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FOREWORD
of the First Edition

The subject matter of this book COATINGS ON GLASS includes a wealth of
information for physicists, chemists and engineers who need to know more about
thin films for research purposes, or who want to use this special form of solid
material to achieve a variety of application-oriented goals.

This particular publication is exceptional because the author makes available his
extensive theoretical and practical experience which has been acquired over more
than 20 years of intensive work on thin films. He has been concerned with all details
that have an influence on the final product and can thus describe with great
thoroughness the properties of all glass-type substrates, dealing also with very
difficult questions concerning surface physics.

Glass can be produced by a variety of methods. The manufacturing process and
the chemical composition determine how resistant a particular glass is to its
environment. There are also different processes for finishing the surface of glass and
this, together with the two aforementioned factors, determines the surface
characteristics. Apart from inorganic glass also organic glass and plastic materials
are considered.

Today there are two preferred groups of methods for the production of thin
films: Chemical vapour deposition and physical vapour deposition under vacuum;
the three major technologies of the latter being sputtering, evaporation, and ion
plating. These are discussed in detail. The author's wide experience allows him to
give many valuable tips in the discussion of how to produce a vacuum with a desired
residual gas atmosphere using appropriate vacuum techniques. He has also studied
mechanical and optical film properties as well as film thickness measurement
methods, and this too is included in the book. Information on calculation methods
which allow complex film systems to be developed is also given. Precise
calculations and extremely accurate measurements are the basis for the production of
thin films in computer controlled coating systems.

Applications of thin films are also given an important place in the book. The
company in which the author works is world famous for its thin film products.

In summary, this work could be called a sort of formulary on the subject of
glass and thin films written by a scientist for scientists and technical people. It goes
beyond the subject matter indicated by the title, filling in the gap which has existed
until now in the available technical literature.

M. Auwirter
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PREFACE
of the First Edition

Hans K. Pulker is an old friend for whom I have always had the highest regard.
He is also a thin-film worker with a well-deserved international reputation for
careful and original scientific work. [ was delighted, therefore, when I heard that he
was in the course of writing a book on coatings on glass. It is a source of great
satisfaction and pleasure to me to write the preface so that I can be associated even
in this minor way with what promises to be one of the standard works of reference in
this important and ever-growing field.

All of us who work in the field of thin fiims have had more than our share of
frustrating experiences with apparently inexplicable failures of a coating process.
Frequently these involve well-developed techniques which have been running
quietly and efficiently for some time. Suddenly coatings no longer adhere to the
substrates although we are apparently following our standard procedure. Or stains
appear in coatings on carefully prepared substrates. Sometimes absorption is high
when it should be low, or cloudy scattering is apparent. Occasionally the problems
are even more insidious, appearing only at a much later stage when components
have already been supplied to a customer and are already in an optical system. I
dwell on optical coatings because that is my own particular field but similar
problems plague other areas of thin-film work. Apart from the weather, bad luck has
often seemed the only reason for such troubles and even lucky charms have been
seen in coating shops.

The past decade has seen considerable changes. We still suffer from unforeseen
problems but gradually we are coming to understand the complex physics and
chemistry governing the phenomena. We are used to dealing with thin films on a
macroscopic scale and indeed it is their macroscopic properties in the main that we
seek to produce with our coatings. These macroscopic properties, however, are
entirely determined by film microstructure and it is only when we begin to
understand the microstructure on an atomic scale and the physics and chemistry
associated with it that we can appreciate the source of our problems and begin
constructively to overcome them and to advance.

Films and substrates are held together by very short range forces, the bonds
between one atom and the next. The mechanical properties of the films, including
their intrinsic stress, are ultimately determined by these same bonds and their
interaction with the microstructure. Their behaviour at surfaces can be greatly
modified by minute quantities of impurity and they can be blocked completely by
one molecular layer of contaminant. Adsorption is a particularly important process
in thin films which must also be understood on an atomic scale.

Our understanding of film systems must begin with the nature of the surface on
which they are deposited. Glass surfaces, the subject of this book, are particularly
complex because of the nature of glass itself. Because of the gross effect of even
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minute contamination, cleaning is extremely important. Significant sections of the
book are devoted to these topics followed by surveys of the bewilderingly extensive
array of processes for thin-film deposition, techniques for measurement and
characterization, fundamental film properties and optical coatings.

Hans K. Pulker himself has made notable contributions to the improvement of
our understanding of the physics and chemistry of thin films and to deposition
processes. The subject is vast and the literature extensive but scattered through
journals in many different disciplines. It is difficult to know where to begin a study
of the subject. I should say that it was difficult because the situation has changed
with the publication of this book.

H. A. Macleod
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AUTHOR'S PREFACE
of the First Edition

When the Elsevier Scientific Publishing Company first invited me to write a
monograph on COATINGS ON GLASS, 1 was hesitant because of the enormous amount
of work involved. However, after critically examining my own collection of
literature on thin films and glass, and considering the amount of pertinent
information available in the scientific libraries of both the Balzers AG and the Swiss
Federal Institute of Technology in Ziirich, I changed my mind.

Dr. A. Ross, President of the Balzers AG until the end of 1982, encouraged me
with the project, and his successor Dr. G. Zinsmeister, continued this support. I was
thus able to notify the publisher that I could accept their invitation.

Much of the material in the present work was originally prepared for lectures
presented at the Institute of Physical Chemistry at the University of Innsbruck in
Austria. However, to limit the length of the work some elementary material has been
eliminated, leaving room for new information and details on technical processes so
that the topic could be covered comprehensively. It was not my intention to publish
in-depth studies of any particular area but rather to provide a well founded
background from which individual interests in various directions could be developed
by the specialist or the newcomer to the field.

Following a history of glass and films presented as an introduction in Chapter 1,
the Chapters 2 to 4 of this monograph attempt to outline the present-day knowledge
of glass, with particular attention given to such factors as structure and composition
and how they influence the properties of the material. The condition of the substrate
surface is of primary importance in the coating process and therefore the generation,
cleaning and properties of the glass surface is treated extensively. In addition to
inorganic glass, organic glass and plastics are also discussed.

There has been a close interrelation between glass and thin films for a long
time. Thin films on glass are used both for scientific and industrial purposes. One of
the most important requirements placed on industrial coatings is that they adhere
well to the substrate surface, particularly if they are to be subjected to extreme
environmental conditions. This topic is treated in Chapter 5.

There are many chemical and physical methods for producing thin films with
reproducible characteristics on a variety of substrates. A distinction is also made
between wet and dry film formation methods. In some of these methods the
depositions are carried out in air at normal atmospheric pressure or in the presence
of protective gases and still others are carried out under vacuum. However, not all
these methods are suitable for coating glass substrates because of their insulating
nature and the relatively low thermal stability of many inorganic and practically all
organic glasses. In Chapter 6 suitable coating methods and the plants for them are
described. The various methods for the determination of film thickness and
deposition rate are treated in Chapter 7.
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Thin films generally have large surface to volume ratios, and consequently the
extended surface usually has a large influence on the film properties. Structure,
microstructure, chemical composition, mechanical and optical properties, etc. of
films deposited by different methods are described and discussed in Chapter 8.

Finally, in Chapter 9, relevant industrial and scientific applications for thin
films on glass are given.

The bibliography for this monograph does not pretend to be more than a
selected one. The references cited are mainly original investigations, but review
articles and books containing supplementary references are also listed.

Acknowledgements are made to Prof. Dr. M. Auwirter and Dr. A. Ross

(Balzers AG) as well as to Dr. H. Dislich (Schott Glaswerke) for valuable
discussions and advice.
Further thanks are given to the scientists and technologists of various other industrial
companies and scientific institutes who gave their support to the author, making
available many figures and valuable information. Here particularly must be
mentioned: Dr. [an Seddon (Optical Coating Labs. Inc., Santa Rosa, CA, USA), Dr.
G. Kienel and Ing. G. Deppisch (Leybold Heraeus GmbH, Kéln, FRG), Dr. K.
Deutscher (Leitz, Wetzlar, FRG), Dr. H. Bach (Schott, Mainz, FRG), Dr. F.
Geotti-Bianchini (Stazione Sperimentale del Vetro, Murano-Venezia, Italy), Dr. C.
Misiano (Selenia SpA, Roma, Italy), Prof. Dr. R. W. Hoffman (Case Western
Reserve University, Cleveland, OH, USA), Prof. Dr. R.Th. Kersten (Technische
Universitét, Berlin), Prof. Dr. H. A. Macleod (Optical Sciences Center, University of
Arizona, Tucson, AR, USA) and Dr. E. Pelletier (Ecole Nationale Supérieure de
Physique, Marseille, France).

The author is also very much obliged to friends and colleagues for their
engaged assistance during the preparation of this book. Special thanks are due to Dr.
O. Winkler, Dr. E. Ritter, Dr. G. Trabesinger and Prof. H.A. Macleod for critical
reading of the manuscript and for their stimulating comments, and to Mr. W,
Frischknecht (Fri-Grafik, Vaduz, Liechtenstein) for drawing most of the figures and
to Mr. and Mrs. L. Hilty (printing offfice, Schaan, Liechtenstein) for preparing the
camera-ready manuscript.

Last not least it is a pleasure to acknowiedge the assistance of the staff of
Elsevier Science Publishers in Amsterdam and to thank Mrs. A. Ruhe-Lodge, Miss
K. O'Day and Dr. A.J. Perry for language corrections.

Hans. K. Pulker
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AUTHOR'S PREFACE

The importance of inorganic and organic glass in numerous technical and
scientific applications is rapidly growing. Glass in its broadest sense is an important
substrate for thin film coatings. Chemistry and physics occupy a central position in
the treatment of both materials. It is therefore assumed that the reader — students,
engineers, scientists — already has suitable knowledge in this field.

Coatings on glass and polymers are found today in an increasing number
ranging from the architectural and automotive sector, the diverse applications in
technical and scientific optics to various sophisticated high-tech structures. Coatings
are used in practically all optical and electro-optical devices. They are frequently the
ultimate determinants of performance.

The first edition of this book started in 1984 and had four unchanged
impressions 1984, 1985, 1987 and 1996. It was translated into Chinese and printed
in China 1987. Now its content is revised and updated. The emphasis was and still is
pragmatic providing closer insight into the coating business and the properties of
glass and thin films, particularly for optical purposes.

There are many people that have given me their support and advice, and the
names of the people noted here have played a major role in the success of this
edition.

I would like to acknowledge the support given to me by the management of the
Balzers and Leybold Group during preparation of the manuscript, in particular,
Mr. Andreas Vogt. | also thank Dr. Elmar Ritter and Dr. Giinter Briuer, also at
Balzers and Leybold, and Dr. Angela Duparré at the Fraunhofer Institute in Jena,
Germany for their unflagging encouragement during the writing of the manuscript.

My friend, Dr. Carlo Misiano, President of the Centro Tecnologie del Vuoto in
Carsoli, Italy as well as my colleagues at the University of Innsbruck, Austria were
also very generous with their time and, through many stimulating conversations,
helped me work through numerous questions that came up during the writing.

Special thanks are due to Mrs. Iris M. Kiindig-Hénni, who gave me critical
support in the technical preparation of the manuscript. Dr. Nanning van der Hoop,
Publication Manager for Physics and Astronomy at Elsevier Science BV in
Amsterdam, The Netherlands, deserves sincere thanks for his suggestion to actually
undertake the update of this book.

Finally, my deepest thanks to my wife, Marianne, who has supported me with
patience, quiet encouragement and understanding during the writing.

Hans K . Pulker
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CHAPTER 1

1. INTRODUCTION AND HISTORY

Glass is the general term for a number of special materials of varying composition
and properties. In our time, glass is of considerable importance for the production of
scientific, technical, architectural and decorative objects and many articles used in
daily life. The material, however, was also very important in former times. Glass has
been known since the earliest times in history. Molten minerals containing SiO,,
ALO;, Fe,0s, FeO, MgO, Ca0, Na,0, K,0, TiO, and H,O extruded from inside the
earth and quickly cooled down formed a natural glass, obsidian. The appearance of
this mineral glass is translucent, usually coloured and sometimes also transparent.
Worked objects such as spear heads and knives from the Stone Age and obsidian mir-
rors and objects for ceremonial purposes and jewelry from later periods have been
found almost everywhere that the mineral occurs,

When and where glass was first made artificially is an open question. It would ap-
pear, however, that it took place in Asia Minor and Egypt about 4500 years ago. In-
cluding glazed pottery, it might be more than 7000 years ago.

Glass was used first as a gem and then later for hollow vessels, especially unguent
jars and small vases, which were not blown but moulded. The Egyptians used mostly
coloured glass with little brilliance because of its low refractive index. Transparent
glass was rare and it always contained small bubbles as a consequence of insufficient
melting temperatures. For a long period the art of making glass was limited by the
primitive firing technique. The development of better glass melting furnaces brought
about an improvement in glass quality.

