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Abstract

The subject of this paper isinnovation. The formation of new associations takes
place for a variety of reasons, some economic, some political or, in the case of
ICG, a need to share information and experience. The factors giving rise to
technical innovations are even more diverse. Examples are given in both
categories.

This article is mainly about making new things. new materials, new devices,
New processes, new institutions. Sometimes this may seem easy in retrospect, but
usually it isvery difficult. There has to be alarge driving force to carry the activity
through and some reward, or the prospect of reward at the end.

1. INSTITUTIONSAND ASSOCIATIONS

‘It is better to hang together than to hang separately.” Anon.

In much of what | say, | shall be quoting from Turner and from a close associate of his,
Edward Meigh. | do this partly because Turner was our co-founder but also because he was a
great writer of survey articles and historical commentaries, which are readily available, for
anyone interested, in the pages of the Journal of the Society of Glass Technology. The quality
of the man is perhaps more evident there than in his purely scientific papers?

The student of Business Studies is often urged to review his position by taking two pieces
of paper. On one he should write a list under the heading: ‘Threats and Problems.’” On the
second, the heading is ‘ Opportunities and Challenges.” This seems to be afine idea, provided
one can decide what to do next.

In the UK, perhaps the first example of a group of people responding to an opportunity in
the glass field was that involving the collaboration between the Worshipful Company of Glass
Sellers and George Ravenscroft who was responsible for the development of lead crystal
glass. Although this happened more than 300 years ago, there is some point in reminding
ourselves of the story, especially now when the State of California seems concerned about the
risk of lead poisoning from liquids which have been in contact with Ravenscroft's glass. The
Company was established in 1664 and is what we now call one of the Livery Companies of
the City of London. Ravenscroft carried out his development work between 1673 and 1678,
some years after the Company had been formed. Hisfirst glass contained no lead. However he
was using especially pure materials and so his glass was particularly clear and colourless. The
Company was delighted with his products and soon signed contracts to take his glass and

1 V.C. Hender (1977), then chairman of United Glass, attempts to summarise Turner's character in a
few words in one of the Turner Memorial Lectures. Since he did not know Turner himself, he could
only repeat the comments of others. One said ‘He had charisma.’ Another said ‘He could open a
Y orkshireman's purse.” Hender believes that these were merely two ways of saying the same thing.



market it. His glass seemed infinitely better than the glass of Venice. It later became clear to
Ravenscroft that his glass was not especially durable and he took the unusua step of
introducing increasing amounts of lead. The Company was even more delighted and continued
their association with Ravenscroft until he had changed his line of interest to the manufacture
of flat glass. (Moody 1988,1989; Watts 1990).

| understand that many of the present members of the Company are lawyers. Maybe they
should be encouraged to bring their legal experience to bear in defence of the product which
was so influentia in their early history and which is probably less life-threatening than the
atmosphere of Los Angeles.

Now we jump more than 200 years to the closing years of the nineteenth century, when
mechanisation of glass making processes was developing rapidly, especialy in the US. By
1903, the six-arm A-type Owens machine was in commercial use and by 1911 more than 100
Owens machines were installed with a capacity of more than four million bottles a year.

Libbey and Owens set up the Owens European Bottle Company and built a factory in NW
England with two Owens machines. British and continental container manufacturers were
invited to view the machines in operation and were given the choice between buying the
European patents for £600 000 (£30 million at current values) or having to compete against
two more machines which the Libbey-Owens Company would immediately instal. | am sure
that such an offer would go on the list as a threat. It seems that negotiations were not unduly
long. The British manufacturers, joined together as the British Association of Glass Bottle
Manufacturers Ltd., agreed to pay £120 000 as their share of the licence fee. By 1920 16
Owens machines were installed in UK factories.

I remember in 1945 as a student seeing one of the last of these machines in operation. To
me machines have character. | remember the Owens machine for its impression of power and
dignity, rather like Queen Victoria. Its present day replacement is rather nervy. It reminds me
more of ateam of noisy conjurors.

The next major challenge to the UK industry as a whole came with the outbreak of World
War |. At that time the UK industry was poorly equipped to meet the needs of the economy.
Most of the optical glass required for military instruments came from Germany or France and
the industry as a whole was not able to meet the many other needs of a country at war. Edward
Meigh, in his book ‘The Making of a Federation' (1975) gives an excellent account of the
tremendous amount of effort that was applied, mainly by the Ministry of Munitions of War, to
resolve these problems and the support given by the Government of the time to encourage
manufacturers to strengthen their technological base.

It was at this time that Turner came into the picture. At the beginning of the war, he was
happily carrying out basic research in physical chemistry at Sheffield University. He was
almost completely ignorant of the nature of the industries within a few miles of Sheffield.
However he had heard of metallurgy and was chairman of the Sheffield Society of Applied
Metallurgy, so clearly he had some knowledge of and interest in industry. Somehow he
became vaguely aware that there was a glass industry on his doorstep and he was soon to
realise that the greater part of the UK glass bottle industry almost surrounded him. He soon
recognised that the scientific understanding in the industry was practically non-existent
(Turner, 1937).

| am sure he didn't regard the situation as a threat, rather than as an opportunity and |
believe the story is well known how he persuaded the industry and the University to set up the
Department of Glass Technology at the University, followed only a few months later by the
Society of Glass Technology.

2. COLLABORATIVE RESEARCH



What is less well known is Turner's role in establishing within the Department of Glass
Technology a body called the Glass Delegacy. This organisation was open to al
manufacturers who were prepared to make a financial contribution towards running the
Department and its research programme. The financial contribution was assessed on the basis
of the tonnage of glass melted.

This arrangement was very common in many UK industries between the wars. The various
organisations for collaborative research were known as Research Associations, but, so far as|
am aware, only that for the glass industry operated within a University Department.

Initially I'm sure this was an excellent arrangement. The industry was not able to carry out
many of the simplest methods of quality control: analysis of batch materials and glasses,
measurement of chemical durability and of physical properties such as density, viscosity and
thermal expansion. Much effort went into the development of the necessary measuring
techniques and into the systematic study of the effects of composition of simple silicate
glasses on their properties.

The system also had great value to the students. The academic staff of the Department were
in close touch with the manufacturers and their problems. They were thusin an ideal position
to teach the glass technology (if not the glass science) of that time to students.

The Department continued to serve both as a University teaching and research Department
and as a Research Association for the glass industry until 1955, when the Glass Delegacy was
replaced by a separate organisation, the British Glass Research Association, eventually
occupying anew building on a site next to the University Department (Anon 1955).

Collaborative research in glass has also had a long history in other countries. For example,
Schaeffer (1995) has recently outlined the history of the HV G from its origins in 1920.

| find it interesting that only a few years ago the US glass community took the step of
establishing at Alfred University in New York State the NSF Industry-University Center for
Glass Research - an organisation very similar, it seems to me, to our own Glass Delegacy. |
assume that this became possible following relaxation of what had previously been extremely
strict anti-trust legislation.

