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PREFACE TO THE FIRST EDITION

e

Tnpresent volume on Glass Manufacture has been wyitten chiefly
for the benefit of those who are users of glass, and therefore, makes
no claim to be an adequgte guide or help to those engaged in glass
manufacture itself. For this reason the account of manufacturing
processes has heen kept as non-technical as possible ; no detailed
drawings of plant or appliances have been given, and only a few
illustrative diagrams have been introduced {or the purposeof avoid-
ing lengthy verbal descriptions. In deseribing each process the
object in view has been to give an insight into the rationale of each
step, so far as it i*known or understood, and thus to indicate the
possibilities and limitations of the process and of its resulting pro-
ducts rather than to provide & detailed guide to the technique of the
various operations. The practical aim of the book has further been
safeguarded by the fact that the processes described in these pages
are, with the exception of those described as obsolete to the author’s
definite knowledge, in commercial use at the present time. For
this reason many apparently ingenious and heautiful processes
described in earlier books on glass have not been mentioned here,
since the suthor could find no trace of their enployment beyond the
records of the various patents involved. On the ofher hand the
reader must be warned to bear in mind that the peculiar conditions
of the glass manufacturing industry have led to the practice-on the
part of manufacturers of keeping Lheir processes as secret as possible,
so thet the task ol the author who would give an accurate acoount:
of the hest modern processes used in any given department of the
industry is heset with great difficulties, The author has endeaveured
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t0 steer tho best course open to him under these circumstances, and
he would appeal to the paucity of glass literature in the English
language as evidence of the difficulsy to which he refers.

In adqition to these &ifficulties, which arise largely from considera-
tions of a commercial nature, the writer of a book on glass is further
confronied with technical difficulties of no inconsjderable order. As
already indicated, the aim of the preseut author has been to describe
processes from the point of view of principles and methods rather
than as inere rule-of-thumb deseriptions of manufacturing mahipula-
tions, but in doing this he is met at every turn by the fact that from
the scientific side 1he greater part of the field of glass manufacture
is & “terra incognila.” In making {his statement the labours of
many eminent selentific workers are by no nieans forgotten, bat the
entire field is so large and beset with such great experimental diffi-
culties that even the labours of a likt of investigators that includes the
names of Fraunhofer and Faraday, Stokes, Hopkinson, Abbé and
Schott, haveresulted in little more than an accumulation of empirical
data which, while they have been productive of great direct practical
results, have left the science of glass still in a very elementary condi-
tion. To take two examples in illustration of this fact we may
mention the question of the connection between chemjeal composi-
tion and any of the physical properties of glass, such as refraction and
dispersion of light, and on the more mechanical side the question why
all processes, such as rolling or moulding, which involve the contact

= of hol glass with metal result in a roughening of the glass surface.
The former question has been studied by several of the investigators
named above, Schott and Abhé having particularly devoted an
enormous amount of labour and money to the study of the question,
with results which have proved’ disappointing fromn the soientific
point of view. By prolonged experimenting and the employment

» of 8 costly sytem of trial and error an important series of novel and

~ nseful glasses has been produced by these workers, but no law by
whose aid the optical properties of a glass of given chemical composi-
tionroould be predicted has yet been diseovered, and as g summary.



PREFACK TO TIE FIRST EDTTION ° Vii

» ,

of the known facts only the vaguest general principles are available
for the guidance of those who wish to produce glasses of definile
properties, The same applies in assimilar degree to most of the other
propestics of glags, with the exception, perhaps, of density and
thermal expansion ; attempils to generalise from the known data of
a limited number of glasses generally meet with unqgualified failure,
The conclusion which one is forced to adinit is that the fundamental
principles underlying the nature and constitution of glasses have
yet to be discovered. A study of the other question mentioned above
as an example of the limitations ol our knowledge leads to the sainc
conchizion ; on almost engdless succession of inventors have busierd
themselves with devices for overcoming the roughening action of
rollers and moulds upon glass, but without any real success. A long
list of other examples of the same kind could be given, our know-
ledge of the physical and-chemical principles underlying many of the
phenomena met with in glass manufacture being deplorably deficient.
It will thus be seen that to write a truly scientific account of glass
manufacture is at the present time impossible, and the reader is
asked to bear this in mind if he should find the chemical or physical
explanations given in this book less frequent or less adequate than
could berdesired.

Having dwelt somewhat emphatically on the limitations of onr
present scientific knowledge as applied to glass manufacture, it is
perhaps scarcely necessary at the present time to emphasise the fact
that this state of affaira should act as the strongest iucentive to
further investigation of the whole subject, The difficulty, however,
Bes in the fact that such investigation can scarcely be carried on by
voluntarys workers in ordinary laboratories, but must be undertalken
with the active help of glass manufacturers at their works. Glass
is essential]ly a substance that cannot be saiisfactorily handled in
small guantitife, particularly so far as all the phenomene. connected
with its production and manipulation while hot are concerned ; the
infinences of containing vessels, of furnace gases and of rapid cooling
gre all ?nor;noualy exaggerated if ounces instead of hundredweights
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o tons of gluss are used for experimental purjoses, and these
influences and others of the same nature vitally alleet all the results
of small-scale laboratory operations. The progress ol our scientific
knowledge of glass -and the consequent development of the glass
industry from its present slate where 1ule-of-thumb and * practical
experiénee % still hold excessive gway~—Iles in the hands of those
concerned in the industry itself. It must be admitied that to under-
take such work involves the expenditurc of much time and money
on the part of 2 manufacturer, while the field is so large &nd ihe
problems so complicated thet any adequate return caunnot be
promised for the smediale foture ; on the other hand the very size
of the field and the difficulty of the problems oflers the promise of the
grealest wltimate reward ; a really imporiant scientific discovery in
connection with glass would be certain Lo bring in its train industrial
developments whose limits it isimpossible to foresee. The industrial
success of the glass-works of Schott in Jena Is often quoted as a
briliant example of commercial snccess resulting from purely
scientific investigations in this actual field; an example of still
greater niagnitude is furnished by the success of the aniline dye
works of Uermany, which are built up on purely scientific achieve-
menty. The glass industry as a whole, supplying some of the ahso-
lute necessaries of modern life, should be capable of oflering the
greatest rewards Lo success, and the example of other industries has
shown that ultimule success is bound 1o reward properly-conducted
and perseverani scientific research, Nowhere is this more urgently
needed than in the whole ficld of glass mannfacture.

The author is indebted to Mr. W. C. Hancock for valuable assist-
ance in the reading of proofs and various suggestions in connection
with the contents of this book.
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Ix the cleven vears which have elapsed since the first edition of
this book was written, the Glass Industry has undergone very great
development ; o far as the British industry is concerned, most of
this development has —under the stimulus of war—been growded
into the period of the four years 1915 to 1919 inclusive, and much of
this represents a suprenie effort made under adverse conditions, an
effort of which the glass manufacturers of (ireat Britain have good
reason to be proud. In endeavouring to revise the present work in
such & manner as to bring it into reasonable conlormity with the
present position of the industry while not too greatly exceeding the
original framework, it has not been possible to deal with the history
and development of each process. All that has been attempted is
to introduce brief accounts of modern developments—of which the
automatic blowing-machine of the Owens type may be taken as an
example—and to modify expressions of views and anticipations
where these have not been borne out by Lhe course of events.

Perhaps the most important modification introduced into the book
is the chapter (Chapter IV.) dealing with Refructories. This subject
has assumed a position of such fundamental importance in relsation
to glass manufacture that treatment in considerably greater detail
appeared to be justified.

Some typical analyses of various kinds of glassware are given in an
Aypendix ; the author has preferred to group them logether in this
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mahner, which aflords ready comparigon. rather thau o seatier them
through the various chapters.

The author wishes to express his indebteduness to two of his
colleagiues at the National Physical Laboratory -Mr. W. A. Withey
and Mr. I+ A. Coad-Pryor—for valuable help in the preparation of
this edition, the former in regard to the chemicattesting and analysis
of glags and the latter in connection with refractories.

TEDDINGTON,
December 18Lh, 1918,
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GLASS MANUFACTURE

CHAPTER 1
THE PHYSIOAL AND~OHEMIOAL PROPERTIES OF GLASS

AvraoucH the term “ glass ™ denotes a group of bodies which
possess in common 2 number of well-defined and characteristic
properties, it is difficult to frame a satisfactory definition of the
ferm itself. Thus while the property of transparency is at once
suggested by the word “ glass,” there are a number of true glasses
which are not transparent, and some of which are not even trans-
lucent. Hardness and brittleness also are properties more or less
characteristic ol glasses, yet very wide differences are to be found
in this respect also, and bodies, both harder and more fragile than
glass, are to be found among minerals and metals. Perhaps the only
really universal property of glasses is that of possessing an amorphous
structure, so that vitreous bodies as a whole may be regarded ss
typical of “structureless” solids. All bodies, whether liquid or
solid, must possess an ultimate structure, be it atomic, molecular
or electronio in character, but the structure here relerred to is not
that of individual molecules but rather the manner of grouping ar
aggregation of molecules.

In the great majority of mineral or inorganic bodies the molesules
in the solid phese are arranged in a definite grouping and the body
is said to have a crystalline structure ; evidences of this structure
are generally visible to the unaided eye or can be revealed by the

mijcroscope. Vitreons bodies on the other hand are characteristd
5 B



2 ¢ GLASS MANUFACTURE

Dy .the entire absence of such a siructure, a,n‘;l the mechanical,
optical and chemical behaviour of such bodies is consistent only
with the assumption that their niolecules possess the same arrange-
mient, or rather lack of arrangement, that is found in liquids,

The intimate resemblance between vitreous bodies and true
liguids is further emphasised when it is realised that true liguids
can in many instances pass into the vilreous state without under-
goiug any critical change or exhibiting any discontinuity of behaviour
such as ocours during the freezing of & crystalline body. In
tho latter class of substances the passage from the liquid to the
crystalline state takes place at one definite temperature, and the
change is accompanied by a considerahle evolution of heat, so
that the cooling of the mass is temporarily arrestod. In the case of
glasses, ou the other hand, the passagoe from the liquid to the appa-
rently solid condition is gradual and perfectly continuous, no
evolution of heat or retardation of cooling being observed even by
the aid of the most delicate instruments. We are thus justified in
speaking of glasses as “ congealed liquids * ; the process of congealing
in thiz case involves no change of structure, no re-arrangement
of the molecules, but simply implies a gradual stiffening of the
liquid until the viscosity becomes so great that the body behaves
like a solid. It is, however, just this power of becoming exceedingly
stiff or viscous when coocled down to ordinary temperatures that
renders the existence of vitreous bodies possible, All glasses are
capable of undergoing the chenge to the orystalline state when
kept for a sufficient time at & suitable temperature. The process
which then takes place is known as © devitrification," and sometimes
gives rise to serions manufacturing diffioulties. .

Molten glass may be regarded as & mutual solution of a number
of chemioal substances—usually silicates and borates. When cooled
in the ordinary way these bodigs remain mutuslly dissolved, and
ordinary glass is thus simply a congealed solution, The dissolved
substances have, however, natural freczing-points of their own,
wad if the molten mass be kept for any length of time a6 & temperature
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a little below one of'these freezing-points, that particular substance
will begin to solidify separately in the form of crystals. The facility
with which this will oceur depends upon the properties ol the
ingrediepts and upon the proportions in which they are presept in
the glass, In some cases Lhis devitrification sets in so readily thai
it can scarcely be prevented at all, while in other cases the glass
must be maintained at the proper iemperature for hours before
crystallisation can be induced to set in. In either of these cases,
provided *that the glass in cooled sufficiently rapidly to prevent
crystallisation, the sequence of events during the subsequent
cooling of the mass is this; as the temperature falls further and
further below the natural freezing-point of one or other of the
dissolved bodies, the tendency of that body to crystallise out at
fiegt rapidly increases; as the temperature falls, however, the
resistance which the liquid presents to the motion of the molecules
increases at a still greater rale, so that two opposing forces are at
work, one of them an increasing tendency towards crystallisation,
the other a still more rapidly increasing resistance to any change,
There is thus for every glass a certain critical range of temperature
during which the greatest tendency exists for the crystallising
forces to overcome the intgrnal resistance ; through this range the
glass musi be cooled at a #flatively rapid rate if devitrification is
to be avoided; at lower temperatures the orystallising forces
require increasingly longer periods of time to produce any sensible
effect, until, as the ordinary temperature is approached, the forces
of internal resistance entirely prevent all tendency to orystallisation.
The phenomena just described in reality constitute the natural
limit to the zange of bodies which can be obtained in the vitreous
staté : as we approach this limit the glass requires more and more
rapid cooling through the oritical range of temperature, and- is
thus more and more liable to devitrify during the manufacturing
processes, until finally the limit is set when no industrially feasible
rapidity of cooling suffices to retain the mass in the vitreous state.
While the range of bodies that can be obtained in the vitreous
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‘'stale is vory large, only a comparatively small n:imber of substances
are ordinarily incorporated in industrial glasses., With the exception
of certain speocial glasses used €or scientific purposes, such as the
construction of optfcal lenses, thormometers and vessels jptended
to resist ynusual treatment, all industriel glasses are of the nature
of mixed silicates of a few bases, viz., the alkalies, sodium and
potassium, the alkaline earihs, celcium, magnesium, strontium,
and barium, the oxides of iron and aluminium (generally present in
minor quantities), zinc oxide, and lead oxide. The msnner in
which these various elements enter into combination and solution
with one another has been much investigated, and the more general
conclusions have been anticipated in what has been said above.
It+is abundantly evident that glasses are not definite chemieal
compounds, but rather solutions, in varying proportions, ofga
geries of definite compounds in one encther. In many ocases the
actual constitution of industrial glasses is so complex as, for the
present at all events, to baffle adequate chemical expression.
One of the factors that limit the range of possible compositions
of glasses has already been indicated, and two others must now
be discussed. For industrial purposes, the cost and rarity of the
ingredients becomes a vital bar at a jn. stage ; thus the use of
such elements as lithium, thallium, ’I;:rohibitivaly costly. In
another direction the glass-maker is very effectively restrained by
the limitations of his furnaces as regards temperature. The presence
of excessive proportions of silica, lime, alumine, etc., tends to
raise the temperature required for the free fusion of the glass, and
when this temperature seriously exceeds 1600° C,, the manufacture
of the glaes in ordinary furnaces becomes impossible, Thus pure
silica oun be converted into & glass possessing very valuable pro-
perties, but the requisite temperature cannot be attained in regenera-
tive gas-fired furnaces such ss are ordinarily used by glass manu-
facbuvers. This limitation has, however, been overcome to a con-
siderable extent in the manufacture of pure silics glass, sometimes
kmown »8 vitreons silica. The high temperatures required in _this



PHYSICAL AND' CHEMICAL PROPERTIES OF GLASS &

case are obtained—on a relatively small scale, it is trae—by means
of elecirio or oxy-acetylene furnaces. None the less, vitreous silica
has become an important commercial produgt, whether in the
transluctnt and relatively cheap form produced by the fusion of
sand in an electric fugnace;or in the more perfect variety obtainable
in gmaller sizes either in the form of articles for laboratory use or
even in small blocks suitable for the production of small lenses.
The limitation of temperature, therefore, can no longer be regarded
a8 insupe.rable, but the special methods required when the range
of 1600° C. is oxceeded involve special prices for the objects pro-
duced as compared with more ordinary varieties of glass.

A fwther limitation in the cholte of chemical components is
placed upon the manufacturer by the actual chemical behaviour
of the glass both during manufacture and in use, Asregards chemical
behaviour during manufacture, it must be borne in mind that,
although glasses are of the nature of solutions rather than of com-
pounds, yet these solutions tend towards a state of saturation;
thus a glass rich in silica and deficient in bases will readily dissolve
any basioc materials with which it may come in contact, while, on
the other hand, a glass righein bases and poor in acid constituents
such as silica, borie acid ina, will readily absorb acid bodies
from its surroundings. g the process of melting, glass is
universally contained in fireclay vessels. These are chosen, as
regards their own chemical composition, so as to offer to the molten
glass as few as possible of those materials in which the glass itself
is deficient; yet a limit arises in this respect also, since glasses
very rich in bases, such as the very dense lead and barium glass
made for opfical purposes, rapidly attack any fire-clay with which
they may come in contact. The finished glass also betrays its
chemical composition by its chemical behaviour towards the atmo-
spherio agents, such as moisture and carbonic acid, with which it
comes in contaot ; glasses containing an excessive proportion of
alkali, for example, are found to be seriously hygroscopio and to
undaergo rapid decomposition, especially in & dafmp stmosphere.
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Within the limits set by these considerations, the glass manu-
facturer chooses the chemical cpmposition of his glass according to
the purpose for whjeh it is intended ; for most industrial products
the cheapest and most accessible raw materials that will' yield =
glass of the requisite appearance are employed, while for special
purposes the dependence ‘of physical properties upon chemical
composition is utilised, as far as possible, in order to attain a glass
specially suited to the particular requirements in question. Thus
the flint and barium glasses used for table and ornamental ware
derive from the dense and sirongly refracting oxides of lead and
barium their properties of brilliancy and weight. The [usibility
and softness imparted to the glass by the presence of these bases
further adapts it to its purpose by facilitating the complicated
manipulations to which the glass must be subjected in the manu-
facturing processes.

Taking our next example at almost the opposite extreme, the
hardest * combustion tubing,” which is intended to resist a red heat
without appreciable softening, is manufactured by reducing the
basic contents of the glass to the lowest possible degree, especially
minirmsmg the alkali content, and whe most, refractory bases

available, such as lime, magnesia, alumina in the highest
possible proportions. Such glass i course, difficult to melt,
and special furnaces are required for its production, but on the
other hand this material meets requirements which. ordinary soda-
lime or flint glass tubing could never approach. Ancther instance
of these refractory glasses is to be found in the Jena special ther-
mometer glasses and in the French (Tonnelot) “Verre dur 7;
the best of these glasses show little or no plasticity at temperatures
approaching 500° C., and have thus rendered possible a considerable
extension of the range of the miercury thermometer. Further
modification of chemical composition has resulted in the production
of glaysea which are far less subject to those gradual changes which
acour in ordinary glass when used for the manufacture of ther-
mometers—changes which vitiated the aceuracy of most ¢arly



PHYSICAL AND CHEMICAL PROPERTIES O GLASS 7

thermometers. A still more extensive adaplation of chemical com-
position to the attainment of desired physical properties has been
reached primarily as a result of the labours of Schott and Abbé,
in thescase of optical glasses. The work of*{hese men, arnd the
developments which have followed from it, both at the works
founded by them at Jena and elsewhere, have so profoundly modified
our knowledge of the range of possibilities embraced by the class
of vitreous bodies, that it is not at all easy at the present time to
realise the former narrow and restricted meaning ol the term “ glass.”
The subject of the dependence of the optical properties of glass
upon chemical composition will be referred to in detailin Chapter X1I.
on “ Optical ({lass,” but the outline of the influence of composition
on properties hero given could not be closed without some reference
to this pioneer work.

The chemical bohaviour of glass surfaces, to which we have
already referred, is of the utmost importance to all users ol glass.
The velatively neutral chemical behaviour of glass is, in fact, one
of its most useful properties, and, next to its transparency, most
frequently the governing factor in its employment [or various
purposes. Thus the entire use of glass [or table-were depends
primarily upon the fact that it does not appreciably afect the
composition and favour of edible solids or liquids with which it
is brought into contact—a property which is only very partially
shared even by the noble metals. Again, the use of glass windows

*in places exposed to the weather would not be feasible il window-

glass were appreciably attacked by the action of water or of the
gases of the atmosphere. For these general purposes, it is true,
most ordinary glasses ale adequately resistant, bub this degree
of perfection in this respect is only the outcome of the centuries
of experience whioh the practical glass-maker has behind hm in
the manufocture and behaviour of such glass. When, however,
a higher degree of chemical resistance is required for special pur-
poses, as for instance when glass is called upon to resist exposure
tQ hot, damp climates, or is intended to contain corrosive liquids,
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the rules which are an adequate guide to the glass-maker in meeting
ordinary requirements aro no longer sufficient, particularly when
the glass is expected to meel other siringent requirements as well,
It bas, in fact, frequbintly happened that a glass-maker, in striving
to improve the colour or quality of his glass, as regards freedom
from ‘defects, brillianey of surface, etc., has spoilt the chemical
durability of his products. The reason lies in the fact, long lmown
in general terms, that an increased alkali content reduces the
chemical resistance of glass, while at the same time such an increase
of alkali is the readiest means whereby the glass-maker can improve
his glass in other respects by making it more fusible and easier to
work in every way.

This subject of the chemical stability of glass surfaces attracted
much attention during the later part of last century, and careful
investigations on the subject were carried out, particularly at the
Reichsanstalt (Imperial Physical Laboratory) at Charlotienburg.
More recently (since 1914) this subject has also received much
attention in England, where researches have been carried out,
notsbly by 8ir Herbert Jackson at King’s College, London, and
at the National Physical Laboratory. As a result glasses of British
manufacture are now available which answer the most stringont
requirements. Similar efforts have also been made, with successful
results, in France and Amerioa.

Leaving aside the inferior glasses, containing, generally, more
than 15 per cent. of alkali, the behaviour of glass surfaces to the
principal ohemical agents may be summed up in the [ollowing
statements, Pure water attacks all glass to a greater or lesser
extent ; in the best glasses the prolonged action of cold water merely
exiracts a minute trace of alkalies, but in less perfect kinds the
extrattion of alksli is considerable an prolonged exposure even in
the cold, and becomes rapidly more serious if the temperature is
raised, Superheated waler, {.e, Wweter under steam pressure,.
becoraes an active gorroding agent, and the hest glasses can only
veaist its action for a limited time. For the gauge-glass tubes gf
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steam boilers working at the high pressures which are customary
at the present iime, specially durable glasses are required and
can be obtained, although many of the gauge-tubes ordinarily sold
are quite unfit lor the purpose, both from the present point of view
and from that of strength and “thermal endurance.”

In certain classes of glass, the action of water, especially ‘when
hot, is not entirely confined to the surface, some water penetrating
into the mass of the glass to an appreciable depth. The exact
mechanism of this action is not bnown, but the writer inclines to
the view that it arises from a partial hydration of some of the silica
or gilicates present in the glass. If such glasses be dried in the
ordinary way and subsequently heated, the surface will be riddled
with minute cracks, some glass may even flake off, and the whole
surface will be dulled. As such penetrating action sometimes takes
place—in the poorer kinds of glass—by the action of atmospheric
moisture whef the glass is merely siored in a damp place, it is often
mistaken for  devitrification.” This latter action, howaver, is not
known to oceur at the ordinary temperature, although glass when
heated in a flame frequently shows the phenomenon ; it is, however,
entirely distinct from the surface ““ corrosion ** just described.

Water containing alkaline substances in solution acts upon all

I glagses in a relatively rapid manuer; it acts by fist abstracting
silica from the glass, the alkali and lime being dissolved or mechani-
cally removed at a later stage. Water containing acid bodies in
solution—i.e., dilute acid—on the other hand acts upon most
varigties of glass decidedly less enmergetically than pure water,
and much less vigorously than alkaline solutions; this peculiar
behaviour probably depends upon the tendency of acids to prevent
the hydration of silica, this substance heing thereby emabled to
act as a barrier to the solvent action of the water upon the alkaline
constituents of the glass, The better varieties of glass are also
practically impervious to the action of strong acids, althoigh
certain of these, such as phosphoric and hydrofluorie, exert a rapid
agpion on all kinds of glass. Only certain special glasses, containing
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‘an exoessive proportion of basic constituents and of such sub-
stances as horic or phosphorio acid, are capable of being completely
decomposed by the action of stfong acids, such as hydrochloric or
nitria, the bases enfering into combination with the acide, while
the silicic and other acids are liberated.

In ‘connection with the action of acids upon glass, mention should
be made of certain special actions that are ol practical importance.
The dissolving action of hydrofluoric acid upon glass is, of course,
well known. This acid is used in practice both in the liquid and
gaseous form, and also in that of compounds from which it is readily
liberated (such as ammonium or sodium fluoride), for the purpose
of “etching ” glass, and also in decomposing glass for purposes of
chemical analysis. Next in importance ranks the action of carbonic
acid gas upon plass, espedially in the presence of moisture. The
action in question is probably indirect in character ; the moisture
of the air, condensing upon the surface of the glass, first exerts its
dissolving action, and thus draws from the glass & certain quantity
of alkali, which almost certainly at first goes into solution as alkali
hydrate (potassium or sodium hydroxide); this alkaline solution,
however, rapidly shsorbs carbonic acid from the air, and the car-
bonate of the alkali is formed, If the glass dries, this carbonaie
forms a coating of minute crystals on the surface of the glass,
giving it a dull, dimmed appearance; this, however, only occurs
ordinerily with soda glasses, since the carbonate of potassium is
too hygroscopic to remain in the dry solid state in any ordinary
atmosphere, Potash glagses are, as such, no more stable chemiaally
than soda glasses, but they are for the reason just given less liable
to exhibit a dim surface. If the dimming process, in the case of a
soda glass, has not gone too far, the brighiness of the surface of the
glass may be practically restored by washing it with water, in
which the minute crystals of carbonate of sode readily dissolve,
while separated silica is removed mechanically, An attempt made
to clean the same dimmed surface by dry wiping would only result
in finally rnining the surface, since the small sharp crystals qof
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oarbonate of soda would be rubbed about over the surlace, scralching
it in all directions.

The dimming process in the cfse of the less resistant glasses is
not ohly confined to the formation of alkdline carbonates; the
films of alksline solution which are formed on the surface of glass
form & ready breeding-ground for certain forms of bacteria and
fungi, whose growth occurs partly at the expense of the glass ilself ;
the precise nature of these actions has not been fully studied, but
there can be little doubt that silicate minerals—and glass is to he
reckoned among these—are subject io bacterial decomposition,
a well-known example in another direclion being the *“ maturing
of clays by storage in the dark, the change in the clay being accom-
panied by an evolution of ammonia gas. In the case of glass it
has been shown that specks of organic dust falling upon & surface
may give rise to local decomposition. In this connection it is
interesting to note the effect of the presence of a small proportion
of borio acid in some glasses, The presence of this ingredient in
small proportions is known to render the glass more resistant to
atmospheric agencies, and more especially 1.0 render it less sensitive
to the effects of organio dust particles lying upon the surface. It
has heen suggested—probably rightly—that the boric acid, entering
into solution in the film of surface moisture, exerts its well-known
antiseptic properties, thus protecting the glass from bacterial and
fungoid activity.

The durability of gless under the aotion of atmospheric agents
is a matter of such importance that numerous efforts have been
made to establish a satisfactory iest whereby this property of a
given glass may be ascertained without awaiting tho results of
experience oblained by actual use under unfavourable conditions,
One of the earliest of the tests proposed consisted in cfposing
surfaces of the glass to the vapour of hydrochloric acid. For this
purpose some strong hydrochloric acid is placed in a glass ox porce-
lain basin, and strips of the glass to be tested are placed across the
$op of the basin, the whole being covered with a bell-jar. After
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saveral days the glass is examined, and as a rule the less stable
glasses show a dull, dimmed surface as compared with the more
stable ones. A more elaborate fdim of test depends upon the [act
that agueous ether sofutions react readily with the less stableckinds
of glass; if a suitable dye, such as iod-eosin, be dissolved in the
water-other solution, then the effect upon the less stable glasses
when immersed in the solution is the formation of e strongly adhoerent
pink film. The density or depth of colour of this film may be re-
garded as measuring the stability of the glass; the best kinds of
glass remain practically free from coloured film. In its application
to oplical glass the test is made on a freshly fractured surface
which, after careful brushing with a olean, dry brush, is first exposed
to & moist atmosphere for & week in a closed vessel. The glass is
then dipped in an aqueous ether solution of iod-eosin (terta-
iodo-fluorescein) where the pink film is formed ; it is then washed
by dipping in ether, which removes the excess of iod-eosin. The
pink film is then dissolved off in water and the colour of the resulting
solution is matched against o standard solution containing a known
amount of sedium-iod-eosin. In this way a quantitative estimation
of the amount of alkali liberated from the glass surface is obtained.
Optical glasses have heen classified in five categories according to
the results given under this test, as follows ;:—

Class “H, » gives 0 to 5 milligrammes of iod-eosin per sq, metre,

Clags“H, " ,, b5tol0 » . . .

Class “H, * ,, 101020 »

Class “H, " ,, 20t040 .

CIBSS “ Hﬂ » ” 10 to 80 » L) 2 LL)

In its application to glass-ware for use in chemical laboratories
the test iz used in o slightly different form. The vessels ave first
given & preliminary cleaning by standing with water at 20° C. for
one week, They are then emptied and refilled with fresh water
and allowed to stand for another week, again at 20° ¢, A measured
volume of this water, now containing the alkalies dissolved from
the glass, ig then taken and shaken with a measured volume of thee

» 3 3

L] » L2
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ether solution of jod-eosin. The water then becomes coloured
by the formation of sodium iod-eosin and some free iod-eosin is
also dissolved in it. The latter is removed by shaking with ether
saturafed with water. The colour of the remaining water sqlution
is then estimated by comparison with e standard solution as before.
There is no doubt that this test, if the working conditiohs are
very carefully observed, gives a sharp olassification of glasses,
but there is good reason to doubt whether this classification agrees
with their true durability in practice, since ccrtain glasses which
have proved very satisfactory in this respect in practical use all
over the world were classed among the less stable kinds by this
test. On the other hand certain dense lead and barium glasses
which are not very stable in practice, yet receive a high classifioation
under the iod-eosin test, as this only takes note of alkali liberated.
Rocently a method of testing glass for durability has been
developed in which the glass is exposed to superheated water in
an autoclave under a steam pressure of 4 to b atmospheres, At
the correspondingly high temperature, water attacks glass with
comparative rapidity, and the test is based on the assumption that
the resisting power of glass against the action of water in the auto-
clave is proportional to its power of resistance under more ordinary
conditions. This assumption has yet to be finally established, but
the test furnishes a means of guantitative comparison between
different kinds of glass which-—in its present form—is only applicable
to hollow-ware such as laboratory vessels. It might, however, be
applied to optical and other glass if its trustworthiness is demon-
strated. The extent to which the glass has been attacked is measured
both by determining the alkali content of the water which hasa
stood in the vessel during the test and also by evaporating this
golution and weighing the total solid residue, and this residue will
include, besides the alkali, eny eilica, lead, barium, ete,, which
may have been extracted from the glass by the superheated water,
Before leaving the subjeet of the chemical behaviour of glass,

e:; reference should be made to the changes which glass undergoes
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when acted upon by light and other radiations. Under the influence
of prolonged exposure to strong light, particularly to sunlight,
and still more so to ultra-violet.light, or the light of the sun at
high altitudes, practieally all kinds of glass undergo changes which
genorally take the form of changes of colour. Glasses containing
manganese especially are apt to assmme a purple or brown tinge
under such circumstances, although the powerful action of radium
radiations is capable of producing similar discoloration in glasses
free from manganese. Apart from these latter effects, of which
very little is known as yet, there can be no doubt that the action
of light brings about chemical changes within the glass, but it is by
no means easy 10 ascerlain the true nature of these changes, although
they most probably consist in a transfer of oxygen from one to
another of the oxides present in the glass. Although it has not
been definitely proved, it seems very unlikely that the glass either
loses or gains in any constituent during these changes. Good
examples of the changes undergone by glass under the action of
sunlight are frequently found in skylights, where the oldest panes
sometimes show a decided purple tint which they did not possess
when first put in place. The glass spheres of the instruments used
for obtaining records of the duration of sunshine at meteorological
stations also show signs of the changes due to light—the glass of
these spheres when new has a light greenish tint, but after prolonged
use the colour changes to a decided yellow. The coloured glass in
stained-glass windows aso shows signs of having undergone changes
of tint in consequence of prolonged exposure to light ; glass removed
from ancient windows usually shows a deeper tint in those portions
which have been protected from the direct action of light by the
leading in which the glass was set, and it is at least an open question
whether the beauty of ancient glass may not be, in part, due to the
mellowing effect of light upon some of the tints of the design. This
photo-sensitiveness of glass is also of some importance in connection
with the manunfacture of photographic plates. It has been found
that if the glass plate of s strongly-developed negative be clea.neé,lh,
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a decided trace of the former image is retained by the glass, and
this image is apt to reappear as a ‘‘ ghost ” if the same glass is again
coated with sensitive emulsion and again exposed and developed.
The best makers of plates recognise this fact and_do not re-coat gla.ss
that has once been used for the production of a negative.