With the invention of glass blowing, which is assumed to have occurred at the be-
ginning of the Christian era, glass objects became more utilitarian than purely decora-
tive and luxurious. About 100 years after the birth of Christ, in Alexandria colourless
glass was obtained by the addition of manganese oxide to the glass melt. In the Roman
Empire, glass had become a common household material. Besides tableware, toilet
bottles and unguent vases, it was also used for storage of wine and other liquids and
for seals and signets. The first glass windows are mentioned at the end of the third
century. In this period, glass manufacture spread throughout the Empire. After the fall
of Rome, glass manufacture was carried on in the Eastern Roman Empire.

In the Islamic world, besides tableware and decorative glass elements, the use of
glass for weights was developed to high accuracy by about the year 780 A.D. At the
time of the Crusades and after the fall of the Eastern Empire at the beginning of the
eleventh century, Venice became famous for glass manufacture. Excellent glasses, the
crackled ware and coloured types based on oxide coloration, were made in Murano.
The highest point in Venetian glass manufacture at this time was the creation of an
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extraordinarily pure crystal glass. Although not invented there, the art of making mir-
rors with mercury layers was known by about 1369. Glass manufacture spread from
Venice to many other European countries in the following centuries and the develop-
ment of glass was now rapid.

In 1600, the art of cut glass was developed and many beautiful objects were made
using this technique. Flint glass, having a higher refractive index and greater disper-
sive power than the crown glass, as a consequence of lead oxide content, was invented
in England in 1675. The invention of gold-ruby glass and the development of a com-
mercial process for the production of such glasses occurred in about 1680.

Progress in glass manufacture during the nineteenth century was made by the use
of selected and purified raw materials and the construction of new and better melting
furnaces.

New types of glass, known as optical glasses, were created in the glass factories of
Germany, England and France. Compared with ordinary glasses, optical glasses are
free from physical imperfections and have a wide range of refractive indices and dis-
persion. Very important studies of the properties of glass as a function of its composi-
tion were performed mainly in Germany in about 1890. Art and experience in glass-
making were enlarged by scientific knowledge.

The production of hollow and flat glass, however, was still very difficult. The out-
put depended greatly on the skill of the individual workman. More details concerning
the history of early glass production can be found in refs. [1-8]. The revolution in glass
manufacturing in the twentieth century was and is the trend towards mechanization of
the glass industry. The Fourcault process (Belgium, 1905) was the basis for the first
machine-drawn plate glass production in 1914 [8]. Some years later, Colbumn in the
USA invented another drawing method which became known in 1917 as the Libbey-
Owens process [8]. The advantages of both older processes were combined in a very
rapid new drawing technology used since 1928 and known as the Pittsburgh process
(Pittsburgh Plate Glass Company, USA).

Most plate glass was drawn in continuous sheets directly from a melting tank
using these processes.

At the beginning of 1960, a completely new and very powerful technology, the
float glass process, became famous, replacing extensively the older drawing tech-
niques. It was developed in England by Pilkington Brothers Ltd. [8]. Casting and
pressing of glass is also entirely mechanized. The hand process was replaced step by
step by machines, leading to today's computer-controlled automatic production plants.

Plastic Materials must be included in the most important inventions of our century.
Although plastics differ in chemical composition, method of manufacture and many
properties from traditional inorganic glasses, some of them are transparent and in other
optical properties similar to glass [9]. Thin foils can be made which are interesting for
special applications. Organic glasses offer unique possibilities in design of optical
elements [10]. They therefore become more and more a valuable complement to inor-
ganic optical glass.

Finally, it must be stated that there are very few applications of glass in research
and industry where the surface properties of the glass can be neglected. Thus the de-
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velopment of processes for surface treatments such as grinding, polishing, cleaning
and coating has been of immense importance.

There are only few monographs available concerning the properties of glass sur-
faces [11,12]. Particularly in the case of organic glasses, published data are rare.
Marked differences between inorganic and organic materials, however, are one reason
for different surface properties. Other factors influencing the nature of a surface, even
with the same material, are the various methods used to produce a surface. The success
of further surface treatment operations often depends on previous grinding, polishing
and cleaning procedures. Proper coating includes all the procedures before film depo-
sition.

Coatings on various glasses are made to produce controlled special variations of
their optical, electrical, chemical and mechanical properties. The glass to be coated
may have two different functions: it can be an active element (e.g. a lens) or a passive
element (e.g. a substrate for an interference filter). The deposited Films may be either
functional or decorative in their technical applications.

It is interesting to note that the first antireflection layer on glass was made inci-
dentally 1817 by Fraunhofer [13] in Germany by treating polished glass with concen-
trated sulphuric or nitric acid. But no technical application was tried at that time.

In 1935 Strong [14] in the USA and Smakula [15] in Germany developed the sin-
gle layer antireflection coating produced by evaporation and condensation of calcium
fluoride under vacuum onto glass surfaces. In 1938 Cartwright and Turner [16] sug-
gested the use of a number of further suitable compounds. The list contained magne-
sium fluoride and cryolite among other fluorides. Although optically excellent, the
mechanical and environmental stability of these coatings was poor. An exception was
magnesium fluoride which could be rendered water resistant by baking at high tem-
perature. In 1942, however, in the USA the first stable and abrasion resistant single
layer antireflection coating of magnesium fluoride was made by deposition onto pre-
viously heated glass by Lyon [17]. After World War II, this material and deposition
technique became standard procedure.

Attempts to develop multilayer a.r. coatings had already been made in 1938 in the
USA [181 and a little later also in Europe [19]. But a technically satisfactory solution
with a double layer system was first achieved in 1949 by Auwirter [20]. The superior
quality of this antireflection double layer coating named «Transmax®y» (Balzers)
caused it to soon be in high demand.

Broadband, triple layer antireflection systems became available in 1965. Film sys-
tems could be designed easier and faster by that time with the aid of modern electronic
computers.

The industrial development of highly reflective coatings started earlier than that of
a.r. coatings. Great enhancement of glass reflectivity can be obtained using high re-
flecting metal films. Silver mirror films deposited by wet chemical processes were
produced before 1835 [21]. The deposition of surface mirror films by the evaporation
and condensation of various metals under vacuum was first attempted in 1912 by Pohl
and Pringsheim [22]. They used ceramic crucibles as their evaporation sources.
Evaporated silver mirrors were also made by Ritschl [23] in 1928. A technically sim-
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ple but very effective solution for aluminum evaporation was found by Strong [24] in
1933 who used aluminum loaded helical tungsten filament evaporators, a technique
which is still often used today. Mirrors made from aluminum by an evaporation tech-
nique are superior to silver in several respects. The reflectivity of aluminum is nearly
the same as for silver in the visible, but much higher for the ultra violet [25]. Al mir-
rors adhere to glass more tenaciously than silver, and when exposed to atmosphere
show no tarnish. Other features, such as its uniformity of reflectivity and transmission
in the visible make Al films important for many technical and scientific applications.
The first aluminized lamp, for instance, was made by Wright [26] at General Electric,
USA, in 1937. During that period the first evaporated corrosion resistant and hard
rthodium mirrors were also made by Auwirter [27] at W.C. Heraeus GmbH. Such
mirrors became important for medical applications. Several years later in 1941
Walkenhorst [28] noticed increase in reflectivity of Al films for the visible with in-
creasing deposition rate. Fast deposition was later also found to be necessary to
achieve a high ultra violet reflectance.

At the same time Hass [29] invented the silicon oxide protected aluminum surface
mirror. Protection against mechanical damage became important in mirror fabrication
with the exception of Al mirrors for astronomical applications. And finally, for use in
the near ultra violet range, pure aluminum films have to be protected primarily against
degrading oxidation on exposure to air by covering them with layers of MgF, or LiF,
as was found out by Hass et al. [30] in the time between 1955 and 1961.

At Schott und Genossen in Germany, Geffcken [31] deposited the first thin film
metal dielectric narrow band interference filter of the Fabry-Perot type in 1939;
Geffcken also made valuable contributions to the theory of thin film interference sys-
tems which were important for the later development of thin film interference system
design. The practical realization of environmentally stable complex thin film interfer-
ence systems, such as e.g. multilayer antireflection coatings, various interference mir-
ror stacks, beam splitters and some high and low pass edge filters require hard and
resistant coating materials. Such materials became available in the form of a variety of
oxide films which can be easily deposited by the reactive gas deposition process in-
vented by Auwirter [32] in 1952.

From that time there has been very intensive development. This has been con-
cerned primarily with the conception and detailed development in the fields both of
computer aided coating design as well as in coating production methods.

In general, coatings are desirable or may even be necessary for a variety of reasons.
These include unique optical and electrical properties, materials conservation and
economics or the engineering and design flexibility. Weight reduction is important in
the automobile industry. Therefore heavy metallic parts such as grills are being re-
placed with light-weight plastic parts which have been coated with chromium, alumi-
num and other metals or alloys. Thin films are also used extensively in aluminum-
coated plastic foils for heat insulation, decorative and packaging purposes. Another
rather new application is to coat glass panes or plastic foils with indium tin oxide films
or special cermet films which are used as architectural coatings to improve the energy
efficiency and performance of buildings.
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For this purpose large, high volume, in-line glass coaters routinely sputter coat
sheets of glass up to three meters in width [33]. But also chemical vapour deposition in
form of pyrolysis is in use. Sputtering and pyrolysis are still in competition [34].

The capacities of both techniques may range up to some millions of square meters
per year.

The hermetically sealing of sensitive surfaces from water vapour is of great practi-
cal importance and can be performed to a high degree of effectiveness with thin films.
Using polymeric organic coatings of polytetrafluoroethylene and vinylidene chloride
the best barriers are achieved with a water vapour transmission rate of only 4.8 g
mil/m?*/24hr. Whereas polymethyl methacrylate has a hundred times greater and cel-
lulose acetate a more than even two hundred times greater value, for comparison.

For flexible packaging applications thin polymer foils are widely used. Generally
gas and vapour permeation of such foils is decreased by aluminization. To avoid,
however, the opaque appearance of a metal layer for food and medical packaging
purposes transparent thin film barrier layers based on vapour deposited oxidic materi-
als like SiO, and Al,O; are often preferred [35-39]. A 120 A thick SiOj coating on a
0,5 mil thick polyethylene terephthalat, PET, foil provides excellent bamer perform-
ance of less then 1 g/m /24hrs for water vapour and less than 1 ml/m*/24hrs for oXy-
gen [40].

These few examples may illustrate the broad spectrum of possibilities offered by
coating glass and plastic with thin films.

It is the aim of this book to review the production and the nature of glass surfaces
together with the various film deposition and measuring techniques and to describe the
properties of the films. In a last passage a survey is presented about most of the typical
technical thin film products.
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CHAPTER 2

2. COMPOSITION, STRUCTURE AND PROPERTIES OF INORGANIC AND ORGANIC
GLASSES

The scientific investigation of composition and properties of inorganic glass started
in the last century. By comparison, the development of organic glass is just in its early
stages. The question of the structure of glass led to a discussion of whether it exists in a
microcrystalline or in an amorphous state. From the thermodynamic point of view, all
condensed substances at zero temperature in equilibrium conditions should be crystal-
line. There are, however, also noncrystalline solids in a metastable state. Relaxation
times for crystallisation of these solids are extremely long and they therefore remain
amorphous in practice. Crystals are rare and their structures are limited in number and
can be reduced to only 14 Bravais lattices. The number of possible non-crystalline
structural arrangements, however, is infinite. This diversity of the positions of atoms
and molecules does not affect their thermodynamic and transport properties. On the
whole, disordered structures are macroscopically presented as homogeneous and iso-
tropic media. It is generally assumed today that glass belongs to the predominant non-
crystalline solids.

2.1 GLASS-FORMING INORGANIC MATERIALS

The glassy state is known in some elements, notably selenium and tellurium. Sele-
nium also forms glassy mixtures with phosphorus. There are also some semiconductive
glasses of compounds like As; Se; A number of salts may exist as glass. The best
known is BeF,. Complex types of glass have been prepared containing BeF, together
with NaF, KF, LiF, CaF,, MgF, and A1F;. Some nitrates (Na, K), sulfates and chlo-
rides have been obtained as small glassy droplets by spraying the molten material onto
cold plates. More details on such glasses can be found in ref. [1]. Most of these types of
glass, however, have little technical significance. This is not true of the glassy metals.
Amorphous alloys or metallic glass containing two or three components such as PdSi,
FeB, TiNi, NiPB etc., are new materials that have interesting mechanical and magnetic
properties that are highly desirable in modern technical applications. They are produced
in the form of strips by quenching the melt extremely rapidly [2]. The most important
material termed as glass is formed, however, by oxides [1,3,4].

The central difference between metallic, semiconductive and oxide glasses lies in
the relative strengths of their chemical bonds as measured by the energy gap between
occupied and unoccupied electronic states. In oxide glasses this gap is more than 5
electron volts, that is, it lies in the vacuum ultraviolet so that such glasses are transpar-



ent and colourless, apart from impurities. The semiconductive glasses have energy gaps
near 1,5 eV and are coloured yellow or red, while in metallic glasses the energy gap is
Zero.