3. THE GLASS MANUFACTURERS FEDERATION AND THE BRITISH GLASS
MANUFACTURERS CONFEDERATION

Now let us look at another major challenge to the UK industry and the consequence of that
challenge. The story reminds one of some of the present day conflicts between the UK
government and the EEC and discussions about opting out of bits of the Maastricht Treaty
which one doesn't like.

Briefly, the International Labour Organisation was asked in 1923 to consider a proposal
from the French Government that all glass factories should be required to cease production for
24 hours each Sunday and to provide a period of ‘collective rest’ for all workers. Apparently
the move was prompted by the increasing competition which the French glass industry faced
from Belgium where the manufacture of flat glass had been largely mechanised. Thus the
motive was economic rather than social. The UK objections came mainly from the container
manufacturers, who pointed out that the interests of British workers were already taken care
of, since the average working week of the British bottle maker was 42 hours compared with
48, 56 and, in some cases 60 hours per week, in some countries supporting the Convention.
Like the French, they too were not primarily concerned about the welfare of their workers.
However they did not feel inclined to let the ILO and/or the French government prevent them
from running their Owens machines 24 hours a day and seven days a week. These discussions



which went on for several years led to the formation of the Glass Manufacturers Federation in
1926 (Meigh 1975). The flavour of the GMF's field of operation can be judged from the
following statement of its principle aim.

‘To watch over and keep members informed regarding the operation of existing laws and
practices, the activities of Government Committees and all legidative proposals which may
affect or tend to affect the interests of members.’

The ILO attempted on several later occasions to impose the ‘Six Day Rul€e' right up to the
outbreak of World War 1l - atribute to the outstanding tenacity of bureaucratic organisations
and of those who oppose them.

The Federation still exists, of course, operating under the name ‘British Glass
Manufacturers Confederation.” It now shares a building with the British Glass Industry
Research Association in Sheffield.

4. INTERNATIONAL COLLABORATION

It is hardly necessary now to explain or to emphasise the value of internationa
collaboration by glass scientists and engineers. Nowadays overseas visits by staff of glass
companies are amost a daily event and there are many occasions when scientists from
Universities and research institutes meet to discuss progressin particular fields. | have in mind
in particular the ‘Sol-Gel’ glass workshops. In the 1930's and before, such contacts were far
less common, and it is to the credit of Turner and his contemporaries in other countries that
they saw a need for an organisation in which international co-operation could be fostered. The
International Commission on Glass was founded in 1933 and two Congresses were held
before World War 1l. Turner's account of the early years of the Commission is quoted in
extenso in Pierre Gilard's book ‘50 Years ICG’ (1983). The present structure and activities of
the ICG Technical Committees have been reviewed by Y araman (1995).

It was some years after World War |l that the ICG began to operate on a scale and in a
manner with which we are familiar today. Not only would International Congresses be held at
three yearly intervals, but the Commission also devel oped an ongoing technical programme of
work through its Technical Committees.

An early initiative of the Commission after World War 1l was to try to remedy the difficult
situation which existed in Germany where the Control Commission allowed the HVG to
operate only in the Land of Hesse and the DGG not at al. In spite of representations made to
the Allied Control Commission, no speedy relaxation resulted (Turner 1948).

An interesting discussion, which took place as the ICG began to re-establish itself, arose
from a proposal from Professor Stevels that there should be an International Journal of Glass
Technology. Turner was clearly not in favour of the proposal. He considered that the language
skills of most glass speciaists, especialy in the U.K. and the USA, would make the proposal
impractical. However Stevels proposal did have one productive result. It led to the foundation
by the ICG of the Pool of Abstracts, although, in my opinion, language problems have acted
as a brake on this enterprise also (Stevels, 1950).

5. INNOVATION AND INVENTION.
‘Necessity is the mother of invention.” Anon.
‘If you can write a better book, preach a better sermon, or make a better mousetrap than

your neighbour, then though your house be in a wood, the world will make a beaten track to
your door.’



Attributed (probably incorrectly) to Emerson.

Turner (1908) makes the following observations about inventions and inventors:

‘The present century so far has been noteworthy for some of its mechanical contrivances. |
have sometimes said that some of these contrivances exist despite the chemist and the
physicist. The inventor is sometimes a man led on by a vision he has seen, and though he
often sees the end but not the means. he is prepared to hammer these out by infinite labour.

The physicist or chemist comes along later to work out the conditions under which the
process once invented is capable of success!’

These comments may be true for al the inventions one can think of involving the
development of new glass manufacturing processes. | doubt, however, if they are true of
inventionsin general .

Remember that Edison tried more than 1000 organic fibrous materials, which, when
carbonised, would provide a suitable carbon filament for his incandescent filament lamp. He
eventually chose a particular variety of Japanese bamboo. Here is Mike Owens slaving away
at the development of suction feeding, which was soon to engulf the entire glass container
industry (Figure 1). These two people knew quite clearly what they wished to attain, but
neither physics nor chemistry could tell them how to get there. They just had to proceed on a
trial and error basis. These two inventions appear to fit in with Turner's analysis.

It is commonly believed that inventions occur as a result of an accident. | suspect that the
basis for that belief is wish fulfilment i.e. accidents can happen to anyone, to me for example,
so | too could be lucky and become famous. It is true that accidental discoveries are
sometimes made, but they are only developed into something useful if the person experiencing
the accident is sufficiently knowledgeable and intelligent to see its significance. The discovery
of penicillin by Alexander Fleming was largely the result of an accident, but the observation
of the killing of bacteria around the chance contamination of a glass plate by the penicillin
mould was made by a man who was a Professor of Bacteriology. He could see the
implications of the accident and apply it.

Indeed the first discovery of glass must have been as the result of an accident- a happy
accident, some might say. It could hardly have been otherwise. The nature of the accident is
the subject of speculation. One suggestion is that it was the result of the cooling of a slag,
produced during the smelting of bronze. The other is afanciful, but plausible account by Pliny
of sailors, who transporting blocks of natron, put in on a sandy beach to cook a meal. They
supported their cooking vessels on blocks of their cargo, natron and lit a fire. This caused the
natron and the silica from the beach, to react, melt and on cooling produce a glass. If nothing
else, this shows that Pliny had some knowledge of glass technology. However the story | like
best, if only because it puts the discovery of glass in the category of one of the Great British
Inventions which did not come to anything, is told by the archaeologist Colin Renfrew (1973).
He first points out that in the islands of Orkney off the north coast of Scotland, cremation sites
often contain a glassy slag, smply because seaweed was used as a fuel. A glass would be
produced if the cremation were carried out on a sandy shore. It isinteresting also that a small
number of partly glassy beads have been discovered in beach sites in Scotland and Northern

2Any reader interested in the general circumstances which lead to inventions being made and in
reading the case histories of many inventions of the present century will find the book by Jewkes,
Sawers and Stillerman (1969) of great interest.



