-rays, 

and the distribution of the dopant cations and sodium ions as 

shown via E.D.A.X. again also correlates with the X-ray analysis. 

The E.D.A.X. work also showed that the halide ions remain well 

distributed through both types of phase, though the crystalline 

phase is favoured slightly on some occasions. This is the first 

positive indication of the placement of these ions within the 

formed glass-ceramic and is of considerable importance. 

The first section of the N.M.R. study, the investigation of 

the boron nucleus, showed similar trends for the glass-ceramic 

materials as it did for the glassy specimens. Dependent on overall 

composition, the fraction of four co-ordinated boron atoms appeared 

to increase slightly with doping. However, the observed changes 

are only of the order of the inherent experimental error and it is 

therefore acknowledged that such a claim is rather tentative. 

However, it is quite clear that there is no dramatic change in the 

environment of the boron nucleus within the glass-ceramic specimens 

on the addition of a halide dopant. This supports the results of 

X-ray diffraction and of other stUdies. 

The latter part of the N.M.R. study, those experiments 

concerning the sodium nucleus within the glass-ceramics, does, 

however, illustrate a marked environmental change. In the case of 

a do~ed specimen a significant, large resonance peak has appeared 

which is perhaps superimposed on a trace similar to that occuring 

for an undoped sample. It has been concluded that this sharp 
\ 

resonance is indicative of some sodium nuclei present in new, 
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highly mobile sites, while the broad peak is formed by some 

sodium ions remaining in more traditional environments. 

Furthermore it has been shown, in a quantitative theoretical 

treatment using observed activation energies, that this sharp 

peak is capable of being caused by the situation known as motional 

narrowing. This phenomenon is a direct result of the presence of 

highly mobile ions. Comparison of the N.M.R. spectra of the doped 

and pure samples provides a unique and clear demonstration of the 

change in environmental situation and of the mobility of the 

sodium ions within the doped glass-ceramics. 

The infra-red absorption work has already been thoroughly 

discussed both in the previous Chapter and in the comment on 

glassy materials earlier in the present Chapter; only the very 

broad conclusions will be mentioned here. Firstly, there is very 

little difference between the absorption spectra of the pure and 

doped glass-ceramics. This is true even when the doping level is 

quite high and is the case for both sodium borate based specimens 

and alkali-free specimens. Clearly the situation is that the 

large reduction in resistivity is achieved despite only minor 

changes in the boron-oxygen lattice structure. This comment has 

been made in almost all of the individual discussions on each 

experimental technique and is a common theme througho~t this 

study. A second observation made in this work is that occasionally 

a trace, but only a trace, of the dopant halide may remain 

un-dissociated. It appears that infra-red absorption is a more 

sensitive tool for the identification of trace materials than is 

X-ray diffraction analysis. Presumably in this latter technique 

the peaks from the trace compound are totally swamped in the 

plethora of other, larger, peaks. It is not thought that these 
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trace compositional remnants are important in the interpretation 

of the resistivity phenomenon. 

In attempting any explanation of the observed resistivity 

reduction it is best to consider firstly which situations already 

give rise to high ionic conduction. The obvious first choice 

material is ~-alumina. In this case, as was discussed in 

section 2.9.1, layers of loosely bound sodium ions exist within 

the structure. It is not thought that any similar arrangement 

occurs in the materials under study here. A second structural 

arrangement giving rise to high ionic mobility is the tunnel 

formation found in Re03 and Ti02 type compounds (e.g. 343). The 

base unit that gives rise to the tunnels, when configured SUitably, 

is the octahedral arrangement of oxygens around a central cation. 

It is not believed that the presence of a halogen in the materials 

under consideration in this study could in any way influence the 

formation of similar units. In any case, such a major lattice 

rearrangement would surely be observed in one of the structural 

techniques used. 

The complex materials proposed by Goodenough et al (175) for 

fast sodium ion transportation, which also were mentioned in 

section 2.9.~, again rely on a skeletal tunnel arrangement. 

However, in this work it is also emphasised that hiih mobility 

would not be achieved without the presence of partially occupied 

lattice sites of approximately equivalent energy, i.e. there must 

be vacancies for the mobile ions to move into. This idea Qf 

vacancies being necessary is found in the work of many other 

authors for a wide range of materials. For example, the fast 

motion of silver ions through compounds based on silver iodide is 

alleged to be the result of the two silver ions within the unit 
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cell being mathematically distributed over a great number of 

equivalent sites (see section 2.9.2). In the present work the 

'available vacancy' theory seems to be a suitable starting point. 