Typical and possible glass-forming oxides are listed in Table 1.

TABLE 1

GLASS-FORMING OXIDES

Typical glass formers: B,0; SiO, P,0s
ASzo3 GCOZ A5203
Sb,04

Possible glass formers: Bi,03 710, V,05

Silica is the constituent material in technical glass. Commercial glass is almost
exclusively silicate glass. Oxides that apparently do not form glass but may be included
in glass to obtain special properties such as chemical durability, low electrical conduc-
tivity, high refractive index and dispersion, increase in hardness and melting point, etc.
are listed in Table 2. To obtain glass that transmits infrared, some special components
such as As,S; and TeQ,, are used [5].

TABLE 2
GLASS-PROPERTY-MODIFYING OXIDES
Nazo ZnO A1203 SnOZ
Kzo BeO La203 TlOz
Pb,0 PbO Y,0, ThO,
CSzo MgO In203

CaO

CrO

SO

BaO

Cdo

In term of bond strength between the cation and the oxygen all glass formers have
values greater than 5 eV and the typical modifiers have lower values in the range of
about 2.8 eV [6].

2.1.1 CRYSTALLITE THEORY

When cooling down from the melting point, many materials pass through a tem-
perature range in which the liquid becomes unstable with respect to one or more crys-
talline compounds. An increase in viscosity, however, may partially or completely
prevent the discontinuous change into the crystalline phase. Studies of refractive index
changes by heat treatment and investigations of other physical properties of glass led
Lebedev [1,4,7] to the conclusion that glass contains ordered zones of small crystallites.
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In the crystallite hypothesis, it is assumed that glass may contain both amorphous and
crystalline zones which are linked by an intermediate formation. These remarkably
small crystallites of about 10 A in size consisting of 3-6 atoms are assumed to be of
irregular form with distortions in their lattice. Unfortunately, no stringent experimental
evidence can be found to support this hypothesis because even X-ray and electron-
diffraction structural analysis is unable to detect the possible existence of crystals in the
range of about 10 A.

2.1.2 RANDOM NETWORK THEORY

Extensive X-ray structural analyses of glass as well as studies of the melting process
allowed Zachariasen [8] to explain glass as an extended molecular network without
symmetry and periodicity. The glass-forming cations such as Si*" and B** are sur-
rounded by oxygen ions arranged in the shape of tetrahedra or triangles. Regarding the
oxygen ions, a distinction must be made between bridging and non-bridging ions. In the
first case, two polyhedra are linked together over an oxygen ion, and in the second case
the oxygen ion belongs only to one polyhedron and has one remaining negative charge.
In this way, a polymer structure consisting of long chains crosslinked at intervals is
produced. The unbalanced negative charge is compensated by low charge and large size
cations, e. g. Na', K", Ca™", Ba"™ located in the holes between the oxygen polyhedra.
Substitution of silicon ions in the network by other large charge and small size cations
is possible. The network theory was supported by further X-ray investigations by War-
ren in 1933 and 1937 [9a], and in investigations by other scientists. In Fig. 1, a two-
dimensional drawing shows the crystalline state of SiO, (a), the glass network of SiO,
(b) and the glass network of a sodium silicate glass (c).

eSS4t 002 @Nat

[

Fig. 1
Structure of crystallised silica (A), of fused silica (B) and of sodium silicate glass (C).

More recent investigations of chalcogenide glasses such as As,Se; [9b]} and also of
oxide glass [9b] in transmission electron microscopy suggest that there exist structural
domains, large macromolecules or clusters which are, in the case of silica and other
oxide glasses, between 60 and 100 A in diameter [9¢]. The domain structure in oxide
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glass is difficult to observe because of the possible polymerisation of the domain inter-
faces by ambient moisture.

In this sense, glass can be viewed as an assembly of subunits [10] which is not in
opposition with the random network theory.

Zachariasen [8] has carefully distinguished between random orientation on a local

level and cluster formation on a lager scale. The idea of continuous large scale random
networks is thus merely a considerable oversimplification of his ideas.
Today the network theory is generally accepted for ordinary glass. It appears, however,
that some complex multicomponent types of glass may also consist to some extent of
very small ordered zones in an amorphous network matrix. This is especially true after
heat treatment, which can induce phase separation and crystallisation.

2.1.3 PHASE SEPARATION, DEVITRIFICATION

Glassy materials can be considered as frozen-in liquids, which consist, in the case of
oxidic materials, of polymer chains with branches and cross linkages. With the excep-
tion of quartz glass, all types of industrial glass are multicomponent systems. The fact
that glass is a multicomponent material leads, however, to the formation of very com-
plicated structures. These are characterised by the presence of glass-former skeletons of

a
2004
100+
0
b)
200+
% 100+
8
E
0 3
1000+ Fig. 2
Intensity curves of X-ray scattering of sodium
60 OJ- silicate glass in various states according to
Valenkov and Porai-Koshits [11]
a) Original glass,
200t b) glass annealed for 2 hours at 420°C

od—y y Y { S
006 o1 025 035 sw;\e c) glass after devitrification

various shapes and also by a varied form of microheterogeneity. A variable short-range
order in the distribution of ions and atoms exists, however, inside the microregions of
the chemical and structural heterogeneities. The microheterogeneous structure of glass
was discovered and studied first for two-component glass by Valenkov and Porai-
Koshits [11]. They found that the X-ray diffraction pattern of sodium silicate glass
depended on the thermal treatment of the sample, as seen in Fig. 2.
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The Interpretation of the diffraction patterns showed a clear deviation from the
Zacharlasen-Warren concept, according to which the Na' ions have a random distribu-
tion in the holes between the oxygen ions of the disorderly continuous silica network.
The pattern indicated a micro-heterogeneous structure [12], that consisted of microre-
gions with a sodium metasilicate composition embedded in the glassy silica structure.
Similar results were also obtained with binary borosilicate glass, three-component
sodium borosilicate glass [13] and other types of glass.

Phase separation in certain optically clear types of glass was also indicated in elec-
tron-optical investigations. The phase separation that occurs in some glass, however,
does not provide evidence for the crystallite theory. In many types of glass, crystalline
nuclei and crystallites can be found which appear as the result of imperfections in the
production technology or of the subsequent devitrification process. If, during the
working or annealing processes, the glass is held too long in the temperature region in
which crystallisation takes place most readily, it will devitrify and be destroyed. De-
vitrification is the main factor which limits the composition range of practical types of
glass. It is an ever-present danger in all glass manufacture and working. The devitrifi-
cation in ordinary glass takes place chiefly on the glass surface [14-17] and manifests
itself in different ways: from almost indiscernible microcrystals to a fully developed
crystallisation. It appears, however, that devitrification does not always start on a sur-
face; it seems to be much more dependent on surface pre-treatment.

2.1.4 GLASS-FORMING ORGANIC MATERIALS

Organic glass or transparent plastics are synthetic solid materials consisting of
polymer compounds that are formed mainly by the elements C, H, O and N. The poly-
mer macromolecules are obtained by polymerisation, polycondensation or polyaddition
reactions between monomers [18].

We distinguish here between thermosets, which undergo a destructive chemical
change upon application of heat, and thermoplastics, which can be resoftened repeat-
edly without any change in chemical composition Thermoplastics are generally pre-
ferred for optical applications [19,20].Like inorganic glass, they have no fixed melting
point but rather a softening region. The plastics can be made fluid and shaped by the
application of heat and pressure.

Plastic is increasingly used as a substitute for inorganic glass and other materials. It
is, however, often necessary to retain the appearance of the substituted material by
special surface treatments. High-impact strength organic polymers have a rapidly ex-
panding market in applications as diverse as ophthalmic lenses, architectural glass,
electronic equipment packaging, various shaped form parts in automotive industry and
in the form of foils as substrates for various types of thin films.
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TABLE 3

GLASS-FORMING ORGANIC MATERIALS

Type Composition Refractive index

Acrylic Polymethyl methacrylate 1.491

Styrene Polystyrene 1.590

NAS Methylmethacrylate (70%) 1.562*
Styrene (30%) Copolymer

Polycarbonate -~ 1.586*

CR 39 Allyldiglycolcarbonate 1.490

ABS Acrylonitril-butadiene-styrene *=depending on
Copolymer composition.

2.1.5 CRYSTALLINE AND AMORPHOUS BEHAVIOUR OF POLYMERS

Generally the plastic materials can exist in an amorphous, in a crystalline or in a
mixed state. The crystalline state is rare because the mobility of the large molecules that
is required for the formation of a periodic arrangement is very low. The complex
chemical bonds and the predominant homeopolar character lead, in contrast to many
inorganic materials, mostly to the formation of very complicated structures, e.g. mono-
clinic, rhombic or triclinic crystals.

Many plastics exist in an amorphous state. The growth of macromolecules produces
chains and three-dimensional networks. The disordered polymer structure of organic
glass is very similar to the network structure of silicate glass. Typical organic glass
shows, however, practically no tendency to crystallisation because of steric hindrance
by sidegroups or other large substituents. Some plastics exist in a mixed structural type.
The crystalline areas in the amorphous matrix are often so extended that they can easily
be detected by light scattering. In this case, the material cannot be used for optical
applications.

2.2 THERMAL BEHAVIOUR OF INORGANIC AND ORGANIC GLASSES

Vitrification and softening are second-order phase transitions for both inorganic and
organic glasses. To obtain a homogeneous melt with inorganic glass, a temperature is
required where the viscosity 1 of the melt is about 10% Poise. The softening point is at n
= 10"® Poise and the working point has a viscosity of  ~ 10* Poise. The temperature T,
in the transformation interval for solidification corresponds to a viscosity range for
glass of between 1 = 10" Poise, the annealing point, and v = 10'*® Poise, the strain
point.

It was first clearly shown by Bartenev [21] that when the cooling rate is decreased,
the solidification temperature of silicate glass decreases proportionally. This behaviour
was confirmed for many types of silicate glass and organic polymers in subsequent
papers by various authors [22] and [23].
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On the other hand, the softening temperature T,, is a function of the rate of heating.
This observation is of great practical importance in glass technology because during
annealing and tempering temperature changes may occur at very different speeds. Thus
for different processes, differences in the vitrification temperature of up to 50 to 100°C
may result. It follows from experlmemal and mathematical treatments [7] that, at a
standard glass transition temperature T T or at a standard softening temperature To
vitrification or softening occurs if the rate of cooling or heating is equal to 0.2 deg st
for inorganic glass and to 0.1 deg s ! for organic polymers.

Some experimental data obtained from [7] and [18] are listed in Table 4. The values
for the linear expansion coefficient o were taken near but clearly below the softening
temperature.

TABLE 4

SOFTENING TEMPERATURE AND LINEAR EXPANSION COEFFICIENT OF INORGANIC
AND ORGANIC GLASSES

Material 3! alo®

(6] cch
Fused silica 1580 0.056 -0.08
Alkali silicate glass 536 - 696 1.15 -0.96
Lead silicate glass 440 - 480 070 -1.10
Aluminium silicate glass 582 - 842 046 -0.65
Soda lime borosilicate glass 708 - 815 032 -0.52
Acrylic 76 7-9
Polystyrene 72 6-8

It can be concluded from these investigations that the structure of glass depends on
its thermal history. Annealing always increases the density of the glass.

Different pieces of glass each with a different structure will have different softening
temperatures T,, when heated at the same rate. For technical applications, it is therefore
useful to choose maximum annealing temperatures below a temperature (Tz200)°C to
prevent unwanted deformations.

The expansion coefficient is a property of glass that is greatly affected by changes in
composition. The linear expansion coefficient a in the glassy state does not, however,
depend on the heating rate in the region below the softening point. It is assumed to be
constant within this wide temperature range. As can be seen from Table 4, the thermal
expansion of the plastics is much higher than that of inorganic glass. Generally, when
glass is bonded with other materials having different rates of expansion, temperature
changes create mainly undesirable forces in the two materials. This affects many prop-
erties such as adhesion in the case of deposited thin films.

In many problems concerning heat transfer, the thermal conductivity A of the mate-
rials is an important factor. The rate at which heat is transmitted through glass by con-
duction depends on size and shape, on the difference in temperature between the two
faces and on the composition of the material. Thermal conductivity is commonly ex-
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pressed in calories per centimetre per second per degree. Some data are listed in Tab. 5.
Compared with metals, the values for glass and plastic are low. Radiation is another
heat-transfer process. It may be of greater importance than thermal conduction when
the temperature is increased to higher ranges. Table 5 also contains some data on the
specific heats of different types of glass and plastic [1,18]. The specific heat c, of glass,
which is important in determining its heat capacity, is a nearly additive quantity and can
be calculated from the composition by using the factors for the various oxides. The
factors and some experimental data are reviewed in refs. [1] and [4].