Ireland, indicating that the people of those parts had some knowledge of shaping glassy
materials. We should not be surprised at these discoveries. The main thesis of Renfrew's book
is that many of the important discoveries of prehistoric man were made by accident and that
similar accidents occurred in different parts of the world. It is not reasonable to believe that all
these important discoveries were made in the middle east and were introduced to Europe
through the Roman Empire. This may have been the most important route, but it is not the
only one.

In our own time, there are at least two recent examples of the beneficia role of accidents.
Oneisthe ‘Mystery of the Fractured Spout’ - a good title for a Sherlock Holmes story. Thisis
told by Alistair Pilkington in his accounts in ‘Glass Technology’ and the Proceedings of the
Royal Society of the development of the float process (1969,1971,1976). If that accident had
not happened and if its significance had not been thoroughly studied, it is doubtful if
Pilkington would have been first in what turned out to be arace to develop the float process.

Often one invention leads on to others. To fully exploit the potentialities of flat glass in
buildings and in road transport, it is necessary to be able to control the spectral transmission of
the material throughout the solar spectrum. This is done by colouring additions to the glass
itself, by surface coatings or by a combination of the two.

On-line coating of float glass is a possibility in principle, but would not have been so for
ground and polished plate. Until relatively recently, probably the most widely used coating
process used on float glass was magnetron sputtering using a series of cathode bars made from
different metals and mounted in the same chamber. The equipment is large and expensive, but
once established, a range of transmission characteristics can be achieved using the same plant.
However the coatings made in this way are fairly sensitive to mechanical and chemical attack.
Moreover they will not withstand conventional thermal tempering schedules. Pilkington have
shown that certain products can be made quite satisfactorily on-line in the float process by
chemical vapour deposition processes. These are much more robust than the sputtered
coatings and will withstand thermal tempering.

At least two products are made in this way: a low emissivity coated glass, ‘K glass,” for
reducing heat losses through double- and multiple glazed windows, and a mirror product
‘Reflex’ produced by depositing controlled thickness films of silicaand silicon.

Another example of the role of lady luck is the discovery of the so-called heavy metal
fluoride glasses by Michel Poulain in 1974. He was trying to make a crystal by heating a
complicated mixture of fluorides, including zirconium tetrafluoride in a nickel tube. The
‘crystal’ turned out to be largely glassy. Further work was carried out to determine regions of
glass formation and to study glass properties. The most important property is their
transparency over a wide range of wavelengths from the UV to the mid-IR. They have been
widely studied, in particular for possible application in fibre optic communication systems.
Unfortunately they are dreadful glasses to work with and much ingenuity has been spent in
attempting to make fibres from them.

However Turner would have been wrong, | believe, to suggest that engineers working head
down and with little understanding are the most common form of inventor. This picture
becomes less true with the elapse of time. | worked for some time in the early 50’ s in the next
lab to the man who in 1948 invented holography. His name was Dennis Gabor and hanging on
the corridor wall outside his lab. was a series of rather fuzzy photographic images of the
names ‘Newton, Huyghens, Fermat etc. - all names famous for their contributions to Optics.
The photographs had a title which was something like ‘ Image Re-construction by Wave Front
Interference.” Nobody had coined the word Holography at that time and, even more
remarkable, no-one had made a laser. Gabor was not interested in what we now recognise as
the more important applications of holograms. What he was trying to do was to improve the



resolving power of the electron microscope. | am quite sure that Gabor did not produce his
invention by messing around blindly with pin holes, lenses and photographic plates. Rather he
worked the whole system out on paper first, and then made the equipment himself. (He had a
small lathe in his laboratory.) Not surprisingly, he finished up as a Fellow of the Royal
Society.

The laboratory where Gabor and | worked was on the top floor of an aesthetically
challenged three storey building which looked across a very large factory site toward the green
fields of Warwickshire. Most of that factory area housed some very large machine tools for
making steam turbines, large motors and other items of electrical equipment. Early in World
War |1, the company built for Frank Whittle the Mark | version of hisjet engine. To get so far,
he had had to overcome great engineering and materials problems. But he had also to
overcome scepticism and disbelief from many quarters. He was a serving officer in the Air
Force. His fellow officers, no doubt, were not taken by the idea of being pushed along by a
stream of hot air. Also as a serving officer he was not able to approach financial institutions
for backing. When he had almost won his battle, our steam turbine engineers who built his
Mark | engine heaped on him further insults by being very critical of his blade designs. His
story is one of perseverance of the highest order. Like Gabor, he too finished up as a Fellow of
the Royal Society.

In my view Whittle doesn't fit into Turner's category. He was an academically trained
engineer and knew better than our turbine engineers the type of blade design that was
necessary for his engine. He knew very clearly where he was going, but organisational and
financial problems made it difficult for him to get there.

Recently Brian Moody, in an article in ‘Glass Technology’ (1988) has pointed out an
interesting connection between glass science and the development of the jet engine. All
students of glass science and fracture mechanics will know the name of A.A.Griffith, the man
who introduced us to the worrying idea that the surface of all-glass products is severely flawed
and to the relationship between glass strength and flaw depth.

Griffith was not especially interested in glass. He used it in his experiments because it was
ideally elastic and also because it was readily available. He was an engineer (initially working
at the Royal Aircraft Establishment where his work on the strength of glass was carried out)
who became increasingly involved in the development of aircraft engines. Independently of
Whittle, he became interested in the idea of jet propulsion and had developed a prototype
engine as early as 1929. Shortly afterwards, he was moved to another post where he did not
have the facilities to continue his work. He and Whittle knew of each others work but did not
attempt to cooperate, perhaps because neither was in a position to do so.

It was only late in the war when Griffith had joined the Rolls Royce company that he
became involved in jet engines again. By then Whittle had in effect been sidelined and the
whole development was put in the hands of the major engine manufacturers. Griffith's later
contributions were considerable. As Head of Engine Development at Rolls Royce, he was
responsible for many of the famous engines of the post war period.

Here is another invention, this time one involving glass. In 1966 a paper was published by
two members of the STC laboratory at Harlow, Essex. They were Kao and Hockham. They
were the first to put forward the idea of an extremely high capacity communication system,
based on glass fibre (Figure 2). This was a purely paper exercise, although it was well worked
out. Nothing had been made. They showed that it would be necessary to develop glasses with
very much lower contents of transition metal ion impurities that any then known.

A few months after this paper was published, we had avisit in Sheffield from a Mr. Roberts
of the Post Office Research Laboratory, as it then was, and Mr. Don Williams of the Ministry



of Defence. They told us that they had been unsuccessful in interesting any UK glass company
in attempting to make high purity glasses and we were asked to help. Since none of our money
was at risk, we didn't take much persuading.