CHAPTER II

THE PHYSIOCAL PROPERTIES OF GLASS

The Mechanical Properties of Glass are of considerable importance
in many directions. Although glass is rarely used in such a manner
that it is directly oalled upon to sustain serious mechanical stresses,
the ordinary uses of glass in the glazing of large windows and sky-
lights depend upon the strength of the material to a very con-
siderable extent. Thus in the handling of plate-glass in the largest
sheet, the mechanical strength of the plates must be relied upon
to & odnsidgrable extent, and it is this factor which really limits
the size oﬂ'pla.te that can be safely handled and installed. The
same limitation applies to sheet-glass also, for, although its lighter
weight renders it less liable to break under its own weight, its
thinner section renders it much more liable to nocidental fracture.
In apecial cases, also, the mechanical strength of glass must be
relied upon to a oonsiderable extent. Gauge tubes of high-pressure
boilers, port-hole glasses in ships, the glass prisms ingerted in
pavement lights, and the glass bricks which have found some use
in France, as well as champagne bottles and mineral water bottles
and syphons, are all examples of uses in which glass is exposed to
divect stresses. It is, therefore, a little surprising that while the
mechanieal properties of metals, timbers, and all manner of other
materials have been studied in the fullest possible manner, those
of glass have received very little attention, at all events so far as
published data go. One reason for this state of affairs is probably
to be found in the fact that it is by no means easy to determine the
strength of so brittle and hard & body as glass. As a consequence
ever the soanty data available can only beregarded as first a.pprgxi'-
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mations, The following data are only intended to give an idea of
the general order of strength to be looked for in glass:—

Tensile strength :
From 1 to 4 tons per sq. in. (Trantwine).
s 3tolf,, . » (Henrivaux).
» 2108k, » (Winkelmann and Schott).
s Dtob6 " » (Kowalski).

Crushing strength :
From 9 to 16 tons per =q. in. (Trautwine).
» Blo 8, , , (Winkehnann and Schott).
» 28027 ,, ,, ,  (Kowalski).

Of the above figures the experiments of Winkelpnann and Schott
are probably by far the most reliable, but these refer to a series
of special Jena glasses, selected with a view to dotermining the
influence of chemical composition on mechanical properties, and,
unfortunately, this series does not include glasses.at all closely
resembling those ordinarily used [or practical pl‘nposes. The
attempt to connect tensile and crushing strength with chemical
composition was also only very partially successful; but the™
results serve to show that the chemical composition has a profound
influence on the mechanical strength of glass, so that by systematic
research it would probably be possible to produce glasses of con-
siderably greater mechanical strength than those al present known.
It must be noted in this connection thet the mechanical prog.erties
of glass depend to a very considerable extent upon the rate of
cooling which the specimen in question has undergone. It is well
known that by rapid eocling, or quenching, the hardness of glass
can be considerably increased; such treatment elso increases the
strength both as against tension end compression, and numerous
processes have been put forward for the purpose of utilising these
effects in pracilice. Unfortunately the “hardened ¥ glass thus
obtained is extremely sensitive to minute scratches, and flies to

pisces as soon a8 the purface is broken, when t.he great internal
(-8 N a
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stress which always exists in such glass is thereby relieved. All
these peouliarities are, of course, dependent as to their degree wpon
the rapidity with which the glass has been cooled, and the aim of
inventors in this field has been to devise a rapid cooling process
which should strike the happy mean between the increased strength
and the induced brittleness resulting from quenching, Thus pro-
cesses for “‘ tempering ” glass by cooling it in a blast of steam or
in a bath of hot oil or grease have been brought forward; but,
although some such glass is manufactured, no very extensive
practical application has resulted.

Elasticity and Ductility of Glass.—In a series of glasses investigated
by Winkelmann and Schott, the modulus of elasticity (Young's
Modulus) varied from 3,600 to 5,100 tons per sq. in., the value being
largely dependent upon the chemical composition of the glass.
Measurable ductility has not been observed in gless under ordinary
conditions except in the case of chempagne bottles under test by
internal hydraulic pressure; in these tests it was found that a
permanent increase of volume of & few tenths of a cubic centimetre
could be obtained by the application of an internal pressure just
short of that required to burst the bottle—pressure of the order
of 18 to 30 atmospheres being involved. This small permanent
set has been ascribed to incipient fissuring of the glass, and this
explanation is probably correct, On the other hand, glass is capable
of decided flow under the prolonged action of relatively small forces ;
the behaviour of large discs of worked optical glase suggests some
suoch action, but & more familiar and well-marked example is found
in the behaviour of ordinary glass tubing. If this is stored in a
slightly inclined position—as in lesning against the wall in a corner—
it gradually sags to a very marked extent, so that glass tubing which
is required to remain straight st be kept lying flat on a shelf,
In this respect glass behaves in a manner which recslls the bohaviour
of piteh or of sealing-wax, and like these materials it is essentislly
s liquid of very high viscosity.

Hordness \s a property of some importance in most of the applipa-
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tions of glass. The durability of glass objects which are exposed
to bandling or to periodical cleaning must largely depend ujon
the power of the glass to resist scratching ;, this ajplies to such
objecls as plate-glass windows and mirrors, spectacle and other
lenses, and m a minor degree to table-ware. On the other .hand,
the exact definition and means of measuring hardness are not yel
satisfactorily settled. Experimenters have found 1t very difficult
to measure the direct resistance io scratching, since it is found,
for example, that two glasses of very different hardness are yet
capable of decidedly scratching each other under suitable con-
ditions. Resort has therefore been had L0 other methods of measuring
hardness ; the method which, from the experimential point of view,
is, perhaps, the most satisfactory, depends wpon principles laid
down by Hertz and elaborated experimentally by Auerbach., This
depends upon measuring the size of the circular area of contact
produced when a spherical lens is pressed against a flat plate of the
same glass with a kmown pressure. Auerbach himself found sone
difficulty in deciding the exact connection between the * indentation
modulus ” thus determined and the actual hardness of the glass.
This method is, therefore, of theoretical interest rather than of
use in testing glasses for hardness. A test of a more practical kind
consists in exposing specimens of the glasses to be tested to abrasion
ageinst a revolving disc of cast-iron fed with emery or othor abrasive,
and to measure the loss of weight which results from a given amount
of abrading action under a kmown contact pressure. If a number
of specimens of different glasses are exposed to this tost at one time,
a very good comparison of their power of resisting abrasion can be
obtained. It is not quite certain that this test measures the actual
“ hardness ” of the glass, but it affords some information as to its
power of resisting abrasion, and for many purposes this power is
the important factor,

Hardness being, as indicated ahove, & somewhat indefinite term,
it is not poseible to give any precise statement as to the influence

of phemical composition upon the hardness of glass. In general
c?
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terms it may be said that glasses rich in silica and lime will be
found to be hard, while glasses rich in alkali, lead or barium are
likely to be soft. Itgmust, however, be borne in mind that rapid
cooling, or even the lack of careful annealing, will produce a very
great inorease of hardness in even the softest glasses. The actual
behaviour of & given specimen of glass will, therefore, depend
upon the nature of the processes which it has undergone as well
as upon its chemical composition.

The Thermal Properties of Glass, although not of such general
importance as the mechanical properties, are yet of considerable
interest in a large number of the practical uses to which glass is
constantly applied. Perhaps the mostimportant of these properties
is thal known as thermal endurance, which measures the amount
of sudden heating or cooling to which glass may be exposed without
risk-of fracture ; the chimneys employed in connection with incan-

" descent gas burners, miner’s lamp chimneys, boiler gauge glasses,
laboratory vessels, and even table and domestic utensils are all
exposed at times to sudden changes of temperature, and in many
cases the value of the glass in question depends principally upon
its power of undergoing such treatment without breakage. The
property of “ thermal endurance " itself depends upon a considar-
able number of more or less independent factors, and their influence
will be readily understood if we follow the manner in which sudden
change of temperature produces stress and, sometimes, fracture in
glass objects. If we suppose a hot liquid to be poured into a cold
vessel, the first effect upon the material of the vessel will be to
raise the temperature of the inner surface. Under the influence of
this rise of teriperature the material of this inner layer expands,
or endeavours to expand, being resirained by the resistance of the
cenirsl and outer layers of material which are still cold ; the result
of this contest is, that while tho inner layer is thrown into a state
of compressjon, the outer and central layers are thrown into a
state of tension. Accordingly, if the tenston so produced is suffi-
ciently great, the outer layers fracture under tension and the whale
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vossel is shattored by the propagation of the crack thus initiated.
From this description of the process it will be seen that a high
coefficient of expansion and a low modulus of elasticity will both
favour fracture, while high tensile strength will tend to prewent it.
The thermal conductivity of the glass will also affect the result,
because the intensity of the tensile stress set up in the colder layers
of glass will depend upon the temperature gradient which exists in
the glass; thua il glass were a good conductor ol heat it would
never be possible to set up & sufficient difference of temperature
between adjacent layers to produco fracture; for the same reason,
vessels of very thin glass are less apt to break under temperature
changes than those having thick walls, since the greatest difference
of temperature that can be set up between the inner and outer
layers of & {hin-walled vessel can never be very considerable. It
also follows from these considerations that if a cold glass vessel
be simultaneously heated or cooled from both sides, it can be safely
exposed to a much more sudden change of temperature than it
could withstand if heated from one side alone; on the other hand,
when very thick masses of glass have to be heated, this must be
done very gradually, as a considerable time will necessarily elapse
before an increment of temperature applied to the outside will
peuetrate to the centre of the mass. It should also be noted here
that in addition to the thermal conductivity of the glass, its heat
capacity or specific heat also enters into this question, since heat
will obviously ponetrate more slowly through a glass whose own
rise of temperature absorbs a greater quantity of heat. It will
thus be seen that “ thermal endurance ’ is a somewhat complicated
property, depending upon the factors named above, viz. : coefficient
of expansion, thermal conduotivity, specific heat, Young’s modulus
of elasticity, and tensile strength.

The coefficient of thermal expansion varies considerably in
different glasses, and we can here only state the limiting values
between which thess coefficients usunally lie; these are 37 x 107
a8 the lower, and 122 X 1077 as the upper limit, These figures
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express the oubioal expansion of the glass por degree Centigrade,
the corresponding figures for steel and brass respoctively being
about 360 %107 and 648 X 10 7 respectively. It is interesling to
compare with these fifures the corresponding value for pure vitreous
silica, which, between 0° and 100°C. is 15 x 10~%. It should be
noted that vitreous bodies of extremely low expansibilily are
obtamable by the suitable choice of ingredients, but in some cases
these * glasses” are white opagne bodies, and in all cases they
present great difficulty in manufacture, owing to the fact that alkalies
and lime must be avoided in their composition.

Quite apart from the question of therinal endurance, the expansive
properties of glass are of some importance. Thus, when several
kinds of glass have to be united, as, [or example, in the process of
producing “ flashed " coloured glass, it is essential that their co-
efficients of expansion should be as nearly as possible the same;
otherwise considerable stresses will be set up when the glasses,
which have been joined at a red heat, are allowed to cool. On the
other hand, this mutual stressing of two glasses owing to differences
in their thermal expansion has been utilised for the production of
tubes and other glass objects possessing special strength. If a tube
be drawn out of glass consisting of two layers, one considerably
more expansible than the other, and the cooling process be rightly
conducted, it is possible to produce & tube in which both tho inner
and outer layers of glass are under & considerable compressive
stress. Not only isglass, as we have seen above, enormously stronger
a3 against compression than it is against tension, but glass under
compressive stress behaves as though it wore & much tougher
material, being less liable to injury by scratches or blows. Moreover,
if & tube in this condition be heated and then exposed to sudden
cooling, the first effect of the application of cold will be 2 contraction
of the surface layers, resulting in a relief of the initial condition of
compression, These tubes are, therefore, remarkably indifferent
to sndden caoling, although they are naturally more sensitive to
sudden hesting. In this respact they differ entirely from ordina;:y
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glass, which is considerably more sensitive to sudden cooling than
to sudden heating, particularly when the heat or cold is applied to
all the surfaces of the object at the same time, Special tubes made
of two layers of glass in this manner have been manufactyred for
special purposes, among which boiler gauge glasses are the most
important. It should also be mentioned here that the renrarkable
thermal endurance of vitrified silica, which can be raised to a red
heat and then immersed in cold water without risk of breakage, is
chiefly due to its very low coefficient of expansion.

In another direction the expansive propertics of glass are of
importance wherever glass is rigidly attached io metal. At the
present time this is done in several industrial products, such as
incandescent, electric lamps and “ wired ” plate glass. In certam
varieties of incandescenl lamps, metallic wires are sealed into the
glass bulbs, and the only metal available for this purpose, ai all
events until recenily, has been pletinum, whose cosfficient of
expansion is low as compared with most metals, and whose freedom
from oxidalion when heated to the necessary temperature makes
it easy to produce a clean joint between glass and metal. The
use of certain varieties of nickel steel has been patentvd for this
purpose, since it is possible to obtain nickel steel alloys of almost
any desired coefficient of expansion from that of the alloy known
as “invar,” having a negligibly small expansion compared with
that of ordinary siteel. By choosing a suitable member of this
gories a metal could be obtained whose coefficient of expansion
corresponds exactly with that of the glass to which it is to be united.
The oxidation of the nickel steel when heated to the temperature
necessary for effecting its union with the glass presented serious
difficulties to the production of & tight joint, and several devices
for avoiding this oxidation have been patented. The most effective
probably consists in coating the nickel steel with a thin sheath of
platinufn. In the incandescent electrie lamp, although the joint
between glass and metal is required to be perfectly air-tight, the

two bodies are only attached to une another over a very shorb
A
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length. In wired plate glass, however, an entire layer of wire
netting is interposed between i{wo layers of glass, the wire being
inserted during the process of rolling. Here a cerlain amount of
oxidation of the wirefis not of any serious importance, as il only
appears to give rise to a few bubbles, whose presence does nol
interfete with the strength and usefulness of the glass; but any
considerable difference of coefficient of expansion will produce the
most serious results on account of ihe great lengths of glass and
metel that are attached to each other. Thisfactor hasbeen neglected
by some manufacturers, with the result that much of the wired glass
of commerce is liable to crack spontaneously soufe time after it has
left the manufacturer’s hands, while there is also much loss by
breakage during the process of manufacture.

Thermal expansion is a vital factor in yet another of the uses
of glass. Our ordinary instrument for measuring temperature—
the mercury ithermometer—is very considerably affected by the
expansive behaviour of glass. When a mercury thermometer is
warmed the mercury column rises in the stem because the mercury
expands upon warming to a greater extent than the glass vessel,
bulb and stem, in which it is contained, The subject of the gradua-
tions and corrections of the meroury glass tharmometer is a very
large one and somewhat outside the seope of the present valume;
but attention should be drawn in this place to the peculiarities of
the behaviour of glass that have been discovered in this connection.
One of these ia that when first blown the bulb of a thermometer
takes n very considerable time to acquire its final volume, the
result being, that if a freshly made thermometer is graduated,
after some time the zero of the instrument will be found considerably
changed, generally in a direction which indicates that the volume
of the bulb has slightly incrcased. By a special annealing or
* ageing * process this change can be completed in a comrparatively
short time before the jnstrument in graduated., There is, however,
a further peculiavity which is prominent in some thermometers,
although very greatly reduced in the best madern glasses. T]J.ii
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becomes apparent in a decided change of zcro whenever the ther-
mometer has been exposed for any length of time 1o a high tem-
perature, the zero gradually returning more or less to its original
position in the course of time, With thermom@ters made of glasses
liable to these aberrations, the reading for a given temrerature
depended largely upon the immediate past history of the instru-
ment ; but thermometer glasses are now available which are almost
entirely freo from this defect. In this connection the curious fact
has been observed that glass containing, both the alkalies (potash
and soda) shows these thermal eflects much more markedly than
a glass containing one ol the alkalies only.

The thermal conductivity of glass, except in so {ar as it affects
the thermal endurance, is not a matter of any great direct practical
importance, although the fact that glass is always a comparatively
poor conductor of heat is utilised in many of its applications, as,
for example, the construction of conservatories and hot-houses,
although even in that case the opacity of glass to thermal radiations
of long wave lengths is of more importance ithan its low thermal
conductivity. Similar siatements apply, in a still more marked
degree, to the subject of the specific heat of glass.

The FElectrical Properties of glass are of much greater practical
importance, glass being frequently used in eleotrical appliances as
an ingulating medium, The insulating properties of glass, as well
as the property known as the spedific inductive capacity, vary
greatly acoording lo the chemical composition of the material.
Generally spesking, the harder glasses, 4.e., those richest in silica
and lime, are the best insulators, while soft glasses, rich in lead or
alkali, are much poorer in this respect. In practice, particularly
when the glass insulator is exposed to even a moderately demp
atmosphere, the nature of the glass affects the resulting insulation
or shsence of insulation, in another way. Almost all varieties of
glass have the property of condensing upon their surfaces a decided
film or layer of moisture from the atmosphere, and, as we have
sean‘ above, glasses differ very considerably in the degree to which
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they display this hygroscopic tendenay, The softer glasses are
much more hygroscopic than the hard ones, and the rosulting film
of surface moisture serves to lessen or even to break down the
insulating power of+the glass, the electricity leaking away along the
film of moisture. In the case of appliances for static eleatricity,
where very high voltages have to be dealt with, an cndeavour is
sometimes made to avoid this leakage by varnishing the surface
of the glags with ghellag or other similar substance, and this pIO.Ves
o satisfactory remedy up to & certain point.

Although glass at the ordinary temperature is rightly regarded
a8 one of the best insulators, yot ai high temperatures, when the
glass is in a molten or—more properly—in a mobile condition, it
becomes a relatively good conduetor of eleetricity. Its conducting
powers when in the mobile liquid state are due to the fact thet it
scts as an electrolyte, and—il matters are suitably arranged—it
can be electrolysed in such a manner as to cause an actual separation
of the metallic elements present at the cathode. This property of
becoming o fairly good electrical conductor when molten makes
it: possible to heat glass electrically by the passage of a sufficiently
heavy ocurrent, and this process is employed practically in certain
types of electric furnace. It is, however, surprising to find that
glass can begin to act as an electrolyte and can undergo appreciable
electrolysis at & ftemperature as low as 200° O, This has been
experimentally proved by Werburg and subsequently by Roberts-
Austen, who describes his experiments in the Third Report to the
Alloys Research Committee of the Institution of Mechanical
Engineersin 1895. The results are so remarkable that a part of the
deseription may be quoted :—** Thick bulbs were blown from baro-
meter tube (of soda glass) ; andin most of the experiments the glass
was efeatrolysed, using mercury and an amalgam of some metal a8
cathode and anode respectively. The tomperature was from 250° C.
to 380° C. ; the electromotive force employed was 100 wolts; and
* the eurrent in the oase of the sodium experiments averaged ahout
one thoussndtk of an ampere and was sometimes as high as one
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fiftieth of an ampere. . . . In the experiments in which sodiwn
amalgam had been placed in the bulb and pure mercury outside,
sodium passed into the mercury to the extent of 0-03 grammes. . . .
The passage of the mercury follows the ordinary laws of electralysis.

. It is doubtful whether the sodium from the amalgam actually
penetrated right through the glass, but there can be no question
that it replaced a considerable proportion of the sodium which the
glass contained. An attempt to pass potassium through the same
glass failed. Gold was then used, both in the form of amalgam
and dissolved in metallic lead, but in the latter case the temperature
employed was of course higher. No gold was found to have been
transmitted through the glass; but the glass employed became
coloured by gold, and minute spangles of the metal were found
embedded in it.” This work of Roberts-Austen confirmed the
results of Warburg, who had found that while lithium could be
caused to pass electrolytically through a soda glass, potash could
not—the difference being ascribed to the fact that lithium has
& lower atomic volume than sodium, while potassium hae & higher
atomic volume. Kven in the case of lithium, however, the glass
used for the electrolysis hecame opaque and brittle. Perhaps the
most important significance of these facts lies in the obvious con-
clusion that ordinary glass at so moderate a temperature as 200° C,
is sufficiently fluid to act as an electrolyle—a fact which serves
to strengthen the view—now almost universally accepted—that
glass is essentitilly & viscous liquid and nol a “solid * in the strict
sense,

The most valuable and in many ways the most interesting of
the properties of glass—its transparency—has not been dealt with
us yet, and all mention of this subject has been postponed to the
end of the present chapter, because the whole subject of the optical
properties of glass will be dealt with more fully in the chapter on
optical glass (Chap. XTIL), so that a very brief reference only need
be made to the matter here.

?here can be no doubt that, in most of its practical applications,
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transparency is the fundamental and essentinl properly which
leads to the employment of glass in the place of either stronger or
cheaper materials. By transparency, in this sense, we wish to
include mere transldcence also, since very frequently it is as neces-
sary to avoid undisturbed visibility as it is to secure the admission
of light. It is indeed hard to find any use to which glass is exten-
sively put into which the function of transmitting light does not
very largely enter. Almost the only such example of use is the
modern application of opal glass to the covering of walls, and the
use—not as yet widely extended—of pressed glass blocks as bricks
and paving stones ; in these cases it is the hardness and smoothness
of surface that gives to the vitreous body its superiorily over other
materials, but apart from these special cases, the facl remains
that wel) over 95 per cent. of the glass used in the world is employed
for purposes where fransmission of light is essential {0 the attain-
ment of the desired result, either from the point of view of utility
or from that of beauty. It is interesting to note that the power of
transmitting light is not shared by many solid hodies. Some col-
loidal organic bodies, such as gelatine and cellulaid, possess the
property to a degree comparable with glass, while certain mineral
crystals, such as quartz and fluor-spar, may even surpass the finest
glass in this respect ; while some of the other optical properties of
glass are greatly exceeded by such natural substances as the diamond
and the ruby. But the very brevity of thia list is in itself striking,
because it must be borne in mind that transparency by no means
constitutes the only common characteristic of vitreous bodies.
Although the transparency of glass is so valuable and indeed so
essential & property of that substance, it must be remembered that
no kind of glass is perfectly transperent. Quite apart from the
fact that of the light thet falls upon a glass surface, however per-
fectly polished, a considerable proportion is turned back by reflection
at the surface of entry and agein by reflection at the surface of exit
from the glass, a certain proportion of light is absorbed duiing
its passage through the glass itself, and the transmitted bea.n: is
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correspondingly weakened. In the purest and best glasses this
absorption is so small that in any moderate thickness very delicate
insiruments are required to show that thero has been any loss of
light at all; but even the best glass, when examined through a
thickness of 20 in. or more, always shows the effects of the absorp-
tion of light quite unmisiakably. Tu fact, not only does all glass
absorb light, but it does this to a different degree according to the
colour of the light, so that in passing through the glass a beam of
white light becomes weakened in one of its constituent colours
more than in the others, with the result that the emergent light is
slightly coloured. Thus the purest and whitcst of glasses, when
examived in very thick pieces, always show a decided blue or green
tint, although this tint is quite invisible on looking through a few
inches of the glass. The ordinary glass of commerce, however, is
far removed from even this approach to perfect transparency. The
best plate glass shows a slight greenish-blue tint, which ig just
perceptible to the trained eye when a single sheet of moderate
thickness is laid down upon a piece of white paper. When a sheet
of this glass is viewed edgewise, in such a way that the light reaching
the eye has traversed a considerable thickness, the greenish-blue
tint of the glass becomes more apparent. By holding strirs of
various kinds of glass, cut to an equal length, close together and
comparing the colour exhibited by their ends, a means of comparing
the colours of apparently ““ white ” glasses is readily obtained, It
will be found that different specimens of glass differ most markedly
in this respect. Sheet glass is, as a rule, decidedly deeper in colour
than polished plate, but rolled plate is as a rule much greener—the
colour of this glass can, in fact, in most cases be seen quite plainly
in looking through or at the sheets in the ordinary way,

The question of how far the colour of glass affects the valve of
the light which it transmits depends for its answer upon the purpose
to which the lighted space is to be put, Where delicate comparisons
of colaur are to be made, or other delicate work invalving the use
of t}le colour sense is to be carried on, it is essential thet all eclouration
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of the entering daylight should be avoided, and the use of the
most colourless glass obtainable will be desirable. Again, in photo-
graphic studios it is important to secure a glass which shall absorb
as small a proportion of the chemically active rays contained in
daylight as possible, and special glasses for this purpose are avail-
able. Although for the present the price of these special glasscs
ey prove prohibitive for the glazing of studio lights, their use is
found highly advantageous where artificial light is to be used to
the best advantage. On the other hand, for everyday purposes,
the slight tinge of colowr introduced into the light by the colour
of ordinary sheet and plate glass, or even of greenish rolled plate
gless, has no deleterious eftect whatever, the majority of persons
being entirely unconscious of its presence. )

(Hass which has been intentionally rendered ebsorbent for light
ol certain wave-lengths is employed for special purposes, The
whole range of coloured glasses will, of course, fall under this descrip-
tion, but apart from these a whole series of glasses has been developed
by the researches of Crookes, the object being to produce & material
for spectacle lenses which will protect the eye of the wearer from
the harmful effects of very short (ultra-violet) and very long (infra-
red) light waves. This is especially important for furnace workers,
such as those employed in glass manufacture, whose eyesight
puffers from continued exposure to the radiation of molten glass.
Crookes has obtained remarkable results by the introduction of
the oxides of the rare-earth elements, notably ceria, into his glasses,
some of which, while so slightly tinted as to he scarcely notable,
yet afford very considerable protestion to the eye. For other
purposes, such ae observers at sea or in aeroplanes, who are ohliged
to face the glare of the sun and of its reflection in the water, deeply
tinted glasses are employed,

Another purpose for which glass intentionally rendered ahsorbent:
for ultra-violet light is sometimes employed with great advantage
is the protection of valuable objects from fading or other deteriora-
tion resulting from prolonged exposwre to strong light. S\}eh
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exposure of valuable objects ocours both in the rooms of private
houses and in musenms and picture galleries, The glazing of such
places with glass which—without being unpleasantly tinted—yet
absorbs the greater part of the ultra-violet rays would undoubtedly
effect a great reduction in the rate of deterioration of exposed
objects, since it has been shown that ultra-violet light, although not
the sole cause of this kind of fading, is certainly one of the most
important and active factors in the prooess.

Further consideration of the subject of the transmission of Light
by glass, its absorption, refraction, dispersion, etc., are, however,
best grouped together as the ““optical ” properties of glass, and
under that heading they will receive a fuller treatment in connection
with the subject of the manufacture of glass for optical purposes.



CHAPTER III
THE BAW MATERIALS OF GLASS MANUFACTURE

TuE choice of raw materials for all branches of glass manufacture
is & matter of vitel importance. As a rule all “fixed ” bodies that
are once introduced into the glass-melting pot or furnace appear
in the finished glass, while volatile or combustible bodies are more
or less completely eliminated during the process of fusion. Thus,
while the chemical manufacturer can purify his products by filtra-
tion, orystallisation, or some other process of separation, the glass-
maker must eliminate all undesirable ingredients before they are
permitted to enter the furnace, and the stringency of this condition
is increased by the fact that the transparency of glass makes the
detection of defects of colour or quality exceedingly easy. For
the production of the best varieties of glass, therefore, an exacting
standard of purity is applied to the substances used as raw materials.
As the quality of the product decroases, so also do the demands
upon the purity of raw materials, until finally for the manufacture
of common green hottles, even such very heterogeneous substances
a8 basaltic rock and the miscellaneous residues of broken, defective
and half-melted glass forming the refuse of other glassworks may
be utilised more or lesa satisfactorily.

For the best kinds of glass the most desirable quality in raw
materials is thus as near an approach to purity as possible under
commercial conditions, and next to that, as great a constancy of
composition as possible. For instance, the quantity of moisture
oontained in & ton of sand appreciably affects the resulting com-
position of the glass, and if the sand cannot be obtained perfectly
dry, it should at least contain & constant proportion of moisture,
otherwise it becomes necessary to determine, by chemical tests,
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the percentage of moisiure in the sand that is used from day to day,
and to adjust the quantity used in aecordance with the resulis of
these tests, a proceeding which, of course, materially complicates
the whole process. In other cases, variable composition is nel so
readily allowoed for, and uncontrollable variations in the composition
of the glass result—at tines the quality falls off unaccountably, or
the glass refuses to melt freely at the usual temperature, The
systematioc employment of chemical analysis in the supervision of
both the raw materials and of various products will frequently
enable the manufacturer to trace the causes of such undesirable
oceurronces ; hut however necessary such control undoubtedly is,
it cannot entirely compensate for the use of raw matorials liable
to too great a variation in composition or physical character. For
not only the chemicnl composition but also the physical condition
and properties of the material are of importance in glass manu-
facture. Thus it is essential that materials to be used for glass-
melting should be obtainable in a reasonably fine state of division,
and in this connection it must be remembered that both exceedingly
bard bodies and soft plastie substances can only be ground with
very great difficulty. Further, where a substance occurs naturally
as a powder, this powder should be of uwniform and not too fine
grain, more especially if it belongs to the class of refractory rather
than of fluxing ingredients. In that case the presence of coarser
graing will result in their remaining in the undissolved state in the
finished glass, unless excessive heat and duration of “founding
be employed to permit of their dissolution. This applies chiefly
to siliceons and caleareous ingredients, but herdened nodules of
galt-cake may behave in a similar manner.

A further consideration in the choice of raw materials is facility
of storage. Thus limestone in the shape of large lumps of stone
which are only ground to powder as required, is readily stored, and
undergoes no delaterions change even if exposed to the weather;
on the other hand, sulphate of soda (salt-cake), if stored even in
maderately dry plages, mapidly agglomerates into hard masses,

dh,

o
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at the same time absorbing a certain percentage ol moisture. Such
properties are nol always to ke avoided, salt-cake for example being
an indispensable ingredient in many kinds of glass-meking, but
the value of a subsiance is in Bome cases materially lessened by
such causes.

The raw materials ordinarily employed in glass-making may be
grouped into the following olasses :—

(1) Sources of silica.
(2) Bources of alkalies.
(8) Bources of bases olher than allralies.

(1) Sources of Silica.—The principal source of silica is sand. This
substance ocours in nature in geological deposils, often of very
oonsiderable area and depth. These deposits of sand have always
been formed by the disintegration of & siliceous rock, and the
fragments so formed have been sifted and tra.nspott'ed by the
ageney of water, being finally deposited by a river either in the sea
(marine deposits) or in lakes (lacustrine deposits), while the action
of water, either during transport or after deposition, has frequently
worn the individual particles into the shape of rounded grains,

In consequence of this origin the chemical composition of sand
varies very greatly with the nature of the rock whose denudatlon
gave rige to the deposit. Where rocks very rich in silica, B, OF Byen
consisting of nearly pure silica, have been thus denuded, the result-
ing sand is often very pure, deposits containing up to 99-9 per cent.
gilica being known. More frequently, however, the sand contains
fragments of more or less decomposed felspar, and smaller quan-
tities of many other minerals, which introdnce alumina, iron and
alkalies into its composition. Finally, “sands™ of all ranges of
composition from the pure varieties just referred to down to the
clay marls, very rich in iron and alumina, are known.

For the hest varieties of glass, viz,, optical glass, flint glass and
the whitest sheet-glass, as well as for the best “ Bohemian * glass,
& 'very pure variety of sand is required, preferably contsining less
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than 006 per cent. of iron, and not more than 0-0b per cent of other
impurities such as alumina, lime or 4lkali. As a matter of fact,
sands containing so little iron rarely contain any other impurily
except alumina in measurable quantities. The best-known deposit
of such sand in Burope is that at Fontainebleau, near Paris, bui
equally good sand is found at various places in (termany and Austria.
The study of British resources in glass-making sands has been
taken up with great energy during recent years, and an exhaustive
memaoir on the subject haes been prepared by Professor P. G. II.
Boswell. From ihe account there given it appears thai there is
at least one very promising British source of pure silica situated
at Muckish Mountoin, Co, Donegal, but this is rather of the nature
af o crushed friable rock than a true sand. This material, however,
appears to be sufficiently pure—if the quality can be maintained
when exploitation on the large scale is attempted—to be used for
the highest grades of glass. Samples and correspondingly good
analyses can also be obtained from many other British sources
which suggest satisfactory possibilities, and experiments to utilise
such sands for good quelities of glass have been made, in some
instances with the promise of success. The real test, howevar, is
that of continued wuniformity of satisfactory quality over long
periods of commercial exploitation. In many cases careful washing
or even treatment with dilute acid would effect very material
improvement, but it has been rightly poi:pted out that the cost of
sand for most purposes must be kept so low that little margin
remains for the careful treatment of the material at the pit or during
transport. It follows from this considerstion that a sand deposit
which is naturally pure and uniform will—even if under the dis-
- advantage of a grester distance—render competition by less-
favoured deposits very diffioult. The real importance of finding
a home source of supply of sand for high-guality glass has, however,
been realiced, and thanks to the work of Boswell progress in that
direction may be confidently expected. A detailed account of

the varions sand deposits end their characteristios ocannot
" v
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be given here, and the reader iy referred io Boswell’s original
memoir,

Next in order of value to these exceedingly pure sands, come
the glass-making sands of Belgium, notably of Epinal. These
usually contain [rom 0-2 to 0-3 per cent. of iron and rather more
slumina, but they are used very largely for the manufacture of
sheet and plate-glass. When the standard of quality is further
relaxed, a large number of sand deposils become available, and the
manufacturers of each district avail themselves of more or less
local supplies. Finally, for the manufacture of the cheapest class
of hottles, sands containing up to 2 per cent. of iron and a con-
siderable proportion of other substances are employed.