TABLE 5

THERMAL CONDUCTIVITY AND SPECIFIC HEAT OF INORGANIC AND ORGANIC
GLASSES (Typical mean values)

A0t <
Material -100° 0°C 100°C -100° 0°C 100°
Fused silicia 28 31.5 354 0.11 0.16 0.20
Soda-lime silicate glass 19 23 27 -- 0.20 --
Soda-lime borosilicate glass 21 26 30 - 0.27 -
Lead silicate glass 11 14 17 - 0.21 -
Aluminium silicate glass -- 22 24 -- 0.19 -
Acrylic - 4.7 -- - 0.35 --
Polystyrene - 3.6 -- - 0.32 --

Thermal conductivity: A (cal em™ s™ deg™") 10™.
Specific heat: ¢, (cal g’ deg™).

The ability to withstand thermal shock resulting from sudden changes in tempera-
ture is important for technical applications of glass. The thermal endurance of inorganic
glass, studied mainly by Schott and Winkelmann [24] (see also refs. [1] and [25]), is a
very complex property. The investigations have led to the definition of a coefficient of
thermal endurance F:

_P | A
aEYp-c,

F (M

in which P is the tensile strength, E is Young's modulus and p is the density.
It is interesting to know that most types of glass can withstand much greater tem-
perature changes when suddenly heated than when rapidly cooled.

2.3 MECHANICAL PROPERTIES OF INORGANIC AND ORGANIC GLASSES

At normal temperatures, glass usually behaves as a solid material. The most impor-
tant properties of solids are elasticity, rheology and strength. These properties depend
not only on the molecular mechanisms of the deformation process, but on the viscous
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flow and on the structural peculiarities of industrial glass samples. For the application
of polymeric materials, it is important to know that they possess extraordinarily com-
plex mechanical properties. The high deformability, the marked incompressibility and
the high sensitivity to changes in temperature are typical.

In Table 6, some mechanical data on various types of glass are listed [7,18]. For
grinding glass, the so-called grinding hardness is important. The value of this for glass
is dependent on chemical composition. The silica base used in most inorganic glass
compositions is essentially very hard, but additions of other materials to modify, for
example, the optical properties in optical glass will reduce the hardness to a greater or
lesser extent. The grinding hardness G.H. is defined as a quotient: G.H. = rate of re-
moval of standard glass / rate of removal of sample glass. Values are published in the
glass catalogues. Unfortunately, there is no exact relationship between hardness and
grinding hardness.

2.4 CHEMICAL PROPERTIES OF INORGANIC AND ORGANIC GLASSES

Although many types of technical silicate glasses are highly resistant to chemical
attack, inorganic glass cannot be treated as an inert material. Chemical reactions take
place with water, acids, alkali, salt solutions and various vapours, e.g. SO,. Even appar-
ently chemically resistant glasses may be attacked locally, producing remarkable
changes in the composition of their surfaces compared with the bulk. The effect is
much stronger with some optical glasses. Generally, however, plastic materials are
more resistant than inorganic glass.

The water attack starts with the diffusion of H" into the glass. This is a rapid process
at higher temperatures. The water uptake increases with increasing pressure and the
glass begins to swell. The quantity of incorporated water usually amounts to a very
small percentage of the weight of the sample. Its presence promotes the tendency to
crystallisation. As can be seen in Table 7, silicate glasses are more strongly attacked in
alkaline solutions than in neutral or acidic solutions because the alkali supplies hy-
droxyl ions, which react with the silica network. No protective layer forms during the
corrosion.

The attack of acids differs from that of water because the dissolved alkali and basic
oxide components are neutralised by the acid. In this way, a silica-rich surface layer is
formed which reduces the rate of attack with time. When major amounts of soluble
oxides are present, which may occur with some types of highly refractive optical glass,
the glass will disintegrate. The corrosion resistance is influenced by the glass composi-
tion. It increases with higher amounts of SiO; or of MeO, e.g. CaO, MgO, ZnO and
PbO. Addition of even small amounts of Me;O; impurities such as B,O; and ALO
increase the resistance. Proper tempering of leached silica-rich surface films on techni-
cal glass decreases the porosity and increases the stability with regard to chemical
attacks [1,3,18,25].
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Special durability tests have been made on optical glass. Qualitative gradings of
durability were developed and listed in the glass catalogues. Quantifying such chemical
attack is extremely difficult and has been the subject of international research.

2.5 ELECTRICAL PROPERTIES

The data used for the electrical characterisation of glasses [1,3,18;25] include the
volume and surface resistivitv, the dielectric constant, the dielectric loss and the dielec-
tric strength. As may be seen in Table 8, fused silica has a high volume resistivity of
10" Q cm, but the addition of other oxides decreases the resistivity. Organic glass has
values similar to inorganic multicomponent glass. Generally, the electrical resistivity, or
its reciprocal value the conductivity, of multicomponent glasses depends on the chemi-
cal composition, on the temperature, and to some extent also on the atmospheric condi-
tions. Inorganic glass is an ionic conductor. The transport of alkali ions is easier than
that of alkaline earth ions. The mobility decreases as the ionic radius increases. The
glasses are insulators at low temperatures and increase their conductivity as the tem-
perature is raised because of the greater ease with which the ions can move when ther-
mal energy has weakened the binding forces to the silica network. In the temperature
range of 25 - 1200°C, the resistivity may vary between 10" Q cm and 1 Q cm. At
normal temperatures and in a humid atmosphere, the volume conductivity is surpassed
by the much higher surface conductivity. The adsorbed H,O, which forms an electro-
lyte with the dissolved alkali, is responsible for this phenomenon. The reciprocal of
surface conductivity, surface resistivity, is usually defined in Q cm”.

Glass has a special position among solid dielectrics because of its extended range of
dielectric constants. Organic glass has very low values, and high lead silicate glass
shows the highest values. The dielectric constant of most types of glass decreases as the
frequency of the applied field increases. For each frequency, the dielectric constant
increases with increasing temperature, but the increase is less at high frequencies. The
energy lost in a dielectric due to electrical conduction losses (the dielectric loss) is
measured by the angle 3 between the current and the charging potential. The value tan 8
depends on frequency and temperature.

The dielectric strength of a glass is the voltage required to puncture it, usually ex-
pressed in V per cm. Unfortunately, it is not a true physical constant of a material
because it is dependent on the thickness of the glass. Generally, the dielectric strength
decreases with increasing sample thickness. The values listed in Table 8 are measured
at glass thickness’ between 0.1 and 0.25 mm. At lower temperatures, the magnitude of
the dielectric strength is relatively insensitive to temperature. However, after a higher
temperature limit has been exceeded, the glass becomes progressively weaker. The
decrease in strength when the frequency of the applied voltage is higher may be due to
a heating effect.
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The prevention of static charges on glasses is of great practical importance in
avoiding attraction of dust particles as well as for other reasons. Two different dielectric
materials brought into close contact and separated afterwards receive opposite charges
whereby the material with the higher dielectric constant exhibits the positive charge.
This phenomenon shows a dependence on surface conditions and is caused by the
formation of an electrical double layer resulting from electron or ion migration during
the contact. This produces high voltages after separation. The generation of a static
charge on plastics is caused mainly by electron migration, but on inorganic glass it is
caused by ion migration. According to Weyl [26], removal of only 1% of Na" ions from
a monomolecular surface layer produces a negative charge of about -3 x 10° V. The
size of the electrical charge formed on a glass is strongly dependent on its alkali con-
tent. A positively charged piece of glass can be transformed into a negatively charged
one by heating. For many types of glass, this reversal point is at about 260°C [27]. The
positive charge decreases in a continuous way during heating beyond the reserval point
and a negative charge is formed which remains stable for many hours. Rapid cooling in
liquid air also leads to the generation of a temporary negative charge. The intensity of
the charge depends on the glass composition. Crown glass yields a higher charge than
flint glass, and borosilicate glass is in between. The charge on a smooth surface will be
higher than on a rough surface. Charged glass or plastic can be neutralised by blowing
with ionized air.

2.6 OPTICAL PROPERTIES

The transmission of light is one of the first properties that comes to mind when glass
is mentioned, and it is important for many of its applications. Sometimes it is sufficient
that glass transmits most of the incident light, but in other cases the requirements are
more stringent. There are many types of optical glass, besides ordinary window glass.
For special needs, glass that is transparent in the visible but opaque in the infrared, or
transparent for ultraviolet light and X-rays, is available. Special types of coloured glass
and light-sensitive glass are also available.

The region of high transmission of all these types of glass is bounded at short
wavelengths by the fundamental absorption edge and at the long wavelengths by the ir-
absorption bands. With the usual colourless or while glass, the limits of transmission in
the ultraviolet are determined mainly by the Fe,O3 content, which appears to have an
absorption in the near ultraviolet. The infrared transmission limit is determined by the
FeO content, which shows strong absorption at about 1um.

Today, the use of pure raw materials or of decolourizers enables the production of
common window glass that has almost the same transparency optical glass. The trans-
mission of the untreated glass plates, however, is always limited by the reflection loss.
The transmission characteristics for optical glass a dependent on the glass type, the
purity of the raw material, and the melting schedules used in the production of the
glass. Internal transmittance data for the various types of glass are tabulated for differ-
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ent wavelengths in the catalogues the glass companies. Each glass type is identified by
its mean refractive index ny, and its constringence Abbé value vy.
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Fig. 3
n/v Diagram of various types of optical glass. Last symbol K means crown,
F means flint glass, e.g. BaF = Barytflint, LaK = Lanthanum crown.

As may be seen in Fig. 3, a graph of ny versus v4 shows the grouping of different
types of glass according to their optical properties. An arbitrary distinction between
crown and flint glasses is represented by the line vy = 53 for glass with ny less than 1.6,
and v4 = 50 for glass with n4 greater than 1.6. Further subdivisions into different types
of crown and flint glass are shown clearly on this diagram.

Abrupt discontinuities in glass cause striations. To obtain homogeneity of the glass,
gradual changes in chemical composition and irregularities in heat treatment must be
avoided. Optical glass should not contain undissolved solid or gaseous inclusions.

In Table 9, refractive index, temperature coefficient and Abbé value are listed for
some typical types of inorganic and organic glasses [l,3,18,19,25,28]. It is interesting to
note that acrylic glass has a higher transparency than inorganic optical glass. Polysty-
rene, like acrylic glass, is very clear. Early styrene had impurities that decreased the
transmittance at short wavelengths, causing the material to have a yellowish tint.
Nowadays, this condition is only evident in extremely thick pieces.

Compared with acrylic glass, polystyrene has a lower light stability and resistance to
ultraviolet radiation. The slight degradation when exposed to ultraviolet radiation is a
disadvantage that occurs with all optical plastics. The higher refractive index of poly-
styrene permits its use in conjunction with acrylic lenses for the design of colour-



21

corrected optical systems. Most types of organic optical glass transmit very well in the
near infrared region. The energy absorption at wavelengths shorter than 2.1 um is low.

TABLE 9
OPTICAL PROPERTIES
Material Refractive index ~ Temperature coefficient ~ Abbé€ value
of refraction dn/dT
(107%°C™")
Fused silica 1.46 0.8 67.9
Soda lime silicate glass 1.52 0.2 58.9
Soda lime borosilicate glass 1.50 0.15 65.1
Lead glass 1.80 05—->14 254
(for heavy flint)
Aluminosilicate glass 1.53 51.1
Acrylic 1.49 85 57.2
Polystyrene 1.59 12.0 30.9

Internal mechanical stresses may develop from the heat-treatment of inorganic and
organic glass during its manufacture. These stresses cause the glass to have two indices
of refraction. This phenomenon is called birefringence. Carefully designed temperature
schedules can reduce these stresses to acceptable levels. For normal optical purposes,
the limit of acceptable birefringence, expressed as a path difference, is 10 nm per cm.
The stress optical coefficient, otherwise known as the Brewster constant, relates the
mechanical stress to the optical retardation (nm cm™ /kg cm’). This constant depends on
glass composition. For various types of optical glass, the values can be found in the
catalogues.

277 MATERIALS TRANSPARENT IN ULTRAVIOLET AND INFRARED

Materials that are transparent in the ultraviolet or in the infrared ranges are required
for many scientific and technical instruments and apparatus. Such requirements exist,
for example, in refracting optics and for special optical windows. For these applica-
tions, besides special types of glass and some plastics, many crystalline materials are in
use [28,29]. The usefulness of a material depends on how far into the ultraviolet or
infrared it transmits. The transmission edge in the ultraviolet is determined by the
energy necessary for electron transfer (fundamental absorption) while the long wave
absorption bands are caused by inner molecule vibrations or by lattice vibrations.
Some fluorides and oxides are transparent relatively far into the ultraviolet range be-
cause the F~ ions and the O jons possess the highest electron affinity among the ani-
ons.