There was some initial disagreement between us. | would have preferred to use a vapour
phase route but we were told that for the defence application pairs of glasses with significantly
different refractive indices were needed. We could not be sure that this could be done using
the vapour phase method. So we were deflected at the outset from investigating the type of
process which is now universally used. Nevertheless our efforts led us along some interesting
paths and provided UK engineers with fibre on which they could experiment. Our initial target
was to produce glasses with a loss of less than 100 dB/km. Sufficiently pure raw materials
were developed, at great expense, by the suppliers of laboratory chemicals. We soon reached
the target figure, which, of course, was promptly moved to 20 dB/km. Slowly we reached 50
dB/km and couldn't see how we might improve on that. We decided that we needed to
consider radically new methods of melting. Up to then we had been melting in platinum and
although the glass melt could only see >99% pure, impervious alumina refractories, we
believed that some transition metal impurities were being transferred to the melt by vapour
phase transport from the refractories.

I remembered seeing a paper in Verres et Refractaires, published about 1946 on melting
glassin arefractory pot by dielectric heating, so that the heat was devel oped in the glass batch
rather than in the pot. We contacted the main supplier of such equipment in the UK, a firm
which aso supplied RF heating equipment. Trials were carried out and it was quickly shown
that the best results were obtained using a5 MHz RF generator. The only limitation was that
the crucible containing the batch had first to be heated to about 500°C to make it sufficiently
conducting to accept power from the RF field (Rawson and Scott, 1973). Melting was carried
out in semiconductor grade vitreous silica and the crucible was air cooled (Figure 3).

We adopted a Pilkington idea for producing cladded rod for fibre drawing. After melting
the core glass as described, we poured onto it alayer of alower melting point glass, which had
been melted separately. This was transferred to arig, where we had set up a miniature version
of the Fourcault process. A bait was lowered onto the melt surface and was then slowly pulled
upwards (Figure 4). This produced cladded rod, perhaps 3 metres long. The rods were then
sent to Professor Gambling at Southampton University for drawing into fibre. | believe we
eventually reached a loss of about 5 dB/km before the project at Sheffield was closed and the
work transferred to British Telecom (Figure 3).

Now | will tell you a story with a moral. The moral is ‘Never argue about someone else's
experimental results, if your reasons for arguing are based on a rather vague understanding of
theory.’

In the early 1950's John Stanworth and | were involved together in attempts to make glasses
not previously thought to be glass formers. We both doubted the reasons behind Zachariesen's
rules for glass formation. Stanworth had produced aluminate glasses and later tellurite glasses.
In general, the latter group of glasses had unusualy high values of refractive index,
approaching that of diamond. They also had very high therma expansion coefficients. | won't
tell you the sad story of a colleague from Czechoslovakia who asked us to let him try to make
huge gem stones from these glasses. This is what he had done at home. It nearly broke his
heart.

At this stage | got the bit between my teeth and began a survey of about al the possible
glass-forming oxides, including the most unlikely. (How about potassium selenite glass for
example?) However the most interesting new glass systems that came from this work were the
vanadate glasses. We made them on a scale of tens of grams and measured their properties.



We found; not to our surprise, that they were semiconductors. | presented a paper on these
glasses at the 1956 Glass Congress in Paris (Baynton, Rawson and Stanworth, 1956,1957).
In the discussion, a most eminent glass chemist commented:

“You can't beright. A material can be aglass or it can be a semiconductor. It can't be both.’

WEell he was wrong. The well known semiconductor materials at that time were silicon and
germanium. Both are crystalline. Also in the text books of the day, one could read about the
band theory of solids, as developed in the context of crystalline materials. This explains why
some materials are insulators, some are conductors and others semi-conductors.

The problem was that at that time no-one had considered what a band theory for a non-
crystalline material might be. But just because you can't do the necessary mathematics, it
doesn't follow that your observations are wrong.

It was some years later that the phenomenon of semiconductivity in amorphous solids was
worked out theoretically by Professor Mott at Cambridge and Dr. Anderson of Bell Labs
(Mott and Davis 1979). They were jointly awarded the Nobel Prize in Physics. That's the
nearest we ever got to glory - helping make possible for someone else to win a Nobel prize.

Most of us working in or with the glass industry are concerned with a limited range of glass
compositions and technical improvement depends on more and more exact control of the
melting and forming processes. However there are some engineers using glasses who would
like to be able to specify glasses which may not be commercially available. They do not wish
to order a pot melt and they would like the dimensions to be under better control than can be
obtained by hand working. Here is one possible solution to their problems - extrusion of the
glass at a relatively high viscosity, say 10° Pas. Quite complicated cross sections can be
produced (Figure 5) (Roeder 1971,1972). This process was developed by Professor Roeder
when he was working at the Philips laboratory in Aachen. | like to think of this process as the
converse of the float process. As you know, in the float process, surface tension and gravity
forces are large compared with viscous forces. Hence surface irregularities in the glass are
smoothed out fairly rapidly whilst the glassis on the tin bath. In the extrusion process, viscous
forces are dominant whilst surface tension forces are negligible by comparison. Consequently
the profile produced in the extrusion die is retained. In Sheffield, we have recently built such
an extruder, (Figs 6 and 7) with Professor Roeder's help and guidance. We are not especialy
interested at present in producing tubing with unusual cross sections but rather with making
circular section tubing from less common oxide glasses (Furniss, Shephard and Seddon,
1996).

A second circumstance in which relatively small quantities of glass are needed is in the
studio glass field. A hundred years ago men like Frederick Carder, Tiffany and Gallé produced
wonderful pieces of art glass. They were working either in or closely associated with glass
works. Young glass artists today would find it difficult to set up similar relationships. The
situation changed in the early 1960's when Harvey Littleton (who | believe is the son of
‘Softening Point’ Littleton) working with Dominick Labino showed how to build quite a small
furnace and to gather relatively good quality glass from it. This meant that young glass artists
could build and operate their own furnace and do their own thing with the glass. Maybe even
now their work is not of the standard of Carder, Tiffany and Gallé but then few modern
painters can reach the standard of Michelangelo.

It may be worth noting that a student of Littleton and Labino, Sam Herman, introduced
studio glass making to England after studying some time in Edinburgh with Helen Munro
Turner, Professor Turner's widow, who was a very talented glass engraver.



So innovation and invention are difficult tasks, especially when the invention or even
improvement of a process isinvolved. It is a task which can test the abilities of the most able
scientist. This point iswell brought out by the following quotation from a paper presented by
Michael Faraday in 1830. For the previous five years he had been engaged in work on a UK
government contract to make a high lead glass of improved quality for use in telescope
objectives (Faraday 1830).

'It may be said that a long time has elapsed since the first experiments were first instituted,;
and that if anything could be done, it should have been effected in so long a period.