Bilica, in various states ol purity, oceurs in nature in & nurmber
of other forms than that of sand. By far the commonest of these
is that of more or less compact sedimentary rock, known as ““ sand-
stone.” As far as chemical composition is concerned, some of these
stones are admirably suited for inaking the best kinds of glass,
although as a rule a stone is not so homogeneous as the material
of a good sand-bed. The stone has the further disadvantage that
it requires to be crushed to powder before it can be used for glass-
making, and the crushed product is generally a mixture of grains
of all sizes ranging from & fine dust to the largest aize of grain
passed by the sieves atiached to the crushing machine, ~The presence
of the very fine particles is a distinct objeotion from the glass-maker’s
point of view, so that it would probably be necessary to wash the
gand to remove this dust—a process that in itself adds to the
cost of the crushed stone and at the same time leads to the loss of
a gerious percentage of the material, Objections of the same kind
apply, but with still greater force, to the use of powdered quartz
or flint as sources of silica for the glass-maker; further, these
materials are cxceedingly hard and therefore difficult to orush,
so that their price is prohibitive for glass-making purposes, The
nse of ground quartz and flint is therefore confined to the ceramic
industries in which these substances serve as sources of gilica for

Ls
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both bodies and glazes; in former times, however, ground flint
was extensively used in the manufacture of the best kinds of glass,
as the still surviving name of ““ flint glass » {estifies.

Minerals of the felspar class, consisting essentially of silicates of
alumina and one or more of the alkalies, are extensively used in
glass-making and should be mentioned here, since their high silica-
content (up to 70 per cent.) constitutes an effective source of silica.
As a source ol this substance, however, most felspars would be
far too expensive, and their use is due to their content of alumina
and alkali.

(2) Sources of Alkali—Originally ihe alkaline constituents of
glass were derived from the ashes of plants and of seaweed or “ kelp ' ;
in both cases the alkali was obtained in the form of carbonate and
was ordinarily used in a very impure form ; at the present time,
however, the original source of alkali for industrial purposes is
found in the natural deposils and other sources of the chlorides of
sodium and potassium. At the present time it is not yet industrially
possible to introduce the alkalies into glass mixtures in the natural
form of chlorides. The principal difficulty in doing ihis arises from
the fact that the chlorides are volatile at the temparature of glass-
melting furnaces and are only acted upon by hot silica in the presence
of water vapour. Intiroduced into an ordinary glass furnace, there-
fore, these salts would be driven off as vapour before they could
combine with the other ingredients in the desired form of double
silicates.

Alkalies are, therefore, introdnced into the glass mixture in less
volatile and more readily attackable forms. Of these the carbonate
is historically the earlier, while the sulphate is at the present time
industrially by far the more important. The Carbonate of Soda,
or soda ash, which is used in the production of some special glasses,
and is an ingredient of English flint glesses, is produced by either
of two well-known chemical prooesses. Ome of these is the “ black
ash,” or “ Le Blanc ” process, in which the chloride is first converted
into sulphato by the direct action of yulphuric acid, and the sulphate

4
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thus formed is converted into the carbonate by calcination with
a mixture of calcium carbonate and coal. The sodium carbonate
thus formed is separated by solution and subsequent evaporation.
A purer form of sodium carbonate can be obtained with great
regularity by the ““ ammonia soda * process, in which a solution
of sodium chloride is acted upon by ammonia and carbonic acid
under pressure. Soda ash produced by this process is now supplied
regularly {for glass-making purposes in a state of great purity and
constancy of composition. Il is upon these quslities that the
great advantages of this substance depend, since its relatively high
cost precludes its use exoept for special kinds of glass, and for these
purposes the qualities named are of great value,

For most purposes of glass-making, such as the production ol
sheet and plafe-glass of all kinds, the alkali is introduced in the
form of salt-cake—a.e., sulphate of soda. This product is obtaned
88 the result of the first step of the Le Blanc process of alkali manu-
facture—i.6., by the action of sulphuric acid on sodium chloride;
salt-oake is thus a relatively crude product, and its use is due to
the fact that it is by far the cheapest source of alkali available for
glass-making, There are, however, certain disadvantages con-
nected with its use. The ohief of these is the fact that silica cannot
decompose salt-cake without the aid of a reducing agent; ‘such
a reducing agent is partly supplied by the flame-gases in the atmo-
sphere of the furnace, but in addition to Lhese a certain proportion
of carbon, in the form of coke, charcoal or anthracite coal, must be
added to all glass mixtures containing salt~ceke. The use of a
slightly incorrect quantity of carbon for this purpose leads to
disastrous results, while even under the bhest conditions it is nobt
easy to remove all traces of sulphur compounds from glass made
in this way. A further risk of trouble arises in connection with
salt-vake from the faet that it is never entirely free from more or
loss deleterious impurities. Aeccording to the exact manner in which
it has been prepared, the subsiance always contains a small excess
either of undecomposed sodium chloride or of free sulphurio acid,
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car the latter may be present in the form of sulphate of lime. A
good salt-cake, however, should contain at least 97 per cent. of
anhydrous sodium sulphate, and not more than 1-0 per cent. of
either sodium chlovide or sulphuric acid. While pure sodium
sulphate is readily scluble in water, ordinary salt-cake always leaves
an insoluble residue, consisting frequently of minute particles of
clay or other material derived from the lining of the furnace in
which it was prepared, or from the tools with which 1t was handled ;
and these impurities are liable 1o become deleterious to the glass
if present in any quantity. The insoluble residue should not exceed
0-5 per cent. in amount, and in the best sali-cake is generally under
0-2 per cent.

Sali-cake possesses certain other properties that make it somewhat
troublesome to deal with as a glass-making material. Thus, on
prolonged exposure, particularly to moist air, the powdered salt-cake
absorbs moisture [rom the atmosphere and undergoes partial
conversion into the crystalline form of “ Glauber’s Salt,” a process
which results in the [ormation of exceedingly hard masses. Ground
salt-cales, therefore, cannot be stored for any length of time without
incurring the necessity of regrinding, and this accretive action even
comes into play when mixtures of glass-making materials, con-
taining salt-cake a8 one ingredient, are stored. In practice, therefore,
salt-cake can only be ground as it is wanted, and its physical pro-
perties make it difficult to grind it at all fine, while the dust arising
from this process is peculiarly irritating, although not seriously
injurious 1o health.

Potash is utilised in glass-making slmost entirely in the form of
carhonate, generally called “pearl-ash,” Originally derived from
the ashes of wood and other land plants, this substance is now
nmanufactured by processes similar to those desaribed in the case of
soda, the raw material being potassium chloride derived from
natural deposits such as those at Stessfurth. The -pearl-ash thus
commereially ohtainable is s fairly pure substance, but its use is
complicated by the fact that il is strongly hygroscopic and rapidly
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absorbs water from the atmosphere. Where it is desired to produce
potash glasses of constant composition, frequent analytical deter-
minations of the moisture contents ol the pearl-ash are nocessary,
and the composition of the glass mixture requires adjustment i
accordance with the results of these delerminations.

As g result of the war it has become necessary to find other
sources of potash than the Stassfurth deposits. This has been
successfully done by the utilisation of the dust from blast-furnace
gases and flues. More recently Speuish deposits of polash have
developed a new source of supply. . On the other hand, the tem-
porary difficulty of obtaining supplies of potash has raised the
question whether for glass-making purposes the use of potash is
really essential and how far the potash glasses a1e really different
from those in which the corresponding amount of soda is used. It
must be admitted that there is a slight difference in favour of the
potash glasses for some purposes; certain varieties of optical
glass, for instance, do not allow of the replacement of potash by
soda, while for certain decorative purposes there is & slight difference
of appearance—but in many cases the demand for potash is due
to little more than a prejudice on the part of a manufacturer or his
workmen.

The alkalies are also infroduced into gless in the form of nitrates
(potassium nitrate, or saltpetre, and sodium nilrate, or nitre),
but although these substances act as sources of alkali in the glass,
they are employed essentially for the sake of their oxygen contents.
Such oxidising agents are not, of cowse, added to glass mixtures
aonteining sulphates and carbon, but are employed to purily the
mixtures containing alkali carbonates, and more especially to oxidise
the flint glasses, Since these substances aie only introduced into
glass in small quantities, their extreme purity is nat of such great
importance to the glass-maker, and the ordinary “ refined * qualities
of both nitrates are found amply pure enough to answer the highest
requirements.

A cortain number of natural minerals which contain an appreciable

L
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quantity of alkali are sometimes utilised as raw matorials for glass
manufacture. The most imporiant of fhese are the minerals of the
felspar class already referred to. These, howover, contain a con-
siderable proportion of alumina, while all but the purest varigties
also contain more or less considerable quantities of iron. While
some glass-makers formerly regarded alumina as undesirable, it is
now generally acoepted that it is for most purposes, and to a limited
extent, & valuable constiluent, and upon this view the use of fels-
pathic minerals is based. TFor the cheaper varieties of glass, how-
ever, such as Lottle glass, felspathic minerals and rovks, such as
granite and basalt, are frecly used as raw materials. Another
mineral in which hoth alkali and alumina aro found is eryolite.
This is a double fluoride of soda and alumina, whose properties are
particulerly valuable in the production of opal and opalescent
glasses. As a mere source of alkali, however, eryolite is much too
expensive, ’

(3) Sources of Bases other than Alkalies.—The most important of
these are lime and lead oxide, the former being required for the
production of all varieties of plate and sheet-glass, as well as for
bottles and a large proportion of pressed and blown glass, while
lead is an essential ingredient of all flint glass. The only other hase
having any considerable comnmercial importance in connection with
glass-making is barium oxide, while oxide of zinc, magnesia, and
a few other substances are used in the manufacture of spocial glasses
for scientific, optical or technical purposes, where glass of special
properties is required. The metallic oxides which are used for the
production of coloured glass are, of course, also basic bodies. These
will be treated in connection with coloured glasses, with the exoep-
tion of manganese dioxide, which is used in large quantities in the
manufacture of many ordinary “ white " glasses.

Calcivm Owide (lime) is generally introduced into glass mixtures
in the form of either the carbonate or the hydrated oxide (slaked
lime). The carbonate may be derived sither from natural souraes,
or it mey be of chemical origin, while the hydrate is always obtained
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by the caleination of the carbonate, followed by “slaking” the
lime thus produced. Natural caloium earbonaie occurs in great
quantities in the form of chalk and limestone rocks. Both varieties
are used for glass-making. Chalk is a soft friable material which is
apt to clog during the grinding operations, particularly as the
naturel product is generally somewhat moist. As regards the
greater part of its bulk, chalk is often found in a state of great
purity, but it is frequently contaminated by the presence of scattered
manses of flint. Chemically this impurity is not very objectionable
to the glass-maker, sinen it merely iniroduces a small proportion
ol silica whose presonce need scurcely be allowed for in laying down
the mixture. On the other hand, if any fragments of flint remain
inthe mixture when put into the furnace, they prove very refractory,
and are apt to be found as opaque enclosures in the finished glass.
Natural limestone can also be obtained in great purity in many
parts of the world. It is generally a hard and rather brittle rock
that can be readily ground to powder of the requisite degree of
fineness. Flint concretions are not so frequently found in this
meterial, but, on the other hand, it is often contaminated, with
megnesia and iron, The former ingredient, when present in small
quantities, tends to make the glass hard and viscous, so that lime-
stons of the lowest possible magnesia content should be used,
especially for the harder kinds of glass, such as plate and sheet-
glass, etc. The iron contents of the limestone used must also be
Jow where a white glass is required ; but since & smaller quantity
of limestone is used for a given weight of glass produced than the .
quantity of sand used for the same purpose, the presence of a
somewhat higher percentage of iron is permissible in the limestone
a8 compared with the sand ; for the better varieties of glass, how-
ever, the iron should not exceed 03 per cent. of the imestona.
Biaked lime is sometimes nsed as the source of lime for speoial
glasses where the process of manufacture renders it desirable to
avoid the evolution of carbonic acid gas which takes place when
tha sarbonate is heated and attacked by silin. When slaked lime
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is used only the water vapour of the hydrate is driven off, and this
ocours at a much lower temperature. For the production of slaked
lime, an adequately pure form of limestone, preferably in the form
of large lumps, is burnt in a kiln until the carbonic acid is entjrely
driven off; after cooling, the lime so formed is slaked by hand.
The product so obtained is, however, apt to vary hoth as regards
contents of moisture and carbonic acid, which latter is readily
absorbed from the atmosphere ; the use of this material, therefore,
requires frequent analytical determinations of the lime contents
and corresponding adjustments of the mixture if constant results
are required. .

It is possible to introduce lime into glass mixtures in the form
of gypsum or calcium sulphate, but the decomposition of this com-~
pound, like that of sodium sulphate, requires the intervention of
a reducing agent such as carbon, and the difficulties arising from
this source in connection with the use of salt-cake are still further
increased in the case of the calcium compound. Since limestones
of considerable purity are more or less plentiful in many districts,
the commercial value of caleium sulphate for glass-making is probably
slight. .

The Compounds of Barium may best be dealt with at this stage,
since they are chemically very closely allied to the compounds of
limejust described. Barium ocours in nature in considerable quan-
tities in the minerals Jmown as barytes (heavy spar) and witherite
respectively. The former is essentially sulphate of barium, while
the latter is a carbonate of harium, The use of the sulphate meets
with the same objection here a8 in the case of calcium sulphate
discassed above, except that the barium compound is much more
casily reduced and decomposed than the lime compound. The

" natural mineral witherite is used to a considerable extent in the
production of barium glasses, and these have been found capable
of replacing lead glasses for certain purposes. On the other hand,
for the hest kinds of barium glasses, viz., those required for optical
purposes, the element is introduced in the form of srtifieially pre-
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pared salts. Of these the most important is the carbonate, com-
meroially described as “ preeipitated carbonate of barium ”; this
precipitated compound, however, does nol ordinarily correspond
to the chemically pure substance, but contains more or less con-
siderable quantities of sulphur compounds. The question whether
these impurities are or are not objectionable can only be determined
for each particular case, since much depends upon the special
character of the glass to be produced. Both the nitrate and the
Lydrate of barium are cominercially available, but they are
very costly ingredients for use in the production of even the
most expensive kinds of glass; these substances are, however,
obtaingble in a state of considerable purity, although the hydrate
has the inconvenient property of rapidly absorbing carbonic
acid from the atmosphere, thus becoming converted into the
carbonate.

Magnesia is another glass-forming base thal is closely related,
chemically, to calcium and barium. This element is usually intro-
duced into glass mixtures in the form of either the carbonate or
the oxide, The carbonate occurs in nature in & more or less pure
state in the form of magnesite, and by caloination the oxide is
obtained. The natural mineral and its product are, of course,
by far the cheapest sources of magnesia, but as the element is only
used in comparatively small quantities, the artificial precipitated
carbonate or calcined magnesia are frequently preferred. Magnesia
is only introduced intentionally in notable quantities in special
glasses where the properties it confers are of particular value; in
ordinary lime glasses this eloment, as has already been mentioned,
is to be regarded as an undesirable impurity.

Zine axide lies, chemieally, between the bases already diseussed
ou the one hand, and lead oxide on the other. This element is
introduced into certain optical glasses, a special * zine crown ”
having found some applioation, Certain kinds of laboratory glass-
wars alse oontain zine, Chemicslly prepared zine oxide is almost
the only form in which the element is used, but the very volatile
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character of this substance must be borne in mind when it is intro-
duced into glass mixtures, .

Lead is one of the most widely-used ingredionts of glass; Lhe
glasses containing this substance in notable quantity are all charac-
terised to a grealer or less degree by similar properties, such as
considerable density and high refractive power, and are classed
together under the name “flint glasses.” TLead is now almost
universally introduced into glass mixtures in the form of red lead,
although the othor oxides of lead might be employed almost equally
well. Red lead is a mixture of two oxides of lead (PbO and Pb,0,)
in approximately such proportions as to correspond to the formula
Pb;0,. It is prepared by the roasting of metallic lead in suitable
furnaces, where the molten lead is exposed to currents of hot air.
The product is obtainable in considerable purity, very small pro-
portions of silica, derived from the furnace bed, and of iron derived
from the fools with which the lead is handled. being the principal
foreign substances found in good red lead. Melallic lead is, how-
ever, sometimes present, and this impurity is difficult to detect by
chemioal means. Silver would be an objectionable impurity, but
owing to the.modern perfect methods of de-silvering lead, that
element is rarely found in lead produets. Analytical control of
red lead as used in the glass mixtures, and consequent adjustments
of the mixture, are, however, necessary where exact constancy in
the glass produced is desired. The reason for this necessity lies in
the fact that the oxygen content, and therefore the lead-oxide (PbO)
content, varies decidedly from hatch to batch, while the material
ag actually delivered and used frequently contains notable pro-
portions of moisture.

A word should perhaps be said here as to methods of handling
red lead on asccount of the injurious effects which the inhalation
of lead dust produces upon the workmen exposed to it. For glass-
making purposes it is not feasiblo to adopt the method employed
by potters of first “ fritting ” the lead and thus rendering it com-

paratively insoluble and innocuous; even if this were done, the
"
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difficully would only be moved one step {urther back, and would
have to be overcome by these who undertook the preparation of
the frit. Tho right solution of the problem, in the writer’s opinion,
is te be found in properly preventing the formation of lead dust,
or at all events in protecting the workmen from the risk of inhaling
it. Where only small quantities of lead glass are made, and there-
fore only small quantities of lead are handled and mixed at
a time, it i8 no doubt sufficient to provide the workmen engaged
on this {ask with some efficient form of respirator to be worn during
the whole of the time that they are engaged on such work, and to
take the further precautions necessary—by way of cleanliness and
the provision of proper mess-rooms—to avoid any risk of lead
dust either directly or indirectly contaminating their food. Where,
however, large quantities of flint-glass are made every day, it is
possible and proper to make more perfect arrangements for the
maechanical handling and mixing of the lead with the other ingre-
dients by the provision of suitable mixing and transporting machinery
so arranged as to be dust-tight. It is only fair 1o state, however,
that partly under their own initiative, partly under pressure from
the anthorities, glass-mekers in this country are complying with
these requirements in an adequate manner.

Aluminium,—There are several varieties of glass info which
alumina enters in notable quantities, the principal examples being
gertain optical and many opal glasses, while most ordinary glasses
contain this substance in greater or less degree. In the latter the
alumina is derived, by the inevitable processes of solution, from
the fire-olay vessels or walls within which the molten glass is con-
tained, while in some cases the element is intentionally introduced
in emall proportions (about 2 per cent. to 3 per cent. of AL0,) by
the use of felspar as an ingredient of the mixture, The introduction
of alumina in the form. of china clay (a relatively pure silicate of
slumins) has recently heen recommended. This can only be done
guocessfully in very hot furnaces and provided that the china cay
is vory finely divided and intimately mixed with the batch—eother-
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wise it is apt to agglomerate and to form insoluble “stones” in
the glass.

Where larger proportinons of alumina are required, the substance
is introduced in the form of the hydrate, which is obtainable com-
mercially in a state of almost chemical purity, but of course at a
correspondingly high cost. In opal glasses alumina is derived
partly or wholly from felspars, or in some cases from the use of the
mineral eryolite. This is a double fluoride of aluminium and sodium
which is found in great natural masses, chiefly in Greenland. Owing
to tho high price of this mineral, however, artificial substitutes of
nearly identical composition and properties have been introduced
and are used successfully in the glass and enamelling inclustries,

Manganese—Although the oxides of this element really belong
to the class of colouring conipounds, they are so widely used in the
manufacture of ordinary “ white” glasses that it is desirable to
deal with them here. The element manganese is most usuelly
introduced into glass mixtures in the form of the per-oxide (MnO,),
although the lower oxide (MngO,) can also be used. The material
ordinarily used is the natural manganese ore, mined chiefly in
Russia ; the purest forms of this ore consist almost entirely of the
per-oxide, but ““ brown ” ores, containing more or less of the lower
ozxide, are also used with suocess. These ores always contain smalt
amounts of iron and silica, but provided the iron is not present
in any considerable quantity, the value of the ore is measured by
the percentage of manganese which it contains. The colouring and
“ decolourising  action of manganese wil be discussed in a later
chapter. Certain other substances, which have been suggested as
either substitutes for, or improvements upon, manganese for this
purpose need only be mentioned here, viz., nickel, selenium and
gold.

Arsenic is another substance frequently introduced into * white
glass mixtures, This element is universally used in the form. of
the white arsenic of commerce (4.c., arsanious acid, Az,0q4) which
is obtained in & pure form by a prooess of sublimation. Owing to
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the very poisonous nature of this material, special precautions
musi be taken in its use for-glass making purposes to avoid all risk
of poisoning.

Cuarbon.—As has already been indicated, an admixture of carbon
in some suitable form is essential in the case of certain glass mixtures.
The carbon for this purpose may be used in the form of either
charcoal, coke, or anthracito coal. Of these, charcoal is undoubtedly
the purest form of carbon, but it is expensive in this country. Coke
varies very much in (uality according to tho coal from which it
has been produced, but it always contains notable proportions of
ash rich in iron, and also somo sulphur. Anthracite coal can be
obtaineld in a very pure form, containing considerably less ash
than that found in most kinds of coke, and this is therefore probably
the most convenient form of carbon for thir purpose.

Fluorine. —This element iz employed in the form of fluorides,
usnally either caleium fluoride, or the double fluoride of sodium
end aluminium already described (eryolite). Artificial compounds,
of the nature of fluo-silicatos, are also employed. Exoept for certain
optioal glasses of very recent introduction, fAuorides are solely used
for the purpose of rendering glass opaline. They heve the dis-
advantage that their presence in the balch usually canses violent
attack upon the fire-clay of the pot in whichthe melting is carried
out. .

Boron.—This element is introduced into glass either as borax
(sodium hi-borate) or as boric acid ; it is present in the glass in the
form of compounds or solutions of the oxide (B,0;). It principal
use is in optical glasses, where the acid is generally used in the
bateh. Borax is, however, sometimes used as a softening agent,
particularly in coloured glasses in which tho colouring oxide has
& tondency to render the glass undesirably hard.

Zirconium.—2Zirconium oxide or zirconia (ZrQ,) is a very heavy
white substance which is extremely ingoluble in most fluxes; in
the massive state resulting from fusion it offers very oonsiderable
remistance to attack by molten glass. In the finely-divided state



TIIE RAW MATERTALS OP GLASS MANUTACTURE 40

resulting from preeipitalion, however, it can be incorporated in
ulass mixtures Lo a considerable extent. The resulting glass may,
according Lo composition and circunstances, be either clear or
opal. In the enamelling industry Zirconia is frequently used “for
the production of opaque white enamels, and is said to offer
advantages over tin oxide. Its use for the production of opal
gloss is not so well established.



CHAPTER IV
REFRACTORIES

Tiw furnaces and crucibles in which the melting of glass is carried
out are required to resisi prolonged exposure to very high tem-
peratures and musi, therefore, be constructed of materials capable
of resisting the destruclive effects of great heat. Such materials
are usually described as “ Refractories,” although a very large
variety of different materials may be comprised under that generic
term. The importance of such material to successful glass manu-
facture, however, can scarcely he over-estimated. In the first
place the life of the furnaces and pots plays a most important part
in the economy of a glass-works, not only because of the cost in
materials and labour entailed by each renewal, but also because
of the very serious loss of output which the stoppage of a furnace
implies, There is the further factor that during the process of
deterioration which precedes the shutting-down of a furnace for
Tepairs there is a constantly increasing loss of efficiency and fre-
quently a deterioration in the quality of glass turned out, ‘Where
glass is melted in pots or orucibles the quality of the roffactories
used in the construction of the pots is of primary importance also
from the point of view of the very strong and direct influence which
the quality of the pot exerts on the quality of the glass.

The subjeat of refractories is, howover, a very large and complex
one, and its technical details are of interest rather to the manu-
facturer thon to the user of glass. The treatment of this subject
in the present volume mst, therefore, necossarily be coufined to
somewhat general oonsiderations. The subject, however, is receiving
much fresh attention siuee war conditions have led glass manu-
facturars and manufacturers of refractories to realise thet careful
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attention to the scientific study of refractories is essential to the
prosperity of their industries. Somo consideration of the subject
is therefore necessary in this place. .
Broadly speaking the refractories nsed in glass manufacture may
be divided into two classes, according as they are or are not exposed
to direct contact with molten glass, Those parts of a furnace
which are not in contact with glass, such as the arched * crown ”
or roof and the upper parts of the walla of furnaces, arc alniost
invariably constructed of the material known as “siliea brick,”
while those parts which c¢ume into contacl with glass, such as pots,
tank-blocks, and the lower purts of pot-furnaces, are almost invari-
ably constructed of some kind of “fire-clay.” The difference
between these two classes of refractories is this, that while * silica
brick ” consists almost entirely of silica (8i0;) held together by a
very small proportion of other substances, chiefly lime, acting as
binders, ‘fire-clay ' consists essentially of a silicate of alumina
(Al;0,,28i10,), which is associated, in some cases, with considerable
quantities of additional silica and with other substances in smaller
proportions. The reason for this sharp differentiation lies in the
fact that silica brick is rapidly attacked and dissolved by molten
glass, whose contents of alkali or ol lead enable it to enter into
chemical combination with the silica. Fire-clay, on the other hand,
is capable of developing & very considerable degree of resistance
to the dissolving action of molten glass, and although very gradual
solution constantly takes place, articles made of suitable fire-clay
often resist the action of glass for many weeks and—in the case
of tank-blocks—even for years. It must not be supposed, however,
that the silica brick, even in the orown of the furnace, is immune
from, chemical attack, since the dust carried in the flame, as wall
a8 vapours arising from the molten glass, attack the siliea bricks
vory powerfully, so that their chemical composition afier a pro-
longed run in the furnace differs yery widely from pure silica. The
character of this chemical atteck is, however, entirely different from
that, which occurs where there is direct contact with molten glass.

* x2
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The qualities required in the various types of refractories may
now be hriefly considered. Of these the first essential is the power
of withstanding prolonged exposure to high temperatures. The
actual temperatures atlained in glass-melting furnaces are rarely,
il ever, as high as those which are regularly employed in such a
process as steel-melting; as a rule, glass-melting furnaces rarely
pass beyond a temperature of 1500° C. or at most 1600° C,, while
in many tank-furnaces the more usual maximum temperature
does not exceed 1400° C. With this may be contrasted the tem-
peratures well up to and above 1700° C., which have been observed
in steel-melting, and the still higher range of temperature habitually
employed in the electric steol furnace. It would thus seem that
from the purely temperature point of view the conditions ruling
in glass-melting furnaces are noi extremely stringent. On the
other hand, it must be borne in mind that in this matter time is
sn important element, and in this respect the glass furnace makes
& much more severe demand on its refractories than does s steel
furnace. In a continuous tank furnace the full heat is steadily
maintained, with only & very shori intermission for flue-cleaning at
week-ends, for many weeks in succession ; such furnaces have been
known to work continuously for close on two years. In contrast
with such a length of run, the work of a steel furnaee is intermittent
and relatively short, the maxzimum life rarely exceeding two months,

At; first sight it would seem that in order to secure that a refractory
should eatisfactorily resist & certain meximpm temperature, it
should be sufficient: if its melting-point lay well above thai mazimam.,
‘Were refractories simple, pure substances in a crystelline state this
condition would no doubt be sufficient, but the materials actually
used are very far from being pure, simple crystalline solids, and
ronsequently we find that they do not possess any real, definite
“ melting point» at all, and their passege from a hard, solid hody
capable of hearing & load to & glassy malten mags flowing under its
own weight is gradusl and complex. Confining our attention for
the moment entirely to fire-clnys, the changes whioh ooccur dpring
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gradual heating to u very high temperature may be hroadly described
as follows : In its initial condition the fire-olay consists of a quantity
of very infusible substances, viz. : clay subsiance proper and silica,
accompanied by small quantities of much more fusible substances,
such as felspar, iron oxide, etc. As soon as the temperature reaches
the melting or softening point of the most fusible of these binding
or fluxing substances, its particles, disseminated throughout the
clay, become liquid and begin to exert a solvent action upon their
surroundings. This action makes itself felt at first only nupon the
other more fusible substances, but the clay substance and silica
are also attacked and slowly dissolved. The result of this action,
however, is to render the liquid which has already Dbeen formed
extremely “ thick ” or visoous, so thai ai each temperature & limit
is reached beyond which the action will not go—or will only go
extremely slowly—until the temperature is raised. If a sample of
fire-clay which has been heated only to the earlier stages of this
process is allowed to cool and is examined by means of & fracture
or a cut section, it is found to be still quite porous and there is very
little visible sign—except under the microseope—af the formation
of the minute amount of glassy material representing that portion
which had been liquid while hot. But as the clay is exposed to
still higher {emperatures the solvent action of the liquid portion
increases—the olay shrinks by becoming less porous and more
dense as the proegss continues. A cooled specimen now shows an
increasingly dense or “ vitrified” fracture and the porosity is
raueh diminished or—in the latest stages—has disappeared entirely,
when the clay is said to be fully shrunk. Finally, if the process is
continued far enough, by raising the temperature very high indeed,
the proportion of liguid to still undissolved solid becomes so high
that the whole mass behaves like a fluid and “runs ™ or, as it is
usmally termed, “melts,” But it will be seen that the melting
pracess has in reality been oxtremely gradual and thet, long before
a small piace of the elay would *run” under its own weight, &
hrick of the same material would have “ squatted ™ if any serious
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load had been imposed aponit. The point at which a given material
of this kind will “ squat ” myst depend both upon the quantity of
liquid present at that temperature and upon how “1{hick” or
viscoys that liquid is.

It follows from these considerations, which can be very fully
substantiated by a microscopic examination of samples of fire-clays
heated to various {emperatures, that any attempt to determine
the “inelting point ” of a refractory is entirely vain. Evon the
form of test [requently used, in which a trial cone of the clay under
test iy heated together with a swall series of standard * Seger ”
cones and a comparison muade as to their relative refractoriness,
is not satisfactory Decause the small cones do not allow of any
satisfactory condition ol loading under which the material flows
when “ squatting ”’ occurs, while the effects of viscosity are lergely
disregarded as a result of very rapid heating,

Tor practical purposes the really important test of any refractory
is it8 power to bear a definite load at a high temperature. This
test requires somewhat more elaborate appliances than the * cone ”
test, but its indications are extremely valuable in comparing refrac-
tories for any particular purpose. The best method of using such
a test wonld be to determine the temperatures at which bricks or
other pieces of standard size failed under a series of increasing
loads, “failure ” being defined as yielding ai an appreciable rate.
In a less elaborate form two loads are arbitrarily chosen and the
temperatures determined at which the materiel fails under them.
The test adopted by the Bureau of Standards, U.8.A., for this
purpose requires that fire-bricks of grade 1A ™ shall withstand
a Joad of 60 1bs. per sq, in, at & terperature of 13607 C., while for
grade “ 1 B ¥ the load is reduced to 30 lbs. per sq. in. at the same
temperature. At first sight it might perhaps appear that this
* refroctoriness under load ¥ test should only be applied to the
material intended for use as bricks or blocks in firnace construction,
but even in material intended for pots this property is vitally
important, since the het clay must not only bear the losd due to
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its own weighy, but also the very considerable pressure of the
molten glass, ,

From what has been said already it will be evident that the
refracloriness of a given material must depend very much ypon
its chemical composition, and this chemical composition may
itself be regarded from two poinis of view: we have, first, the
composition in regard to the fundamental refractories themselves,

which, in comnection with glass-nelting, are alnost exclusively
silica and its combinations

with alumina, and, second,

the fluxing impuritias ,,0| Mol /,J
presenl. The relations of g4 g
silica and alumina are best 4, __,M::fzﬂéimj
recognised from the con- ,,, | /,—"x

stitutional diagram of the , | R Coruna
silica-alumina system, which J500 - ‘g.’;;zf,‘,’zf,',’fg J e
is reproduced in Fig. 1. , """ Seffimeniée
Here, as we are dealing ,_ |  vmied

with two simple, orystalline

solids, we have a ocurve 510 Ata0z 510z A2y
of real melting or freezing Fre. 1.