A high infrared transmittance is observed with materials consisting of molecules
composed of heavy atoms, because their valence vibrations have the lowest frequen-
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cies. Up to a wavelength of about 2.5 pum, practically all types of optical inorganic glass
with a mean thickness of 10 mm have reasonable transmittance. The first limitation is
caused by incorporated water. The O-H valence vibrations at 2.7 - 3 pm and also at 3.6
and 4.2 um are responsible for absorption bands, while with far infrared transmitting
glass such as As;S;-glass, the O-H flexural mode of vibration at 6 um may also be
responsible for absorption. Careful glass manufacture enables a reduction of the water
content. A further limitation of infrared transmittance is the wide-band absorption
caused by the natural oscillations of the glass network formers. Borate and phosphate
glasses of Smm thickness therefore become practically opaque at A = 3.5 um. The same
happens with silicate glass between 4.4 and 4.8 pm and with Ca-aluminate and ger-
manate glasses at wavelengths between 5.8 and 6 um. There are types of Te-, Sb- and
As-oxide glasses that are transparent up to about 6 um [30]. Replacement of O by S
yields glass such as As,S; which is transparent even to wavelengths of about 13 pm.
Newer 3 and 4-component glass systems enlarge the spectral range of transparency to
about 20 pm. Of the crystalline materials, the alkali chlorides and bromides have been
used for a long time in infrared optics, although their solubility in water is relatively
high. With the exception of LiF, the fluorides CaF,, MgF, and LaF; [31-36] are better
suited because of their much higher stability towards the atmosphere. With new two-
and multicomponent glasses of Ba-, Al-, La-, Zr-, Hf>, and Th- fluorides [36] an even
further improved quality has been obtained. Beside the historical aspects in the devel-
opment of heavy fluoride glasses and the various technical applications, structural
models of differently composed types are shown and discussed in the Proceedings of
the Monterey-Symposium [37]. Materials like spinel (A1,03- MgO), TiO,, SrTiO;,
BaTiO; are actually insoluble in water. Single crystals are expensive to produce, some-
times optically anisotropic and sensitive to mechanical treatment because of cleavage
and breakage. For this reason, pressure-sintered polycrystalline materials are often
preferred. Although these materials show light scattering in the visible and near infra-
red, their optical properties are excellent in the far infrared. Last but not least, there are
some element semiconductors and some compound semiconductors which, although
opaque in the visible and near infrared, are nevertheless used in the spectral range in
which they are transparent (usually between 1 pm and 22 pm).

Spectral characteristics of noncrystalline and crystalline materials are shown in Figs.
4 and 5 and data are listed in Table 10.

The number of existing Materials is large, therefore the examples are restricted to
those materials (glass and crystals) used for lenses, prisms, mirrors, filters or other
substrates and windows. Polarizing elements, transducers, optically-active devices and
modulators are excluded.
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TABLE 10

INFRARED TRANSMITTING MATERIALS

Material Type Infrared absorption Transmittance region
at: A in pm (um)

LiF single crystal 7.5 0.11-7

MgF, single crystal 8.0 0.11-7.5

CaF, single crystal 10.5 0.15-10

CdF, single crystal 11.5 -

LaFs single crystal 12.0 0.25 -

SrF; single crystal 12.5 -

PbF; single crystal 13.5 0.25-

BaF, single crystal 14.0 -

SiO,-glass glass 45 0.15-

A1,04/MgO single crystal 5.5 -

AlLOs single crystal 5.8 02-

TiO, single crystal 6.2 0.4-

SrTiO3 single crystal 6.8

BaTiO; single crystal 6.9

MgO single crystal 8.5

ZnS 14.7 04-14

ZnSe polycrystalline 21.8 055-15

CdTe pressure sintered 31.0 -

Cds single crystal 0.8-16

InP single crystal 1.0-14

GaAs single crystal 1.0-16

Si single crystal 1.2-15

Ge single crystal 1.8-22

InAs single crystal 35-9

Cal.a;Sssingle crystal 18.0

Germanate glass 5.0

(Coming 9754)

Ca-aluminate glass 5.5

(Barr & Stroud BS 39 B)

Tellurite glass 6.0

ZrF4-BaF, glass 8.0

HfF4-BaF, glass 8.0

Hf'F4-BaF,-LaF;-AlF; glass 8.0

ZrF4-BaF;-ThF, glass 8.0

2.8 PHOTOCHROMIC GLASSES

The reversible generation of colours or the reversible darkening with specially
doped, colourless, transparent, inorganic glasses during irradiation with light is called
photochromism.

Four different groups of light-sensitive glasses are known today:

- photochromic silicate glasses doped with rare earth ions
- photochromic borosilicate glasses doped with silver halides
- photochromic borosilicate glasses doped with silver molybdate or silver tungstate
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- photochromic borosilicate glasses doped with copper or cadmium halides.

In 1962 Cohen and Smith [38] reported the observation of colour centers in irradi-
ated silicate glasses doped with Ce’* or Eu®*- oxide. Soon after this investigation,
photochromic light-sensitive glasses were developed in 1964 by Corning glass works
[39,40]. The photochromic behaviour of these glasses is due to the formation of light-
sensitive silver halide microcrystals of about 40 A in size which are created by precipi-
tation and subsequent heat-treatment at a temperature between the annealing strain
point and the softening point of the borosilicate glass [41].

Photochromism consists of the three processes: optical darkening, optical bleaching
and thermal bleaching. Darkening is induced by wavelengths ranging from the near
ultraviolet and through the whole visible spectrum, depending on the chemical compo-
sition of the glass. Glasses containing silver chloride are sensitive in the region be-
tween 300 and 400 nm, and those containing mixtures of silver chloride and silver
iodide are sensitive in the 300 - 650 nm wavelength range. The transmission of a trans-
parent photochromic glass before darkening may be about the same as window glass.
Irradiation with light of a given intensity at constant temperature produces in the visible
range an exponential increase in optical density to an equilibrium value which may be
as low as 1% transmission. Basically the photochromic behaviour of the glasses can be
characterised by the phototropic equilibrium constant k, defined by:

, T
k =%10g__lT° )

t = glass thickness, T = percentage transmission of the darkened glass at the maximum
value of the absorption band, T, = percentage transmission of the bleached glass. The
saturation value of k' obtained with equal irradiation is termed k',

The basic reaction in irradiation of silver halide-containing glasses is characterized
by the following equation:

AgCh A% Ago+1/2CIS 3)

It is necessary that the elemental halogen formed remains in the matrix. This would
not be the case in a gelatine layer but the requirement is fulfilled with inorganic glass.
In the case of sensibilization with copper an additional reaction may occur:

Ag*Cu+* v, Age + Cu? 4

It is important to mention here that the darkening is not directly proportional to light
intensity. The effect occurs more strongly at higher intensities than at low ones.

Silver halide glasses are believed to be almost unique among photosensitive materi-
als in being truly reversible and immune to fatigue [42-44]. The rate of fading in the
dark increases with temperature and since the darkening rate is relatively insensitive to
temperature, the steady state optical density of the photochromic glass decreases with
increasing temperature.
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Since light of different wavelengths may cause reaction in different ways, a change
in transmittance can be achieved by darkening the glass with shortwavelength light or
bleaching it after it has been darkened with light of longer wavelengths.

For sun-protection glasses a typical half-time of darkening may be about 20 to 30
seconds and the half-time of bleaching-out may range between 350 and 450 seconds.

The typical behaviour is shown in Figures 6 and 7.
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Fig. 6

Spectral transmittance of photochromic glass (thickness about 2 mm).
a) bleached glass in dark

b) irradiated with a high pressure mercury lamp
c) after 1 hour in sunlight at 25°C

More recent developments concern the photochromic borosilicate glasses containing
silver-molybdate and tungstate [45] or copper- and cadmium-halides [46,47] instead of
silver halides. The glasses have a similar spectral sensitivity but show a stronger pro-
portionality between light intensity and darkening.

Thermal treatment of photochromic glasses is generally possible, but the tempering
process must be very closely controlled. The thermal stability depends on the type of
the glass. If photochromic glasses are thermally overheated they may become distorted
and have a degraded photochromic performance. It is therefore recommended to keep
the temperature below about 200°C and to use only short durations of tempering,
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Darkening and fading of photochromic glass (Corning, Photogray, thickness
2 mm) as function of time.

a) in sunlight at 25°C

b) in sunligth at 0°C

2.9 GLASS CERAMICS

As already mentioned, upon cooling down of a melt below the melting point of
crystals having the same chemical composition as the glass, then all of the glass is in
the state of undercooled liquid. The main reason for crystallization (devitrification) not
taking place then, is mainly due to the fact that the crystal growth, controlled by the
diffusion of the components, is far too slow. This is due either to the increasing viscos-
ity of the melt with decreasing temperature, or to the fact that the number of nuclei
from which crystallites (the smallest particles in which crystal structures can be de-
tected) can form is too low. However, in the case of glass ceramics, the crystallite
formation is forced in suitable glass systems, in order to obtain materials with special
properties e.g. [4].

To start with, a glass melt is required from which the required object is shaped by
pressing, blowing, rolling or casting. During subsequent thermal treatment, according
to exactly pre-determined temperature-time-graphs shown schematically in Figure 8,
sub-microscopic fine crystallites form, a pre-requisite for this is the addition of materi-
als having a high melting point (usually TiO, and ZrO,) to the melt, which start crystal-
lization when they are exuded as nucleus-forming components. As is shown in Figure 9
it is important that the temperature range of the maximum nucleation frequency Ty is
below the temperature range of the maximum crystal growth rate Tcy; then the glass
cannot crystallize upon cooling of the melt as long as the nuclei are still absent. Only
when these have formed in sufficient quantities at Ty, can the required tiny crystallites
arise in large numbers (up to 10'7 cm™) upon re-heating to the temperature T, The per
centage of crystals in the volume can finally amount to 50-90% depending on the
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properties strived for. The breakthrough in the development of technical glass ceramics
was achieved by Corning glass factories in 1957 with the fundamental investigations of
Stookey [48-50], which led to the standard types Pyroceram 9606 and 9608 based on
glass compositions of LiO-ALO;-SiO,TiO,. Other companies followed with similar
products. In Europe, Schott glass factories have manufactured glass ceramics since
1965. One of the newer highly transparent types is known as Zerodur [51]. Some of
their properties are listed in Table 12.

TABLE 11

PHOTOCHROMATIC SILVER HALIDE CONTAINING BOROSILICATE GLASSES [39] AND
THEIR SPECTRAL SENSITIVITY.

Glass components Concentration
in mass-%
Si0, 40 .... 76
B,0O; 4 .... 26
A1,05 4 .. 26
Li,O 2.... 8
and/or Na,O 4 .... 5
and/or K,O 6 20
and/or Rb,O 8 .... 25
and/or Cs,O 10.... 30
Doping with silver 0.2 . 0.7 (transparent)
halides AgX
08 . ... 1,5 (opaque)
Halide 02....04
sensitized with:
As, Sn, Cu 0,005 .. 05
Spectral sensitivity
AgCI-Doping 300.... 400nm
AgBr-Doping 300.... 500nm
Agl-Doping 300.... 650nm

The technical importance of glass ceramics lies in the fact that their properties are
determined not solely by the glass percentage, but also decisively by the types of crys-
tals formed. Systems in which crystal phases of very low or even negative thermal
expansion are formed (e.g. lithium-alumo-silicate) have become of great significance.
Materials are obtained here with almost zero expansion over a wide temperature range,
which are nondeformable up to approximately 800°C and completely insensitive to
sudden changes in temperature, and thus can be used, for example, for hot plates and
various domestic glass items and also for telescope mirror supports, laser mirror sub-
strates, unit of length standards, etc. In the case of a different group of glass ceramics
containing the components Si, Al, Mg, K, F and oxygen, during the ceramic process
crystals similar to mica are formed [52-54]. These materials can be machined on a
turning lathe due to their low brittleness, (e.g. Macor from Corning). Macor has the
following composition (in wt%):
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Si0, 44%
ALO; 16%
B,0; 8%
MgO 16%
K,0 10%
F 6%

Some properties of similar products are listed in Table 13.

TABLE 12
PROPERTIES OF TRANSPARENT GLASS CERAMICS
Properties Pyroceram Pyroceram Starting glass Zerodur
for Pyroccram

9606 9608 9608
Density (250C) 2.60 2.50 2.403 2.53
Hardness
Knoop kp mm 698 705 - 600
Young's modulus 119 86 - 90.6
10° N mm?
Poisson's ratio 0.024 0.25 - 0.24
Thermal conductivity 0.87 4.70 - 1.64
Wm'K'
Linear expansion 56 4-11 33.6 12
coefficient o0 107 K™
(0°...300°C)
Dielectric constant 5.58 6.78 - 74
1 MHgz, 25°C
Dielectric losses 15 30 - 155
tan § 10
I MHz, 25°C

In the region between glass and ceramic there are also a few photosensitive types of
glass, where crystallization is initiated by uv irradiation and commences during subse-
quent heating. For this purpose, a few percent alkalifluoride, Zn and Al oxide must be
present and a small quantity of silver compounds (<0.2 %) and ceroxide (<0.05%) in
the silicate glass matrix. Electrons are separated from the Ce-ions by uv irradiation and
trapped by the silver ions during heating up so that metal atoms form which immedi-
ately deposit on one another as metal colloid particles. These act as nuclei for devitrifi-
cation, which transforms the system to a yellow to brown coloured glass ceramic during
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subsequent annealing. In this way, with uv optics, photographic pictures of patterns can
be recorded and fixed in the glass.