But be it remembered that it is not a mere anaysis or even the development of
mathematical reasoning that is required. It is the foundation and development of a
manufacturing process, not in principle only, but through all the difficulties of practice
until it is competent to give constant success; and | may be allowed to plead the acknowledged
difficulty of the subject as areason, both why it may not yet have obtained perfection and why
it should still be pursued.

Within a year of his finishing his work on glass, and just to make his point, he had
published hisfirst paper on electromagnetic induction !

When | started to think about this talk, | toyed with the idea of giving it the sametitle asa
novel by awell-known English poet, John Masefield. Thisnovel iscalled ODTAA. Thisisan
acronym and means ‘One Damned Thing After Another', implying a random flow of ideas. It
isonly cowardice, and some consideration for those who have to chose key words that led me
to settle on a more orthodox title.
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Figure 3. Glass melting in asilica crucible by direct RF heating

Figure 4. Drawing cladded rod from the surface of the melt
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Figure 5. Complex sections produced by extrusion. (Professor E Roeder, University of
Kaiserslautern.)

Figure 6. Sheffield version of Roeder’s extruder. Extrusion can be carried out either vertically
or horizontally.
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GLASSESWITH MOLECULAR OR TRANSITIONAL STRUCTURESAND THEIR
FORMING BEHAVIOR

William C. LaCourse, Wesley King, Alexis Clare and Changing Shen
Center for Glass Research, NY S College of Ceramics at Alfred University, USA

Extended Abstract

The effect of melt structure on forming behavior is a topic of considerable technological
importance. Unfortunately, we generally know less about the structure of melts than we do the
corresponding glasses since characterization techniques used at low temperatures are not always
applicable at elevated temperatures. It is clear however that melt structure has important
influences on forming, particularly under "extreme" conditions. Such conditions are extant when
aforming stress is coupled with a continuously cooling glass, as is the case in fiber drawing and
some blowing and pressing operations. As shown by Briickner and coworkers™? melt fracture can
occur if forming stresses are too high relative and/or the viscosity is too high Simmons et al® as
well as Brickner's group have also shown that at lower viscosities non-Newtonian flow effects
(shear thinning) predominate.

Meélt structure is important in both cases. Simmons suggests that a "high cohesive" strength of
the liquid shifts shear thinning to higher draw rates. On the other hand, Briickner has shown that
the tendency for melt fracture is enhanced when the melt structure becomes more "brittle".
Structures typically considered weak, such as chain structure phosphates, are less prone to melt
fracture than are those with more three dimensional structures. The ability the chain structure to
orient under the applied forming stress, and the inability of the network type silicates is
apparently related to this behavior.

Work in our laboratory has recently centered on the behavior of oxide glasses*® having arange
of structures, and chalcogenide glasses’® particularly As,Se; which has a two-dimensional
layered structure in the solid state, and presumably in the forming range. The oxide compositions
under investigation (N&O - x Al,O3 - (3-X)SIO, and N&O - xB,03 - (3-x)SIO,) have been chosen
to cover a range of structures. Property measurements such as Ty, Young's modulus, ionic
conductivity and fracture toughness indicate that when x<0.2 the melt structure is one in which
the properties are controlled by a continuous alkali-NBO rich network’. Silica rich regions are
locally isolated by such regions. This structure is commonly referred to as a "modified random
network"®. The non-directional bonding in such regions is such that the ability of the structure to
respond to drawing stresses is similar to that of the phosphate (chain) and As,Se; (layer)
structures. When x is large (> about 0.4) the structure can be considered 3-dimensiona with a
continuous Al- or B-glicate network. Between x = 0.2 and x = 0.4 the structures are
"transitional”.

It is the transitional region that is of most interest, since the structure and properties change
rapidly in this compositional range and several commercia glasses apparently are in thisregion.

Results of neutron scattering studies indicate that, like the phosphates, As,Se; fibers orient
during drawing, particularly under extreme draw conditions. Previous studies of these fibers
indicated that the strength was initially increased by the orientation but that a maximum strength
occurred at the same conditions in which DSC and EPR studies suggested that shear thinning



conditions had been reached and that "depolymerization" of the structure was occurring. DSC
studies of the pre-Ty exotherm of freshly formed fibers apparently signal the onset of shear
thinning. The magnitude of the exotherm decreases abruptly in the shear thinning region. Recent
Nuclear Quadruple Resonance results aso show that such extreme conditions can lead to
permanent changes in the structure, and that annealing does not lead to a single metastable
structure for fibers formed under conditions leading to orientation and/or shear thinning.

For oxide glasses, similar strength behaviors were observed for the Al-silicate glasses with x =
0. No such maxima have been observed for glasses with 3-dimensional network
structures. On the other hand, DSC results on a 3-dimensional glass show similar decreases in the
magnitude of the pre-Ty exotherm at high draw rates, and structural studies of these fibers aso
indicate a depolymerized structure which does not anneal to the same state as fibers formed under
less severe conditions. However, results for oxide glasses are complicated by the fact that the
chemical reactivity of the fibersis extremely high when continuous NBO rich regions are present.
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BARRIER-RELATED ANHARMONICITY OF INTERATOMIC INTERACTIONSIN
INORGANIC GLASSES
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Abstract

The concept of barrier-related anharmonicity as a special kind of anharmonicity
due to the presence of barriers in the potential energy of atomic interactions is
introduced. Based on a numerical solution of the Schroedinger equation, it is
demonstrated that anomalous anharmonic effects manifest themselves in the excess
heat capacity, negative coefficient of thermal expansion, and increase in elastic
moduli with increase of temperature and decrease of pressure are due to structura
units of glass (atoms and clusters of atoms), which experience vibrations in two-well
potentials (TWP). These structural units residing in symmetric or slightly asymmetric
TWPs constitute two-level systems at temperatures of the order of several Kelvin and
give rise to anomalous increase in the ultrasound velocity at about 4 K and to
resonance absorption of ultrasound. The changes in properties of glasses due to the
barrier-related anharmonicity at higher temperatures are determined by the parameters
of TWP. In the case of high barriers, the barrier-related anharmonicity in glasses is
similar to that in crystals.

1. INTRODUCTION

A great many physical phenomena in solids are difficult to interpret adequately in terms of a
purely harmonicity-based theory, because these phenomena are completely due to the higher
(anharmonic) terms in the expansion of interaction energy in terms of coordinates.

The anharmonic effects in the majority of crystalline solids exhibit a similar pattern and can be
described to a good accuracy in a quasi-harmonic approximation or in terms of the perturbation
theory [1]. These methods are applicable to the weakly anharmonic solids, i.e.,, when the
assumption that the amplitudes of atomic vibrations are small isrealistic.

With highly anharmonic solids (quantum-mechanical crystals and the systems with structural
phase transitions), all or a fraction of atoms experience vibrations about their equilibrium
positions with large amplitudes and are subjected to appreciably anharmonic forces from the
surrounding atoms; moreover, the latter cannot be considered as rigidly fixed. In this case, the
motion of atomsis governed by effective potentials and effective force constants [2].