If the presence of the halide ions could somehow introduce sodium 

ion vacancies into the normal lattice structure then the 

resistivity would be greatly reduced. This would be achieved 

without major structural upheavals which could be observed by the 

standard techniques used. Certainly, fu~ther consideration is 

merited. 

The simplest case to consider is the addition of NaCl to 

borax. X-ray analysis has shown (section 6.1.2) that in this case 

relatively larger amounts of the crystal phase Na4B205 are present 

at higher doping levels than at low doping levels, while the 

reverse trend is shown for Na2B407 • The situation is as it 

further Na20 has been added to borax rather than NaCl. It is not 

claimed that the addition of NaCl exactly mimics the addition ot 

Na20 but certainly from an X-ray analysis point of view there is 

a similar· trend. From this evidence the conclusion to be drawn 

is that the halide ions occupy sites that would normally be 

occupied by oxygen ions and that in some respects there is little 

difference between the two situations. It is not believed that 

the· halide ions bond in precisely the same manner as the oxygen 

ions which they replace, the difference in valency will obviously 

not allow this. A point worth emphasising is that the X-ray 

diffraction pattern depends much more on the position of the 

scattering centres than on the interatomic bonding. 

Assuming the situation is as described above, if the additive 

had bee~ Na20 then two sodium ions would be included tor each 

added anion. However, when the additive is NaCl only one sodium 
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ion is added for each anion. Consequently, as similar crystal 

lattices result in the two situations, there must be unfilled 

sodium ion sites in the latter case. It is believed that it is 

these vacancies that are responsible for the observed reduced 

resistivity. 

The production of halide ion interstitials is a competing 

process against the formation of sodium ion vacancies. The 

governing factor will be the energy involved with each process, . . 

which may be dependent on the type of halide ion concerned, and 

on dopant concentration. It is generally found that vacancy 

production requires less energy than interstitial formation, 

though at higher dopant levels the reverse may well be true 

because the lattice would find it increasingly more difficult to 

accomodate halide ions. Notably, fluoride ions tend to form 

interstitia1s very easily, for ~xamp1e in CaF2 + CaYF2 (344), 

which has a high conductivity due to fluoride ion motion. 

It is believed that the production of halide ion interstitia1s 

would not be remotely as beneficial for conductivity purposes as 

would be the production of sodium ions vacancies; the ions would 

certainly not contribute directly because of their relatively 

large size. In the case of glassy materials it was found that the 

presence of the halide ions did increase conductivity to a certain 

degree due to expansion of the network and electrostatic effects. 

However, in the case of a crystal the lattice is much more rigid 

and therefore these effects would be less pronounced and the 

halides might even prove to be a hindrance to sodium ion motion 

by blocking tunnel paths etc. At best, the formation of inter-

stitia1s in preference to sodium vacancies at higher doping levels 
~ 

would decrease the rate ot resistivity reduction with dopant 
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concentration and perhaps stop it altogether. 

This vacancy/interstitial theory now has to be tested against 

some of the experimental results. The question is raised as to 

why the dramatic effect is not also seen in the glassy materials. 

It is believed that the answer to this lies in the differing 

nature of the two structures. For the effect to occur there must 

be particular vacant sites concerned with the sodium ions and 

particular oxygen-type sites for the halide ions to occupy. This 

simply does not occur in a random glassy network. In such a 

network there can be no precise identification of a site or of a 

vacant site; the situation becomes too vague a concept. What is 

needed for the resistivity reduction effect to be observed is a 

regular situation in which occupation or vacancy of a particular 

site is well defined. 

It is easy to see that the introduction of a halide will give 

rise to a very abrupt reduction in resistivity; each vacancy will 

contribute to improved conduction. This is a direct effect and it 

is not surprising that the reduction in resistiVity is much more 

dramatic than in the case of glassy materials in which the 

reduction is due to subtle changes in the network, as discussed 

earlier. 

It was observed that high doping levels do not greatly further 

reduce resistivity in comparison to low doping levels. This is 

exactly as was predicted would occur .if interstitial halide ions 

started to form in preference to sodium ion vacancies, and is 

therefore good evidence in support of the theory. At low doping 

levels sodium ion vacancy production occurs and the resistivity is' 

drastically reduced, at higher levels halide interstitials occur , 
and the rate of resistivity reduction is not maintained. 