—the upper line of the disgram, This falls from well above
2000° C. at the malting-point of pure alumina down to a
temperature just above 1600° C. for a mixture consisting of ahout
87 per cent. of 8i0, and 13 per cent. of Al,0, There is an inter-
vening break in the curve with a maximum corresponding to the
formation of the wineral sillimapite—a mineral which is found
in highly “vitrified” fire-clays and in hard porcelain, On the
whole, however, the fusibility of the refractory portion of a fire-
clay increases steadily with increasing silica-content up to 86
per cent. It may be mentioned that so-called “clay substancs”
or * Kaolinite *~Al,0; 28i04—finds no place on this diagram ;
this means thet no such compound separates from fusions of silica-
alumine mixtures and, indeed, that compound is known to undergo
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decomposition on heating- probably at a temporature hetween
500° and 600° C., where clay is known to undergo an endothermic
roaction on heating. Apart from this, therefore, the refractory
valye of a fire-clay, disregarding fluxing impurities, might be
expressed by its alumina-silica ratio.

In practice, however, fluxing impurities can by no means be
disregarded, since it would be useless to have ‘a highly refractory
clay basis if it were accompanied by fluxes which would dissolve
it at a comparatively low tomperaiure. In this connection it may
be noted that alumina is found to be much less readily dissolved
in the Buxes ordinaiily present than is silica. The fluxes themselves
generally exist in the form of felspar (double wilicates of alumina
and an alkali) and of mica, while iron oxide is always present to
somo extent. Many attempts have been made to arrive at formule
by which the refractory value of a clay might be estimated {rom
its analysis in terms of the ratios of silica to alumina and to the
sum of the fluxing oxides present, but none of these formule possess
any great practical value., The only satisfactory way of forming
an opinion as to the value of & clay as a refractory is by means of
the tests under load at high temperatures. As a matter of interest,
however, the chemical analyses of a few typical kinds of refractories
used in glass furnaces are here given :—

TYPTOAT, ANALYSES OF REI'RBACTORIES,

Siliea. |Alumine. tostem | Bevds TEOERA 4y | o pm,
— " 1. »
e | A ida, | Oxide. | o8 'Water, eth.
Bilica Brick ... | 9662 094 _— 015 179 060 —_
Gross Almerode | 7808 | 1575 2-10 042 087 | o013 711
Fire- | St. Loupe ... | 5640 | 2707 | 240 | 102 | 146 | 011 | 1247
Clays|Ntourbridge 1| 8695 [ 9880 | — | Lek | 041 | — | @1
o 2|78560 2189 | ~ | UBS 1 180 | — | 218
Chine Clay ... [ 46°00 | 40°15 — o3 ¢ — 080 13-70

The powee of resisting an adequale pressure at high temperatures,
althongh of fundamental importance, is not the only essential
proparty of refrsctories intended for use in glass-melting. Besides

rd
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resisting the tendency 1o flow under load, the waterial must also
resist othor causes of destruction. One of these takes the form of
cracking or flaking, usually termed “ spalling,” whereby a fire-brick
or block is graduslly disintegrated. As a rule this form of failwe
arises from the unequal shrinkage or expansion of different parts
of the brick. In the case of silica brick this is liable to be a very
gserious cause of trouble- in this malerial it arises from a volume
change which occurs when ithe silica in the brick undergoes the
transformation of guartz into tridymite. If the hrick has previously
been sufficiently severely fired, .e., if it has been heated long enough
and at a sufficiently high tomperature during manufacture, this trans-
formation will have been sufficiently completed to avoid risk of
cracking so long as the furnace in which the brick is wsed is not
heated—or cooled—unduly quickly. Tn the case of fire-clay also,
if the material is insufficiently burnt, so-called “ after-shrinkage *
is certain to occur and—if of sufficient magnitude—with disastrous
results to the brick and the furnace. Fortunately the condition of
a given sample of brick in this respect cin be easily tested by expos-
ing it in & suitable experimental furnace to a very high temperature
and escertaining whether it has undergone an undue amount of
further shrinkage during this treatment. For tests of this nature
the following standards have been suggested: a properly-fired
silica brick should not change in volume by more than 1 or 2 per cent,
after firing to cone 18, while an adequately fired fire-brick of first-
rate material should not shrink by more than the same amount when
fired to cone 16, Commercial products unfortunately frequently
fail to pass such tests, as there is a considerable tendency on the
part of manufacturets to avoid the cost and difficulty of firing their
bricks at a sufficiently high temperature. The absolute necessity
of doing this must, however, be racognised if the best results are
to be obtained. Another test by ‘which the degree of firing to which
a given article has been exposed can be appraximately ascertainod
is tho measurement of the porosity of the fired materials. This is
sometimes messured by weighing the water which the matarial can

-



i 2 GILLASS MANTIFACTURE

absorb in its pores, or hy measuring, in an indirect manuer, the
amount of air which can be forced into or drawn out of these pores
by a given change of pressure. From the brief acoount given-above
of the process of vitrification when a fire-clay is heated, il will be
seen” that diminishing porosity accompanies increasing solution of
the clay substance and silica in the fluxes, the full shrinkage resulting
from completo vitrification being accompanied by the complete
disappearance of porosity. Porosity measuroments, however, afford
comparable resulis only on materials of precisely similar composition
and cannot be aceepted as o general Lest of quality.

Wharo refractories are directly exposed {o contact with molten
glass, the power of resisting solution by the glass is of primary
importance, This consideration ronders the seloction of materials
intended for pot-making and for tank-blocks a matter requiring
very great ozre. In the case of tank-blooks the conditions are not
80 severe as in pots, owing to the fact that the blocks are air-cooled
on one side while the other is exposed io the glass. This circum-
stance lowers the temperature of the fire-clay even where it is in
confact with the glass and assists its resistance to solution. In
the pot, on the other hend, and more particularly in the closed
or covered pot (see below), the heat of the furnace is transmitted
to the melting glass through the walls of the pot, so that the fire-
clay is, if anything, rather hotter than the glass with which it is in
contact, It may be said at once that all ordinary fire-clays are
distinctly soluble in molten glass; so that the problera of selection
is reduced to finding a clay which shall dissolve as slowly as possible,
end as uniformly as possible. Uniformity is particularly important
both on account of the quality of tho resulting glass—which is apt
to be contaminated by particles of clay detached from a pot under-
going irregular attack, and on aceount of the durability of the
pot, which is rendered useless if it is anywhere pierced by a single
deep pit, even il it should heve remained practically unsttacked
éverywhere else. It is not definitely known upon what factors of
composition o constitution uniformity of attack depends, so that
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the glasy manulacturer can, ai present, be guided only by actual
trials and experiences of various clays. Generally speaking, how-
ever, the clays richest in alumina are’also the most resistant to
solution. The precise action, however, varies with the nature of
the glass, Experiments recently carried out at the National Physical
Laboratory indicate very clearly that one of the most important
factors in the atiack of molten glass on fire-clay lies in the currents
which are set up in the glass as a result of the changes in density
which the glass undergoes when either silica or alumina derived
[rom the pot are dissolved in it. Where the density of ihe glass is
lowered by the addition of silica and alumina, the glass close to
the sides of the pot flows upwards and fresh glass, not yet laden
with dissolved clay material, flows inwards towards the sides of the
pot near the bottom and also impinges on the bottom of the pot.
The result is relatively rapid attack on the bottom and on the
sides near the bottom. Af the surface, too, currents are set up—
probably by the change in the surface tension of the molten glass
resulting from dissolution of clay, If these changes are such as to
induce a current of glass to flow towards the walls of the pot from
the centre a rapid form of attack occurs where the surface of the
glass meets the sides of the pot and a deep groove is formed around
the pot at the glass levelor *water-mark.” The experimental
study of these various factors has only been begun as yet, but they
open up the possibility of controlling the mutual action of glass
and clay, by such means as fhe use of special linings and other
local protecting devices, in such a manner as to keep the glasa
much freer from clay contamination and also to prolong the life
of pots to a very considerable extent.

Another class of properties is required of refractory materials in
connection with the various processes which they are required to
undergo in the course of manufacture inte bricks, blocks and pats.
For bricks and pots, perbaps, the principal requirement is that
the material shall be capable of being formed, by moulding or
pressing, or by the easting process referred to below, into the desired
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shapes and that, when dry, it shall be strong enough to bo safely
hendled for the purpose of being placed in the kilns for firing.
Practically all fire-clays, and many other refraclory materials, can
be made to answer these simple requirements—in some cases by
the addition of some substance which acts as a temporary bindor
although it disappears or is destroyed during firing. But for the
production of pots, and particularly of covered pots, the conditions
are not so simple, and until comparatively recently a considerable
degree of plasticity was regarded as absolutely essential in pot-
clays. Tor the casling process, however, plasticity is not required
and is, indeed, a decided disadvantage, so that this limitation to

T16, 2.—0pen “ pot™ or crucible Fie, 8.—Coverod pot for glass-
for glass-melting. melting, as used for fint
glass and opfical glass,

a congiderable extent disappears. We will, however, first consider
the older and still very widely practised processes of pot manu-
facture out of plastic clays by hand, either with or without the
aid of moulds,

The pots used in glass manufacture are of two kinds, known as
open and closed or covered respectively. The open pot is simply
8 vessel, circular or oval in plan and slightly larger at the top than
&t the base, as shown in the sketeh, Fig, 2; they vary in size, in
practice, from a capacity of 2 cwt. up to 8 tons, the larger ones
measuring about 5 ft, in diameter at the top. Such open pots have
the great adventage of simplicity of construction and are more
. efficient from the point of view of melting, since the heat of the
furnece reaches the glass directly through the open top. On the
other hand, they expose tha glass to reaction with the furnace gases
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end also do not protect it in any way from contamination by dust
carried in the flame or by droppings frem the roof of the furnace.
Formerly, for instance, it was not thought possible to melt * flint *
glasses, containing considerable proportions of lead oxide, in open
pots owing to the reducing action of the furnace gases on the lead
oxide in fhe glass. It has, however, been demonstrated that this
difficulty can be successfully overcome by a suitable control of the
flame both as to composition and direction, and good flint glass
is now regularly melted in open pots. On the other hand, most
optical glass and a good deal of the best flint and other “ extra
white * glass is still regularly melted in *covered ” pots. Theso
covered pots have the shape shown in Fig. 3. Here the simple apen
pot is covered over with a hood or dome, provided with a snout or
opening which is so placed as to communicata with the working
opening of the furnace, and through this opening the pot is filled
and all manipulations are carried out. The construction of such
a covered pot is necessarily a matter of much greater difficulty than
in the case of an open pot.

The material for pot-making is first prepared with great care.
The proper variety of clay having been selected, it is ground to a
fine powder in suitable mills and carefully sieved; with this fine
clay powder is mixed, in accurately determined proportions, a
quantity of crushed burnt fire-clay, In some works this burnt
material is obtained by simply grinding up fragments of old used
pots, bub the bebter practica is to burn specially selected fire-clay
separatoly for this purpose, The quantity of such burnt material
added to the mixture depends upon the chemical nature and especi-
ally on the plasticity of the virgin clay employed ; with so-called
“ fat. " or very plastic clays up to B0 per cent. of burnt material is
added, but with the leaner clays, such as those of the Stourbridge
district in Bngland, very much smaller proportions are used, The
objeot of this addition of burnt material is ta facilitate the safe
drying of the finished pots and to diminish—hy dilution—the
tatal amount of contraction which tekes place both when plastic
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clay is allowed to dry, and further when the dry mass is subse-
quently burnt; the burrt material or “grog,” having already
undergone these shrinking processes, acts both as a neutral diluent
and also as a skeleton strengthening the whole mass and reducing
the tendency to form cracks.

The virgin clay and grog having been intimately mixed, the
whole mass is * wet up ** by the addition of & proper proportion of
water and prolonged and vigorous kneading, usually in a suitable
pug mill. The mass leaves this mill as a fairly stifl, plastic dough,
but the full toughnoss and plasticity of such clay mixtures can only
be developed by prolonged storsge of the demp mass. In the
next stage of the process, the plasiic clay is passed to the “ pol
maker ? in the form of thick rolls, and with these he gradually
builds up the pots or erucibles from day to day, allowing the lowest
parts to dry sufficiently to enable them to hear the weight of the
upper parts without giving way. The building of large pots in
this way occupies several weeks, and during this time the premature
drying of any part of the pot must be carefully avoided. After the
completion of the pol, drying is allowed to take place, slowly at
first, but more vigorously after a time when the risk of cracking
18 smaller ; when it is taken into use the pot is usually many months
old and is thoroughly air-dry. The clay, however, is still hydrated,
1.€., containg chemically combined water, and this is only expelled
during the early stages of the burning process. This process is
carried out in smallor furnaces or kilns placed near the melting
furnaces. In these the pof or pots are exposed to a very gradually
increasing temperature until a bright red hest is finally attained.
This is o delicate process in which great care is required to secure
gradual and wniform heating, especially during the eacliar stages,
otherwite the pots are apt to crack and become ugeless. Finally,
when a bright red hest has besn maintained for at least a day,
the pata are ready to be placed in the furnace, and this is ordinarily
doue whila both pots and furnace are at & red hesat, the pots never
being allowed to cool down agsin once they have been burnt.
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Recent practice, recognising the great advaniage of harder firing
of the pots in reducing porosity and by the formation of silli-
manite in the material rendering the pot less liable to attack, tends
strongly in the direction of pre-heating pots to a very much higher
temperature than the bright red heat formerly used. The kilns
or “pot arches” are accordingly constructed so as to allow of
higher temperatures being attained, while—after the pot has been
placed in the furnace or “set”—the furnace is frequently run
to its maximum temperature for & number of hours for the
purpose of fully firing the pot before any glass or batch is
introduced.

Reference must now be made to the process of producing pots
and other refractory objects by means of slip-casting. This process
has long been in use for the production of a great variety of objects
in the ceramic industries. It consists essentially in preparing the
material which is to form the body not as a stiff, tough plastic mass
but a8 a thin mud or sludge, known as a “slip.” This slip is poured
into & mould made of plaster-of-paris, which is highly porous and
sucks up the water of the slip while leaving the suspended solid
matter behind as a species of mud-deposit on the inner surface of
the mould. In its simplest form, such a mould constitutes a vessel
which is filled with the liquid slip ; when enough material has been
deposited on the walls of the mould as the result of the suction of
the plaster, the remaining slip is poured out.. The material which
is loft adhering to the plaster walls of the mould then quickly
begins to dry, the water it contains being rapidly sucked awsy by
the plaster. After a short time this drying results in a small
shrinkage and, if the shape of the mould iy suitable, the clay object
~—atill very soft and tender, but sufficiently coherent —shrinks away
from the plaster mould and may be removed and sllowed to dry
slowly in a suitabla place. The mould, if dricd at intervals, may
be used a large number of times. 1t will be seen that for this purpose
the material to be employed doos not require the high degree of
plasticity needod for hand-moulding ; indeed, high plasticity is &
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distinct difficulty, since it causes too great and too rapid a shrinkage
during the drying process. *On the other hand, a little plasticity,
accompanied by a small amount of drying shrinkage, is necessary
in order to enable the material to free itself from the mould in
which it has been cast. Clays which by themselves are unsuited
for slip-casting can, however, be rendered satisfaciory by the
addition to the slip of certain substances. Thus additions of soda
or of silicate of sode render a heavy, thick slip sufficiently fluid to
be easily cast. These additions, were they to remain in the clay,
would diminish its refractoriness very seriously; fortunately,
however, {hese soluble substances are carried away into the plaster
mould and ultimately appear as a {ringe of crystals, sometimes
called ‘“ whiskers,” on the outwide of the mould.

This slip-casting. process, as already indicated, has long found
wide application in ceramic industries, but in those uses the whole
of the body—vwhich may consist of mixtures of such substances as
china-clay, ball clay, finely-ground felspar, and finely-ground quartz
—consists of material in an extremely fine state of division, with
the result; that the “ slip  is a smooth-flowing liguid in which there
i3 no serious tendency for the various constituents to separate during
the casting process. For the production of refractories, however,
an admixture of relatively coarse * grog” is essentinl—as has
already been pointed out—in order to reduce drying and firing
shrinkago and to render the final product more resistant to changes
of temperature, and the initial difficulty in using the slip-casting
process for refractories lay in avoiding the separation of the coarser
grog particles, particularly while the slip is entering and standing
in the mould. If any such concenteation of grog does occur, it
leads to unequal contraction either during drying or in firing, and
the object cracks. Thie difficulty has, however, béen overcome
by a variety of devices, the underlying principle being to accelerate
the whole operation to such en extent thet settling cannot occur
and to introduoca the slip into the plaster mould in such & memner
a8 to avoid currents and eddies which would lead to local separation

]



REFRACTORIES 05

of the grog. Both tank-blocks and pots are now being commercially
produced by this process, particularly in Awmerica, and exiremely
salisfactory rosults have been obtained, especially in regard to
uniforwiity in the quality of the resulting pots. There is the further
advantage that the process admits of the use ol much non-plastic
material. Thus china-clay—the purest and most refractory of all
clays is rendered available for pot manufacture, and the use
of other non-plastic or only slightly plastic materials is rendered
possible. In the production of pots with special linings, also, this
process is likely to prove very important.

Wo now turn to the second class of refractory materials used in
the construction of glass-melting [urnaces, viz., those which are
80 placed a8 not to come into contact with molten glass. Here
mechanical strength and refractoriness are almost the only con-
siderations, but in the roof-vaults or *‘ crowns ™ of tank furnaces
and also of furnaces in which glass is melted in open pots, there
is the further consideration that the material of the bricks used
shall not coninin notable quantities of any colouring oxide, since
small flakes, etc., are apt to drop down into the molten glass, and
would thus be liable to cause serious discoloration. Such a material
as chrome-ore brick is therefore excluded. As a matter of fact,
some form of “silica brick ” is in universal use. Bricks of this
muterial, otherwise known as ‘* Dinas bricks ” from the place of
their first origin, in Wales, consist of about 98 per cent. of silica
(8i0,). Pure silica cannot be baked or burnt into coherent bricks
entirely by itself, since it possesses neither plasticity when wet nor
any binding power when Lurnt, but; an admixture of about 2 par cent.
of lime makes it possible first to mould the bricks when wet and then
to hurn them so as to fornr fairly strong, coherent blocks, These
are of amply adequate refractoriness for the highest temperatures
that can be attained in indusirial gas-fired furnaces, and their
mechanical strength is sufficient to make it possible to build vaults
of considerable apan, but on the other hand this materiel requires
very gradual heating and constant watching while the temperature

G r
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is rising or falling to any considerable extent ; the reason for this
diffieulty lies in the fact thal silica bricks swell very markedly
during heating, so that unless a vaull buill of this material is given
room to spread somewhat, it will rise seriously and may eveu break
up completely. This risk is avoided by gradually slackening the
tio-bolts that hold the vault together, and correspondingly “ taking
up the slack ** as the vault cools when the furnace is let out. Sudden
local heat also has a disastrous effect on this material, producing
serious flaking, [For positions whero intense heat is to be borne,
and at the snme time mechanicul strength is required, silica brick
is @ most valuable material, but owing to its chemical composition
it is rapidly attacked by molien glass or by any material containing
2 notable proportion of basic constituents, so that the silica bricks
can only be employed out of contact with glass.



CHAPTER V
FURNACES

ITavinag discussed the materials required for their construction,
we muy now consider, very briefly, the general design and arrange-
ment of gome typical glass-melting furnaces. The oldest and
simplost form of furnace is, in offect, simply a box built of fire-brick,
in the centre ol which stands the crucible, while a fire of woed or
coal is placed upon either side. To attain any great degree of heat
by such means, however, the size of the box or chamber and especi-
ally of the grates in which the fires are maintained must be properly
proportioned both to the dimeisions of the crucible and to each
other. The grates are generally wide and deep, while draught is
provided by means of a tall conical chimney which stands over
the entire chamber and communicates with it by a number of
small openings. Jn & more refined furnace the chamber itself is
double, and the flame, after playing round the crucible in the
inside of the chamber, is made to pass through the space between
the outer and inner chamber before passing to the chimney or cone.
We need not give any greater attention to these primitive furnaces,
since they are obsolete at the present time. In modern furnaces
the process of combustion is carried on in two distinct stages; the
first stage takes place in a subsidiary appliance known as & “ gas-
producer,” where part of the heat which the fuel is capable of
generating is utilised for the produstion of & combustible gas; this
gas passes into the furnace proper, either direct, while it is still hot
from the producer, or after being conveyed some distance, when
it is again heated up by the waste heat of the furnace. In either

case the gas is hot when it enters the furnace proper, and there it

v
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meets a current of air, also heated by the aid of the wasto heat of
the furnace. Hot gas and hot air burn rapidly and completely,
and if properly proportioned yield exceedingly high temperatures.
Seaing that in this process a part of the heat of combustion yielded
by the fuel is generated in a subsidiary appliance and is thus lost
to the [urnace, it appears at first sight somewhat surprising that
this system of firing is very considerably more efficient than the
old “direct ” system where the whole of the fuel is burnt in the
furnace itself, But the advantuge arises from the fact that in the
newer system the fuel is handled in the gaseous form. This has the
acdvantage, first and most important, that the heat escaping [rom
the furnece in the hol producis of combustion (chimney gases)
can he transferred to the incoming unhwrnt gas end air and can
thus be returned to the furnace. The manner in which this is accom-
plished will be considered helow, but it may be noted here that in
some furnaces the escaping products of combustion are so thoroughly
cooled that they are unable to produce an effective draught in the
chimney of the furnace. Another advantage of the use of gaseous
fuel is the {act that complete combustion can be obtained without
the use of so great an excess of air as is required when golid fuels
are to be burnt completely. For this reason much higher tem-
peratures can be readily obtained with gaseous fuel, while the
pre-heating of both gay and air also facilitates the attainment of
high temperatures; further, the great facility with which the flow
of either gas or air can be regulated by means of suitable valves,
makes it possible to secure much greater regularity in the working
of the furnaces. Finally, in modern gas-producers, the amount of
sensible hoat generated and thercfore lost to the furnace, is kept
very low, the greater part of the heat set fres by the partial com-
bustion of coal in the producer being absorbed by the decomposition
of & corresponding quantity of steam into hydrogen and carbonic
oxide gas. The gas a8 it leaves one of these producers is not very
hot, and the percentage of heat Jost in this way ia therefore much
smaller than in the older forms of gas-producer,
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It is again inpossible, within the limits of this chapter, to enter
into the details of construction and woiking of gas-producers, We
must content owrselves with saying thal most modern producers
are of the form of a tower in which a thick bed of fuel is partidlly
burnt and partly gasified under the action of a blasi of air mixed
with steam. The chemical actions that take place are complicated,
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Fra. 4,—Diagram of the arrangements of a regenerative furnace.

but the final result is the production of a gas containing from 2 to
8 or 10 per cent. of earbonie acid, 10 to 20 per cent. of hydrogen,
8 to 25 per cent. of carbonic oxide (CO), 1 to 3 per cent, methene
(CH,), and 45 to 60 per cent, of nitrogen, with varying quantities
of moisture, tarry matter, and mnmonia. In good producer gas the
combustible constituents (hydrogen, carbonic oxide and methane)
should total from 30 to 48 per cont. of the whole by volume, but
the exact composition to be expected depends very much on the
type Pf producer and the class of fuel wsed. Some producers are
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capable of dealing with exceedingly low-grade fuels, and the gas
which they yield can still Be utilised for obtaining the highest tem-
peratures—a proceeding that would have been impossible if il had
been attempted to burn these fuels directly in the furnace.

The gas on leaving the producer passes along fire-brick flues or
passages to the furnace proper; the path which it ie now caused
to take varies somewhat according to the arrangement of the
furnace in question. Modern gas-fired furnaces usually belong 1o
one of iwo distinct types according to the maenner in which the
heat of the escaping products of combustion is utilised for heating
the incoming gas and air; these two types are known as the
“ regenerative ”’ and the “ recuperative ” respectively. In regene-
rative furnaces the hot products of combustion, after leaving the
furnace chamber proper, and before reaching the chimney, pass
through chambers which are loosely stacked with fire-bricks ; {hese
chambers absorb the heat of the escaping gases, and thus rapidly
become hot, As soon as a sufficiently high temperature is attained
in these chambers or * regenerators,” the path of the gas-currents
is altered ; the escaping products of combustion are made to pass
through, and thus to heat, a second set of regenerating chambers,
while the incoming gas and air are drawn through the heated regene-
rator chambers before entering the furnace proper. The incoming
gas and air are thus heated, sbsorbing in turn the heat stored in
the brickwork of the regenerators. It is evident that two sets of
such regenerators are sufficient, the one set undergoing the heating
process at the hands of the escaping products of combustion, while
the other set is giving up its heat to the incoming gas and air;
when this process has gone far enough, it is only necessary to inter-
change the two sets of chambers, by the operation of sunitable
valves, and this series of alternations may be continued indefinitely.
The arrangement is shown diagrammatically in Fig. 4.

In recuperative fornaces the same principle is utilised in « some-
what different manner ; the ontgoing products of combustion pass
through tubular chennels formed in fire-clay blocks, while the
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ingoing gas and air pass around the outside of these same blocks ;
the heal of the outgoing gases is thus transferred to the incoming
gases by the process of conduction through the fire-clay walls of
the recuperator tubes. Tho arrangement is shown diagrammatigally
in Fig, 5.

The relative merits of the two systemns cannot be definitely
stated. While the recuperator as a rule occupies less space and
avoids the need for ‘‘ reversing  valves
ond their regular attendunce, it is more
complicated in construclion and more
liable to get out of order as the result
of deterioration in the recuperator
blocks or tubes. Defects developing
in these parts allow the incoming gas
or air to pass direct to the chimney
instead of passing through the {furnace, [~
8o that the efficiency of the furnace
becomes seriously impaired.  For J
8 conmde.sra.ble period of time the F1e, 6—Disgram illustrating
regenerative furnace almost completely ~ the principle of the Te.
monopolised the field, particularly in  cuperative furnace.
England, but in recent years s simpler form of recuperator has
bean introduced and in Sweden and in England a number of suc-
cessful recuperative furnaces have been installed. Bome experi-
mental furnaces at the National Physical Laboratory have been
designed on the recuperative principle and have yielded excelleni
results. Here, however, the recuperator has been made of actual
tubes which have been enabled to perform their functions very
efficiently by the introduction of silicon earbide (sometimes known
as “ carborundum ”) into their composition. Tt seems probable
that large furnaces of this type may prove eminently successful in
spite of the somewhat high cost of the material,

In both systems of furnace, heated gas and heated air are admitted
to the furnace by ssparate fire-brick flues or passages, air and gas
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being allowed to mix jusi before they enter the fwminace chamber
proper. The economy a.nd' efficiency of the furnace depend to a
very great extent upon the manner in which this mixing is accom-
plished, Rapid and complete mixing of air and gas results in an
intensely hot, but short and local flame, while slower mixing tends
to lengthen the flame and spread the heat tluough the entire furnace
chamber ; on the other hand, if the mixing of gas and air is too
slow, combustion may not have been completed in the short time
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F1a. 6.—Sectional diagram of a rogeneralive pot furnace
working with covered pots.

ocoupied by the gases in passing through the furnace, and com-
bustion may either continue in the outflow flues and regenerators,
or it may be prevented by the narrowness of these passages, and
unburnt gases may pess to the chimney. When the openings or
“ports > are properly proportioned, and the draught of the chimney
is properly regulated, combusiion should be just complete as the
geges leave the furnace chamber, and under these circumstances
small tonguoes of kean flame will escape from every opening in the

fornace; large smoky flames issuing from a gas-fired furnsce
indicata incomplete combustion.
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As has already beon indicated, glass is melted either in pots or
crucibles of various shapes and sizes, ,or in opon tank furnaces.
The general arrangement of a pot furnace working with closed or
“ govered ” crucibles is shown in Fig. 6. In this particular furngce
the * ports ” or apertures by which the gas and air enter the furnace
chamber are placed in the floor of the chamber, but these apertures
are often placed in the side or end walls, or even in a central column,
the object being in all cases to heat all the pots as uniformly as
possible and to avoid any intense local heating, which would merely
endanger the particular crucible exposed to it, without greatly
aiding the real work of the furnace. [In pol furnaces, however, in
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Fre. 7.—Diagram of a furnace with “horse-gshoe” flame.

which the more refractory kinds of glass are to be melted, it is
generally considered desirable that the flame should be made to
play about the pols in such 2 way as to heat the lower parts of the
pots most strongly. In connection with the question of the uni-
formity of heat distribution in a gas-fired furnace it must further
be borne in mind that in the case of regenerative furnaces the
direction of the flame is reversed ‘every time the valves are thrown
aver, and in practice this is done about once every half-hour ; this
proceeding, of course, tends very much to equalise the temperature
of the two sides of the furnace, In recuperative furnaces, on the
other hand, the direotion of the flame is not changed, and for that
reason & flame returning upon itself, usually called & horse-shoe
flame, is often employed; this is obtained by placing the entry
and exit ports side by side at one end of the furnace; the impetus
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of the flame gases and their rapid expansion during combustion
carry the flame out across.the furnace, while the chimney'dmught
ultimately sucks it back to the exit ports, the shape of the flame
being shown in Fig. 7.

In general arrangement a tank furnaco for glass-melting resembles
an open-hearth steel furnace. The tank or basin is built up ol &
number of large fire-clay blocks, forming a bath varying in depth
from 20 in. to 42 in. according to the design of tho furnace and the
kind of glass to be melted in it. The ports for entry of gas and
air and for exit of the products of combustion are in most modern
furnaces placed in the side walls of the furnace just above the
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e, 8.—Longitudinal sectional diagram of iank furnace.

lavel of the glass, the whole being covered by a vault built of silica
brick. Figs. 8 and 9 show the general arrangement of a simple
form of tank furnace such as that used in the manufacture of rolled
plote glass. The furnace indicated in the diagram is intended for
regenerative working with alternating directions of fame; in
recuperative furnaces the horse-shoe flame is always used in tanks,
while this arrangement of ports is sometimes adopted for regenera-
tive tanks also, particularly in the manufacture of boitles. For
the produetion of sheet glass, tonk furnaces are generally sub-
divided into two compartments aud are also provided with verious
eonstrictions intended to arrest impurities and to allow only clear
glass to pass, bub 88 regards the arrnngement of flues and ports

(]
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there is a very general similarity between various furnaces of this
type. '

Practice has, however, varied very widely m 1egaid {0 the height
of the open space or ‘ flame space ” which should be left in a tank
furnace above the molten glass. The earliest furnaces were buili
with a very low “crown ” or roof, so that the ports were actually
openings in the roof. As a result the flame tended to play directly
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Pra. 9.—Transverse sectional diagiam of tank furnace,
showing regeneratois and gas and air passages.

upon the surface of the glass. Although useful in supplying reducing
agents where salt-cake batches were being melted, this airangement
of flame proved unsatisfactory, principally owing to direct con-
tamination of the glass by the flame. A reaction then set in and
turnaces with yery high roofs were tried, in which the fame played
at some height above the glass and the heating of the glass took
place largely by radiation from the roof of the funace, This system
proved dacidedly nefficient, which is not surprising in view of the
faet that the roof is only a relatively thin vault of silica brick which
i8 air-cooled on the outside. Were ihe furnace buli of & non-
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conductor of heat—or aven of a very poor conductor—its dimensions
would be immaterial within wide limits, and the larger internal
space would allow of more complete combustion of the gaseous
fuels In practice, however, every square foot ol external surface
radiates a large amount of heat supplied by thermal conductivity
of the walls from the heat of the flame, and it becomes seriously
important to reduce external dimensions s far as possible. Modern
practice, therefore, both in glass and steel furnaces, tends to keep
the crown as low as possible consistent with allowing the flame to
swoep just over the surfuce of the bath and not smothering the
flanio between [urnace ruol and bath.