Glasses also should be assigned to the class of highly anharmonic solids. Various experiments
demonstrate [3, 4] that a fraction of the total number of ions and larger structural fragments
(tetrahedra and clusters of tetrahedra) in glasses can be displaced to distances of about 0.1 nm
even at low temperatures. The model of two-level systems (TLS) successfully implemented to



describe a number of anomalous properties of glasses at low temperatures [5, 6] also assumes
large displacements of atoms or clusters of atoms as a result of tunneling under a barrier which
separates the equilibrium sites of the species in motion.

At the same time, there are a number of quantitative discrepancies between the theory and
experiment; in our opinion, the main drawback of the TLS theory is that it failed to provide an
answer to the question as to why the vitreous materials feature a remarkable uniformity of some
of their properties (heat capacity, thermal conductivity, low-temperature peaks in the sound-
absorption spectra, and increase in the elastic moduli with temperature in the region up to about 4
K), while the other properties (thermal expansion and dependencies of elastic moduli on
temperature and pressure) often differ radically from glass to glass.

In our opinion, these deficiencies of the theory are due to the fact that the possibilities of the
theory have been constrained by phenomenological approach to the TLS, which has been
employed in the majority of studies. At the same time, the attempts of microscopic analysis have
been restricted to a treatment only of the motion either under or above the barrier because of the
lack of an analytical solution to the Schroedinger equation for the motion of particles in two-well
potentials (TWP) and have been reduced to consideration of particular cases of the low- and high-
temperature dependencies. The microscopic model of soft atomic potentials (configurations) [7]
suggested for implementation within a wide temperature range abounds with various
approximations and estimated quantities to such an extent that the usefulness of this model turns
out to be questionable.

A quantum-mechanical analysis of the motion of structural units of a glass in the TWP
potential substantially contributed to an understanding of anomalous properties of glasses [8]. In
this paper, we determine more accurately (as compared to [8]) certain features of the motion of
particlesin a TWP potential and take also into account the effects of asymmetry of the potential.

2. MICROSCOPIC MODEL

We will consider the model for a silica glass; we state beforehand that the microscopic models
for the glasses of other types will be probably not much different from the one under
consideration. Experimental data [9] indicate that the structures of the silica glass and high-
temperature cristobalite are similar; these data and the results of X-ray diffraction studies of [b-
cristobalite [10] suggest that a fraction of oxygen atoms involved in the Si-O-Si bridge bonds can
occupy several equilibrium sites in the silica glass structure, which are located about the Si-Si
axis and are separated with barriers of various (sometimes, of moderate) heights.

By separating two most accessible sites from the total number of feasible ones, we obtain the
TWP that controls the motion of oxygen atom in its rotation about the Si-Si axis. Since the
equilibrium sites correspond generaly to different angles g of the Si-O-Si bond, this rotation may
be considered as the motion of the oxygen atom in the TWP with the Si-Si distance as avariable.

The potentials of pairwise Si-O interactions do not change with transition from a crystal to a
glass. Contrastingly, the Si-Si interaction potentials change in that case substantialy. It is
noteworthy that a compession of al the Si0, modifications is accompanied, in general, with
variations in the angle q [11, 12]; i.e., the elastic moduli of such structures depend to a larger
extent on the resistance of the valence-bond angles to deformation rather than on the valence-
bond rigidity. Therefore, the Si-Si interaction potentials are of no less importance than the Si-O
potentials. However, the Si-Si potentials do not account for the interaction of only this pair of



atoms (Si-Si designation is taken merely for convenience). These potentials are considerably
more complex; they represent the model of changes in the Si-O-Si angles and Si-Si distances as a
result of rotational motion of the bridge-oxygen atoms with account taken of the interaction of the
latter with the atoms from the next-neighbor coordination shells. These are essentially effective
potentials which account for the long-range forces and the structure of material. Due to the
density fluctuations and topological disorder, the Si-Si potentials in glasses feature a double-well
configuration, while in crystals these potentials are of a single-well type (at least at temperatures
up to those corresponding to phase transitions).

We will assume to a first approximation that the potentials of pairwise Si-O interactions are
sufficiently harmonic; therefore, we may exclude them from consideration and concentrate on the
TWHPs. Owing to this approach, the problem is reduced to a one-dimensiona one and, thus, is
considerably simplified. Instead of dealing with the chain of several Si-O-Si bonds, we consider
just a separate bridge bond having the average parameters of potential in the chain.

We represent a TWP as the sum of a harmonic term U; and a Gaussian function U, that
simulates the potential barrier, i.e.,

U=U; + Uz ; Up = (1/2) fq x5 Uz = A exp[-d(x- b)? ], (1)

where;

fq isthe force constant that corresponds to changesin the angle;

X is the excursion of oxygen atom from the equilibrium site that corresponds to the harmonic
approximation;

A, d, and b determine, respectively, the height, shape, and asymmetry of the potential barrier.

We call attention to the bond force constant fq. A variation in the angle g of a Si-O-Si bond
can be accomplished by rotating the oxygen atom about the Si-Si axis but it can occur also
without rotation, in a Si-O-Si plane. Since the different force constants correspond to the above-
mentioned types of motion and our one-dimensional model includes only a single parameter fq,
the value of fy should be chosen beforehand. The parameter f; must be greater than (or equal to)
the force constant for rotation, but less than (or equal to) the force constant for changes of the
angle g in the Si-O-Si plane. The absolute value of fy does not affect profoundly the results of
caculations; therefore, we assume f; to be equal to the force constant for rotation (fq = 3.5 N/m
[11]). However, we take into consideration in discussion that an increase in fq is plausible with
the rise of temperature when the thermal motion obliterates the effects of rotation on q in the case
of the above-barrier motion of atom.

Calculations were aso performed for alternative microscopic models. The rigidity of S0,
tetrahedra and certain experimental data [3,7] indicate that the rotation of atetrahedron or even a
cluster of tetrahedra is quite probable at low temperatures. Because of this, we considered the
motion of a S0, tetrahedron and a cluster of five tetrahedra in the TWP as aternatives in order to
compare the results of calculations and determine, if possible, the number of particlesinvolved in
the formation of TLS. The TWPs for these aternative models are also described by a formula of
the form (1); however, the force constant f is, respectively, 4 and 12 times greater than f, (the
factors account for the number of Si-O-Si bridges which link these clusters with the rest of the
structural network of a glass).