Another aspect of the resistivity results that needs 

discussion is the sharp increase in activation energy that 

usually occurs at high temperatures. Two explanations at 

first appear plausible. Consider first the two activation 

energy terms, U and tw, that occur in the resistiVity 

equation mentioned in section 2.1.4. In that section 

it was explained that if sufficient defect states already 

exist then the energy term for their production, tw, 
becomes irrelevant and may be dropped from the equation. 

The resulting lower activation energy could then be deemed 

to describe the low temperature regions where there would 

be ample vacancies for the sodium ions to move into because 

of doping. At elevated temperatures a higher activation 

energy results as the tw term has to be included because 

the thermal production of vacancies can no longer be 

ignored. However, this explanation'ultimately has to be 

rejected because the high doping levels involved would 

always lead to numbers of va'cancies far in excess of 

whatever may be produced thermally. 

173· 

A second, and more likely, explanation arises because of 

the observation that the high temperature activation energy 

is invariably similar to that of the parent glass.· It seems 

quite probable that at these temperatures most conduction 

is taking place in the residual glassy phase. One experiment 

that would confirm the situation is a variation of the 

'charging up' experiments using an electron microscope 

that have been described elsewhere in this thesis. 

On this occasion the specimen would be heated to above the 
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activation energy transition temperature. The phase that charges 

up would again be the more resistive phase. The experimental 

parameters would have to be considerably adjusted in order to 

compensate for the lower specimen resistivity at these temperatures. 

The above arguments have been directed at the system where 

NaCl is the additive in sodium borate. However, it makes little 

difference whether another type of dopant is considered. The 

added halide ions could still occupy oxygen-type sites, causing 

vacancies in the existing sodium arrangement. The role of the 

added cation would be a secondary effect. This ion could sit at 

a sodium-like site or at any other interstitial site; the fact 

that sodium vacancies are being formed is unaffected. 

Furthermore, there is no reason why the resistiVity reduction 

effect should not be noticed in other borate systems, e.g. the 

alkali-free borates used in this study. The above discussion can 

be virtually repeated without modification for the alkaline-earth 

borate + alkaline-earth halide materials. The addition of a 

dopant halide would cause alkaline-earth ion vacancies to be formed, 

which would result in reduced resistivity. Whatever the mobile 

species in the glassy materials (see earlier discussion), it is 

proposed that in the more conducting, doped, re-crystallised 

specimens it is the alkaline-earth ion that is primarily responsible 

for conduction. 

This theory appears to fit the resistivity and other transport 

measurements very well indeed, and it is now necessary to consider 

briefly whether it is compatible with other physical property 

measurements. The X-ray diffraction work has already been discussed, 

indeed the theory was initially put forward because it satisfied , 
these findings, so no problem is encountered from this aspect. 
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The N.M.R. study on the boron nucleus showed that on doping 

there is no great change in the boron environment except, perhaps, 

some bonding of the chloride ion into the basic unit. There is no 

conflict between this and the conductivity theory. Work on the 

sodium nucleus demonstrated that, on crystallising the doped 

specimen, some of the sodium ions are in new, highly mobile sites 

while the environment of the remainder is unchanged. These two 

observations can now be related to sodium ions close to a vacancy 

and to sodium; ions adjacent to filled sites. 

The main conclusions of the infra-red absorption study were 

that the dopant halide caused no great change in the overall borate 

network and that the halide was completely dissociated in the 

product (except for a trace at very high dopant concentrations). 

These conform to the requirements of the resistivity theory. Also, 

no particular identification was made of a bond involving a halide 

ion. The resistivity theory only demands that these ions occupy 

oxygen-ion type sites and does not demand a particular bond. 

Consequently there is no evidence to conflict with the theory. 

The E.D.A.X. work, utilising electron microscopy, showed that 

in general the halide ions show some preference for the crystal 

phase rather than the residual glassy phase. From the resistivity 

theory point of view this should aid resistivity reduction, though 

admittedly the effect is not of prime importance because even 

relatively few halide ions in the crystal phase would cause a 

considerable resistivity decrease. Another result of this study 

was that the dopant cations, be they ions ot zinc, calcium or 

sodium itself, also tended to preferentially congregate in the 

crystal phase. Again it can be argued that the consequence of 

this is that conductivity will be increased. If the doubly valent 
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cations occupy the same type of site as sodium ions then effectively 

one sodium ion vacancy is produced for each dopant ion. 