The importance of the point just mentioned, viz., the eflect of
external surface area of a furnace on its thermal efficiency, affects
another important factor of furnace design. This is the thickness
of the walls, It would seem, at first sight, thal increased wall
thickness must lead to increased thermal efficiency by interposing
greater resistance to the passage of heat from the interior {10 the
exterior of the furnace. The increase of thickness, however, at the
same time increases the exterior surface, and thus—if carried
beyond & certain point—actually tends to increase the heat lost
from the furnace to its surroundings. The thickness of furnace
walls is, however, frequently governed by an entirely different
consideration, which is diametrically opposed to the principle ol
heat conservation by reducing oxternal losses. This consideration
arises from the fact that in many cases the refractories used in
furnace construction are not good enough to resist the temperature
which they would attain if fully exposed to the inberior heat;
in order to prevent the furnace from collapsing, therefore, it becomes
necessary to keep tho temporature of the walls from rising too
much and for that purpose they are intentionally air-cooled by
making them relatively very thin, The efficiency of the furnace
from the point of view of fuel consumption is thus deliberately
sacrificed on account of the weakness, at high temperatures, of
the materials used in the construction of the furnace. The extent
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to which this occurs in practice can be readily seen by means of
a simple experiment. Points can be found on the exterior of most
glass-works furnaces where the temperature is low enough to allow
the hand to be held against them. If at such a point the surface
is covered for a few hours with some bad conductor of heat, such
as a brick made of zirconia or of diatomite, it will be found that
the wall of the [urnace under this covering becomes red hot. This
aspect of furnace construction serves to emphasise the importance
of a thorough study of refractories and of methods of testing them
in order that furnaces may be consiructed of materials which do
not require such vigorous and wasteful cooling in order to enable
them to stand up.

The relative merils of tank and pot furnaces depend entirely
upon the character of the glass which the furnace is designed to
produce. Wherever the tank can be made to produce glass of
adequate quality its great economy inevitably carries all before
it, so that bottle glass, for example, is made exclusively in tanks,
and the same applies to rolled plate of the ordinary kind and also
to the majority of sheet glass. Recently even better grades of
glass have begun to be produced in tank furnaces, and special
smell tanks have come into use of varieties of glass whare the
output required is not sufficient, to justify the continued use of one
of the larger types. In some cases, so-called “ day * tanks have
come into use, in which the furnace runs hot for melting during
the night and is then worked oul during the day. This mode of
working avoids the difficulty of keeping two parts of a small furnace
at different temperatures, as would be reguired if melting and
working were to be carried on simultaneously in the way that is
done in large tank furnaces,

On the other hand, where special qualities of glass are required
in relstively small quantities, or where the requirements as to
quality arc very stringent, the pot furnace remains indispensable.
Optical glass and most coloured glasses are examples of this kind.

The causes of the greater economy of the tank furnace are nume-
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rous, and complicated by the detailed requirements of each par-
ticular manulacture, but the most important factors in the question
may be summed up thus :(—

(1) The tank furnace utilises the heat of the flanie more efficiently,
as the glass is exposed to the heat in a hasin whose surfaces covers
the entire area of the furnace, while in a pot furnace there is much
vacant, unused space.

(2) The tank furnace permits of continuous working, the raw
materials being introduced at one end while the glass is being
withdrawn and worked at the other end. There are thus no idle
periods, and each part of the furnace remains at or near the same
temperature during the whole time that a furnace is slight. For
a given size of plant, therefore, a tank furnace yields & much larger
output, with a relatively smaller fuel consumption.

(3) The tank furnace obviates the need for pots or crucibles,
which are not only costly and troublesome to produce, but are
liable to premature failure and require periodical renewal, which
involves a serious loss of time for the furnace.

(4) Finally, the molten glass in a tank furnace can be always
maintained at or near one constant level and is, therefore, always
convenient for withdrawal by means of the gatherer’s pipe, the
ladle, or the blowing machine.

In pol furnaces, on the other hand, the composition of the glass
can be more accurately regulated, and the molten glass iteelf
can be more effectively protected from contamination either by
matter dropping into it or by the action of the furnace gases, while
in pots it is also possible effectually to melt together materials
which, in the open basin of a tank, could not be kepi together long
enough to combine,



CHAPTER VI

THE PROCESS OF FUSION

It has alrendy been indicated that, for glass-making purposes,
the raw materials are required in a state of reasonably fine division.
The exact degree of fineness required deperds very much upon
the nature of the ingredient in question, the general rule being
that the more refractory and chemically resistant materials require
to be most finely ground, while substences which melt and react
readily, such as soda ash and salt-cake, do not require very fine
grinding.

Assuming that the materials are available in a sunitable state of
fineness, the first step in the process of glass melting consists in
securing their admixture in the proper proportions. This may be
done by hand entirely, by hand aided by some machinery, or entirely
automatically. The process of hand mixing is only available for
relatively small quantities of material and requires very careful
supervision if inadequate mixing is to be avoided. In most cases
the actual weighing out is done by hand, while the mixing is done
by machinery. In this process the separate ingredients are weighed
out from barrows or skips and are tipped into a large hopper whence
each batch, assoon asit is completed, passes into the mixing chamber
of the mixing machine, This may consist of nothing more than
a cylindrical chamber in which steel arms revolve and stir up the
contents, but more modern appliances take the form of rotating
barrels or cylinders, set up on an inclined axis and provided with
suitable shelves and baffles; in these the materials are vory itho-
roughly shalen over and mixed. Where hand mixing is adopted,
the varjous ingredients of each batch are thrown into a large bin
and are there turned over several times with shovels, the entire
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material being ultimately sieved through a wire sieve of suitable
mesh. In all cases the resulting mixture should be perfectly uniform
in colour'and texture, and analyses of different samples should show
only small variations. With the mixture thus prepared the “ cullet
or broken glass which is to he re-melted is now incorporated ; ideally
this should also be uniformly distributed, but this is rarely attempted
in practiee on the large scale.

The next step in the process is the introduction of the mixture
into the furnace. In the case of tank furnaces this is a simple
matter, since in theso the temperature is kept as nearly constant
as possible, and raw materials may therefore he introduced at
alinost any time, the amount introduced being so regulated as to
keep tho level of the molten gluss or ““metal ” as nearly constant
as possible, The actual introduction is managed by means of a
large opening or door at what is known as the “ melting end ” of
the furnace. Normally this opening is covered by a large fire-brick
block suspended by a chain running over pulleys and counter-
balanced by & counterpoise weight. When charging is to begin,
this block is raised and the opening is uncovered. The raw materials
are then introduced either by hand, by the aid of long-handled
shovels, or they are first filled into a long scoop moved by mechenical
means forward into the furnace, where it is given a balf-turn, which
empties the contents out, and is then rapidly withdrawn.

This charging process may be repeated every half-hour, or larger
quantities may be introduced once every four hours, according to
the practice that may be adopted at any particular furnace.

In the case of pot furnaces tho charging process is not so simple,
Here the first charge of raw materials has to be introduced into a
pot which has baon almost entirely emptied durivig the working-out
process, and the temperatnre of {he furnace has also fallen very
considerably daring this time. Before new material is iniroduced
the heat of the furnace must first be adequately restored. If this
is not done, thoe fusion of the glass takes an abnormal course and
very imperfect resulte arise. Further, the quantity of material

L 2
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introduced at one time must be carcfully adjusted to the capacity
of the pot. During the earlier slages of fusion most glass mixtures
form large masses of foam, and if the crucible has been too heavily
charged this foam overflows, with the result that valuable material
is lost and the floor und passages of the furnace are clogged with
glass, A cerlain amount of overflow, as well as leakage from defec-
tive crucibles, is, however, unavoidable, and for this purpose every
pot furnace is provided with a chamber so placed that the glass will
flow into it and so be prevented from finding its way into the regenc-
rnbors or olther parts where ils presence would hinder Lhe working
of the furnace. Theso receptacles or “ pockets ” must, however,
be perindically cleared of their contents from outside, and this
conslitutes one of the most irksome operations connected with
glass manufacture. Owing to the occurrence of foaming and to the
fact that the raw materials occupy much more space than the
glass formed fromn them, it is necessary to fill the pot with fresh
batches of raw materials several times, the quantity which can be
introduced dedreasing each time. The number of times that this
must be done depends upon the particular circumsiances, but from
four to eight “ fillings * are commonly used for various kinds of
glass and size of pot. The precise stage at which a fresh
batch of raw materials should be introduced is another
matter requiring cereful attention. TFor some purposes it is
necessary to wait until the previous batch is completely molted,
but in other cases raw material may be added whilst some of
the previous batch is still floating on the surface of the giass in
the pot.

We have now to consider the chemical reactions which take
place in the mixture of raw materials that are introduced into the
hot furnace. The exact course of these reactions is not known in
very great detail, as this could only be ascertained by an elaborate
resgarch on the noture of the intermediste products that resnlt
under various circumstances. A research of this kind would throw
much light on the whole of the melting processes, but is in itself so

UM ]
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difficult that it has not yet been carried out at all fully. We can
therelore only give an account of the chemical changes from our
knowledge of the end-results and of a fow intermediate products
that are known. To take the simplest case, we may consider a
mixture consisting of sand, carbonate of lime and carhonate of
soda mixed in suitable proportions. In such a case we know that
the mere action of heat alono will produce two changes— the car-
bonate of soda will mele and the carbonate of lime will lose ils
carbonic acid and be “ burnt ” or converted into caustic lime.
The first stage of the fusion process thus probahly results in a mass
consisting of sand grains and grains of carhonate of lime undergoing
decomposition, all cemented together by molton carbonate of soda.
This mass will he [ull of bubbles, some derived from the air enclosed
bstween the grains of the original mixture and thus trapped by
the melting mass, and others formed by the carbonie acid which is
being driven off in the form of gas by the decomposition of the
carbonate of lime. At the temperatuie of the furnace, however,
gilica has the properties of & strong acid, and not only attacks the
carbonate of lime much in the same manner as, for instance, hydro-
chbloric acid would do in the cold, but the silica also attacks the
carbonate of soda, which heat alone can scarcely decompose, The
exacl order in which these reactions take place will depend upon
the temperature of the furnace and the degree of mixing attained
in the preparation of the raw materials, Although in the long run
the final result will probably be the same as regards purely chemical
constitution, much of the technical success of tho process must
depend upon the exact sequence of the changes involved, as this
must govern the number and size of the bubbles that are formed
in the glass and the fluidily of the mass Irom which these bubbles
have to freo themselves. In the present state of our knowledge,
however, we can only say that the finel result is the complete
expaulsion of all carhonic acid from the compounds present (although
it may remain entangled fu the glass in the form of bubbles) and
the formation of silicates of both lime and sods which remain in

-
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the finished glass in & state partly of mutual chemical combination,
partly of mutual solution. .

The description of the process of fusion just given applies, with
slight modifications, to the melting of ordinary Hint-glass mixtiires
as well as to lime glasses, with the one modification that the car-
bonate of line of the lime-soda glass is replaced by red-lead, and
the gas evolved by the decomposition of the red-lead is oxygen
in place of the carbonic acid evolved from the decomposition of
the carhonute of lime. Tu the cuse of both lime and Ilint glasses,
howover, cortain other substances besides those mentioned me
usnally introduced in small quantities, Althongh these substances
do not very materially affect the end-products of the chemical
reactions, they very materially affect the intermediate stages, and
thus serve the purpose for which they are introduced by affecting
the courso of the chemical changes 1n a favourable manner. The
substances usually employed for this purpose are arsenic and
nitrate of either soda or potash. The manner in which the arsenic
acts is very obscure and cannot be discussed in detail here; the
chief factors in its action are, however, its volatility and its rower
of either absorbing oxygen or parting with it according to circum-
stances. The action of the nitrates is chiefly dependent upon the
oxygen which they yield on decomposition by heat, This oxygen
is in some cases stored up by other ingredients of the mixture and
only given off at e much later atage, when the evolution of this
gax asvists in the removal of the last small bubbles of inart air or
carhonic acid gas still left in the glass. The oxidising action of the
nitrales, however, serves chiefly for the destruction of organic
matter and the full oxidation of any iron presont, both processes
which tend to improve the colour of the glass, while in the case of
flint glasues the presence of these oxidising additions is necessary
to avoid all risk of reduetion of lead, sinco this might result in the
completo blackening of the gless, or the formation of metallic lead
at the hottom of the pot.

A much more complicated set of reactions ocour when the alkali

. a
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of a soda-lime glass is introduced either partly or wholly in the
form of sulphate of soda (salt-cake). Wo have already pointed out
that the unaided action of heat and of silica is not sufficient to
bring about the rapid decomposition of sulphate of sods which is
required for successful glass manufacture, and that the intervention
of reducing agents iy required. For this purpose a certain amount
of carbon in the form of cuke, charcoal or anthracite conl, is intro-
duced into nll salt-cake mixtures, but the reducing gases of the
furnuce stmosphere also play an important part in tho reactions
that take place. Ilvre again it is not possible Lo give anything
but an incomplete acconnt of what occws. The rationale of the
whole process lies, no doubt, in the fact that sulphite of soda (Na,80,)
is much more readily decomposed by the action of hot silica than
the sulphate (Nag80,) itsclf, so that the essential action of ithe
reducing agents consists in robbing the sulphate of part of its
oxygen, thus reducing it to the condition of sulphite and 1endering
il accessible to the attack of silicic acid. But if we attempt to
cxpress such a reaction in the usual manner by a chemical equation
from which the quantity of carhon required to effect the reduction
in question can be calculeted, we find that the amount of carbon
required in practice is very considerably less than that given by
this theory ; it follows therefore that either this very large amount
of reducing action must be ascribed to the furnace gases, or that
the actual reactions are not strictly of the kind we have described.
Both explanations are probably partly correct, and in practice tho
smount of carbon to be used in a given mixture and furnace can
only be found by actual trisl, in which the manufacturer is, of
course, guided by the results obtained with other furnaces of a
similar iype. The end-product of the reaction is again & mixture
of siliontes, while gascous oxides of sulphur escape from the chimneys
of these furnaces in considerable quantities. Some undecomposed
sulphate, however, passes into the glass and its presence can
always be detected snalytically in glass mads from salt-cake mix-
taree, In normal working this sulphate remains in solution in the
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glass, but under certain conditions it may separate out in the lorm
of white specks which constitute serious defects in the glass (*‘ sul-
phate stones ”’). Analytical control of the sulphate content of the
finished glass constitutes one of the most useful ways of controlling
the hehaviour of salt-cake mixtures.

On the other hand, if too great an amount of carbon is used in

the batch or if the furnace gases are cxcessively reducing, the glass
may be discoloured by the presence of alkali or lime sulphide, while
in more exireme cases carbon may be present in colloidal suspension,
giving rise to colour in the glass ranging from light amber, through
deap brown, to blaeck. This colour, however, “burns out” on
prolonged melting of the glass.
" It is obvious that to o mixture containing carbon as a reducing
agent such oxidising materials as nitrates cannot be added, but
small quantities of arsenic and of manganese dioxide are added
because their other properties are sufficiently valuahle to outweigh
their disadvantages as oxidising agents.

Having now briefly considered the process of fusion proper, we
pess to the second stage in the melting of glass. In a properly con-
ducted glass furnace, when the last trace of undecomposed raw
materials hes disappeared, we find the glass as a transparent mass
throughout which gas bubbles are thickly disseminated. For the
majority of purposes it is necessary to free the glass as perfectly as
possible from these bubbles before it is worked into its final form.
This freeing or ““ fining * process is earried out by further and more
intense heating of the molten glass, which is thereby rendered more
fluid and sllows the bubbles to disengage themselves by rising to
the surface. This occurs much more readily when the bubbles are
large; very minute bubbles, in fact, show no inclination to rise
through the fluid mass. The glass-maker accordingly eompounds
his mixtures of raw materials in such a way as to yield large bubbles,
or, failing that, he adds to the molten mass some substance that
avolves a great many large bubbles, and these in their upward
course through the glass sweop the small ones away with them. The
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added substance may be an inorganic volatile body, such as arsenie,
or more frequently some rvegetable substance containing much
moisture i introduced into the glass. The most usual method is to
place a potato in the crook of a forked iron rocd and then to dip the
rod with tho attached potato into the molten glass; the heat at
once begins to drive off the moisture and to decompose the potato,
80 that there is u violent ebullition of the whole mass. This “ boiling
up " process assists the fining considerably and also serves to mix
the whole contents of the pot very thoroughly, but it has some
atbondant disadvantagey, sueh us the introduction of oxide of iron
into the glass from the rod which i used in the operation, while
the contaminated material adbering to the walls of the pot itself
iy dragged off and mixed with the rest of the glass by the violent
stirring nction that taokes place. It is, of course, further obvious
that this process can only be usefully applied to glass melted in
pots, since the bulk of the molten glass in a tank furnace could
not be reached at all in this manner. Mixtures that are to be melted
in tanks must therefore be capeble of freeing themselves ol their
encloged hubbles without such outside aid. In a tank, in fact, the
whole melting process proceeds on somewhat different lines, since
the temperature of the furnace is never intentionally varied, while
on. the other hand the melting glass travels down the furnace into
regions whose temperature can be regulated to favour the various
stages of the process that take place in each part of the furnace. On
the wholo, however, it is an undoubted fact that while the running
of & pot furnace can be varied, within wide limits, to suit the raquire-
wents of whatever mixture it is desired to melt, in the case of tank
furnaces the mixture must be closely adjusted to the requirements
of the furnace, whose general “run * cannot be very readily altered.

The completion of the ** fining ** process is generally determined
by taking esmples of the glass out of the pot or tank and examining
them for enclosed bubbles. Such samples may bo obtained in a
variety of ways, tha most usual method being to dip & fat iron rod
just below the surface of the glass and to Jift it out vertically upwards,



TIHE PROCESN OF IUSION 87

thus retaining on the flat surface of the rod some ol the glass that
lay there at the moment when the rad was immersed. These test
samples or “ proofs ” are examined very carefully, and if no trace
of bubbles can be observed the glass is generully regaided as “ fine,”
but it iy by no means certain that the absence of hubbles from such
a ymall sumple will prove that the whole mass iy free ; that, how-
ever, is a point where tho melter’s experience enables him to judge
how far he may rely upon the indications given hy the  proofs.”
When the glass is “fine” il frequently happens that ihe surface
of the molten mass is contaminated by specks of foreign matter
floating on the glass ;5 for the purpese of removing these, the surlace
of all glass is skitnmed before work ix begun upon it, This is done
by removing the surface layor of glass by means of suitahly shaped
iron rods, upon which small masses of molten glass are first
“ gathered.” XFinally, it only remains to reduce the temperature
of the glass from that of the melting and fining process to the much
lower temperature at which the various methods of wurking the
glasy are carried out. In pot furnaces this iy accomplished by
lowering the temperature of the entire furnace, while in tank fur-
naces the fine glass flows into the working chamber of the tanl
which is always kept at the working temperature,



CHAPTER VIT
PROCESSES USED IN THE WORKING OF CLASS

Ix the previous chupter wo have followed in oufline the proceus
of fusion and fining of glass, leaving the molien material ready for
working up into the final shape. Up to that poini the process is
vety simdlar in all kinds of glass, although the furnaces, pots and
utensils employel vary considerably, as do also the temperatures to
which the materials are hented at various stages. The working
processes, however, differ entirely from one class of product to
another, a8 obviously the process employed for the production of
& sheet of plate glass can have little in common kvith that used in
the manufacture of a wine-glass, On the other hand, the modes of
working hot glass are not so numerous as the products that are
produced, so that we find very similar appliances and manipulation
recurring in various branches of the industry. For that reason we
propose to desl hers with the principal methods of manipulating
glass, leaving the details of each method as applied to special pur-
poses to be discussed in connection with the special product in
quention,

The first stage in the working of all glass is the removal of a
suitable quantity of molten glass from the furnace. Practically only
threo methods are aveileble, viz., ladling, pouring and gathering.
if we think of & familiar substance having physical properties
somewhat ravembling those of glass, we may take thick (reacle and
suppose it contained in & jar or bottle; there are three obvious ways
of extracting it from the bottle : we may ladle it out with & spoon,
or we rasy pour it out by tilting the whoele bottle, or we may dip
& spoon or fork into the thick liguid, slowly draw it out and turn

~
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it round as we do so, thus bringing out on the spoon or fork a round
adherent mass or ‘“ gathering ” of tregcle. In the case of molten
glass the process of ladling is by far the simplest, but it has certain
very decided limitations and disadvantages. These arise fromethe
fact that a ladle cannot generally be introduced into molten glass
without contaminating the whole mass of glass, at any rate with
numerous air bubbles. The metal of the ladle carries with it a
cousiderable amount of closely adherent air which is partially
detached while in contact with the hot glass, so that both the con-
tents of the Indlo and the glass remaining in the furnace are con-
tnminated. These bubbles might perhaps be avoided if hot ladles
were used, but in that case the glass would adhere to the surface
of the metal, and each ladle would require laborious cleaning after
each time that it was used. In practice, therefore, ladling is only
used for the production of those classes of glass where the presence
of & certain number of air-bells is not injurious, and the ladles are
kept cold by immersion in water after each iime of use. The use
of the cold ladle has, however, the further disadvantage that a
certain quantity of the glass withdrawn in it is very considerably
chilled by contact with the cold metal, and is thus too stiff to undergo
the further processes satisfactorily—this chilled glass has, thercfore,
to be rejectod from each ladleful ; this not only involves loss of
glass, but also necessitates the separation of this spoilt glass from
the rest. Where a heavier ladle, made of thicker iron, is used and
is allowed o become hotter, a coating or * skuil  of glass remains
adherent to the ladle after each time of use. This glass, which is
liable to be contamwinated with oxide derived from the ladle, has
10 he removod from the ladle and constitutes a loss, althaugh it can
be re-melted,

In connection with certain types of glass-blowing machines
ladling is used as the means of feeding the glass into the machines,
The diffienlty arising from the contamination of the glass with
air bubbles still remains, but in some cases it has been got over by
passing the glass from the ladle into & heated receptasle which

~
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acts as a settling or refining pot in which the glass can rid itself of
any bubbles which have been introduced into it. As such bubbles
are generally large they rise to the surface quickly, provided that
thé glass is kept fairly fluid. In this connection it is well lo note
that glass can be ladled in & much hotter and more fluid condition
than thet which is necessary for gathering.

The general process of rolling requires little treatment here.
Two essentially different processes are used ; in one the glass is
thrown on & flat table and rolled out by a moving roller passing
along the tabla: in the of her the glass passes between two rollers ro-
volving on fixel axes, and the sheel so formed is received on a moving
table or slab. The former inode of rolling is used for the production
of the ordinary rolled plate glass ; if the surface of hoth table and
roller i§ smooth, the glass also has a comparatively smooth surface,
but the surfuce is for from being level or free from irregularities. Tt
has been found that it is quite impossible to prevent these irregu-
larities, which appear to arise from the buckling of the glass against
the iron surfaces with which it comes into contact; when rolled,
the glass is too stiff to recover its true, smooth surface under the
influence of surface tension, so that it retains all the marks of roller
and table —nor can the rofler be made peifectly smooth, since in
that case it appears to slip over the glass and does not roll it out
properly, All efforts, therefore, to prednce a glass having a true
and smooth surface by direct rolling have failed, and are likely to
fail, so long as tables and rollers are made of materials similar 10
those now in wse. The process of rolling on a stationary table is,
however, used for the manufacture of plate-giass; but here the
glab as rolled has still the rough, uneven surface similar to that of
ordinary “relled plate,” and this is removed and replaced by a
ttue polished surface by the mechanical processes of grinding and
polirhing. The second mode of rolling, 4., with two or more
“ gtationry * rollers and a moving table, is used for the production
of rofled plate having specisl surface features or patterns; the
variety uf rolled gless knowm as * figured rolled plate,” having a
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deeply imprinted paitern, iy produced in this way. This method
requires much more complicated mechanical appliances, some of
which are still protected by patent rights.

Ladling being thus limited to the production of inferior kinds of
glass, the better varieties are dependent upon either gathering op
pouring. The former process is limited as regards the quantity of
glass that can be dealt with in one piece, although surprisingly
large quantities can be gathered upon a single pipe; the great
masses of glass, however, that are required for the production of
modern polished plate could not he handled in this way, and the
method of pouring is accordingly adopted. For this purpose either
the pots in which the glass has heen originally melted, or others
specially designed for this purpose, and into which the molten glass
has been transferred, are removed bodily from the furnace by the
aid of powerful mechanical appliances; they are then carried hy
overhead cranes to the place where the glass is o be rolled into
the form of a plate, and there the pot is tilted and the molten glass
is allowed to run out and to form a pool on the rolling table, the
passage of the great roller ultimately rolling the pool out into a
sheet much as dough is rolled out with a rolling-pin. This process
is obviously only possible with pots or crucibles of a suitable size,
and is, moreover, very destructive to these pots, since they are
exposed to great variations of temperature. In the case of tank
furnaces, numerous devices have heen patented for allowing the
glass to flow out over a sill or weir of suitable size, ready to be
rolled or drawn into the form of sheets or slabs’ but none of there
devices have, so far as the writer is aware, found their way into
Practice ; the roason for this probably lies in the fact that it is not
easy to find a material which will present a smooth face to the out-
flowing glass, such materials as fire-clay leading to contamination
from detached fragmenty, while chilled metal leads to local chilling
of the glass, Although the various processes of drawing gless into
sheets direct from the furnace have undergone very material improve-
ment, the laborious process of gathering yet retsins its importance
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even in the production of such large objects os sheets of window
glass, .

In its essence the process of gathering consists in introducing
into the glass a heated iron rod or tube to which a small quantily
of glass is allowed to adhere; rod and glass are removed from the
furnace together, and the small adherent ball of glass is allowed
to cool so fur as to become stiff enough to carry its own weight.
The rod with its adherent hall is then again dipped into the glass,
where u fresh layer of glass attaches itself to the ball already on
the rod. The whole is again withdrawn, allowed to cool down, and
then dipped into the molten glass again to gather a fresh quantity.
This cycle of uperutions is ropeated until the desired quantity of
glass is attached to the rod or tube. These operations, particularly
when weights of thirty or forty pounds of glass have to be gathered,
require the exercise of a great deal of skill and care; the introduc-
tion of the gathering into the molten glass is each time liable to
produce wir bells which would spoil the whole mass of glass or wounld
contaminate the contents of the crucible, while subsequently the
mass of hot glass adhering to the rod or pipe tends to run down
and even to drop off entirely if not properly checked by suitable
rotation of the pipe. Further, the manual labour and exposure to
heat involved for the operator all tond to increase the cost of such
work. Mechanical aids to gathering were at first confined to simple
devices for relieving the operator of the great weight of the heavier
gatherings, but more recently wholly mechanical devices for gather-
ing bave come info successful use, particularly in bottle-making.
Theso depend upon suction, the molten glass belng drawn up into
an inverted cup whose edge is imnersed in the glass contained in
the furnace. Those devices, however, require a special type of
furnace or receptacle in which the molten glass is kept at a constant
lavel,

Just aa ladling is nearly always proliminary to rolling, so gathering
is ususlly the preliminary to some blowing process, although the
blowing is often combined with and semetimes replaced by the
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mechanical pressing of the glass. Where tho glass is to be blown,
the gathering is always made on a glass-maker’s pipe. This is an
iron tube from 4 to 6 ft. lung, provided at one end with a wooden
casing to serve as a handle, and with a suitably arranged mouth-
piece for blowing. The shape of the lower or “ butt ”’ end of the
pipe depends upon the character and size of the objects to be blown ;
for small articles the pipe must be narrow and light, but for heavy
sheet glass the butt of the pipe is extended into a conical mass
whose base is from 2 10 3 in. in diameter. The bore of the pipe at
both ends also depends upon the class of work for which it is intended.
At the end of the blowing operation, when the blown article has
been detached or “ cracked off ” from the pipe, a fairly thick ninss
of glass remainy attached to the butt of the pipe. This usually
breaks off as it cooly, or is readily kmocked off, but its valne as cullet
for re-melting is greatly impaired by the fact that the glass is gene-
rolly contaminated by adhering layers of iron scale derived from
the pipe. TFor this and other reasons the butts of pipes and of
gathering irons are sometimes made of fire-clay, which is formed
over the end of the iron tube. In order to secure better adhesion
between the clay and the iron, the lower end of the pipe is provided
with several pins,

The first stage of all blowing processes consists in the formation
of a hollow sphere by blowing into the pipe, the pressure of the
breath being as a rule sufficient to cause the gradual distension of
the hot mess of glass, From this rudimentary hollow sphere the
various shapes of blown articles are then evolved by a series of
manipulations which vary very widely in different branches of
manufacture. They generally consist, however, in gradually
changing the shape of the mass of glass by the pressure either of
hand-tools or of specially prepared moulda or blacks againat which
the glass is held or turned, either with or without simultaneous
blowing into the pipe. The extent to which the aid of such moulds
and blocks is invoked varies continuously from the production of
the hand-made vase or glass to the moulded bottle ; in the former,
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practically only hand-tools, whose shape bears no direct resemblance
to that of the finished article, are employed, while in the latter
the elongated hollow mass ‘of glass is placed inside a mould, and
internal air pressure is used to press the glass into contact with the
mould from which the shape of the finished bottle is thus directly
derived.

The arl, of the blower further takes the fullest advantage of the
peculiar physical properties of glass while in the heated viscous
condition, the material being mado to flow under the action of
gravity and centrifugal forces, us well as under the pressure of the
breath, the glass heing held alofl, twirled or swung ebout to ensure
the production of the various shapes required, For the great
majority of such purposes {he unaided manipulations of the operator
are sufficient, but various mechanical aids are used to facilitate
the more laborious stages of the work. while for the simpler forms
that are required in very great numbers, such as bottles, the whole
of the operations are now carried out by automatic machines. Of
the more usual mechanical aids at the disposal of the glass-blower,
we have already mentioned hand-tools, blocks, and moulds of
varions kinds. Next in importance to these is the use of com-
pressed air for blowing large or heavy articles; the pressure avail-
able by the human breath is very limited, and the volumo of air
that can be thus delivered is not very large, while the constant
use of the lungy for such & purpose is trying for the workman. Tn
many works, therefore, air under pressure is supplied to the benches
or stages where the blowing is done, and the blowers’ pipes can be
coupled to this air supply by means of flexible connections when
required, The prineipal difficulty lies in the correct regulation of
the air pressure for each special purposa; but this difficuliy has
been overcome by the use of delicate valves under the control of
cach blower, who cau thus regulate the pressure to his own exact
requirements, Such & aysiem, of course, requires some litile practice
on the pazt of the men using it, but when they have hecome accug-
tomed to the working of the plant the results achieved are decidedly

~
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better and more regular than those obtained by mouth blowing.
Besides the use of compressed air supplied in the way just indicated,
several other devices are in use Lo aid the blower in producing the
requisite pressure in the interior of the hollow hodies he is pro-
ducing. The simplest of ‘all these consists in utilising the expansive
foree of the air enclosed in the hollow body when that body is exposed
to heat. Thus, for instance, in blowing a cylinder of sheet glass,
il the blower holds his thumb over the aperture of his pipe, and
brings the closed ond of the cylinder near the hot “ blowing hole,”
tho heat which softens that end of the glass will also act upon the
anclosed air, and will very rapidly produce such an expansive effect
as to burst opon the softened end of the cylinder. This means of
opening the closed ends of the eylinder is frequently employed in
practice. It is, of course, obvious that any other expansive Ruid
might be employed in a similar manner, and in some blowing pro-
cesses it has long heen the practice to introduce a small quantity of
water into the interior of the hollow body, when the rapid expansion
of the steam produced thereby is utilised for the purpose of gene-
rating the requisite internal pressure. This use of the expansive
force of steam generated by the heat of the hot glass body has been
utilised by Sievert, whose process is described in Chapter VIII,
Whatever mechanical aids are employed to facilitate the various
stages of the process, all glass blowing involves & series of oparations
requiring considerable skill, while the whole manner of dealing with
the glass is essentislly extravagant of material, except perhaps in
the production of bottles or flasks having narrow mouths. The
reason for this latter statement lies in the facl that by blowing it
is only possible to produce closed or nearly closed hollow bodies or
vessels ; thus a blown wine glass or tumbler is formed with a hood
or doma closing in the open top of the glass, and this hood or dome
has subsequently to be removed by subsidiary processes, such as
cutting off by the aid of strong local heat or by grinding, and the
out edge has to be provided with a smooth finish, Tn the case of
comparatively small articles Iike glasses the loss wnvolved from
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this cause is not so very great, but were large flat bowls or dishes
to be produced by blowing, the loss in the dome or coveriug would
be very serious. This difficulty is entirely avoided by the process
of ‘pressing glass. Wo have already indicated the manner in which
moulds are used for the production of the desired shape in the case
of bottles, ete., but in these cases, where the final object is to be
o hollow vessel, the glass is readily forced into conlact with the
mould hy means of internal air- or steam pressure; in the
process to which woe ure now reforring, however, the lLot glass is
forced into contact with the extornal mould by meaus of un internal
Munger which is pushed downward with cousiderable foree. By
this means Hat or shallow hodies can be produced without the
preliminary formation of n completely closed vessel, while it is
obvious that by the use of suitable moulds, complicated and elaborate
shapes can be produced. Tt is true, of course, that pressed articles
do not show the sanie smooth and brilliant surface which is charac-
teristic of the fire polish of blown articles, while the facility with
which elaborate surface ornamentation can be applied by this
process has not tended to artistic refinement in design, but the
great majority of cheap and useful glass articles of domestio use
have been made available by the development of the pressing
industry.