TABLE 13

PROPERTIES OF MACHINABLE GLASS CERAMICS

Properties Glass ceramic type (Corning)
9650 9652 9654 9656

Linear expansion coefficient

a 107K 97 74 64 63

(25°. .. 400°C)

Thermal load capacity (max.) in °C 800 800 800 800

Tensile strength in Pa 10°

at 25°C 86.3 922 49.1 60

400°C 59.8 78 46 471

600°C - 70.6 45.1 45.1

Bending stiffness in Pa 10° 255.06 343.35 - 196.2

Young's modulus 10° N mm™ 60.82 63.16 56.90 58.86

Volume resistivity

in © cm at 500°C 17’ 10" 10" 10"

Dielectric constant

10 kHz, 25°C 6.1 57 5.6 5.6

Dielectric losses

tan § 10™, 10 kHz, 25°C 30 60 60 20

If other halides are present (bromine, chlorine), by repeated uv irradiation and
heating, according to the degree of the latter any other colour tones can also be
achieved based on various crystallite forms. These new «polychromatic» glasses
(Corning) will presumably be applied for both technical and decorative purposes.

It is also significant that the little crystals formed can be etched by hydrofluoric acid
at least 10 times faster than the surrounding glass matrix. Due to these properties, it is
possible to manufacture mould etch parts of high precision, such as perforated panels
for displays, printing stencils and such.

2.10 GLASS MATERIALS FOR ADVANCED TECHNOLOGY AND FOR SELECTED HIGH
PRECISON APPLICATONS

In this section some selected examples are given demonstrating the wide range of
capabilities of the material glass in special segments of industrial applications.
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2.10.1 LASER GLASSES

Neodymium doped barium crownglass can be used as an active laser medium. This
was shown by Snitzer [55] in 1961. After that many glass types and dopants were
studied to be suited for laser applications. Nd with its fluorescence at 1.06 pum turned
out to be the most important activating ion species. The exact wavelength of the
emitted radiation and its linewidth are dependent from the glass composition. Phos-
phate glasses were found to be best suited as the host medium, particularly for high
power lasers. Several requirements must be fulfilled by the active laser medium
[55-58] :

e The pump light should be highly absorbed by the laser glass and it should emit as
much laser radiation as possible.

¢ The lifetime on fluorescence should range from 100 psec to some milliseconds.

e The optical homogeneity must be excellent and the internal damage threshold
must be high to withstand the intensive radiation. That means, no absorbing inclu-
sions as e.g. Pt-particles (from the Pt melting pot[56]) are allowed.

 Since the refractive index of glass is increased by intensive laser radiation given
by the non-linear refractive index n; (n=ny + n, -<E2>, with ny = index in absence
of intense radiation, E = the electric field strength of the light beam) its magnitude
should be as small as possible to avoid self-focussing of the laser beam.

* Generally temperature gradients should be kept to a minimum to prevent optical
path length changes influencing the beam quality. Considering these requirements,
several laser glasses doped with various concentrations of Nd were developed
successfully by Schott and Hoya [59].

The very powerful Nd glass laser is used for many technical applications in a

quasi-continuous mode of operation as for instance for cutting, welding and drilling.

A special high average power laser glass APG-1 was developed [60] for such appli-

cations with reduced coefficient of thermal expansion and increased thermal conduc-

tivity and Young's modulus.

The most powerful existing glass lasers are used in nuclear fusion experiments.
Operated in the pulse mode a single pulse duration of 1 ns amounts to 120 kJ which
corresponds to a power of 120.10' W. Focussed to 0.1.mm in diameter the target
reaches about 20 million °C.

2.10.2 GLASS CERAMICS AND ULTRA LOW EXPANSION GLASS IN OPTICS

The technical importance of glass ceramics, produced under different trade names
by various glass companies, was already mentioned in 2.9 .With the code number
7971 Corning [61] developed an ultra low expansion titanium silicate glass, manu-
factured by flame hydrolysis. This glass, called ULE, is formed as large boules,
typically 1.5 m in diameter by 0.15 m in thickness, from which virtually any size
product can be fabricated using a variety of techniques. Both materials have a thermal
expansion of even less than 0.2.107 K, and are transparent between 0.5 and 2.3um.
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Their non-porous structure, high isotropy and optical homogeneity allow the materi-
als to be processed like optical glass. After super-polishing extremely smooth sur-
faces with roughness values of only a few angstroms have been achieved. These
properties make such materials important for high precision optical applications as,
for instance, frames and mirror blanks in ring laser devices and for mirror substrates
in various telescopes.

2.10.2.1 LASER GYROSCOPES

Laser gyroscopes are modern instruments for very precise angle measurement
based on the Sagnac effect [62). He/Ne-Laser Gyroscopes are used today for naviga-
tion of air planes and rockets. Such devices require an extremely high dimensional
stability against temperature fluctuations and the used materials must also have a low
permeability for helium. The laser blanks must be extremely smooth to avoid light
scattering of the mirrors [63].

Using thermocompression bonding it became possible to build gyrometers that
measure the rate of rotation around three axes [64]. This required overcoming diffi-
cult micromachining problems such as drilling three cavities through a block of glass
ceramics for the laser beams to propagate. By using now only one gyroscope instead
of three, size, weight and costs were reduced. This new laser-based triaxial gyrometer
may become important in the aviation market.

2.10.2.2 SPACE TELESCOPES

The dimensional stability under thermal unstable conditions make glass ceramics
and ULE glass, because of their extremely low thermal expansion, best suited for
precise astronomical mirror blanks. Various sophisticated telescope projects were
realized with these materials ranging from X-ray telescopes; to visible and infra-red
airborne systems. Zerodur (Schott) is one of the often used glass ceramics for such
mirrors [65]. Particularly for the X-ray telescopes the surface roughness must be very
low to avoid X-ray scattering. In fact, roughness values of less than 4 angstréms have
been achieved [66].

An important advantage of ULE (Corning) is the possibility to fabricate light-
weight blanks because of the low density of 2.21 g.cm'3 of the glass itself (glass
ceramics have values between 2.5 and 2,6 g.cm™) and because of using special ma-
chined and fused core structures and bonding techniques [67].

Such mirrors are capable to withstand stress imposed by launch and the space
environment, including extreme and rapid temperature variations, high vacuum, zero
gravity, vibration and shock.

The demanding dimensional stability requirements of NASA's Space telescope
named after one of the leading American astronomers, Edwin P. Hubble are met by
this ultra low expansion glass Corning 7971. The Ritchey-Chretien telescope with
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only 10 tons is now in orbit 480 kilometres above the earth. With it is possible to
detect objects at least 50 times fainter than with the present largest ground-based
telescopes. This is a tremendous improvement in science of astronomy.

2.10.2.3 LARGE GROUND-BASED OPTICAL TELESCOPES

Telescope designs for ground-based astronomy are driven by the need for large
apertures to collect the faint energy of far distant astronomical objects. Thus the pri-
mary mirror design is often the most critical element in determining the parameters of
the whole system and affects the system mass, mechanical structure and enclosure
design. In contrast to a monolithic design, large telescopes are often composed of a
certain number of smaller' for instance, hexagonal off-axis segments [67]. This tech-
nique was used in the fabrication of the W.M.Keck telescope 10 m primary mirror (36
hexagonal mirrors plus 6 spare mirrors) [68]. Monolithic telescope mirrors up to about
4 m in diameter can be found in observatories round the world. However, the largest
monolithic telescope project, nearly finished, is the Very Large Telescope VLT of the
ESO (European Southern Obersrvatory). It consists of an array of 4 telescopes having
each a monolithic thin glass ceramic mirror blank with a diameter of 8.2 m and a thick-
ness of only 18 cm requiring a computer-controlled support system. The total light
collecting power of the four mirrors corresponds to that of a single monolithic mirror
with a diameter of 16 m. For the manufacturing of the thin menisci the modern spin-
casting technique was chosen. With that only 45 tons of glass were required. After
filling the casting mold with the amount of glass needed it was subsequently rotated at
an angular velocity of about 6 min” in order to obtain the approximate shape of the
mirror surface. When the glass viscosity became high enough to maintain the surface
figure the rotation of the casting mold was stopped and the mirror blank transferred into
an annealing lehr to cool down slowly to room temperature. After some machining a
second heat treatment transformed the glassy blank into zero expansion glass ceramic
material.

After grinding and polishing the final optical surface was found to be correct to
within 5.10°mm (50 nm). This surface accuracy, made by REOSC in France, is
equivalent to a deviation of only | mm over a surface of 165 km in diameter! [69 ].

2.10.3 GLASSES FOR PHOTONICS

In merging of optics and electronics to photonics, standard optical glasses flint and
crown, fused silica, uv-materials, heavy metal fluoride glasses and conventional infra-
red materials, continue to be basic materials for transmission and processing of infor-
mation with light. Today’s explosion in the use of photonic systems for a host of com-
mercial, manufacturing, transportation, military and medical applications, induced a
dramatic increase in the need of optical components with tight technical specifications
and high-quality surface finish and profile. Photonics requires: windows, lenses, filters
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prisms, mirror blanks, domes, cylinders and fibers from uv to ir. These components are
often only subsystems within large, complex devices. Mask making equipment for
semiconductors, high quality laser printing systems, airborne environmental and survey
cameras, robotic vision systems, and so on. Both, macro and micro optical components
are required [70].

2.10.4 GLASS FOR THE BUILDING INDUSTRY

Glass is becoming an increasingly important feature of modemn architecture opening
up a wide range of new possibilities for creative design and artistic expression. It is best
suited for a variety of applications involving thermal insulation, noise reduction, safety
improvement, fire prevention and solar protection. With many of this single special
glasses multifunctional combinations are possible demonstrating the enormous poten-
tial of modern glazing [71,72].

2.10.4.1 THERMAL INSULATION

The coefficient of heat transmittance U of a glass pane indicates the loss of energy
through the area of the pane. The U value of an ordinary window glass of 4 mm thick-
ness is about 5.8 W.m 2.K™. The U-value of conventional insulating glass panes is
generally dependent on the cavity between the panes and on the medium, air or inert
gas, contained in the cavity. With an air space of 6 mm the U-value is 3.5 W.m>.K"'
and will be further decreased to 3.0 W.m™~.K"' by increasing the air filled cavity to 12
mm [73]. Improvement of the U-value to 1.2 W.m2.K" with solar reflective insulating
glass is mainly achieved by a thin coating of noble metal, e.g. silver, on one glass pane
[74]. Because the spectral composition of the light passing through the panes is modi-
fied only negligibly, the colour climate in a room will remain practically unaffected.
When outside objects are viewed through the coated glass, no colour distortions are
apparent. It is only when the view through the glass is compared with the view through
an open window that a slight shading can be perceived.

2.10.4.2 NOISE REDUCTION

Noise is not simply noise and every noise source is different and produces a differ-
ent range of frequencies. Therefore the glazing requirements near an airport, for exam-
ple, differ considerably from those near a motorway. Various sound reducing double-
glazings units commercially available offer solutions for practically all noise sources.
Such double-glazing units may be formed by a combination of a thin pane and a thicker
outer pane with a special gas filling in the cavity. A special superior quality of
sound-reducing glazing consists of several panes of cast-in-place resin for enhanced
noise reduction [73,74].



36
2.10.4.3 SAFETY IMPROVEMENT

Security insulating glass is available in various categories [73,74] to suit the location
and type of building in question. It ranges from resistance to manual penetration to
bullet resistant glass. In the last case it is often necessary to apply especially tough glass
that is able to withstand hammers, axes, fire arms and even explosives. With an embed-
ded conductor loop it can be linked to a standard alarm installation. The glass panes can
also be coated for further functional or decorative reasons.

2.10.4.4 FIRE PREVENTION

This type of glass comprise a special sandwich construction made up of a series of
layers of float glass laminated with a number of layers of fully transparent liquid glass.
(Water containing viscous alkali silicate). The number and thickness of these layers
depends on the fire resistance category required. In case of fire the interlayers foam up
to form a tough protective shield that holds the float glass layers together and keeps fire
and smoke at bay for a period of e.g. 30 to 90 minutes. Such glazing also provides
thermal insulation. Foaming starts at a temperature of approximately 120°C in the
interlayer closest to the fire. Up to this moment the laminated glass system remains
transparent [73,74].

2.10.4.5 SOLAR PROTECTION

Glazings may present a vast sun trap. Interiors of a building heat up and create a
clammy atmosphere. The aim, therefore, is to achieve a favourable ratio of day-light
transmittance to total energy transmittance. Coating the inner side of the outer glass
pane in a double glazing with a thin noble metal layer modifies the transmission /
reflection property of the incident solar radiation. In some cases by coating also the
emissivity of the glass can be reduced from about 85% to lower than 20%. This, how-
ever, is only possible with electrically conducting layers.

By that means the transmittance of radiant heat is minimized, but a high amount of
incidental sunlight is allowed to pass through. Thin films of Au, Ag, SnO,, Bi,O; and
TiO; are applied in such commercial glazings.