There is one point which has not yet been mentioned but is 

one of the most surprising results of the resistivity measurements. 

This is the failure of the fluoride dopants to cause a resistivity 

reduction as was found with chlorides and bromides. This is despite 

the fact that the fluoride ion is very similar in size to the oxygen 

ion and would therefore seem an ideal candidate for occupation of 

an oxygen-ion-type site. The chloride and bromide ions. are very 

much bigger than the oxygen ion and it is therefore more difficult 

to envisage them entering the lattice in place of an oxygen ion, 

yet they seem quite able to do so. However, this ignores the 

tendency of fluoride ions to easily become interstitials as has 

been observed by other workers (see earlier discussion). It has 

been argued that interstitial halide ions do not encourage high 

conductivity. It is therefore believed that the fluoride doped 

materials do not show improved resistivities because of a tendency 

to form fluoride ion interstitials. 

There is also another explanation that merits consideration. 

It is a fact that fluoride ions can react with borates to form 

fluoborates (345) according to the reaction: 

- - 2-BF + BZ03 -+ 2BF4 + 30 

It could be that the formation of such units is not conducive to 

the resistivity reducing effect. It may be thought that the 

presence of these units would have been noted in the course of the 

infra-red absorption study. However, the absorption frequencies 

of sodium borofluoride are at 1036 em:l, 1076 em:l and several 

around·530 em:1 (346). The first two of these values lie in 
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regions of strong absorption due to the usual borate structure 

and the latter group is also in a region of several absorption 

lines. 'l'hese results coupled with the fact that this study has 

necessarily concentrated on chloride and bromide dopants because 

of favourable resistivity measurements, suggests that a more 

detailed investigation should be undertaken as a future project. 

As mentioned previously, it is not believed that other work 

work on re-crystallised sodium halo-borates has been reported. 

It is therefore impossible to directly compare the results and 

theory contained in this study with that of other authors. 

However, perhaps the most closely related work is that of 

Levasseur and co-workers (178, 179) who studied the lithium 

boracite Li
4

B70l2Cl (equivalent to 3Li20 + ?B203 + 2LiCl). As 

was discussed in section 2.9.1 this material is reported to 

have a reasonably high conductivity. The reason for this is 

thought to be due to its structure, which is said to consist of 

a borate framework of tetrahedral B04 and trigonal B03 units 

with an interpenetrating sublattice containing only Li and Cl 

ions. This sublattice is said to contain a lithium ion site 

which has only 0.25 probability of being filled. It is not 

suggested that Levasseur's work and the work reported here 

are entirely analogous, but there do seem to be distinct 

similarities. The necessity for vacancies is a common theme, 

as is the absence of discrete halide units. The fact that the 

halide ion does not necessarily form a strong bond with the 

borate structure is also a point made in both studies. 

The vacancy mechanism, and other associated theory 

mentioned in the above discussion, is put forward with a 
"\ 

considerable degree of confidence as an explanation of the 



observed resistivity phenomena and of other physical property 

and structural variations. 

178. 
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Final Overview. 

8.1 Achievements and Conclusions. 

179. 

The aims and aspirations of this study were set out at the 

start of this thesis, (see sections 1.3 and 1.4) and it is 

interesting to look back to see if all, or indeed any, of these 

aims have been aehieved. 

Initial work involved confirming that reduced electrical 

resistivity resulted when a borate material was doped with a 

suitable halide. This turned out not to be the simple task that it 

appeared to be because it was not realised for some time that 

re-crystallisation was all-important. In most other known cases it 

is the glassy material, not the re-crystallised form, that is more 

conducting. The work on glasses proved very worthwhile and a 

descriptive theory explaining the observed effects on resistivity 

and other physical properties has been put forward. However, the 

resistivity reduction oceuring in these materials is not really 

sufficient for them to be considered as, say, battery electrolytes, 

or for them to be known as fast ion conductors. Nevertheless, this 

class of specimen is very interesting from a more 'academic' 

. viewpoint, and it is believed that the reasons behind the reduced 

resistivity are well understood. 

It is with the re-crystallised products that by far the 

greatest resistivity reduction can be achieved and it is for this 

reason that most of the later work in this thesis has concentrated 

on them. A fairly wide range of dopants and of base borate 

materials have been tried and tested, with a high degree of success. 