In the ordinary course, pressed glass is produced direct from the
molten material, which is introduced into the presses either by
gathering or by means of Iadles, but for some special purposes
glass is brought into its fiual shape by mechanical pressure after
having first been allowerd to solidify and having then been specially
re-heated to undergo the pressing or moulding process. This is
priecipally done in the case of the best kinds of optical glass, where
the molten glass is first allowed to coul in the actual cruciblo and
is then broken up into lumps of & suitable size, from which the
maore defective portions can be rejected, the more perfect portions
only being heated up sgain in special kilns and than foreed to take
the desired shape by beiug pressed -sowetimes with hand-taols
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only and sometimes ly the aid of powerful presses—into moulds
of the requirer shape. Small lenses, hgwever, for which the require-
ments of quality are not so high are sometimes pressed direct from
small gatherings taken [rom the molten glass in the crucible.

In almost every process of glass manufacture the final operation
is that of 4 nnenling, and although the exact manner in which it is
carried out must vary considerably according to the nature of the
particular produet in question, it may be well in this place to con-
sidor the general principles which underlie the operation.

It is, ol course, a well-known fact that when glass is either heated
or cooled too rapidly it will ** fly  or crack. 1f it is cooled rather
more slowly, but still rather [ast, it may not crack at the time, but
it retains o large amount of internal strain and either cracks spon-
taneously at a later period or is liable to sudden fracture through
swall accidental shocks., Thereis no deubt that much of the apparent
great fragility of ordinary cheap glass ware is due to the presence
of such internal stresses arising from inadequate annealing. The
object of annealing, then, must be the removal—to as complete a
degree as possible—of the internal stresses which arise from rapid
cooling. To understand how anunealing can effect this object we
must consider how the internal stresses arise.

Consider, for the sake of simplicity, a spherical mass of glass
cooling down from a bright red heat, <.c., irom a temperature at
which the glass is quile soft. As cooling tekes place, the outer
layers of the glass will cool down, at first, much more rapidly than
the interior. Glass is not a very good conductor of heat, and the
outer layers lose their heat so rapidly by radiation and by irans-
mission to the surrounding air thati, for & considerable time, the
flow of heat fromu the interior layers of glass is not able to balance
the loss, But the flow of heot from the interior increases as the
outer luyers gel colder, so that, after & time, & sort of equilibrium
is sot up, The temperature difference hetween inside and outside
hay then become large enough for the flow of heat cutwards nearly

(but not: quite) tu balance the loss of heat {rom the exterior surface,
[N R
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During the cooling of any thick piece of glass, then, we must have
o difference of temperature.set up between the interior and the
exterior, and this difference will be larger the faster the rate of
coofling and the thicker the piece of glass,

During the cooling process, however, o stage will be 1cached at
which the outer layers have become sufficiently cold to be quite
sliff aud incapable of adjusting themselves to any forces that may
set npon then, Al this siage, then, we have a hard “sel ” outer
shell surrounding u much hotter and softer interior mass of glass,
Now glass, like the majority of known materials, contracts as it
couls, und the greater the range of cooling, the greater also the
amoung of contraction which takes place. Suppose now Lhat the
interior of our sphere of cooling glass is, on the average. 200° C.
hotter than the exterior, so that perhaps at one stage in the cooling
process the exterior is 200° C. hotter than the surrounding air,
while the interior is 400° C. hotter than the air. Ultimately, when
the whole mass has cooled down, both exterior and interior must
reach the same temperature. In cooling thus, however, the natural
contraction of the interior would be something like (although not
exactly) double as mueh as that of the exterior, since it had to cool
down through twice the range of temperature. But since the outer
layers are hard and stiff, and the interior mass is firmly attached
to the outer Iayers hy the natural cohesion of the glass, the intarior
portions are hindered from: underpoing their natural contraction.
The result is that a state of {ension is set up in the inner Jayers and
& corresponding state of compression in the outer ones. One may
think of the inner portion 8s having first beon allowed to contract
to the full unhindered exiont and then to huve been stretched back
again to the size of the outer layers by the upplication of very large
tensileforces, and when thus stretched to have been fixed or anchored
to the outer layers. Now the actual distance through which the
glass has to be siretched thus to undo—or to keep undone—a
peztion of its nstural contraction, is only a very minute one, but it
requires the application of exceedingly powerful forces to stretch
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solid glass even fo so minute an exfent. Consequently, if the
difference in temperature between outaide and inside at the moment
when the outer layers become hard has been large, the forcgs or
stresses set up become so large that the glass breaks under them
and cracks or “flies.”” Tf the difference has been ralher smaller,
the glass will not actually crack, hut remain in a slate ol severe
internal tension. Remembering that the difference of {emperature
which exists at the critical stage just mentioned depends upon the
rate of cooling, wo see at once that for the avoidance of internal
stresses slow eooling must be adopied, und, further, that the thicker
the pieces of glass to by dealt with, the slower must be the 1ate of
cooling employed. It follows, also, that it is the rate of cooling at
the critical stage when the outer layers begin to hecome stiff whilo
the interior is still soft, that really determines the final stale of
the gless, so that very slow cooling is principally necessary through
that critical range. .

The simple case we have considered, of a cooling spherical mass
of glass, serves to illustrate the principle, but the consideration of
another class of case is also instructive, Ason example we may take
a flat-bottomed {umbler of the type in which the thickness of glass
i nearly uniform throughout sides and bottom. Here the actual
thickness of glass is nowhere very large and the danger of selting
up large differences of temperature between ontside and inside
layers is not very great unless the glass is cooled very violently
indeed. But thersis another way in which differances of temperature
may arise in such & case, with the resultant setting up of stresses
and possible cracking. Suppose the tumbler finished by the blower
sud at & uniform temperatyre throughout, If it wers new stood
upright on & cold slab in such a way as to cool the bottom much
faster than the sides, what would result ? 1If at first the sides were
still fairly soft the rapid contraction of the bollom, as it cooled
down quickly, would draw the sides inwards near the bottori;
then, with the bottom perhaps 200° or 300° colder than the aides,
the v{hole would steadily cool, After a time ihe sides would have
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become *‘set ”* and stiff, but would still be much hotter than the
bottord, Tinally, when the bottom was gquite cold and would no
longer undergo thermal contraction, the sides would still be hot,
and during the last stages of their cooling they in turn would contract
still further if free to do so, The stiffness of the bottom will prevent
this and the ring of glass forming that part of the side wall nearest
the bottem would have to remain siretched ouf to a larger diameter
than it would natnrally assume after cooling down. This again
means that the glass is under a tensile force equul to that which
would be required to streteh it mechanically to the size forced
upon it by tho stiffness of the previously cooled bottom. We would
thus have a system of internal stresses very similar in amount,
albough very different in distribution from those which arise in
8 thick mass of glas.

The general inference from these examples is that internal stresses
will arise in any piece of glass in which widely different temperatures
have been allowed to occur during the critical stage of cooling in
which one portion is soft while another is already hard. At first
sight it would seem that the only way to avoid such stresses would
be to secure the most uniform possible cooling of the glass from the
moment when its manufacture is finished. As a rule, lowever, this
is not pousible; frequently the very success of the manipulation
employed In manufacture depends on chilling one part of an article
while another iy still being moulded. The result is that severe
internal stresses are set up in most kinds of glass during manu-
facture, and it is the object of the annealing operation to remove
these as completely as may be necessary for any particular purpose.

Fortunately this can be done, provided only that the stresses
set up have not been snfficient to cause actual cracking., If the
gtrained glass is heatad up to a temperature at which the whale of
the glass is soft enough to yield a very little, and very gradually,
8 the sevars internei forces, then these relieve themselves, and—
pravided that the subsequent cooling is sufficiently slow and uniform
. to svoid the oocurrence of serious temperature differences within
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the glass, the article will come out of the operation relieved of
internal siresses or—as it is usually called, “fully ennealed.”
There are two points about the opération, however, which require
careful consideration. The first is the temperature to which ihe
glass must be raised in order to allow the sirains to be relieved,
and the second is the maximum rate of cooling which may be
adopted for a given object and a given kind of glass without intro-
ducing undue internal siresses. Both can be dotermined by com-
paratively simple experiment.

The temperature Lo which heating should be earried must be high
enough to soften the glass to a certain exlent but not high enough
to soften the glass sufficiently to allow i6 to become distorted under
its own weight. The temperature at which tho glass becomes so
goft that distortion will occur can be easily determined by placing
a rod or tube made of the glass in question in a horizonial tube
furnace heated by means of an electric current. The {ube or rod
is best supported at one end only. As soon as it becomes slightly
soft the free end will begin to bend down. This temperature is
easily determined by placing a thermo-couple in the furnace, gradu-
ally raising its temperature and carefully watching the glass. As
soon as the rod or tube begins to bend, the temperature is read,
and this reading gives a temperature which is an upper limit which
must not be approached during the annealing operation. Genecrally
a temperature at least 50° C. lower is sufficiently high to remove
all internal stresses in a few minutes, but the lower limit of tem-
perature can also be determined experimentally, although rather
more claborate appliances are necded.

For this experiment, and also for the testing of finished glass
in rogard to satisfactory annealing, we depend upon the fact
that it polarised light is passed through glass it is not at all
affectod by its passage so long as there is no stress acting on
the glass, Tf, howaver, there is internal stress, then the polarised
light is affocted in & very striking manner. Thus if we Jook through
& tube with & Nicol prism fitted at each end, and the two prisms
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are turned into what is known as the “ erossed ” position, no light
passes and we see a black field of view. If glass free from siress is
interposed between the two Nicols there is no change, but if strained
glasyis interposed light is at once seen in the field of view, and
this may assume certain well-defined patterns if the glass happens
to be strained in a symmetrical manner, and if the stresses are
gevere we may not only see black and white figures, but vividly
coloured patterns male Lheir appearance. It is thus an easy matter
to ascertain whether a finished article is or is not fully annealed
by examining it between crossed Nicols, or in the similar manner
which is deseribed in Chapter XIIL. in connection with optical glass,

To apply the test by polarised light to the determination of the
annealing temperalure it i3 necessary to place in a little electric
tube furnace a block of the glass to be tested, but this block must
have its two opposite ends nicely polished. The crossed Nicols
are then so placed that the light in passing from the first Nicol (or
polariser) to the second Nicol (or analyser) passes through the
block of glass under test lying in the furnace tube—in fact, the
furnace with the block of glass in it must be placed between the
crossed Nicols. When first put into the furnace the block of glass
will show patterns—probably coloured—as the result of the presence
of internal stresses. Then the temperature of the furnace is very
gradually raised and the glass is watched through the crossed
Nicols. Gradnally, as the annealing temperature is approached,
the patterns seen in the glass will begin to change. If-—as is fre-
quontly the case—these lake the form of rings, they will gradually
widen out until finally there is perhaps only the trace of one ring
left visible near the edges of the block of glass. A very slight further
rise of temperature will then remove the last trace of strain, and
the full annealing temperature has been reached. Actually, the
temperature found will depend upon the rate of heating, but if
& reasonably slow rate of heating is adopted the temperature found

in the way indicated will be sufficiently accurate as a guide to
practice.
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With regard to the rate of cooling which can safoly be employed,
that must depend upon the size and shape of the object, the nature
of the glass, and the degrea of fresdom from strain demanded in
the finished article. The requisite rate can best be determined by
a series of experiments in which specimen objects are heated to
the previously ascertained annealing temperature and cooled at
known rates. By examining them in polarised light afterwards
it is possible to determine the maximum permissible rate of cooling.
It is not, however, cssential to carry this slow rate of cooling right
down to the ordinary temperature; once the whole of the glass
is “get ” or stilf, no further internal stresses of a permanent kind
can be set up and more rapid cooling can safely be adopted below
that temperature. The only limit imposed arises from the risk
that the glass may crack as a result of temporary difterences of
temperature and consequent temporary internal stresses which
might be set up by unduly rapid cooling. These temporary stresses
arise when any piece of glass is suddenly heated or cooled, owing
to the unequal expansions or contractions set up by differences of
temperature between different parts. But, provided that no part
of the glass is soft whan this occurs, all the stresses die out so soon
as the glass has attained a uniform temperature. So long, therefore,
as the glass is not actually cracked no harm is done by rapid
cooling below the point at which the whole of the glass is quite
hard.

The methods of arriving at a correct annealing process for any
given glass object which have just been outlined may appear com-
plicated to the practical glass-worker who is accustomed to put
his products into a “lear ** and expects them to come out at the
other end properly annealed. But a scientific treatment of the
annealing problem. is of much greater importance than is sometimes
realised. Endless difficulties arise in the practical utilisation of
glass products, particularly for technical purposes, which are
ultimately traceable .to unsatisfactory annealing. This is par-
ticularly the case in technical products, but makes itself felt in
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domestic usage also. An examination of any large number of glass
objects in polarised light roveals a very unsatisfactory state of
practice in this respect. Cldser attention to the whole matter is

therefore of great importance to the progress of the glass
industry.



CHAPTER VIII
BOTTLE GLASS

ArrrOUGH bottles are in some respects tho cheapest and crudest
products manufactured of glass, their uses are so innumerable and
their numbers so enormous that their production constituies & most
important branch of the indusi:,ry.

In the choice of raw materials for the production of ordinary
botiles cheapness is necessarily the first consideration Natural
minerals, bye-products of other industries, and the ecrudest chemicals
are utilised so long as it is possible by compounding these ingredients
i suitable proportions t¢ obtain & glass whase compogition meets
the somewhat crude requirements which bottles are expected 1o
meet. The most essential of these requirements are thay, the bottles
shall be strong enough to resist the intermal pressure which may
come upon them when used for the storage of fermented or effer-
veseent liquors as well as the shock of ordinary use, while the glass
itself must possess sufficient chemical resistance to remain un-
attacked by the moroe or less corrosive liquids which it is called upon
to contain. Further, from the point of view of the bottle manu-
facturer it is desirable that the glass shall be readily fusible, easily
worked, and easily annealed. In othor branches of glass manu-
facture increased fusibility is often attained by increasing the alkali
contents of the glass, but in bottle-making this is inadmissible,
hoth. on aceount of the prohibitive cost of alkali and bocause an
increased alkali content renders the glass more liable to chemical
attack, On the other hand, in many varieties of bottle the colour
of the glass is nearly, or quite, immaterial, so that the introduction
of relatively large proportions of iron oxide is permissible. This
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substance acts ag a flux and assists in the production of a fusible,
workable glass containing little alkali. Such alkali as bottle glass
does contain is frequently ‘derived [rom felspathic minerals, which
ganerally also contain considerable proportions of iron. The use of
‘these minerals also introduces notable proportions of alumina into
the glass. In certain classas of botiles, notably those used for
special wines, certain shades of colour are required—the well-known
“ Hock bottle  colour being an example. The presence of iron in
the glass tends to the production of a green or greenish-yellow colour
deepening to a black opacity if the quantity of iron be high. The
lighter shados of this green tint may be “ neutralised’ by the
introduction of manganese into the glass, the resulting colours
ranging from light amber 1o purple ; nickel oxide is also sometimes
used as a colouring material in these glassos,

In the production of crdinary bottles the continuous tank furnace
bas now entirely superseded the old pot furnaces, the characler of
the product being in this case particularly suited to this process of
production. The modern bottle glass tank is generally an oblong
basin having one semi-circular end. The flame is often of the
*“ horse-shoa ” type, the gases both entering and leaving at the
flat or charging end of the furnace. The raw materials are thrown
into the furnace at the square end of the tank, and the glass flows
uninterruptedly down to the colder semi-circular end where the
working holes are situated. At these points fire-clay rings are kept
floating on the glass, and from within these the gatherer lakes his
gathering, the rings serving to relain the grosser impurities carried
down by tho glass. The producing power of such a furnace, even
when the bottles are blown by hend, is very considerable ; a furnace
having ten working holes and containing normally about 85 tons
of molten glass will yield soma four million bottles per annum, and,
furnaces of considerably larger capacity are in use.

The methods of bottlesmaking are at the present time passing
through the later stages of a transition. Up to the middle of last
century the processes in use were little hetter than those of the
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middle ages; the first step in a more modern development of the
industry took the direction of improved tools and implements for
carrying out the old operations. Mors tecently & whole series of
inventions have been put forward [or producing botiles by entirely
different and wholly mechanical processes, eliminating the uncertain
element of skilled labour ontirely. While it must be admitted that
some of the earlier of these inventions proved to be brilliantly
ingenious [ailures, there is little doubt that here, as in other manu-
facturing processes, the machine-made article will ultimately
entirely supersede the hand-made product. Mechanical processes
are already in extensive use both in America and Europe, and
machine-made bottles are produced which in every point of quality
are superior to the best hand-made goods.

The first stage in the production of bottles by hand, and also
for most of the machine processes, is that of gathering the requisite
quantity of glass, The bottle-blower’s pipe is between 5 and 6 ft.
long, and is provided with & slightly enlarged end or “ nose ” upon
which the glass is gathered. Three gatherings are generally sufficient
for the production of ordinary bottles, but for oxtra large bottles,
and especially for carboys, heavior gatherings are necessary, and
for these the gatherer must go the furnace four, five, or even six
times. When the requisite quantity of glass has been gathered on
the pipe the gathering is worked and rounded by rolling it either
on a flat metal plate or “ marver,” or in a hollowed block made of
wood or more rarely of metal ; by this process the glass is formed
into a wellrounded, symmetrical pear-shaped body. The blower
now distends the mass gradually by the pressure of his breath, at
the same time swinging the pipe, the effect of these movements
being to draw the bulk of the glass downwards, leaving a thinner
and colder portion having the rudimentary shape of the neck of
the bottle next to the pipe. In the oldest form of the process the
next stage in the production of the bottle is accomplished by the
aid of a cylindrical mould of fire-clay, whose diameter is that of
the external size of the finished buttle. The pear-shaped bulb of
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glass is for this purpose re-heated at the molting furnace, and is
then placed inside the fire-clay mould. By vigorous blowing, and
& rapid rotation of the pipe 4nd glass, the bulb is forced to assume
the cylindrical shape of the mould, the glass forming the neck of
the bottle being at this stage of the process too cold and stiff to be
Turther deformed. The next step is the formation of the concavity
found in the base of wine and beer bottles; this is produced by
pushing up the hot plastic glass that forms the boitom of the bottle
as it leaves the clay mould. This is done by & sscond workman
using an iron rod known as the “pontil,” upon which a small mass
of glass has previously been gathered. This mass of glass remains
attached to the bottom of the bottle, which is thus for the moment
fastened both to the “pontil” and to the blower’s pipe. The
blower, however, immediately detaches the bottle from the pipe
at the point where the neck of the bottle is intended to end, effecting
this by locally chilling the glass—a process known by the descriptive
term of ““ wetting off.” The unfinished bottle i3 now attached to
end hendled by means of the “ pontil.” The neck is softened by
re-heating it over the furnace, and is then moulded into the desired
shape by the aid of specially-shaped tongs. Tinally a thread of
glass is wound round the end of the neck to produce the thickening
usually found at that point. The finished bottle, still attached to
the “ pontil,” is now carried to ithe annealing kiln, where it is
placed in position and detached from the “pontil” by a sharp
blow, which severs the glass that had heen gathered on the ‘* pontil ”
from the bottom of the bottle.

The proocess, in the form described above, has been ohsolete for
many years, improvements, consisting of appliances for facilitating
the various operations, having been gradually introduced. The
most important of these is the substitution of metal moulds for the
fira-clay moulds of earlier times. These metallic moulds are made
to open and close at will by the action of a pedal, and are designed
to give the entire botile its final shape, except for the indentation
of the bottom, although this is sometimes produced by & convex
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piece placed on the bottom of the mould. In the formation of the
neck thickening, also, important mechanical aids have become
almost universal. These last consist ol tongs provided with rollers
and arranged to rotate about an axis that {erminates in & tapered
spike which enters the neck of the bottle; by pressing the tongs
together so as to bring the rollers against the outside of the neck
and rotating the whole, the rollers are made to form the neck thicken-
ing in an accurate and rapid manner.

Important and valuable as these improvements of the ancient
process of bottle-blowing undoubtedly are, they do not touch the
main disadvanteges ol the process—disadvantages that seriously
affect its economy and the well-being of the workers employod
upon it. It is consequently not surprising that a great number of
inventors have laboured at the problem of the purely mechanical
production of bottles. A large number of patents have accordingly
been taken out in connection with bottle-making machinery. The
first of these to attain any favour was that devised by Ashley, but
although great claims were made for it, its use has not extended.
Recently, howaver, the mechanical blowing of bottles and similar
articles has made very great strides, both in England and America.
The machines used in England are still mostly of the semi-automatic
type, requiring the service of gatherers and operators {for various
stages of the work. In America, on the other hand, development
has reached the stage of the completely automatic machine in
which no hand-work is required, the machine taking the molten
glass from the furnace and delivering the fully-annealed bottle
at the mouth of the lear without manual intervention. Detailed
descriptions of these machines cannot be given without elaborate
drawings which would lie beyond the scope of the present hook.
A general account of the mode of operations of bottle-blowing
machines is, therefore, all that can be given,

The earlier machines, of which that invented and operated by
Boucher, of Cognac, in France, prior to 1900, is one of the most
euccessful examples, closely imitated the process of bottle-blowing

[ ]
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by hand, and this is still the case with many of the semi-automatic
machines which operate on the *press and blow” principle. In
these machines the glass is taken from the furnace by & gatherer
oh a gathering-iron (not a tube) and is dropped into the * parison
mould. This mould serves in the first place to limit the amount
of glass to the right quentity and aleo gives the glass ils initial
shape, 1.¢., forms it into a ““parison.” In the earlier machines the
“thread ” of the glass had to be cut off by hand, but in the newer
types this is done by a mechanically-actuated shears or knife. In
the ““press and blow ” machines the first step in the formation of
the bottle consists in thoe piercing and shaping of the interior of the
neck by & plunger, which is pressed into the soft glass lying in the
neck of the parison mould. This plunger at the same time serves
to chill and stiffen the glass of the neck, which then serves as a
handle by which the machine holds and manipulates the bottle
during the later stages. The only difficulty about this type of
machine i8 that there is a downward limit to the size of plunger
which will work satisfactorily for such a purpose, so that for small
bottles, with very narrow necks, the plunger becomes too thin and
weak. In that case the neck has to be formed by blowing alone,
and the glass at and near the neck of the parison is chilled by air
blown upon it from the outside. This type of machine is generally
lnown a8 the “ blow  type as distinct from the * press and blow ”
previously referred to.

The subsequent stages in the formation of the bottle are very
similar in all types of machines; the parison is held by the neck
and is automatically transferred to a finishing mould in which it
is blown to the final shape by compressed air admitted through the
previously formed neck, In the moreusual semi-automatic machines
the bottle is then carried by & boy from the machine to the lear for
annealing,

‘While machines of this type constifute a great advance in economy
on the old hand process, they are still far behind the completely
sutomatic machines, of which the Owens machine is probiably the
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finest example. This machine really comprises a complete special
gless-maling plant, in which the glass is melted in a special type
of tank out of which it flows in a sﬁea.dy stream into & revolv-
ing basin or tank in which the glass is maintained at & constaiit
level and at the right working temperature. Close over the surface
of the glass in this basin the parison moulds move on their arms
and, at suitable intervals, dip their edges inio the glass and—by
menns of suction—fill themselves with glass. When the mould is
full it is automatically raised and the glass is cut off by a knife
which passes under the mould. The glass, while being sucked into
the mould, is already formed into the neck and chilled, so that as
the mould moves on, the glass is stiff enough to allow the mould te
open, lesving the parison suspended by the neck. At this point
compressed air is admitted into the neck opening and simultaneously
the finishing mould closes around the parison, which is thus blown
into its final shape. " A little later the finishing mould opens and
the neck of the bottle is released from the hold of the machine, The
finished bottle then drops down a chute and passes—again auto-
matically—4o a continuous lear through which it is again carried -
automatically. The finished, annealed bottle is thus produced by
entirely antomatic means, without human handling et any stage,
These machines, originally constructed with six gathering arms,
now have as many as fifteen, and a single machine deals with the
entire output of a tank-furnace.

It is, of course, obvious that the utility of such machines is not
confined to the production of bottles, but that any articles which
can be blown in & simple mould can be produced in this way. Lamp-
chimneys and electric light bulbs and many ather articles come
under this heading. For the production of electric light bulbs,
however, special machines have been devised. In one of these the
molben glass is ladled oub of the melting furnace into & special small
receptacle or tank in which the glass can be kept at p constant
level, but this arrangament has serions disadvantages as compared
with the Owens suction gathering device. On the other hand,
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some very recent developments tend in the direction of using
moulds which are automa,twa,lly filled by molten glass flowing in
a steady stream over a ledge or “ weir "—but the details of Lhese
dbvices are not yet publicly known. The output capacity of these
sutomatic machines is, of course, very large; a single machine
making electric light bulbs, which are very light, has turned out
as many as 18,000 bulbs per twenty-four hours. The automatic
machines, however, are equally capable of dealing with very
heavy masses of glass, and botiles varying in size [rom one
ounce to one hundred ounces have been produced on the same
machine.

The annealing of hottles was formerly carried out in large
chambers or kilns of very simple construction, in which the bottles
were stacked as made, the kiln being previously heated to the
requisite temperature : when full, the kilh was closed up in a rough
temporary manner and allowed to cool naturally, thus annealing
the bottles stacked within it. In this branch of glass-making also,
however, the continuous annealing liln has superseded the older
kinds, snd continuous kilns are now almost universal in bottle-
making, In these kilns, which consist of long tunnels, kept hot at
one end and having a gradually decreasing temperature as the
other end is approached, the bottles are stacked on trucks which
are slowly drawn through the kiln from the hot to the cold end.
At the cold end the trucks are unloaded and are then returned, by
an outside route, to the charging end, but of conrse the bottles
cannot be stacked on the truck until it has actuelly entered the
hot end of the tunnel and acquired the temperature there prevailing.
In a slightly different form of ldln the bottles are carried down the
kiln on a species of conveyer belt formed of iron plates, but the
pringiple of all these appliances is gimilar even when used for very
different kinds of glass.

In the agcount of bottle manufacture given a.bove we have referred
almost excluswely to the mode of production of the ordinary bottles
used for the storage of such liquids as wine, beer, spirits, etc., and
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we will now deal with some other branches of manufacture closely
allied to these.

An important branch of glass manufacture is the production of
vessels of large dimensions. Those most closely allied to ordinary
bottles are the vessels known as carboys, used for the storage and
transportation in bulk of chemical lignids, and especially of acids.
Formerly these were blown by hand in & manner closely resembling
that used for ordinary botlles, but the weight of the mass of glass
to be handled by gatherer and blower is very great, while the lung
power of a blower is not sufficient to produce the great expansion
required. Formerly the only aid available to the blower was the
device of injecting into the hot, hollow glass body, at an early
stage of the process, a quantity of water or alcohol ; this liquid was
immediately vaporised by the heat of the glass, and if the blower
closed the mouthpiece en8 of his pipe by placing his thumb over i,
the expansive force of the vapour so generated served to blow out
the glass to the desired extent. More recently aids to the production
of these large vessels have become available, first in the shape of
mechanical arrangements for relisving the workmen of the full
weight of the glass and pipe by providing suitable arms upon which
the whole can be supported without interfering with the blower’s
freedom of manipulating the pipe and glass in the desired way;
turther, a supply of compressed air, which can be readily connacted
with the pipe at any desired moment, facilitates the blowing process.”
The newer bottle-blowing machines, however, can also deal with
carboys.

A process of producing hollow glass vessels of very large size by
purely mechanical means has, however, been devised by P. Sievert.
By the methods of this inventor glass vessels of quite unprecedented
size—such as bath-tubs freely accommodating full grown men—
can be produced. For this purpose the glass is spread out on the
surface of a large cast-iron plate, pravided with numerous small
holes through which steam or compressed air may be blown when
desired. The slab of viscous glass, when properly spread over this

G H
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plate, is clamped down against i all around the outside edge by
means of a suitably shaped iron collar, which holds the glass in
air-tight contact against the-plate beneath. The whole iron plate,
with Lho slab of glass clamped to it, is now turned over, so that the
glass hangs down under the plate. The glass immediately begins
to sag under its own weight, and is assisted in this tendency by a
suitable blowing of steam or air inio the space between the plate
and the glass. In blowing bath tubs in this way the glass is allowed
to distend downwards until the desired depth is altained, when .
further distension is arrested by bringing & flat supporting plate
under the glass, which ie pressed ageinst this flat plate by the
pressure of the air, thus forming the flat bottom of the tub. In
this process the outline of the object is determined by the shape
of the clamping bars or plate that fix the edges of the hot glass
against the iron plate described above, and by this means almost
any desired ehape can be given to objects of simple form.

It is obvious that this process can also be employed for blowing
a hollow body into contact with 2 mould of any desired form and
forcing the hot glass to take the exact shape of the mould; for
smaller bodies, however, the blowing in of separately generated
steam is not; required, the heat of the molten glass itself being used
to generate the necessary steam. For this purpose the requisite
quantity of glass is dropped on the surface of & wet slab of ashestos,
On this surface the glass remains floating upon a layer of steam,
which is constantly renewed by the intense heating action of the
hot glass on the water contained in the asbestos below. The moulds
used in this process are provided with a sharp edge or lip, and as
soon a8 the glass has spread into & slab of sufficient size, the inverted
mould is brought down upon the glass and pressed against it. The
sharp lip or edge of the mould forces the glass into close contact
with the asbestos under it all around the edge of the mould, thereby
enclosing the space existing between the rest of the glass and the
web ashestos. The heat of the glass continues to generate steam
at & rapid rabe, but now the steam can no longer escape from under
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the glass around the edges, and therefore blows the glass up-
wards into the mould, ultimately forcing it into intimate contact
with the surface of the mould: whén this is accomplished the
pressure of the steam rises rapidly, and ultimately lifts the emire
mould and glass sufficiently to allow the excess steam to escape—
and this is the sign that the blowing is complete. The whole process
takes only a very few seconds, and is very successful when applied
to suitable glass and used with moulds of proper shape. Tt is, of
course, obvious that ordinary narrow-mouthed bottles could not
be produced in this way, but wide-mouthed bottles and jars are
made in this manner, although the chief utility of the process lies
in the production of comparatively shallow articles, which are not
of a shape that lends itsell to pressing.



CHAPTER IX
BLOWN AND PRESSED GLASS

IN many ways very similar to the processes employed in the
production of bottles are those used in the manufacture of all hollow
glass vessels that are produced by blowing, either with or without
the aid of moulds, Apart from the actusl shapes of the articles
themeelves, howaver, the principal difference between bottles and
the better classes of hollow glass ware lies in the composition and
quality of the glass itself. In this respect all grades of manufacture
are to be met with, from the light coloured greenish or bluish glass
used for medicine hottles to the most perfectly colourless and
brilliant ““ crystal ” or flint; glass, This gradation in the perfection
of the glass represents a corresponding gradation in the care bostowed
upon the choice of raw materials and the various manipulations of
melting the glass. As we have seen, for the commonest kinds of
bottles, where colour and quality are immaterial, all kinds of fusible
materials can be utilised, loamy or ferruginous sands and refuse-
glass of all kinds being employed. Where somewhat higher require-
ments have to be met, rather purer sands have to be used as sources
of silica, while lime end alkali must be introduced in purer forms,
the alkeli in the shape of the cheapest qualities of salt-cake and the
lime in that of lime-stones reasonably free from iron and magnesia.
Finally, for the best qualities of glass the purest sand obtainable
is used, being often specially washed to remove sll loamy matter,
while the alkali is introduced in the form of carbonate, a chemieal
product which in its better qualities is practically free from injurious
impurities, Tn these high class products two very distinct kinds
of glass axe met with, One olass, of which the Bohemian * crystal »

-~
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is a typical example, is chemically of the nature of an alkali-lime
silicate, the alkali in tho case of the Bohemian glass being potash ;
the other variety of glass contains no lime, ils place being taken
by lead, typical of this class being English flint glass, In some
varieties of glass, lead is also replaced, partially or entirely, by
barium, but this material is chiefly used for the manufacture of
prossed glass.