Besides spectrally selective coatings also angular coatings and electrochromics
based coatings are proposed for this purpose [75].
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CHAPTER 3

3. NATURE OF A SURFACE

The surface of a solid material is the place where the material is in contact with
the surrounding medium. The term "surface" is used if the medium is vacuum or a
gaseous atmosphere. The contact with liquids or other solids is termed an "inter-
face". Surfaces and interfaces are a universal phenomenon of the real structure of
solid materials. The open arrangement of surface atoms or molecules compared with
those of the bulk leads to special surface properties. Generally, the changes in the
physical and chemical properties of surfaces are not limited to their topmost mono-
layer but to a more or less extended transition region.

Surfaces have received the attention of many scientists, and through the centuries
many investigations of their properties have been undertaken. Early experiments
concentrated mainly on an extensive study of their attractive forces. Thus, for exam-
ple, Newton [1,2] was familiar with the phenomenon of two flat glass plates which,
after being pressed together, could hardly be separation. He also knew that the pres-
ence of a liquid between the plates made the separation much more difficult. A
number of experiments to study the rise of liquid columns in capillaries of varying
diameter were carried out later [3,4,5,6]. From investigations of crystal growth, it
follows that growth takes place predominantly by stepwise addition of atoms on
surfaces or interfaces [7]. Degrading effects such as corrosion, abrasion and wear
also occur on the surface or in regions near the surface.

Today, it is generally accepted that many technical material problems are in real-
ity surface problems. This apparently is the reason for the great effort being invested
in studying surface properties and for the development of various surface-treatment
technologies.

3.1 CHARACTERIZATION OF A SURFACE

A surface is characterized by various specific physical, mechanical and chemical
properties. The surface structure can be crystalline, amorphous or of a mixed type
and be very different from the bulk. The atoms in the surface have a higher potential
energy. The properties of surfaces are determined by surface forces and surface
energies.

Depending on material and treatment, the surface can be an insulator, a semicon-
ductor or a conductor. Technically produced surfaces are flat or curved. A distinc-
tion is made between flatness, waviness and roughness. The surfaces contain defects
on an atomic and on a macroscopic scale. Such atomic defects are: point defects,
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dislocation lines, monoatomic ledges on cleavage planes. Macroscopic defects are:
polishing scratches, glass-drawing asperities, pores due to less than theoretical den-
sity of the material, grinding scratches, crystallite boundaries, surface warp and
fused particles. The different nature of these defects requires a variety of methods to
characterize quantitatively the condition of a surface. Finally, surfaces are charac-
terized by a different chemical composition from that of the bulk material. This phe-
nomenon depends on the generation and treatment of a surface, adsorp-
tion/desorption processes, surface swelling, leaching, surface reactions and segrega-
tion effects.

3.1.1 STRUCTURE OF A SURFACE

For the investigation of surface structures, electron-diffraction techniques such as
LEED [8] and HEED [9] are mainly used. Recently, an effort has also been made to
obtain structural information by spectroscopic techniques, i.e. SIMS [10]. The clean
surface of a single or polycrystalline material is structurally heterogeneous.

There are several different atomic positions that are distinguishable by their
number of nearest neighbours. There are atoms in terraces, where they are sur-
rounded by the largest number of neighbours. There are also atoms in steps and at
kinks in the steps. However, these sites have fewer neighbours than the atoms in the
terraces. Adatoms that are located on top of the terrace have, of course, the smallest
co-ordination number. This simple model describes the real situation very well. It is
interesting to note that each of the surface sites may have a different chemical reac-
tivity [11,12,13]. This explains much of the complexity revealed in studies of het-
erogeneous catalysis or corrosion. Surface atoms in any crystal face are in an aniso-
tropic environment, which is different from that around the bulk atoms. Each bulk
atom has a markedly higher crystal symmetry than atoms placed on the surface. The
changed symmetry and the lack of neighbours perpendicular to the surface favours
displacement of surface atoms in ways that are not allowed in the bulk.

Surface relaxation can give rise to a multitude of surface structures, depending
on the electronic structure of a given material. These displacement reactions are
called surface reconstruction’s. The surfaces of many metal, semiconductor and
compound materials have atomic structures that are different from those expected
from the projection of the X-ray bulk unit cell. The phenomenon is not fully inter-
preted. Further studies are required to understand the mechanism and nature of sur-
face restructuring,

The energy released by the creation of a surface can also induce chemical
changes. Surfaces of aluminium oxide and vanadium pentoxide exhibit both non-
stoichiometry and surface reconstruction [14]. Both oxide surfaces show a deficit in
oxygen. Similar effects were also observed with alkali halides.

Technical surfaces are almost always exposed to the atmosphere, in practice, and
are therefore, depending on the nature of the surface, covered with an oxide film
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and/or adsorbed gases and water vapour. Adsorption and compound formation are
not limited to the geometrical surface but can also occur at the grain boundaries.

Thicker compound films can be amorphous. In contrast to crystalline materials,
the polymeric structure of glasses shows a lack of symmetry and periodicity. The
constituent atoms have a statistical distribution and hence processes like gas sorption
and corrosion, occurring on a fresh surface made by fracturing, should proceed al-
most uniformly over the surface. Experiments with certain technical multicompo-
nent glasses, however, showed that glass may contain small domains of varying size
in the range between 0.01 and 0.1 pm. The domains are regions of differing chemi-
cal composition and may also be crystalline. That means, for example in the case of
water-vapour adsorption, higher H,O concentrations in regions containing more
hygroscopic oxides. Glass surfaces are often chemically cleaned or annealed. During
such treatments they lose soluble and volatile components leaving behind a silica-
enriched layer consisting, in the case of soda lime glass, of silicon and oxygen in a
random network structure as in fused silica [15]). The porous films that form on
weathered glass are also non-crystalline silica.

Particular types of macromolecules, production technologies used, or later treat-
ments may cause organic glasses also to contain small crystalline domains. Although
these domains are small compared with the wavelength of light, they cause a more
or less milky appearance in such heterogeneous materials. It is therefore likely that
super lattices are formed. There have been no special investigations on the, surface
structure of organic glasses. It can be assumed, however, that some crystalline areas
may also exist on or near the surface.

3.1.2 CHEMICAL COMPOSITION OF A SURFACE

Until recently, analytical investigations of surfaces were handicapped by the lack
of suitable methods and instrumentation capable of supplying reliable and relevant
information. Electron diffraction is an excellent way to determine the geometric
arrangement of the atoms on a surface, but it does not answer the question as to the
chemical composition of the upper atomic layer. The use of the electron microprobe
(EMP), a powerful instrument for chemical analyses, is unfortunately limited be-
cause of its extended information depth. The first real success in the analysis of a
surface layer was achieved by Auger electron spectroscopy (AES) [16,17], followed
a little later by other techniques such as electron spectroscopy for chemical analysis
(ESCA) and secondary-ion mass spectrometry (SIMS), etc. [18-23]. All these tech-
niques use some type of emission (photons, electrons, atoms, molecules, ions)
caused by excitation of the surface state. Each of these techniques provides a sub-
stantial amount of information. To obtain the optimum Information it is, however,
often beneficial to combine several techniques.

In considering the possible surface compositions, we must distinguish between
single and multicomponent materials. The composition of a given material in the
topmost layer is in both cases generally very different from the bulk composition,
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for several reasons. Technical surfaces have modified surface compositions owing to
the method used to create the surface. Cleaning procedures and finally adsorption of
gases and vapours, possibly covered up as a result of surface reactions, modify the
surface composition. In the case of gas adsorption in a multicomponent material
with sufficiently mobile atoms, surface enrichment of one constituent can occur by
the formation of preferred strong adsorption bonds (chemisorption, chemical reac-
tion) at the expense of other constituents that form weaker bonds. Materials with
mutual regular solution behaviour of their constituents minimize their surface free
energy by a segregation of that component with the lower surface tension. Embed-
ded or solute atoms and molecules with space requirements different from those of
the atoms of the host-lattice cause excessive strain in the material, so that generally
segregation of the component that is a misfit in the lattice occurs. In the case of the
formation of stable compounds of high lattice energy, the possible segregation in-
duced by the different surface tensions of the constituents ceases if the necessary
exchange energy exceeds the influence of surface forces. If no other effects occur,
the surface composition under those conditions is the same as the bulk composition
[24].

With multicomponent amorphous polymeric materials, prediction of the occur-
rence of a surface enrichment effect is very difficult because of many uncertain pa-
rameters. With worked multicomponent silicate glasses, the wet grinding and pol-
ishing process, and the cleaning with liquids, leaches out the soluble constituents,
e.g. the alkali and partially also the alkaline earth metal oxides. The silica network is
modified by chemical and physical water uptake and varying amounts of the oxidic
polishing agents which are incorporated into and near the surface. A glass surface
made by fire polishing or by casting has a composition that depends on the extent to
which the more volatile constituents have evaporated and been replaced by diffusion
from the bulk material. In addition to the lowering of mainly the alkali surface con-
centration, reaction or corrosion products may also be deposited. Treatment with
acids extracts all the basic oxides, leaving behind a silica-enriched surface layer.
That means that, after acid cleaning, different types of glass of evidently varying
volume composition tend to have almost the same surface composition. The thick-
ness of surface layers with modified composition on glass is, depending on the type
and duration of treatment, generally in the range between 1 and 100 nm.

The surface composition of clean plastics is generally homogenous. Surfaces
produced by injection moulding may be covered with mould-release agents or other
processing impurities that are hard to remove. To eliminate dust-collecting electrical
charges generated during processing, the surfaces are often provided with antistatic
layers, which can be removed by washing with water. Surface swelling occurs in
contact with many organic solvents and with water. Careful thermal treatments dis-
place the absorbed liquids without degradation of the plastic, and the swelling dis-
appears. Plastic substrate surfaces are sometimes treated with a non-gassing base
coat to improve surface smoothness and to promote adhesion of a later metal coat-
ing. The base coat can also play a significant role in matching a given coating-
substrate combination,
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3.1.3 ENERGY OF A SURFACE

The creation of a surface requires work [25]. This process is always accompanied
by a positive change in free energy S. The surface tension v is the reversible work
required to create a unit area of surface at constant temperature, volume, and chemi-
cal potential. The surface area may be increased by adding more atoms or molecules
to the surface or by stretching the existing surface. Surface-tension investigations of
solids result, depending on the experimental conditions, in values that are a combi-
nation of values for both surface tension and surface stress, and it is very difficult to
distinguish one from the other. With liquids, there is no difficulty in distinguishing
between surface stress and surface tension because the diffusion of atoms in the
liquid is fast enough to prevent or to remove the stress.

Another problem with solid surfaces is the lack of data on surface tension as a
function of temperature. Most data available are for higher temperatures. Although it
can often be assumed that the surface tension decreases with increasing temperature,
the behaviour over larger temperature ranges is usually unknown. The surface ten-
sion of a solid also depends on the crystallographic orientation and on the crystallite
size, which determine the influence of curvature on surface tension. Both parameters
further increase the difficulty in obtaining reliable surface-tension data.

TABLE 1
SURFACE FREE ENERGY OF OXIDES
Material Surface free energy Temperature Reference
S (erg cm®) T(K)
Al 04 928 300 [26 - 28]
B,0; 96 solid [29]
BaO 290 1373 [30]
Ca0 820 298 [31]
FeO 854 300 [32]
MnO, 620 2123 [33]
PbO 132 1173 [34]
SiO, 605 298 [31]
TiO, 380 MP [35]
Zn0O 90 [36]
Zr0O, 1130 - 770 <1423 [37,38]

In Table 1, the surface free energies of several important oxides are listed. As
may be seen in the table, the differences between the various Materials are remark-
able. In single and multicomponent. Materials the tendency towards the lowest pos-
sible value of surface free energy is the reason for recrystallization effects and for
sorption, phase separation, and segregation phenomena. Surface enrichment of the
component with the lowest surface-tension value is generally observed. Calculations
of the surface-tension and surface-enrichment effects were made for alloys (real
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solutions) using the values of the pure elements [39]. The surface energies of multi-
component silicate glass at 1000°C are between 200 and 300 erg.cm™. With alkali
glass, the surface free energy may be reduced by sodium migrating to the surface. It
can be expected therefore that the surface free energy of freshly fractured surfaces
will be higher than that of a melted sample. It is interesting to note that water vapour
reacts with glass surfaces and decreases the surface tension. Other atmospheric
gases, however, have no significant influence [40]. Later results in data collection of
published values for the surface tension of glass [41] are listed in Table 2. An in-
crease of temperature of the molten glass often decreases its surface tension. With
the same glasses, a sharp decrease of surface tension was observed between 600°C
and 750°C [42], the range in which the glass softens.