3. ASYMMETRIC TWO-WELL POTENTIAL



Figure 1 shows the potential profiles, energy-level positions, and wave functions for lowest
four energy levels when oxygen atom moves in the TWP. The values of effective force constants
fn for the corresponding energy levels are also indicated in Fig. 1. A similarity is observed
between the results shown in Fig. 1 and those reported in [8] for the case of a Si0, tetrahedron in
the TWP. It is appropriate to point out that the separation of the zeroth and the first energy levels
decreases with increase in the particle mass and the height and width of the barrier, in accordance
with the laws of quantum mechanics.
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Figure 1. The profile of a TWP, energy levels (@) and wave functions for the lowest energy levels
(b) of an oxygen atom. The TWP has the following parameters; f = 3.5 N/m, d = 4 -10” m? A =
5.10%J,andb =0.

Figure 2 shows the temperature dependence of average force constant <f> and heat capacity G,
for the barrier height in the TWP as a variable parameter. While emphasizing a similar
temperature behavior of <f> in Fig. 2 to the data in [8], we point out below certain specific
features of the results obtained, which were not reported in [8].
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Figure 2. Changes in the temperature dependencies of the average force constants (a) and heat
capacity (b) with increase in the barrier height A for oxygen atom in the TWP that has the
following parameters; f =35 N/m, d=4.10" m?,b=0,and A = (1) 0.5-10% J, (2) 1 - 10%* J,
(3)2-10%' J, (4) 3-10% J, and (5) 5 - 10%* J. Curve (6) corresponds to the case of harmonic
oscillator.



The temperature range and the amount of increase in <f> at the lowest temperatures (from 0 to
about 30 K) depend on the particle mass and also on the height and width of the barrier, which is
related to the tunneling ability of the particle. The heavier the particle and the higher and wider
the barrier, the lower the probability of finding the particle in the barrier region and the narrower
the temperature range and the smaller the amount of increase in <f>. With very high barriers, the
temperature behavior of <f> at low temperatures is the same as in crystaline solids; this
asymptotic behavior of <f> lends support to the correctness of calculations.

The temperature behavior of <f> at temperatures above about 30 K depends on the relation
between the parameters of the barrier and those of parabolic potential. With relatively low or
gently sloping barriers (this condition is defined by the approximate inequality A - d — 4f), a
further increase in <f> with temperature is observed (see curves 1 and 2 in Fig. 2). In the case of
such TWPs, an external pressure induces an increase in the height of barriers and, consequently,
decrease in <f> (the transition from curve 1 to curve 2 in Fig. 2), which corresponds to negative
derivatives of <f> with respect to pressure and to negative Grineisen parameters for acoustic
modes. This characteristic behavior, i.e., the increase of elastic moduli with temperature (and
decrease of them with increase in pressure) and negative acoustic-mode Griineisen parameters,
are typical of the silica glass and aso of vitreous BeF,, Ge0, and Zn(P0s); .

With relatively high or steep barriers (A - d 7 5f), a decrease in <f> with temperature is
observed (curves 4 and 5 in Fig. 2). An increase in the barrier height in such TWPs under an
external pressure is accompanied by increase in <f>, which corresponds to positive derivatives of
elastic moduli with respect to pressure and to positive acoustic-mode Griineisen parameters; these
properties are characteristic of crystals and awide range of glasses.

Thus, the results of numerical calculations indicate that the presence of a barrier in the TWP
can result not only in softening of the potential as it was assumed in the model of soft potentials
[7], but can aso harden the potential. Such a model may be referred to as the model of soft and
hard potentials or, to be more precise, as the model of the barrier-related anharmonicity
characteristic of amorphous solids.

Conceivably, the dependence of <f> on the parameters of TWPs, as determined in this study,
might make it possible to separate all glasses into two broad classes; i.e., with common nature of
vitreous state and the presence of TWPs in al the glasses, a difference in some of the properties
of glasses is determined merely by diversity of the parameters of TWPs with due account taken
also of the pairwise interatomic potentials.

Figure 2 also shows the data (somewhat more comprehensive than in [8]) on the influence of
the barrier-induced anharmonicity on the vibrational heat capacity. In al the cases considered, the
presence of a barrier in the TWP gave rise to alow-temperature excess heat capacity as compared
to the case of harmonic oscillators (curve 6 in Fig. 2). The relative excess of heat capacity is as
high as 10 orders of magnitude for certain types of TWPs at selected temperatures; this fact
indicates that even a small fraction of particles residing in the symmetric TWPs can give rise to
the excess heat capacity observed experimentally in glasses at low temperatures. It is noteworthy
that the heavier is the particle and the higher and wider is the barrier in the TWP, the less is the
separation between the E, and E; levels; as a result, a maximum of excess heat capacity is
observed at lower temperatures. In addition to the excess of heat capacity, a deficit of heat
capacity is observed at higher temperatures.



4. THE EFFECTSOF ASYMMETRY IN THE TWO-WELL POTENTIAL

It is quite evident that the symmetric TWPs comprise only a fraction of the total number of
TWPs in a glass. The asymmetry of the TWPs profoundly affects the positions of energy levels,
the wave functions, and the temperature dependencies of ( f) and C,.
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Figure 3. The influence of asymmetry in the TWP on the energy levels (a) and wave functions
(b) of oxygen atom. The following parameters of the TWP were used: f = 3.5 N/m, d = 4-10°* m’
>, A=310%J and b=1-10" m,

Figure 3 illustrates the energy levels and corresponding wave functions for oxygen atoms
residing in the asymmetric TWF. As is evident from Fig. 3, the TLS ceased to exist and, as a
result, the characteristic TLS properties, namely, an increase in <f> at temperatures up to about
30 K and a large magnitude of excess heat capacity at low temperatures, were no more observed
(Fig. 4). Figure 4 also shows the sequence of variations in the temperature dependence of <f> and
Cy with increase in the shift of the barrier. Numerous computations performed for various
parameters of the TWP have demonstrated that the characteristic increase in <f> at low
temperatures and the low-temperature excess heat capacity occur only with the magnitudes of
asymmetry being no greater than about 0.2 - 0.3 £w, (W, is the angular eigenfrequency of the
particle in a parabolic potential). With larger asymmetry, even if the barriers are relatively low,
<f> and C, vary with temperature aimost in the same way as they do in the case of a single-well
potential that has the conventional cubic anharmonicity. A similar pattern for the effects of
asymmetry was aso observed on consideration of Si0, tetrahedron and a cluster of five tetrahedra
in the TWP. We may infer that the high-asymmetry TWPs exhibit properties similar to those in
the case of conventional anharmonicity and only the symmetric or dlightly asymmetric TWPs
impart to the glasses their specific features.



(a) (oA (b)

N/m 4 C. 1054
J/K
1.2
0.8
1:7%7
0.4 if 7
2 H
i/
0 40 80 120 160 200 T,K 0 40 80 120 160 200 T,K

Figure 4. The temperature dependence of the average force constants (a) and heat capacities (b)
for oxygen atom in the asymmetric TWP that has the following parameters: f = 3.5 N/m; d =
410" m% A =310 J andb=(1) 0, (2) 0.220" m, (3) 0.5:10"m, and (4) 1 - 10™ m.
Curve (5) corresponds to the case of harmonic oscillator.