The higher grades of quality in glass, which thus require increased
refinement in the raw materials, also demand incrensed refinement
in the furnaces and appliances employed in their melting. The
tank-furnace, which holds the field in bottle-manufacture, is not
so frequently met with in the production of the bettar qualilies of
glass-ware. In England the best grades of hollow glass-ware are
inseparably associated with the highest quality of fiint glass, which
has hitherto been produced almost exclusively in covered pots,
owing to the necessity of protecting the glass from all sources of
possible contamination and from the reducing action of the furnace
gasos. Special types of pot-furnace have, however, been devised
in which the presence of reducing gases near the surface of the
glass in the pots is so well guarded against that even flint glass
can be successfully melted in open pots. In the case of soda-lime
or potesh-lime glasses, such as those of Bohemia, however, no
reducing gases need be feared and there is a strong tendency to
introduce tank-furnaces for this purpose. The quantity required,
however, is rarely sufficient to keep & large continuous tank at
work, and efforts have therefore been made to evolve tank-furnaces
suitable for much smaller outputs, A very small tank intended
for continuous working would have the serious disadvantage that
the glass would have neither space nor time to undergo fining—
the melting and working ends of the tank would, in fact, be too
close together. This has led to the evolution of the * day  tank,
in which melting and fining goes on during the night, while towards
morning the temparature is allowed to {all and the glass is  worked
out ** during the day, so that parhaps two-thirds of the contents of
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the furnace are taken out, the tank being refilled during the next
nigh. -

In all processes for the production of hollow glass-ware the
glass or “ metal ”* is taken from the pot by the process of gathering
which has already been described: where blown articles are to be
produced, as distinct from pressed goods, the initial stage is always
the formation of a small hollow globe or bulb at the end of the
glass-blower’s pipe. The subsequent manipulations depend upon
the nature of the article to be produced. The article may either be
made entirely by hand-work, or rather “chair” work, as it’is
usually called, or the manjpulations may be facilitated and the
product cheapened —while its character is, of course, also modified—
by the aid of moulds, which are used to bring the object to its
proper shape and to impress upon it certain decorative mouldings
or markings. As we have already seen, ordinary bottles are now
always blown with the aid of moulds, and frequently in machines,
and the same applies to medicine bottles, lamp chimneys, and the
bulbs for electric light ; in connection with lamp-chimneys it should
be noted that they are blown in moulds in the form of cylindrical
bottles with a flat bottom and a domed top, the ends heing subse-
quently cut off. Hach “bottle” is frequently arranged so as to
cut up into a pair of chimneys,

Many of the cheaper varieties of tumblers and glasses are also
blown in moulds, but they can be, and sometimes are, produced by
hand, and as their manufacture is typical of that of all hand-blown
hollow ware, we shall now describe it in some detail as an example
of this class of work.

The implements used by the glass-blower and his assistants for
this work are few and simple, The largest item is the glass-blower’s
bench or chair, which is simply a rough wooden bench provided
with two projecting side rails or arms, When finishing & piece of
work the blower sits on fhis bench, and the pipe lies across the two
reils in front of him in such a position that by rolling it backwards
and forwards along the rails he can readily keep the pipe in _gentle

-
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rotation. In addition to the ordinary blower’s pipe and a * pontil
or rod for attaching small quantitics of glass whezeby the piece in
hand can be held, the only other tools used by the blower are a
number of shears and pincers of various shapes which serve for
cutting off, pressing in, and distending the glass as required, a flat
board and a stone or metal plate or ““ marver * being also used for
the purpose of moulding the glass.

As already indicated, the first step in the produetion of such an
object as a tumbler consists in gathering a suitable quauntity of

v U o
F16. 10.—Hectionsl diagram of ihe evolution of a Lumbler,
glass on the pipe and blowing it into a small bulb. This bulb is
blown out to the proper size and is then elongated by gently swinging
the pipe. The next step is the flattening of the lower end of the
bulb by gently pressing it on the “marver ” or flat plate provided
for such purposes ; in this way the flat bottom of the glass is formed,
and the bulb now has the shape of the finished glass, but remains
attached to the pipe by a shoulder and neck. The earliest practice
was to separate the tumbler from the pipe at such a point as to
leave the tumbler of the correct length, the remaining operation
consisting in holding tha glass, first fixed to & pontil {or the purpose,

into the furnace s0 as to heat the broken edge; this edge was
there]gy rounded off, and the brim of the glass could be widened or
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otherwise shaped by rotating the glass or pressing it in or out by
the aid of pieces of wood. ,Tn modern practice, however, thie is
not usual, the glass being sep'a.rated from the pipe well above the
shoulder and annealed in this shape. Subsequenily the glass is
finished in & trimming room or workshop by being cut off at the
desired point and having the rough edge rounded off by the aid of
a blowpipe flame. The cutting off operation is carried out in a
great variety of ways, the most usual being by the action of heat
applied locally and suddenly, either by the aid of specially shared
flat blowpipe flames or by an electrically heated wire. Machines
for carrying out this operation, as well as the subsequent rounding
of the edge automatically, are in use, but tho latter process is some-
times replaced by slightly grinding and polishing the edges.

The evolution of an ordinary tumbler, as just described, and as
illustrated diagrammatically in Fig. 10, is typical of ithe whole
process of hollow-glass blowing, but of course the number of opera-
tions, as well as the care and skill involved in each step, increases
rapidly as the form of the vessel becomes more complex; in the
highest class of work a very considerable element of artistic taste
and judgment on the part of the operative also becomes essential,
for, although the form of the object as well as the colour and orna-
mentation are chosen by the designer, the blower has to translato
the drawing of the designer into, glass, and although his skill enables
him to attain a considerable degree of fidelity in his rendering,
many details remain at his own option, and the proper management
of these is no small factor in the success of the whole work, The
brief desaription given above applies to the method of production
of all simple articles such as a tumbler, which can be blown out
of a single mass of glass. In many cases more complex shapes are
required, which are better produced by uniting several separate
pieces. A typical exemple of this kind is furnished by an ordinary
wine glass, in which the bowl and the stem are produced separately
and put together while the glass is still hot enough to unite com-
pletely. The ordinary dlear glass water jugs offer another example,

L]
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the thick handles being made separately and attached in a similar
mamner. In all such cases the necessity for building up the finished
arlicle out of several separate pieces arises from the [act ihat a
thin blown portion requires to be united with a thick, heavy portion,
or at least with a solid portion. The union of two such different
pieces, however, entails a special difficulty, arising from the unequal
rates of cooling of the thick, solid portion and the thin, hollow
parts. Such composite arlicles, unless very carofully annealed,
are apt to crack near the junction of tho thin and thick parts—a
leature sometimes met with in the water jugs already mentioned.
In this connection mention should perhaps be made of the appli-
cation of colour and other decorations to this kind of glass. A very
considerable range of effects of this kind is now available to the
glass-worker. In the first place the body of the glass used for the
production of the articles in question may be coloured by the
addition of suitable colouring materials to the molten glass or raw
materials, as explained in Chapter XII., but this procedure has
very obvious limitations; where the article is built up of glass
from several gatherings—as, for example, is the case in an ordinary
wine glass, where the bowl, leg and foot are each made of separate
gatherings—it is possible to use glass of different colours for these
different parts, and this is commeonly done in the production of
wine glasses having ruby or green bowls and white legs and feet.
A further modification in the application of colour is obtainable by
taking up two or more gatherings on the same pipe and superposing
a large gathering of white glass on a smaller one of coloured glass;
this is analogous to the process of “ flashing  sheet glass, described
in Chapter XI., and this process lends itself to a variety of manipu-
lations resulting in the distribution of the coloured layer of glass
in almost any desired manner over the object in hand. The principal
objection to this process, however, lies in the fact that pots of
molten glass of all the colours desired must be kept available to
the blower at the same time, and this is not essily arranged for in

any reasonably economical manner. For this reason, and also
»
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because the manipulations are simpler, coloured glass intended for
application to blown glass ware is generally used in the form of
short zods previously prepared; these rods are suitably heated,
and the coloured glass can then be applied to the article in hand
at any desired place and in as small or large & quantity as required.
If the two glasses thus brought into contact are properly related to
one another as regards chemical composition and physical properties,
they blend very readily and perfectly, and the result is quite ag
good as could De obtained by using the coloured glass in the molten
condition.

Other decorations, such as gilding or other metallic lustres and
also various kinds of iridescence, are produced upon the finished
glass, Metallic lustres are obtained by placing upon the surface
of the glass, and slightly fusing into it, & layer of particles of the
actusl metal. Tn some cases this is done by rolling the glass vessel,
while still hot, in a mass of metallic foil of the kind desired, when
a sufficient quantity readily adheres; in other cases the metal is
applied in the form of a flux or glaze containing a large proportion
of an easily reduced compound of the metal, and this is afterwards
reduced to the metallic state by the action of heat, sometimes
aided by that of smoke or other reducing gases. An iridescent
surface is produnced upon certain varieties of glass by the corrosive
action of acid vapours; in fact, in localities where the atmosphere
is tainted with sulphur fumes it is quite usual to see an iridescent
lustre on the surface of ordinary window glass. There are, of course,
numerous other means of decorating blown and other glass, such
a8 cufting, engraving, etching, silvering, etc., but it would lie
beyond the scope of the present volume to deal with these, since
they are outside the field of actual glass manufacture,

In the production of hollow glass-ware by hand, the glass-blowor
avails himself to the full of the property so characteristic of glass
of assuming & pesty or viscous condition when suitably heated ;
by ralsing or lowering the temperature of his material, the blower
can ab will render it stiffer or more fluid ; by blowing he can distend

»
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it, draw it out by the aid of gravity or centrifugal action, or he
can mould it with the aid of rods and tongs of suitable shape, while
at times he allows il to {all or festoon under its own weight while
held aloft. With all these manipulations at his disposal, the skilful
operative is able to work the glass to his will and to fashion objects
of great variety and beauty, but it should be noted that objects
produced by hand in this way will bear the mark of the processes
employed in their production in the fact that they do not possess
the extreme regularily of size and shape which are associated with
machine-made articles: there is a certain natural variability in
the exaci shape of curves and festoons that is foreign to the products
of mechanical processes. For some purposes this variability is a
disadvantage, while to some minds it appears as a defect, and
methods have been devised for facilitating the production of strictly
uniform glass-ware by the use of moulds as an aid to the work of
the glass-blower. While undoubtedly reducing the value and beauty
of the ware from the purely artistic standpoint, these aids to hand-
work have rendered possible an immense expansion of the entire
industry, since, with the use of moulds, presentable glass-ware can
be produced by hands far less skilled than those required for pure
hand-work.,

In the description given above of bottle-blowing hy hand we
have already seen an example of the use of moulds in aiding the
blower to form his object to the desired size and shepe. Much more
complicated and decorative objects can, however, be produced by
tho use of moulds, Such objects as globes and shades for gas, oil
and electric lamps, when of a light substance and suitable shape,
are usually produced by blowing bulbs of glass into moulds, where
they acquire the general shape as well as the detailed decorated
surface configuration which they afterwards present. Here again
tho body remains & closed vessel, and is only opened and trimmed
to the finel shape at the end of the operation when all the blowing
and moulding have been done. Articles blown in this way very
ﬁequfntly show “mould marks,”’ since the contact of the hot glass
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with the relatively cold surface of the mould results in & certain
crinkling or roughening of the surface, much as in the process of
rolling. This effect can be minimised by dressing the interior
surfaces of the moulds with suitable greasy dressings, whose chief
property should be that they do not stick to the hot glass and
leave little or no residue when gradually burnt away in the mould ;
the proper care of the moulds and their maintenance is in fact the
first essential to successful manufacture in this as well as in the
pressed-glass industry. Even under the most favourable conditions,
however, the surlace of glags blown into moulds is not so good as
that of hand-blown articles which have never come into contact
with cold materials, and therefore retain undiminished the natural
“fire polish ” which glass possesses when allowed to cool freely
from the molten state. An effort at producing a similar brilliance
of surface on moulded and pressed articles is often made by exposing
them, after they have attained iheir final form, to the heat of a
furnace to such an extent as io soften the surfaces and allow the
glass to re-solidify under the undisturbed influence of surface-
tension much as it would do in solidifying freely in the first place.
Unfortunately this process cannot be carried out without more or
less softening the entire article, so thai skilful manipulation is
required to prevent serious deformation of the object, while a
certain amount of rounding off in all sharp corners and angles
cannot be avoided.

The air-pressure required to bring the whole of the surfaces of a
large and possibly complicated piece of glass into contact with the
surfaces of the mould is sometimes very considerable, and the
lung-power of the blower is often insufficient for the purpose; in
many works, therefore, compressed air is supplied, arrangements
being employed whereby the operative can quickly connect the
mouthpiece of his pipe with the air main, while he can accurately
control the pressure by means of a suitable valve. The Sievert
process of moulding by the aid of steam pressure has already been
desoribed.

[ad
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Although the evolution of the industry scarcoly followed this
path, it is nol a large step to pass from a process in which air pressure
is used to drive viscous glass into contact with a mould to a proeess
in which tho pressure of the air is replaced by the pressure of-a
suitably-shaped solid plunger, and this is essentially the widely-used
process of glass pressing. In the first instance this mode of manu-
facture is obviously applicable to solid or flat and shallow articles
which could not be conveniently evolved from the spherical hulb
which stands as embryo of all blown glass; at firsl sight it would
seem in fact as though the process must be limited to articles of
such a shape that a plunger can readily enter and leave the concave
portions. By the ingenious device, however, of pressing two halves
of a closed or nearly closed vessel simultaneously in two adjacent
moulds and then pressing the two halves together while still hot
enough to unite, it has been made possible to produce by the press
alone such objects as water jugs, for example, into which a plunger
could not possibly be introduced when finished. The process of
pressing being a purely mechanical one and requiring little skilled
labour, has placed upon the market & host of cheap and extremely
useful articles, thus serving to widen very considerably the useful
applications of glass. On the other hand, the process has been
and is still used to some extent for the production of articles intended
to imitate the products of other processes such as hand-blown and
cut glass, with the result that a great deal of glass has been produced
which cannot possibly be classed as beautiful and much of which
can lay as little claim to utility.

The essential feature of the process of glass pressing consists, as
already indicated, in forcing a layer of glass into contact with a
mould by the pressure of a mechanijcally actuated plunger. For
this purpose a suitable mould and plunger as well a8 a press for
holding the former and actuating the latter are required. The
moulds are generally made of a special quality of close-grained
cast-iron, and they are kept trimmed and dressed in much the same
manner 8 the moulds used for blowing (except that the latter are

L]
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sometimes made of wood). Nor the purpose of facilitating the
removal of the finished article the moulds are generally mado in
several pieces which fit into une another and can be scparated by
means of hinges, A very important point about these moulds is
that the various pieces should fil accurately into one another, since
otherwise & minnte “fin >’ of glass will be lorced into every inter-
slice, and the traces of these fins will always remain visible on the
finished article; the very perfect fit required entirely to prevent
the formation of such fins is, of course, scarcely attainable in practice
except in the case of new moulds, so that the traces of fins are
generally 1o be found on all pressed arlicles, and serve as a ready
means of identifying these products when an attempt is made to
imitate better classes of glass-ware by their means. The presses
used in this process were formerly hand-actuated, and some such
machines are still in use in England ; they are, however, regarded
as entirely obsolete in America, where they have been replaced by
“one man ” machines which require the attendance of only one
skilled man—the gatherer. The advantages claimed for the old
manual lever machines—that the operator could apply just the
right amount of pressure to press the glass home without risk of
causing it to overflow the mould or to produce an excessive pressure
upon the mould—is met in tho new power presses by devices which
carefully regulate the quantity of glass admitted into the mould.
It is found, too, that the length of time for which the plunger is
allowed to remain in contact with the glass in the mould is of very
great importance to the quality of the glass produced, and the
medern automatic machines are provided with means for regulating
this length of contact. In operating thess machines the gatherer
drops the molten glass into the parison mould and in doing so pulls
& lever or irigger which sets the machine in motion. The firs
action is the movement of a knife which euts off the glass from
the threac attaching it to the gatherer’s iron and at the same time
delimits the amount of glass in the mould. The plunger of the
press thea descends, remains in ocontact with the glass for the
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desired time and then rises. The mould then moves to another
position or “station,” where it is opened and the glass withdrawn
[rom it. In the older machines only.one mould was used, bul in
order to save the time entailed by waiting for this mould to be
freed of its glass, modern machines work with two or three moulds
which are operated in succession. This not only increases the output
of the machine, but also allows the moulds to maintain a better
temperature and permits of their being carefully cleaned.

The presses themselves necessarily consist of the guides, levers
and operating cams required to produce the successive movemenis
of the plunger and moulds. It is, however, extremely important
that the various parts of the press should retain their exact relative
position throughout the operations, so that o high degree of rigidity
in the framework is essential. For this reason the earlier machines,
in which the whole ol the appliances were supported on & single
column, have now been superseded by presses in which the plunger
and moulds are supported between two columns. In the process
of pressing it will be seen that the glass is forced into intimate
contact with the relatively cold surfaces of mould and plunger,
and while undergoing this treatment the glass must remain suffi-
ciently plastic readily to adapt itself to the configuration of tho
mould. It is therefore not surprising to find that the pressing
process can only be used sucoessfully with glass of a kind specially
adapted for it. Certain varieties of flint glass and some barium
glasses are used for this purpose, bub the greater quantity of pressed
glass, particularly as produced on the Continent, is made of a
lime-alkali silicate containing considerable quantities of both soda
and potash and relatively little lime; while sufficiently resistans
for most purposes, this glass is particularly soft and adaptable
while in the viscous condition.

The deleterious sffect produced upon glass surfaces when brought
into contact with relatively cold metal has already been referred
to above, and it only remains to add that this is the principal diff-
culty with which the glass-pressing process has to contend. It is
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overcome to some extent by the re-heating or “fire polishing
process, to which reference has already been made in connection
with glass blown into moulds? If this is applied to the outside of
a pressed arbicle, however, the outlines of the paltern tend to
become rounded. This difficulty, in its turn, is sometimes overcome
by the application of a relatively small amount of “ cutting,” i.e., of
grinding and polishing in order to give a superior finish to the
pressed article. If this is carried far enough the result is a much
superior, but also a considerably more expensive article. The
interior of pressed articles, however, cannot as a rule be covered
with such & pattern of ridges, grooves, spirals or lozenges as would
allow of finishing in this manner. For purposes of utility the interior
surfaces of most articles require to be as smooth as possible. Here,
therefore, the application of fire polishing finds a very useful field,
but the difficulty that the general softening of the article may lead
to its distortion or collapse becomes important. One method of
avoiding this risk consists in carrying out the surface heating of
the interior of the articles by means of jets of flame under pressure
while the glass is still in. the mould. This has the disadvantage
that it keeps the mould occupied for ioo long a time and also
raises the temperature of the mould to an undesirable extent.
An improved method of operation, therefore, consists in removing
the pressed article from the mould and kseping the outside stiff
enough to resist deformation by means of a series of small jets of
cold air playing upon the outside surface while the flames used for
fire polishing play upon the inside. The strains set up by such
drastic proceedings must, of course, be subsequently removed by
annealing.



CHAPTER X
ROLLED OR PLATE-GLASS

In the present chapter we propose to deal with all those processes
of glass manufacture in which the first stage consists in converting
the glass into a slab or plate by some process of rolling. We have
already considered the general character of the rolling process,
end have seen that, although hot, viscous glass lends itself readily
to being rolled into sheets or slabs, these cannot be turned out with
a smooth, flat surface. In practice the swrface of rolled glasy is
always more or less dimmed by contact with the minute irregularities
of table or roller, and larger irregularities of the surface arise from
the buclding that occurs at a great many places in the sheet. These
limitations govern the varieties of glass which can be produced by
processes that involve rolling, and have led to the somewhat curious
result that both the cheapest and roughest, as well as the best and
most expensive kinds of flat glass, are produced by rolling processes.
Ordinary rough “rolled plate,” such as that used in the skylights
of workshops and of railway stations, is the extreme on the one
hand, while polished plate-glass represents the other end of the
scale, The apparent paradox is, however, solved when it is noted
that in the production of polished plate-glass the character of the
gurface of the glass as it leaves the rollers is of very minor import-
ance, since it is entirely obliterated by the subsequent processes of
grinding, smoothing, and polishing. Intermediate between the
rough “rolled *’ and the “ polished ™ plate-glass we have a variety
of glasses in which the appearance of the rolled surface is hidden or
disgnised to & greater or lesser extent by the application of a pattern
thas is jmpressed upon the glass during the rolling process ; thus



130 GLASS MANUFACTURE

we have rolled plate having a ribbed or lozenge patterned surface,
or the well kuown variety "of *figured rolled ” plate, sometimes
lmbwn as ‘ Muranese,” whose elaborate and deeply imprinted
patterns give a very brilliant effect.

Rolled plate-glass being practically the roughest and cheapest
form of glazing, is principally employed where appearance is not
considered, and its chief requirement is, therefore, cheapness,
although both the colour and quality of the glass are of importance
as affecting the quantity and character of the light which is admitted
to the building where the glass is used. On the ground ot cheapness
it will be obvious from what we have said above (Chapter V.), 1that
such glass can only be produced economically in large tank furnaces,
and these are universally used for this purpose. The requirements
as regards freedom from enclosed foreign bodies of small size and
of enclosed air bells are not very high in such glass, and, therelore,
tanks of very simple form are generally used. No refinements tor
regulating the temperature of various parts of the furnace in order
to ensure perlect fining of the glass are required, and the furnace
generally consists simply of an oblong chamber or tank, at one
end of which the raw materials are fed in, while the glass is with-
drawn by means of ladles from one or {wo suitable apertures at
the other end. Tor economical working, however, the furnace
must be capable of working at a high temperature, because a cheap
glass mixture is necessarily somewhat infusible, at all events where
colour is considered. This will be obvious if we remember that
the fusibility of a glass depends upon its alkali contents, and alkali
is the most expensive constituent of such glasses.

The actual raw materials used in the production of rolled ylate-
glass are sand, limestone and salt cake, with the requisile addition
of carbon and of fAuxing and purifying materials. The selection of
these materials is made with & view to the greatest purity and
oonatamy of composition which is available within the strictly set
fof price which the low value of the finished product entails.
materials are handled in very large quantities, outputs of
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from 60 to 150 tons of finished glass per week from a single furnace
being by no means uncommon ; methanical means of handling the
raw malerials and of charging them into the furnace are therefore
adopted wherever possible.

The glass is withdrawn from the furnace by means of large iron
ladles. These ladles are used of varying sizes in such a way as to
contain the proper amount of glass for rolling into the various
sizes of sheets required. The sizes used are sometimes very large,
and ladles holding as much as 180 to 200 lbs. of glass are used.
Thege ladles, when filled with glass, are not carried by hand, but
are suspended from slings attached to trolleys thal run on an over-
head rail. The ladler, whose body is protected by a felt apron and
his face by a mask having view holes glazed with green glass,
takes the empty ladle from & water trough, in which it has been
cooled, carries it to the slightly inclined gangway that leads up to
the opening in the front of the furnace, and there introduces the
ladle into the molten glass, giving it a half turn so as to fill it with
8 “solid ” mass of glass. By giving the ladle two or three rapid
upward jerks, the operator then detaches the glass in the ladle as
far as possible from the sheets and threads of glass which would
otherwise follow its withdrawal; then the part of the handle of
the ladle near the bowl is placed in the hook attached to the over-
head trolley, and by bearing his weight on the other end of the
handle the workman draws the whole ladle up from the molten
bath in the fufnace and out through the working aperture, This
operation only takes a few seconds to perform, but during this
time the ladler is exposed to great heat, as a more or less intense
flame generally issues from the working aperture, whence it is
drawn upward under the hood of the furnmace. Considerable
advances have recently been made in protecting ladlers and others
working close to furnaces at high temperatures from the incon-
veniences and dangers attending such work. The devices adopted
include the use of 8 screen made of loose hanging chains suspended
before the furnace opening. Unlike the solid furnace door, HHis
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screen need not be removed when the ladle is being used, as the
chains part readily to let the ladle pass and at the same time the
intefsiices of the links allow the worker to obtain an adequate view
of the interior of the furnace. Another useful device consists in
the provision of a screen of cold air which is forced oul under pres-
sure just in front of the furnace opening ; this cold air screen not
only keeps the flame itself entirely away from the operator, but
also cools the whole vicinity of the furnace in which he has to work.
Its chilling effect on the contents of the ladle as it passes rapidly
through the screen is negligible. Pinally, the eyes of ladlers, and
still more of gatherers and blowers, who are obliged to watch the
molten glass for long periods of time, appear to require very special
protection in order o avoid the risk of the eye disease known as
“ glass blowers’ cataract.” This disease has received much study,
and the view is now held that it is due to the prolonged action of
the invisible radiations (infra red and ultra violet, but principally
the infra red) which molten glass sends outl in very large quantities.
Protection from these is best obtained by the wearing of spectacles
made of special glasses which absorb these injurious rays while
transmitting the necessary amount of light. Glasses for this pur-
pose, in which some of ithe rare earth elements, notably cerium,
are incorporated, have been developed as the result of a research
by Sir William Crookes, and these promise to be of immense value
to the glass workers.

From the furnace opening the ladler, generally aided by a boy,
rups the full ladle to the rolling table and there empties the ladle
upon the table just in front of the roller. In doing this, two dis-
tinetly different methods are employed.' In one, only the perfectly
fluid portion of the glass is poured out of the ladle by gradually
tilting it, the chilled glass next to the walls of the ladle being retained
there and ultimately returned to the furnace while still hot, In
the other method the chilling of the glass is minimised as far as
possible, and the entire contents of the ladle are emptied upon the
rolling table by the ladler, who turns the entire ladle over with 3
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rapid jerk which is so arranged as to throw the coldest part of the
glass well away from the rest. When the sheet is subsequently
rolled this chilled portion is readily wécognised by its darker colour,
and since it lies entirely al one end of the sheet it is detached before
the sheet goes any further. Neither method appears to present
any preponderating adventage.

The rolling table used in the manulacture of rolled plate is essen-
tially a oast-iron slab of sufficient size o accommodate the largest
sheet which is to be rolled, over this slab moves a massive iron
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TF1@¢. 11.—Rolling table for rolled platle-glass. N

roller which may be actuated either by hand or by mechanical
power—the latter, however, being now almost universal. The
thickness of the sheet to be rolled is regulated by means of slips
of iron placed at the sides of the table in such a way as to prevent
the roller from descending any further towards the surface of the
table : 8o long as the layer of glass is thicker than these slips, the
entiro weight of the roller comes upon the soft glass and presses it
down, but as soon as the required thickness is attained the weight
of the roller is taken by the iron slips and the glass is not further
reduced in thickness. The width of the shect is regulated by means
of a pair of iron guides, formed to fit the forward face of the roller
and the surface of the table, in the manner indicated in Fig. 11,
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Tho roller, as it moves forward, pushes these guides belore it, and
the glass is confined between them. When the roller has passed
over the glass, the sheet is left-on the iron table in a red-hot, soft
condition, and it must be allowed to cool and harden to a certain
extent before it can be safely moved. In this interval the chilled
portion—if any—is partially severed by an incision made in the
sheet by means of a long iron implement somewhat like a large
knife, and then the sheet is loosened from the bed of the table by
passing under it, with a smooth, rapid stroke, a flat bladed iron
tool. The sheet is next removed to the annealing kiln or *lear,”
being first drawn on to a stone slab and thence pushed into the
mouth of the kiln. At this stage the chilled portion of the sheet is
completely severed by a blow which causes the glass to break along
the incision previously made.

The rolled plate annealing kiln is essentially a long, low tunnel,
kept hot at one end, where the freshly rolled sheets are introduced,
and cold at the other end, the temperature decreasing uniformly
down the length of the tunnel. The sheets pass down this tunnel
at a slow rate, and are thus gradually cooled and annealed sufficiently
to undergo the necessary operations of cutting, etc. Although
» thus simple in principle, the proper design and working of these

“lears ” is by no means simple or easy, since success depends upon
the correct adjustment of temperatures throughout the length of
the tunnel and a proper rate of movement of the sheets, while the
manner of handling and supporting the sheets is vitel to their
remaining flat and unbroken. The actual movement of the sheets
is effected by a system of moving grids which run longitudinally
down the tunnel. The sheets ordinarily lie flat upon the stone
slabs that form the floor of the tunnel, and the grids are lowered
into recesses cut to receive them. At repular intervals of time the
iron grid bars are raised just sufficiently to lift the sheets from the
bed of the kiln, and are then moved longitudinally a short distance
carrying the sheets forward with them and immediately afterwards
again depositing them on the stone bed. The grids return to their
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former position while lowered inio their recesses below the level
of the kiln bed.

When they emerge from the annealing kiln or ““lecar * the sheets
of rolled plate-glass are carried to the cutting and sorting reom.,
Here the sheets are trimmed and cut to size. The edges of the
sheets as they leave the rolling teble are somewhat irregular, and
sometimes a little “ beaded,” while the ends are always very irregular,
Ends and edges are therefore cut square or “ irimmed * by the aid
of the cutting diamond. For this purpose the sheet is laid upon a
flat table, the smoothest side of the sheel being placed upwards,
and long cuts are taken with a diamond—good diamnonds of adequate
size and skilful operators being necessary to ensure good cutting
on such thick glass over long lengths. Btrips of glass six or eight
feet long and half an inch wide are frequently detached in the course
of this operation, and the final separation is aided by slight tapping
of the underside of the glass just below the cut and—if necessary—
by breaking the strip off with the aid of suitable tongs.

No very elaborate “sorting” ol rolled plate glass is required,
except perhaps that the shade of colour in the glass may vary
slightly from time {0 time, and it is generally preferable to keep
to one shade of glass in filling any particular order. Apart from
this, the rolled plate cutter has merely to cut out gross defects
which would interfera too seriously with the usefulness of the glass.
As we bave already indicated, air bells and minute enclosures of
opaque matter are not objectionable in this kind of glass, but large
Pieces of opaque material must generally be cut out and rejected,
not only because they are too unsightly to pass even for rough
glazing purposes, but also because they entail a considerable riek

“of spontaneous cracking of the glass—in fact, visible cracks are
nearly always secen around large ‘‘ slones,” as these inclusions are
called. These may arise from various canses, such as incomplete
melting of the raw meaterials, or the contamination of the raw
materials with infusible impurities, but the most fruitful source
of trouble in this direction lies in the crumbling of the furnace
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lining, which introduces small lumps of partially melted fi1e-clay
into the glass. In a rolled plate tank-furnace which is properly
constructed and worked, the percentage of sheets which have to
be ut up on account of such enclosures should be very small, at
all events until the furnaces old, when the linings naturally show
an increasing tendency to disintegrate.

Returning now 1o the rolling process, it is readily seen that a
very slight modification will result in the production of rolled
plate-glass having a pattern impressed upon one surface; this
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F1a, 12 —Sectional diagram of machine for rolling * figured
rolled > plate-glass.

modification consists in engraving upon the cast iron plate of the
rolling table in intaglic any pattern that is to sppear upon the
glass in relief. As a matter of fact only very simple patterns are
produced in this way, such as close parallel longitudinal ribbing
and a lozenge pattern, the reason probably being that the cost of
cutting an elaborabe pattern over the large area of the bed plate of
one of these tables would be very considerable, Further, as these
tables and their bed plates are so very heavy, they arc not readily
interchanged or left standing idle, so that only patterna required in
vory grest quentity could he profitably produced in this way.
These disadvantages are, however, largely overcome by the double-
rolling machine, In this machine, into whose rather elaborate
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details we cannob enter here, the glass is rolled out into & sheet of
the desired size and thickness by being passed hetween two rollers
revolving about stationary axes, the finished sheel, emerging over
another roller, and passing on to a stone slab that moves forward
at the same rate as the sheet is fed down upon it. In this machine
a pattern can be readily imprinted upon the soft sheet 23 it passes
over the last roller by means of a fourth roller, upon which the
pattern is engraved; this is pressed down upon the sheel, and
leaves upon it & clear, sharp and deep impress of its pattern. The
general arrangement of the rollers in this machine is shown in the
diagram of Fig. 12, which represents the sectional elevation ol the
appliance. After leaving the rolling machine, the course of the
« figured rolled plate” produced in this manner is exactly similar
to that of ordinary rolled plaie, except that as & somewhat softer
kind of glass is generally used for * figured,” the temperature of the
annealing kilns requires somewhat different adjustment. The
cutting of the glass also requires rather more care, and it should
be noted that such glass can only be cut with a diamond on the
smooth side ; the side upon which the pattern hes been impressed
in reliaf cannot be materially affected by a diemond. This is one
reason why it is not [easible to produce such glass with & pattern
on both sides.