Temperature coefficients of surface tensions between - 0.4 and - 0.02 dyn cm’ oC!
[42-44] were measured and, depending on the glass composition, positive coeffi-
cients [45,46] as well as the negative TC values were observed. The influence of
glass composition on surface tension was studied by substituting one oxide compo-
nent for another [44]. An increase in y was observed by adding oxides in the se-
quence Na,O, BaO, CaO and MgO. It is assumed that the surface tension of glass
can be treated as an additive function of composition [47]. No data are available for
organic glasses. It is very likely, however, that their surface free energy values are
below 80 erg cm™. Surface energy can be reduced by segregation products of poly-
mer impurities and low-molecular-weight species.

TABLE 2

SURFACE FREE ENERGY OF SILICATE GLASSES

Material Surface free energy Temperature Reference
S (erg cm?) T (°C)

Soda-lime silicate

glasses 270 - 330 1100 - 1400 [41]

Soda-lime borosili-

cate glasses 244 -278 1000 - 1400 [41]

Lead silicate glasses 142 - 235 1000 - 1300 [41]

A knowledge of surface energy is important because it influences the adsorption
of gases, wetting by liquids, adhesion to solids, and frictional resistance.

3.1.4 MORPHOLOGY OF A SURFACE

The morphology of a surface is a very important property since it influences
physical and chemical behaviour of a material (e.g. light scattering and heterogene-
ous catalysis).In the case of a coating process, the surface is also the place where the
film-substrate interaction influencing many properties of the deposited film (e.g.
adherence, microstructure, topography) occurs. One of the most common methods of
forming surfaces on glass is by optical working, but it is difficult in this case to for-
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mulate generalisations about the surface finish. When in a fire-polishing process
glass is melted and cooled down, the surface is as smooth as that of a liquid. Once in
contact with the atmosphere, however, the surface may be rapidly attacked by vari-
ous corrosive agents, developing fissures and making the material porous, although
glass is generally nonporous. A less perfect surface finish is often obtained by the
technical wet-grinding and polishing processes. The topography and the nature of
surfaces on optically worked glass depend on the type and mechanism of the applied
polishing process.

The irregularities of a surface can be classified into three components of different
periodicities. As may be seen in Fig. 1, "flatness" has the longest periodicity of sev-
eral centimetres or even more. A medium value of periodicity of the order of the
wavelength of light is referred to as "waviness" and the shortest values in the nano-
meter region are designated "roughness". The flatness or planarity of substrates is of
main importance in the production of high quality mirrors and filters. It is inspected
by various interferometric techniques utilising a reference glass (mirror). The entire
substrate is viewed and the interference fringes form a contour map of the surface.
Atomically-flat surfaces over large substrate areas are almost unattainable. Even the
best single-crystal substrate acquires defects in the fabrication and manufacturing
process.

2SS S
POLISHED GLASS SURFACE

////{ PN
e UGHNESS

\/\/\/\/J‘\)\j\/\N
o

WAVINESS

FLATNESS
Fig. 1

Schematic representation of the surface topography of polished glass (a): and the various compo-
nents of topography (b, c, d).

A very good technique for the characterization of the smoothness of a substrate is
the well known stylus technique. With this technique, the surface waviness and sur-
face roughness can be determined very rapidly, and a quantitative measure of the
surface quality is also obtained. Polished crystal plates such as sapphire and polished
vitreous materials as, for example, fused silica, silicate glasses and organic polymers
show very uniform surfaces and yield smooth stylus traces. Drawn glass also has
smooth surfaces, with occasional surface irregularities of approximately 100 nm in
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height that stem from the forming operation. Drawn borosilicate glass, however,
tends to be wavy because of its relative high drawing temperatures and the short
working ranges. The deviations from a flat plane, however, are generally negligible.
Roughness and scratches are more critical. These defects are replicated by the de-
posited layers or propagate into the films as, for example, dislocations continue into
epitaxial layers and even fine scratches in the surface generate irregularities in the
films.

3.1.5 INTERACTIONS SOLID/GAS AND SOLID/SOLID

Surfaces always differ in behaviour from the bulk of a material because of the
abrupt changes that occur at and near phase boundaries. Surface atoms and mole-
cules are not in equilibrium states, since they are neither in one phase nor in the
other. Unsaturated bonds abound. This leads to an excess energy associated with the
surface, the so-called surface free energy which has different values for different
crystallographic orientations. There are different ways to minimize surface energy.
A simple way would be to reduce the surface area under the influence of surface
tension. But this is not realistic with solid materials. Surface free energy, however,
can also be lowered by adsorption and segregation phenomena.

One of the most characteristic properties of a solid surface is its ability to adsorb
gases and vapours. Adsorption occurs as a result of the interactions between the field
of force at the solid surface and that existing around the molecule of the gas or the
vapour which is to become adsorbed. For vapours at pressures near the saturation
pressure and for gases showing a specific chemical affinity for the solid, the amount
of adsorption can be substantially larger and may approach or even exceed the point
of monolayer formation. Adsorption is classified as physical if it involves only Van
der Waals’ forces and chemical if an exchange or sharing of electrons also take
place. Both types can be distinguished by the heat of adsorption. In chemisorption
the heat of adsorption is of the order of the heat of chemical reactions (e.g. AH = 10-
30 kcal-mole™),and so it is, in general, much higher than for physical adsorption
(e.g. - AH = 2-6 kcal - mole™). However, much smaller values can also be obtained
for true chemisorption. Thus, for example, a value of 3 kcal - mole™ was reported for
chemisorbed hydrogen on glass [48,49]. In principle, chemisorption can even be
endothermic, like certain bulk chemical reactions. A further distinction can be made
by the rate of adsorption. Like other chemical reactions, chemisorption is usually an
activated process and so it proceeds at a finite rate that increases with rising tem-
perature. The non-activated physical adsorption is fast at all temperatures, even at
the very low ones. A distinction can also be made by the thickness of the adsorbed
layer. Chemisorption is always confined to a single atomic or molecular layer
whereas in physical adsorption the layer, though monomolecular at lower pressure,
will become multimolecular at higher relative pressures.

Sorption phenomena have been extensively studied and there are many books
and review articles available [50-59]. Silicate glass usually has a great affinity for



48

water vapour. Besides containing smaller amounts of CO;, SO,, O,, N; glass in-
variably contains water bound in the bulk structure and on the surface as hydroxyl
groups and, mainly on the surface, also as adsorbed H,O molecules. A schematic
presentation of adsorbed water on glass is shown in Fig. 2. It seems that physical ad-

————————————————————————————— W Surface
H\ H 8-
- VAN
. (0] H H
Physisorbed : : d~50nm L Adsorbed
ll-l '? H /0\ water and
0 0 6H H gel film
——————————— I
. Nat H H H OH™
Chemisorbed : d~15nm
~OH H + OH
kf/‘gb’\—-./- _t'c\),p__ﬂg,zo_'-'_N_a_,‘_ —_———_——_—
SI\ /sll /sll /S]l /?I\

o) (o} 0 0 0 Soda lime
| | I | | silicate
./ e . ; ; lass

Si Si Si Si /SI ~ g
/s | e | / |\ /l N |
O- O\ -
Na* caz O°
Fig. 2

Schematic of the formation of a water film on glass by adsorption. The typical reactions are:
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In the physisorbed film mainly Van der Waals forces are responsible for bonding:
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00~ 06-
~‘~H8+/ \H6+
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sorption occurs only on sites where hydroxyl groups are chemisorbed [60]. A fresh
surface of, for example, soda-lime silicate glass in contact with an atmosphere of
unsaturated water vapour reacts (chemisorption) on active surface sites and forms
OH’ ions and it is also partially covered by adsorbed (physisorption) H,O molecules.
During longer exposure, the adsorbed water reacts with the alkali component in the
glass, yielding alkaline solutions on the surface, which attack the silica network,
forming silica gel. Contact with various gases, e.g. CO, may lead to surface absorp-
tion by the alkaline aqueous layer. It is obvious that adsorption phenomena on mul-
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ticomponent silica glass are rather complex. When glass is heated in a vacuum, gas
may be released both from the surface and from the bulk, depending on the applied
temperature. The nature and quantity of gases evolved during baking in a vacuum
was extensively studied [61-65] and was shown to depend on glass type, manufac-
ture technique, and surface treatment. A large collection of data appears in [66]. For
ordinary glass, the surface-water is removed by baking at 450 - 500°C or below. The
ratio of the liberated gases H,O: CO,: N, is about 100:10:1. In temperature treat-
ments above 550°C also, and mainly in the temperature range at which glass softens
and melts, the chemically-bound water in the interior is dissociated and is released
into the atmosphere [67,68]. Organic glasses also adsorb water vapour. They also
show permeation. For polystyrene, the total water sorption is about 0.3% and the
coefficient of permeation is 7.8 x 10 cm® - s [69]. Larger differences in the per-
meation property are caused by different solubilities. In general, there is no chemical
reaction between the plastic-polymer surface and the water vapour.

The solid/solid interaction is concerned with the nature and properties of the ad-
hesion between glass surfaces and the surfaces of other solid Materials. The ASTM*
defines adhesion as ,,a condition in which two surfaces are held together by either
valence forces or by mechanical anchoring or by both together [70]. The bonding
forces can be Van der Waals® forces, electrostatic forces (charging effects) [71]
and/or chemical-bonding forces which are effective across the Interface. The result-
ing adhesion energies are found to be between 0.1 and 10 eV. The physisorption
contributes up to approximately 0.5 eV of energy to the adhesion. The force lies
between 10* and 10°® dyn-cm™. The energy contributed from chemical bonds ranges
between 0.5 and approximately 10 eV. The corresponding forces are greater or
equal to 10" dyn-cm?.

The quality of the adhesion depends to a large degree also on the microstructure
of the interface layer that is forming. A distinction is made between five types of
interface layers [72-74] based on effects such as mechanical anchoring, more or less
abrupt material transition, chemical bonding, and diffusion as well as pseudo-
diffusion. More details on this topic are given in Chapter 5. This seemingly clear
picture of differing interface layers and types of interaction is clouded owing to the
fact that surfaces do not behave uniformly because they are under the influence of
so-called active and passive centres. Active centres include, for example, grain
boundaries, dislocations, vacancies, chemical inhomogeneities or crystallite faces
with varying chemisorption free energy and activation energies of the chemisorp-
tion. Passive centres also exist analogously to the active centres. Passive centres are
surface areas already covered with foreign material at which no chemisorption can
take place to any great extent. The quality of adhesion improves with time in some
cases, €.g2. Ag on glass; this phenomenon is explained by the slow formation (diffu-
sion) of an oxygen-bonded interface layer. Adhesion is determined in a complex
way by the sum of various intermolecular atomic interactions and may be influenced
by various parameters; these will also be discussed later in Chapter 5.

*  ASTM = American Society for Testing and Materials.



50
3.2 PRODUCTION OF GLASS SURFACES

In the industrial production of glass, a distinction must be made between mass
production for container glass and flat or sheet glass, and the production of more
special products like fibre glass for technical purposes and, in the highest qualities,
for optical communications. Finally, there are high quality products like optical
glasses and glasses for electronics, space technology, and biomedical applications.
Although glass containers are also coated with various films [70-73], the interest of
this monograph is directed more towards coatings on flat glass and on miscellancous
optical glasses.

The evolution of glass-production technology has been steady but rather slow. It
is interesting that this is in sharp contrast to the very rapid evolution of thin-film
technology. The soda-lime silicate glass known since early times is still the basic
glass material, and this will not change in near future. The estimated amount of the
world production of glass in 1993 reached about 80 million metric tons [84]. Most
of the glass is used in the container industry, and only about 25% of it is flat glass.
The saleable capacity of float and sheet glass in the European Union is estimated
[85] as 5,94 million metric tons for 1995 with a forecast of future capacity, based on
known changes, of 6,12 million metric tons for end of 1997. Of this quantity, about
75% is used for glazing in buildings, 22% in the automotive industry, and only 3%
in other branches. Although there are more than 250 different types of optical
glasses in use, the total quantity is small compared with that of flat glass. The ten-
dency to reduce the weight and to achieve an acceptable level of safety led to the
fabrication of thin laminated glass structures and also, because of the lower costs, to
an increase in the use of organic-polymer glasses. The numerous scientific and tech-
nical applications of glass require quite different surface qualities. In the field of
thin-film physics, the need for well defined surfaces is widely recognized. It is rec-
ognized that the quality of a surface finish depends strongly on the applied produc-
tion technology. The most important surface manufacturing methods are therefore
briefly reviewed here.

3.2.1 DRAWING AND CASTING

The fabrication of sheet and plate glass by the well-established Fourcault, Lib-
bey-Owens and Pittsburgh methods [74,75] uses drawing processes. In a vertical
sheet-glass machine, for example, the molten glass passes a slot of debiteuse which
also forms because of cooling a highly viscous glass ribbon. During further cooling,
this ribbon runs through transporting equipment consisting of many shaping rolls of
polished steel. The glass ribbon has a width of 2-3 meters and its adjustable thick-
ness is between 0.9 and 6.5 mm. The composition of the surface of flame-polished
glass is variable and depends on the extent to which the more volatile elements have
evaporated and been replaced by diffusion from the bulk. During cooling, a rather
smooth surface is created under the influence of the surface tension. Most applica-

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