It is believed that numerous other types of dopants would be 

suitable for use in improving the conductivity, however further 
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diverse exploration was not made as this would have meant cutting 

back. on other fundamental studies. It is believed that the 

compositions investigated here give a solid experimental base 

from which to expand. 

The lowest resistivity achieved, of between 105 and 106!1.cm. 

at room temperature, is still rather high in comparison to 

~-alum1na and other well-known conductors, and therefore these 

halo-borate products would have to be heated before their conduction 

can be truly 'fast'. However, it should be remembered that .the 

minimising of the resistivity was never the prime aim of this work; 

such a task fell to the collaborating industry. Consequently, the 

figures quoted above represent the minimum achieved through using, 

from this point of view, materials not chosen for the purpose. 

Lower values than this are to be expected and indeed have been 

reported in private communications with B.R.L. The advantages 

of these new materials over their competitors are their ease of 

manufacture, their low raw material cost ,and the tact .that common, 

non-toxic chemicals are involved. Indeed, it has been shown that 

even the heat treatment re-crystallisation process does not have 

strict limits. 

Many considerable strides forward have been made in the 

characterisation of the conductivity mechanism. Basic facts such 

as the nature of the mobile ion, the relative resistivity of the 

glassy a~d crystalline regions and the identification of the 

crystalline phases have all been established. It is also now 

known that virtually all the dopant dissociates and that no 

unexpected crystal species is present. All these findings have 

been assimilated into a coherent theory that seems able to explain 

the majority of the observed effects. 
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It is believed that this work has introduced a new breed of 

highly ionic ally conducting materials which could have a number 

of practical uses. Because these materials are so novel, all this 

project could hope to cover was a broad base of resistivity 

measurements, physical property and structural investigations, 

and the proposal of a theory. Any detailed study of a particular 

aspect of a branch of any of these topics simply could not be 

entertained because of constraints of time etc., and must therefore 

be left to future workers. From time to time throughout this 

thesis attention has been drawn to suggested avenues down which 

such work might progress. These, and several other ideas are 

mentioned in the final section. 

8.2 Suggestions for Future Work. 

It is perhaps a measure of how new these materials are, and 

of how interesting the observed results, that so many lines of 

further study have appeared during the course of the experiments. 

What follows is basically a list of invest.igat1'onswhich, if 

performed, would yield useful information. The justification of 

each sugges'ted action should be evident from the text of this 

thesis. The order in which they appear is not meant to indicate 

any degree of importance, this is left to the discerning reader. 

1. Resistivity results for doped alkali borates other than 

sodium borate. 

2. Review of the melting procedure to somehow allow iodides 

to be retained in the parent material. 

3. Investigation ot the effect on resistivity of low doping 

levels «5%). 

4. The vacancy formation could possibly 'relax' in some way, ' 
'I. 

either simply through time or through further heat 
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treatment when in use. This could effect the resistivity 

and should therefore be considered closely. 

5. The nature of the mobile ion in doped alkaline-earth 

re-crystallised specimens needs definite confirmation; 

perhaps by employing a more severe version of the 

'triple-disc' experiments (using higher temperatures, 

greater polarising voltages and a longer time scale). 

6. Determination of the relative conductivity of the 

crystalline and residual glassy phases at temperatures 

above that at which the activation energy increases (as is 

usually found). This could probably be achieved by a high 

temperature version of the 'charging-up' experiments using 

electron microscopy. 

7. A detailed X-ray diffraction study on the relation between 

line widths and doping levels. Any increase in width could 

indicate an increase in the degree of disorder in the crystal. 

8. Further investigation of the 530 cm:l band in the infra-red 

absorption spectrum. 

9. The N.M.R. investigations on the sodium nucleus could be 

improved upon by incorporating trace amounts of paramagnetic 
2+ salts, e.g. Mn ,into the material. This would drastically 

reduce the relaxation time of the magnetic excitations which 

would mean that increased R.F. power input could be used 

without saturation, consequently increasing the signal to 

noise ratio. 

10. Further general tests on materials with fluoride dopants 

to see if reasons for their inconsistent be~aviour can be 

confirmed. Specifically, the presence, or otherwise, of 

the fluoroborate ion should be ascertained. 
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11. A systematic set of experiments using electron microscopy 

to plot the dependence between resistivity and crystal 

phase volume fraction. As well as being of general 

interest this would reveal if the abrupt reduction in 

resistivity does occur when the crystals become cross

linked. 
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