5. CONCLUSION

Thus, a comprehensive treatment of the motion of structural units of glass in the TWPs
demonstrated that an inherent characteristic of glasses is a particular kind of anharmonicity,
namely, the barrier-related anharmonicity, brought about by the presence of barriers in the
potential of atomic interactions; the sign and magnitude of the effect of the barrier-related
anharmonicity on the properties of glasses depend on the parameters of TWPs. The barriers are
also present in the atomic interaction potentials of crystals, though in that case they are
considerably higher than in glasses and, as such, become evident only at high temperatures. As
we aready observed in the case of high barriers, the effects of such potentials are similar to those
of conventional cubic anharmonicity; it is possible that, for this reason, the effects of different
types of anharmonicity have not been separated so far. The experimental data indicating that the
TLSs are present in polymers and in the amorphous semiconductors and metals suggest that the
barrier-related anharmonicity is characteristic of all amorphous solids.

The performed computations have given no way so far of identifying the species involved in
the formation of TLS; however, it was demonstrated that these species may be both atoms and
larger structural fragments.
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Abstract

Glass formation characteristics of glasses from the system AlFR-MF,-
Ba(POs3), (M=Ca, Mg, Sr, Ba) have been studied as a function of Ba(POs),.
Glass formation tendency increased with increasing concentrations of
Ba(POs).. The critical cooling rate for glass formation decreased from 987
°Cl/sto 4z1 °C /s when Ba(POs), concentration increased from 0 to 1 mole %.
The improvement in glass formation caused by Ba(POs), was due to linking
the broken chains present in the structure of fluoride glass. The infrared
transmission spectra of these glasses and their crystallization products
suggested that the structure changed from short chains of AlFs groups to long
chains of POsF and Ba(CaMg,Sr)P,0; groups with increasing Ba(POs),
content. X-ray diffraction analysis revealed that CaAlFs, StAlFs, CaAlF;, and
CaSrAlF,, crystallize from these glasses.

I[.INTRODUCTION

The discovery and development of fluorophosphate glasses have attracted considerable
attention in recent years because of their potential use as host materials in high energy
laser systemg[1]. These glasses possess superior optical properties such as low refractive
index with high Abbe number, large anomaous partial dispersion, low nonlinear
refractive index, and high transmittance in near UV and IR regiong[1-6]. They also have
low melting and forming temperature[1-3]. Utilization of these glasses in special
applications such as IR domes, mid-IR optical fibers, and polarizing substrates have been
reported[5,7].

The fabrication of bulk samples for optics requires slow cooling rates to achieve
suitable optical quality and convenient size. For this purpose, cooling rate of the melt
must be as low as possible. However, small cooling rates promotes devitrification.
Therefore the compositional dependence of the minimum cooling rate for glass formation
must be known precisely. Otherwise glassy preforms may crystallize during processing or
service. A good understanding of the glass formation characteristics in these glasses
appears thus as a fundamenta condition for their technological development. In spite of
some investigationg[8-11] on the formation and structure of fluorophosphate glasses, the
data are sparse compared to silicate, borate, and phosphate glasses. Hence, studies on
fluorophosphate glasses have both scientific and practical significance.



The purpose of this study was to determine the effect of a small amount of glass
former additions on the formation characteristics and structure of fluorophosphate
glasses.

[I. EXPERIMENTAL PROCEDURES

A) Sample Preparation: On the basis of studies on the formation of fluorophosphate
glasses, composition #1 in Table | was selected as the starting composition. In addition to
this composition, six other compositions of progressively higher Ba(POs), content were
prepared in this study. The raw materials were certified reagent grade BaHPO,,
NH4H5PO,, A|F3, MF,, Cak, SrF, and Bal. The Ba(P03)2 was obtained by reacting
BaHPO, and NH4H2PO, in the batch. The batch materials were carefully weighed to form
a batch of desired glass compositions and dry mixed in a glass jar prior to melting.
Glasses were prepared by melting 0.5 g (£0.0001 g) of the premixed powder in a strip
furnace. Melting took place in a platinum boat at approximately 900 °C for 2to 3 minin
dry nitrogen atmosphere. Each composition was melted approximately 30 °C above its
liquidus temperature and then cooled at various rates. The glass was recovered by
unfolding the platinum boat.

Table |. Batch composition of the glasses investigated in this study.

Glass Composition (mole %)
No Ba(PC)g)z Al Fs3 CaF M ng S BaF;
1 0.0 42.10 31.58 10.53 10.53 5.26
2 0.1 42.06 31.55 10.52 10.52 5.25
3 0.2 42.03 31.52 10.50 10.50 5.25
3 0.25 42.00 31.50 10.50 10.50 5.25
4 0.5 41.90 3143 10.47 10.47 5.23
5 0.75 41.78 31.35 10.45 10.45 5.22
6 1.0 41.69 31.26 10.42 10.42 5.21
7 15 41.48 31.10 10.37 10.37 5.18

B) Determination of Critical Cooling Rate: The critical cooling rate, R;, for glass
formation is defined as the minimum rate at which a melt can be cooled without
crystallizing. R. of various glass compositions was determined by inserting a Pt-
Pt/13%Rh thermocouple bead in the platinum boat during melting the batch materials.
The thermocouple bead was completely submerged in the melt without touching the boat.
The thermocouple was connected to a chart recorder so as to obtain a record (cooling
curve) of the temperature as a function of time. Cooling rates <50 °C /s were controlled
by gradually decreasing the power to the strip furnace. Cooling rates from 50 to 100 °C /s
were produced by simultaneously turning the power off and blowing helium gas over the
sample.




Q) Infrared (IR) Transmission: In order to measure the IR spectrum 3 mg of powdered
glass and 300 mg potassium bromide was dry mixed and pressed in a vacuum die into
pellets. The pellets were used to measure the IR spectrum from wavenumber 4000 to 200
cm* (2.5 to 50 nm wavelength).

D) X-Ray Diffraction (XRD): Glass samples and the corresponding devitrified products
were analyzed by powder XRD. Powder patterns were obtained using Cu-Ka radiation.
Each sample was scanned from 10 to 70 degrees two theta at 2 degrees per minute.

1. RESULTSAND DISCUSSION

As-guenched samples containing >0.5 mole % Ba(POs), yielded a good glass, but it was
difficult to obtain glass for compositions containing less Ba(POs), than that value. The
glassiness of the as-quenched samples were confirmed using X-raydiffraction and
scanning electron microscopy techniques. Samples cooled at a rate dlightly less than
critical cooling rate yielded a mixture of glass and crystal when quenched in air. These
compositions contained crystals adjacent to the sides of the platinum boat indicating
heterogeneous crystallization.

No exothermic peak, corresponding to crystallization of the melt, was observed on the
cooling curve since the heat of crystalization of fluorophosphate 