Figured rolled glass, being essentially of an ornamental or decora-
tive nature, is generally produced in either brillianily white glass
or in special tints and colours, and the mixtures used for attaining
these are, of course, the trade property of the various manufac-
turers ; the whiteness ol the glass, however, is only obtainable by
the use of very pure and, therefore, expensive materials. As regards
the coloured plate-glasses, s general account of the principles under-
lying the production of coloured glass will be found in Chapter XIL

The manufacture of polished plate-glass really stands somewhat
by iteelf, almost the only feature which it hes in common with the
branches of manufacture just described being the initial rolling
Process,
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The raw materials for the production of plate-glass arc cliosen
with the greatest possible care to ensure purity and regularity ;
owing tu the very considerable thickness of glass which is sometimes
ergployed in plate, and also to the linear dimensions of the sheets
which allow of numerous internal reflections, 1he colour of the glass
would become unpleasantly obtrusive if the shade were at all
pronounced. The actual raw materials used vary somewhat from
one works to another ; but, as & rule, they consist of sand, lime-
sione, and salt-cake, with some soda ash and the usual additions
of fluxing and purifying material such as arsenic, manganese, etc.
The glass is gencrally melted in pots, and extreme care is required
to ensure perfect melting and fining, since very minute defects are
readily visible in this glass when finished, and, of course, detract
most seriously from its value,

The method of transferring the glass from the melting pot to
the rolling teble differs somewhat in different works. In many
cases the melting pots themselves are taken bodily from the furnace
and emptied upon the bed plate of the rolling machine, while in
olher cases the glass is first transferred to smaller * casting * pots,
where it has to be heated again until it has Ireed itself from the
bubbles enclosed during the transference, and then these smaller
pots are used for pouring the glass upon the rolling slab. The
advantage of the latter more complicated method lies, no doubt,
in the fact that the large melting pots, which have to bear the
brunt of the heat and chemical action during the early stages of
melting, are not exposed to the great additional strain of being
taken from the hot furnace and exposed for some time to the cold
outside air. Apart from the mechanical risks of fracture, this
treatmenl exposes the pots to grave risks of hreakage from unequal
expsnsion and contraction o account of the great differences of
temperaturs involved. Where smaller special casting-pots are
used these are not exposed to such prolonged heat in the furnace,
and sre never exposed to the chemical action of the raw materials,
50 that these subsidiary pots may perhaps be made of a material
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better adapled to withstand sudden changes of temperature than
the high-class fire-clay which must be used in-the construction of
melting pots. On the other hand, $he transference of the glass
from the melting to the casting pots involves a laborious operation
of ladling and the refining of the glass, with its attendant expen-
diture of time and fuel. Finally, the production of plate-glass in
tank-furnaces could only be attempted by the aid of such casting
pots in which the glass would have to undergo a second fining after
being ladled from the tank, and this would materially lessen the
economy of the tank for this purpose, while it is by no means an
casy matter to produce in tank-furnaces qualities of glass equal as
regards colour and purity to the best products of the pot furnace.

The withdrawal of the pots containing the molten glass from
the furnace is now universally carried out by powerful machinery.
The pots are provided on their outer surface with projections by
which they can be held in suitably shaped tongs or cradles. A part
of the furnace wall, which is constructed each time in a temporary
manner, i8 broken down ; the pot is raised from the bed or “ siege ™
of the furnace by the aid of levers, and is then bodily lifted out by
means of a powerful fork, The pot is then lifted and carried by
means of cranes until it is in position above the rolling table ; there
the pot is tilted and the glass poured out in & steady siream upon
the table, care being taken to avoid the inclusion of air bells in the
mass during the process ol pouring. When empty the pot isreturned
to the furnace as rapidly as possible, the glass being meanwhile
rolled out into a slab by the machine, Except for the greater size
and weight of both table and roller, the plate-glass rolling table
is gimilar to that already described in connection with rolled plate.
Of course, since the glass is poured direct from the pot, there is no
chilled glass to be removed. Further, owing to the large size of
sheets frequently required, the bed ol the rolling table carmot be
made of a single slab of cast-iron, a number of carefully jointed
plates being, in fact, preferable, as they are less linble 1o warp under
the action of the hot glass.
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In arranging the whole of the rolling plant, the chiel consideration
to be kept in mind is that it is necessary to produce a flat sheet of
glass of as nearly as possible equal thickness all over. The final
thickness of the whole slab when ground and polished into a sheet
of plate glass must necessarily be slightly less than that of the
thinnest part of the rough rolled sheet. If, therefore, there are any
considerable variations of thickness, the result will be that in some
parts of the sheet a considerable thickness of glass will have to be
removed during the grinding process. This will arise to a still more
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serious extent if the sheet as & whole should be bent or warped so
a3 to depart materially from flatness, The two cases are illustrated
diagrammadtically in Fig. 13, which shows sectional views of the
sheets before and after grinding on an exaggerated scale.

While it is evident that careful design of the rolling table will
avoid all tendency to the formation of sheets of such undesirable
form, it i8 a much more difficult matter to avoid all distortion of
the sheet during the annealing process and while the sheet is being
moved from the rolling table to the annealing kiln. Owing to the
great size of the slabs of glass to be dealt with, and still more to the
gtringent requirement of flatmess, the continuous annealing lkiln,
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in which the glass travels slowly down a tunnel from the hot to
the cold end, has not been adopled for the annealing of plate-glass,
and a form of annealing kiln is still used for that glass which is
similar in its mode of operation to the old-fashioned kilns that
were used for other kinds of glass before the continuous kiln was
introduced. These kilne simply consist of chambers in which the
hol, glass is sealed up and allowed to cool slowly and uniformly
during a more or less protracted period. In the case of plate-glass
the slabs are laid flat on the stone bed of the kiln. This stone bed
is built up of carelully dressed stone, or blocks of fire-brick bedded
in sand in such & way that they can expand freely laterally without
causing any tendency for the floor to buckle upwards as it would
do if the blocks were set firmly against one another. The whole
chamber is previously heated to the requisite temperature at which
the glass still shows a very slight plasticity. The hot glass slabs
from the rolling table are laid upon the bed of this kiln, several
being ususlly placed side by side in the one chamber, and the slabs
in the course of the first few hours settle down to the contour of
the bed of the kiln, from which shape and position they are never
disturbed until they sre removed when quile cold. In modern
practice the cooling of a kiln is allowed to ocoupy from four to five
days; even this rate of cooling is only permissible if care is taken
to provide {or the even cooling of all parts of the kiln, and for this
purpose special air passages are built into the walls of the chamber
and beneath the bed upon which the glass rests, and air circulation
i8 admitted to these in such a way as to allow the whole of the kiln
to cool down at the same rate; in the absence of such special
arrangements, the upper parts of the kiln would probably cool
much more rapidly than the base, so that the glass would be much
warmer on its under than on its upper surface,

When the slabs of plate-glass are removed from the annealing
kilns they very closely resemble sheets of rolled plate in appearance,
and they are quite sufficiently transparent to allow of examination
and i;he rejection of the more grossly defective portions; the more
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minute defects, of course, can oniy be detected alter the sheets
have been polished, but this preliminary examination saves the
laborious polishing of much useless glass.

"The process of grinding and polishing plate-glass consists of three
principal stages. In the first stage the surfaces ol the glass are
ground so as to be as perfectly flat and parallel as possible; in
order to effect this object as rapidly as possible, a coarse abrasive
is used which leaves the glass with a rough grey surface. In the
second stage, that of smoothing, these rough grey surfaces are
ground down with several grades of successively finer abrasive
until finally an exceedingly smooth grey surface is left. In the
third and final stage the smooth grey smrface is converted into the
brilliant polished surface with which we are familiar by the action
of a polishing medium.

Originally the various stages of the grinding and polishing pro-
cesges were carried out by hand, but & whole series of ingenious
machines has been produced for effecling the same purpose more
rapidly and more perfectly than hand labour could ever do. We
cannot hope to give any detailed account of the various systems
of grinding and polishing machines which are even now in use, but
must content ourselves with a survey of some of the more important
considerations governing the design and construction of such
machinery.

In the first place, before vigoronus mechanical work can be applied
to the surface of a plate of glass, that plate must be firmly fized
in a definite position relatively to the rest of the machinery, and
such firm fixing of a plate of glass is by no means readily attained,
since the plate must be supported over its whole area if local fracture
is to be avoided. While the surface of the plate is in the uneven
condition in which it leaves the rol]mg table, such a firm setting of
the glass can only be attained by bedding it in plaster, and this
must be done in such a manner as to avoid the formation of air-
bubbles between plaster and glass; if bubbles are allowed to form,
they constitute places where the glass is unsupported, During the

[]
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grinding and polishing processes these unsupported places yield
to the heavy pressure that comes upon them, and irregularities in
the finished polished swrfaces resuli: The most perfect adhesion
between glass and plaster is attained by spreading the paste of
plaster on the upturned surface of the slab of glass and lowering
the iron bed plate of the grinding table down upon it, the bed plate
with the adhering slab of glass being afterwards turned over and
brought into position in the grinding machine. When one side of
the glass has been polished it is generally lound sufficient o lay
the slab down on a bed of damp cloth, to which it adheres very
firmly, although sliding is entirely prevented by a few blocks fixed
to the table in such a way as to abut against the edges of ithe sheet.
In many works, however, the glass is set in plaster [or the grinding
and polishing of the second side as well as of the first.

The process of grinding and polishing is still regarded in many
plate-glass works as consisting of three distinct processes, known
as rough grinding, smoothing and polishing respectively. Formerly
these three stages ol the procesr were carried out separately; at
first by hand, and later by three difierent machines, In the most
modern practice, however,” the rough and smooth grinding are
done on the samec machine, the only change required being the
substitution of g finer grade of abrasive at; each step for the coarser
grade used in the previous stage. TFor the polishing process, how-
ever, the rubbing implements themselves must be of a different
kind, for while the grinding and smoothing is generally done by
means of cast-iron rubbers moving over the glass, the polishing is
done with felt pads. The table of the machine, to which the glass
under trealment ia attached, is therefore made movable, and when
the grinding and smoothing processes are complete, the table with
its attached glass is moved so as to come heneath a superstructure
carrying the polishing rubbers, and the whole is then elevated so
as to allow the rubbers to bear on the glass.

The earliesti forms of grinding machines gave a reciprocal motion
to the table which carries the glass, or the grinding rubbers were
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moved backward and forward over the stationery table. Rotary
machines, however, were introduced and rapidly asserted their
superiority, until, at the pres;mt time, practically all plate-glass is
ground on rotating tables, some of these atteining a diameter of
over 30 ft. The grinding “rubbers” consist of heavy iron slabs,
or of wood boxes shod with iron, but of much smaller diameter than
the grinding teble. The rubbers themselves are rotary, being
caused to rotate either by the frictional drive of the rotating table
below them, or by the action of independent driving mechanism,
but the design of the motions must be so arranged that the relative
motion of rubber and glass shall be approximately the same at all
parts of the glass sheets, otherwise curved instead of )lane surfaces
would be formed. This condition can be met by placing the axes
of the rubbers at suiteble points on the diameter of the table. The
abrasive is fed on to the glass in the form of a thin paste, and when
each grade or “course’” has done the work required of it, the
whole table is washed down thoroughly with waler and then the
next finer grade is applied. The function of the first or coarsesi
grade is simply to remove the surface irregularities and to form &
rough but plane surface. The abrasive ordinarily employed is
sharp sand, but only comparatively light pressure can be applied,
especially at the beginning of this stage, since at that period the
weight of the rubber is at times borne by relatively small areas of
glass that project here and there above the general level of the
slab. As these are ground away, the rubbers take a larger and
more uniform bearing, and greater pressure can be applied. The
subsequent courses of finer abrasives are only required to remove
the coarse pittings left in the surface by the action of the first rough
grinding sand; the finer abrasive replaces {he deep pits of the
former grade by shallower pits, and this is carried on in a number
of steps until a very smooth “grey” surface is attained and the
smoothing process is complete. #The revolving table or “ platform
is now detached from the driving mechanism, and moved along
suitably placed rails on wheels provided for that purpose, until it
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stands below the polishing machine. Ilere it is atiached 1o a fresh
driving mechanism, and il is then either raised so as to bring the
glass into conlact with the felt-covered polishing rubbers, or the
latter are lowered down upon the glass, The polishing rubbers:aie
large felt-covered slabs of wood or iron which are pressed against
the glass with considerable force ; their movement is very similar
to that of the grinding rubbers, but in place of an abrasive they
are supplied with a thin paste of rouge and water. The time required
for the polishing process depends upon the perfection of the smooth-
ing thai has been attained ; in favourable cases two or three hours
are sufficient to convert the “ grey * surface into a perfectly polis‘hed
one; where, however, somewhat deeper pits have been left in the
glass, the time required for polishing may be much longer, and the
polish attained will not be so perfect. The mode of action of &
polishing medium such as rouge is now recognised to be totally
different in character from thai of even the finest abrasive; the
grains of the abrasive act by their hardness and the sharpness of
* their edges, chipping away tiny particles of the glass, so that the
glass steadily loses weight during the grinding and smoothing
processes. During the polishing process, however, there is veiy
little further loss of weight, the glass forming tho hills or highest
parts of the minutely pitled surface being dragged or smeared over
the surface in such a way as gradually to fill up the pits and hollows.
The action of the polishing medium is probably partly chemical
and partly physical, but it results, together with the pressure of
the rubber, in giving to the surface molecules of the glass a certain
amount of freedom of movement, similar to that of the molecules
of a viscid liquid ; the surface layers of glass are thus enabled to
“flow” under the action of the polisher and to smooth out the
surface to the beautiful level smoothness which is so characteristic
of the surfaces of liquids at rest. This explanation of the polishing
process enables us to understand why the proper consistency of the
polishing paste, as well as the proper adjustment of the speed and
pressure of the rubbers, plays such an important part in successful

aw
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polishing ; it also serves to explain the well-kmown facl that rapid
polishing only takes place when the glass surface has begun to be
percepiibly heated by ihe ffietion spent upon it.

It has been estimated that, on the average, slabs of plate-glass
lose one-third of their original weight in the grinding and polishing
processes, and it is obvious that the erosion of this great weight of
glass must absorb a Jarge amount of mechanical energy, while the
cost of the plant and upkeep is proportionately great. Every
factor thai tends to diminish either the total weight of glass Lo be
removed per square yard of finished plate, or reduces the cost of
removal, must be of the utmost importance in this manufacture,
The flatness of the plates as they leave the annealing kiln has
already been referred to, and the reason why the processes of grinding
and polishing have formed the subject for innumerable patents will
now be apparent. The very large expansion of the use of plate-glass
in modern building construction, together with the steady reduction
in the prices of plate, are evidence of the success that has attended
the efforts of inventors and manufacturers in this direction.

At the present time plate-glass is manufactured in very large
pheets, measuring up to 26 ft. in length by 14 ft. in width, and in
thickness varying from th of an inch up to 1% in., or more, for
special purposes. Af the same time the quality of the glass is far
higher to-day than it was at earlier times. This high quality chiefly
results from more careful choice of raw materials and greater freedom
from the defects arising during the melting and refining processes,
while rigid inspection iz applied to the glags as it comes from the
polishing machines. For this purpose the sheets are examined in
a darkened room by the aid of a lamp placed in such a way that

ts oblique rays reveal every minute imperfection of the glass;
these imperfections are marked with chalk, and the plate is subse-
quently cut up so as to avoid the defects that have thus been
detected,

Perhaps the most remarkable fact about the qualily of modern
plate-glass is ite relatively high degree of homogeneity. Glass, as
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we have seen in Chapter L, is not a chemically homogeneous sub-
stance, but rather a mixture of a number of substances of diflerent
density and viscosity. Wherever thiy mixture is not sufficiently
inlimete, the presence of diverse constituents becomes apparent in
the form of strie, arising from the refraction or bending of light-
rays as they pass {rom one medium into another of difterent density.
Except in glass that has undergone elaborate stirring processes,
such atrise are never abeent, but the skill of the glass-maker consists
in making them as few and as minute as possible, and causing them
to assume directions and positions in which they shall be as incon-
spicuous as possible, In plate-glass this is generaly secured in a
very perfect manner, and to ordinary observation no strie are
visible when a piece of plate glass is looked at in the ordinary
way, b.t., through its smallest thickness; if the same picce of glase
be looked at transversely, the edges having first becn polished in
such a way as to render this possible, the glass will be seen to be
full of striem, generally running in fine lines parallel with the polished
surfaces of the glass, This uniform direction of the strie is partly
derived [rom the fact that the glass has been caused to ow in this
direction by the action of the roller when first, Iormed into a slab,
but this process would not obliterate any serions inequalities of density
which might exist in the glass as it leaves the pat, so that successful
results are only atlainable if great care is taken to secure Lhe greatest
possible homogeneity in the glass during the melting process.

At the present time probably the greater bulk of plate-glass is
used for the purpose of glazing windows of various kinds, princigally
the show windows of shops, ete. As used for this purpose the glass
is finished when polished and cut to size. The only further manipu-
lation that is sometimes required is that of bending the glass to
some desired curvature, examples of bent plate-glass window panes
being very frequently seen. This bending is carried out on the
finished glass, 4.6, atter it has heen polished ; the glass is carefully
heated in a special furnace until softened, and is then gently made
to lie againsh a stone or metal mould which has been provaded with
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the desired curvature. It is obvious that during this operation
there pre great risks of spoiling the glass ; roughening of the surface
by contact with irregular surfaces on either the mould, the floor of
the kiln, or the implements used in handling the glass, can only be
avoided by the exercise of much skill and care, while all dust must
also be excluded since any particles settling on the surface of the
hot glass would be ““ burnt in,” and could not afterwards be detached.
Small defects can, of course, be subsequently removed by local
hand polishing, and this operation is nearly always resoried io
where polished glass has to undergo fire treatment for the purpose
of hending.

In addition to its use for glazing in the ordinary sense, plate-glass
is employed for a number of purposes; the most important and
frequent of these is in the construction of the better varieties of
mirrors, For this purpose the glasi is frequently bevelled at the
edges, and sometimes a certain amount of cutting is also introduced
on the face of the mirror. Bevelling is carried out on special grinding
and polishing machines, and a great variety of these are in use at
the present time. The process consists in grinding off the corners
of the sheet of glass and replacing the rough perpendicular edge
left by the cutting diamond by & smooth polished slope running
down from the front surface to the lower edge at an angle of from
45 to 60 degrees. Since only relatively small quantities of glass have
to be removed, small grinding rubbers only are used, and in gome
of the latest machines thege take the form of rapidly-revolving
emery or carborundum wheels. These grinding wheels have proved
8o successful in grinding even the hardest metals that it is surprising
to find their use in the glass industry almost entirely restrigted to
the “ cutting > of the better kinds of flint and “ crystal ” glass for
table ware or other ornamental purposes. The reason probably
lies in the fact that the use of such grinding wheels results in the
generation of & very considerable amount of local heat, this effect
being intensified on account of the low heat-conducting power of
glass, Tf & piece of glass be held even lightly against a rapidly-
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revolving emery wheel it will be seen that the part in contact with
the wheel is visibly red-hot. This local heating is liable to lead to
chipping and oracking of the glass, and these are the troubles
actually experienced when emery or carborundum grinding is
attempted on larger pieces of glass. In the case of at least one
modern bevel-grinding machine, however, it is claimed that the °
injurious effects of local heating are avoided by carrying out the
entire operation under water.

For the purpose of use in mirrors, plate-glass is frequently silvered,
and this process is carried on so extensively that it has come to
constitute an entire industry which has no essential connection
with glass manufacture itself; for that reason we do not propose
to enter on the subject here, only adding that the nature and quality
of the glass itself considerably afiects the ease and success of the
varions silvering processes, Ordinary plate-glass, of course, takes
the various silvering coatings very easily and uniformly, but there
are numerous kinds of glass to which this does not apply, although
there are probably few varieties of glass which are sufficiently stable
for practical use, and to which a silvering coating cannot be satis-
factorily applied, provided that the most suitable process be chosen
n each case,

‘While there is little, if any, use for coloured glass in the form of
polished plate, entirely opaque plate-glass, coloured both black
and white, is used for certain purposes. Thus, glass fascias over
shop-fronts, the counters and shelves of some shops, and even
tombstones are sometimes made of black or white polished plate.
From the point of view of glass manufacture, however, these varieties
only differ from ordinary plate-glass in respect of certain additions
to the raw materials, resulting in the production of the white or
black opacity. The subsequent treatment of the glass is identical
with that of ordinary plate-glass, except that these opaque varieties
are rarely required to be polished on both sides, so that the operations
are simplified to that extent.

Certain limitations to the use of all kinds of plate-glass, whether
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rough-rolled, figured or polished, were formerly set by the fact
that under tho influcnce of fire, partitions of glass were liable to
crack, splinter and fall to piecéds, thus causing damage beyond their
own destruction and leaving a free passage for the propagation of
the fire. To overcome these disadvantages, glass manufacturers
have been led to introduce a network or meshing of wire into the
body of such glass. Provided that the glass and wire can be made
g0 as to unite properly, then the properties of such reinforced or
“ wired ” glass should be extremely valuable. In the event of
breakage from any cause, such as fire or a violent blow, while the
glass would still crack, the fragments would be held together by
the wire network, and the plates of glass as a whole would remain
in place, neither causing desiruction through fiying fragments nor
allowing fire or, for the matter of that, burglars a free passage. The
utility of such & matetiel has heen readily recognised, but the
diffienlty lies in its production. These difficulties arisc from {wo
causes. The most serious is the considerable difference between
the thermal expansion of the glass and of the wire to be embedded
in it. The wire is necessarily introduced inta red-hot glass while
the latter is being rolled or cast, and therefore glass and wire have
to cool down from & red heat together, During this cooling process
the wire contracts much more than the glass, and breakage either
results immediately, or the glass is left in & condition of severe
strain and is lisble to crack spontaneously afterwards. An attempt
has been made to overcome this difficulty by nsing wire made of
a nickel steel alloy, whose thermal expansion is very similar to
that of glass; but, as a matter of fact, this similarity of thermal
expansion is only known to hold for a short range of moderate
temperatures, and probably does not hold when the steel alloy is
heated to redness. In another direction, greater success i to be
ottained by the use of wire of & very ductile metal which should
yield to the stress that comes upon it during cooling; probably
copper wire would answer the purpose, but the great cost of copper
is & deterrent from its use. A second difficulty is met with in intro-
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ducing wire netting inlo glass during the rolling operation, and
this lies in effecling a clean join between glass and wire. « Most
metals when heated give off a considerable quantily of gas, and
when this gas is evolved after the wire has been embedded in glass,
numerous bubbles are formed, and these not only render the glass
very unsightly but also lessen the adhesion between the wire and
the glass., This difficulty, however, can be overcome more readily
than the first, since the surface of the metal can be kept clean and
the gas expelled from the interior of the wire by preliminary heating.
In spite of these difficulties, however, wired plate-glass is now
successfully menufactured and has attained a definite commercial
importance.



CHAPTER XI
SHEET AND CROWN GLASS

I the preceding chapter we have dealt with the processes of
manufacture employed in the production of both the crudest and
the most perfect forms of flat glass as used for such purposes as the
glazing of window openings. The products now to be deall with
are of an intermediate character, sheet-glass posscssing many of
the properties ol polished plate, but lacking some very important
ones ; thussheet-glass is sufficiently transparent to allow an observer
to ses phrough it with little or no disturbnece —in the best varieties
of sheet-glass the optical distortion caused by its iiregularities js
so small that the glass appears nearly as pertect as polished plate—
but in the cheap glass that is used lor the glazing of ordinary win-
dows, sheets are often employed which produce the mosi, disturbing
and sometimes the most ludicrous, distortions of objects seen through
them. Tt is a curious fact that even in good houses the use of such
inferior glass is tolerated without comment, the general public
being, apparently, remarkably non-observant in this respect. In
another direction sheet-glass has the great advantage over plale-
glass that it is very much lighter, or can at least be produced of
much smaller weight; and thickness, although this advantage entails
the consequent disadvantage that sheet-glass is usually much
weaker then plate, and cnn only be used in much smaller sizes. In
recent times the production of relatively thin plate-glass has, how-
aver, made such strides that it is now possible to obtain polished
plate-glass thin enough and light enough for almost every archi-
tectural purpose. Finally, the most important advantage of sheet-
glass, and the one which slone secures its use in a great number of
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cases in preference to plate-glass, is its cheapness, the price of
ordinary sheet-glass being about one-fourth thet of plate-glass of
the same size. '

The raw materials lor the manufacture of sheet-glass are sand,
limestone, salt-cake, and a few accessory substances, such as arsenic,
oxide ol manganese. anthracite coal or cole, which differ considerably
according to the practice of each particular works., Tn a general
way these materials have already been dealt with in Chapter ITL.,
and we need only add here that the sheet-glass manufacturer must
keep in view two decidedly conflicting considerations. On the one
hand the requirements made in the case of sheet-glass as regards
colour and purity render & rigorous choice of raw material and the
exclusion of anylhing at all doubtful very desirable; but on the
other hand the chiel commercial consideration in connection with
this product is its cheapness, and in order to maintain a low selling
price at & profit to himself the manufacturer must rigorously excludo
all expensive raw materials. For this rcason sheet-glass works
such as those of Belgium and some parts of Germany, which have
large deposits of pure sand close at hand, possess a very considerable
advantage over those in less favoured situations, since sand in
particular [orms so large a proportion of the glass, and the cost
of carringe frequently exceeds, and in many ceses very greatly
excoeds, the actual prico of the sand itself, The same considerations
will apply, although in somewhat lesser degree, to the other bulky
materials, such as limestone and salt-cake; but both these are
more generally obtainable at moderate prices then are glass-making
sande of adequate quality for sheet manufacture.

Ordinary “ white " sheet-glass is now almost universally produced
in tank-furnaces, and a very great variety of these furnaces are
used or advocated for the purpose. It would be beyond the scope
of the present book to enter in defail into the construetion of these
various types of furnace or to discuss their relative merits at length,
Only a brief outline of the chief characteristics of the most important
forms of sheet tank-furnaces will therefore be given here.
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Sheet tanks differ from each other in several imporiant respects ;
these relate to the sub-division of tho tank into one, two, or even
three more or less separate chambers, o the depth of the bath of
moélten glass and the height of the “ crown ” or vaull of the furnace
chamber, to the shape and position of the apertures by which the
gas and air are admitted into the furnace, and the resultant shape
and disposition of the flame, and finally to the position and arrange-
ment of the regenerative appliances by which some of the heat of
the waste gases is returned into the furnace,

Taking these principal points in order, we find that in some
sheet tank-lurnaces the whole furnace constitutes a single large
chamber. In this type of furnace the whole process of [usion and
fining of the glass goes on in this single chamber, and an endeavour
is made to graduate the temperature of the furnace in a suitable
manner from the hot end where the raw materials have to be melted
down to the colder end where the glass must be sufficiently viscous
to be gethered on the pipes. It is obvions that this control of the
temperature cannot be so perfect in a furnace of the single chamber
type as in one that is sub-divided. Such sub-divided furnaces are,
as & matter of fact, much more frequent in sheet-glass practice ;
but; this practice differs widely as to the manner and degree of the
sub-division introduced. In the extreme form the glass practically
passes through three independent furnaces merely connected with
one another by suitable openings of relatively small area through
which the glass flows from one to the other. If it were possible to
build furnaces of materials that could resist the action of heat and
of molten glass to an indefinite extent, it is probable that this
exfreme type would prove the best, since it gives the operator of
the furnace the means of controlling the flow of glass in such a way
that no unmelted meterial can leave the melting chamber and
enter the fining chamber, and that 1o insufficiently fined glass can
leave the fining chamber and find its way into the working chamber.
But in practice the fact that this extreme sub-division introduces
& greal deal of extra furnace wall, exposed both to heat and to
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contact with the glass, involves vory serious compensating dis-
advantages—the cost of construcbiou‘ maintenance and regewal
ol the furnace iy greatly increased, while there is also an increased
soucee of contamination of the glass from the erosion of the furndce
walls. It is, therefore, in accordance with expectations to find
that the most successful furnaces for the production of sheet-glass
are intermediate in this respect betwoen the simple open furnace
and the completely sub-divided one. In some cases the working
chamber is separated from the melting and fining chamber by a
transverse wall above the level of the glass, while fire-clay blocks
floating in the glass just below this cross wall serve to complete
the separation and to retain any surface impurities thai may float
down the furnace.

As regards the depth of glass in the tank, practice also varies
very much. The advantages claimed for e deep bath are that the
fire-clay bottom of the furnace is thereby kept colder and is conse-
quently less attacked, so that this portion of the furnace will last
for many years. On the other hand the existence of & great mass
of glass at a moderate heat may easily prove the source of con-
tamination arising from crystallisation or * devitrification ” oceur-
ring there and spreading into the hotter glass above. Also, if for
any reason it should become necessary to remove part or all of the
contents of the tank, the greater mass of gless in those with deep
baths becomes a formidable obstacle., On the whole, however,
modern praclice appears to [avour the use of deeper baths, depths
of 2 [t, 6 in. or even 3 ft. heing very usual, while depths up to 4 ft.
have been used.

The question of the proper height of the * crown™ or vault of
the furnace is of considerable importance to the proper working of
the tank. For the purpose of producing the most perfect com-
bustion, it has been contended that e large free flame-space is
required. The earlier glass-melting tanks, like the earlier steel
furnaces, were built with very low crowns, foreing the flame into
contact with the surface of the molten glass, the object being to
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promote direct heating by immediate contact of flame and glass ;
for a time there was a strong tendency in the direction of higher
crowns, leaving the heating of the glass to be accomplished by
radiation vather than direct conduction of heat. There can be
little doubt that up to a certain point the enJargement of the flame-
space tends towards grealer cleanliness of working, but if the
height of & furnace crown be excessive there i a decided loss of
economy. Flame-spaces as high as 6 ft. from the level of the glass
to the highest part of the crown have been used, but the more usual
heights range from 2 ft, to 4 it.

The “ports” or apertures by which pre-heated gas and air
enter the furnace chamber differ very widely in various furnaces.
In some cnses the gas and air are allowed to meet in a small com-
bustion chamber just before entering the furnace itself, while in
other cases the gas and air enter the [urnace by entirely separate
openings, only meeting in the furnace chamber. The latter arrange-
ment tends to the formation of a highly reducing flame, which is
advantageous for the reduction of salt-cake, but is by no means
economicnl as regards fuel congumption. On the other hand, by
producing a perfect mixing of the entering gas and air in suitable
proportions, the other type of ports can be made to give almost
any kind of flame desired, although thcir tendency is to form g
more oxidising atmosphere within the furnace. The latter type
of ports, although widely vagied in detail, are now almost universally
adopted in sheet tank furnaces.

All modern tank furnaces work on the principle of the recovery of
heat from the heated products of combustion as they leave the
furnace, and the return of this heat to the furnace by utilising it
to pre-heat the incoming gas and air; but the means employed
to effect the application of this ‘“‘regemerative® principle differ
considerably in various types of plant. Perhaps the most widely-
used form of furnace is the direct descendant of the original Siemens
regenerative furnace, in which four regenerator chambers are
provided with means for reversing the flow of gas and air in such



_ARET AND CROWN QLASS 167

e way thal each pair of chambers serves alternately to ahsorb the
heat of the ouigoing gases and subscquently to return this_ heat
to the incoming air that passes through one, and the i mcommg gas
that passes through the other of these chambers. In these furnaees
the regenerator chambers themselves are generally placed under-
neath the melting furnace, and they are built of fire-brick and filled
with loosely-stacked fire-bricks, whose function it is to absorb or
deliver theheat. Inthemost modern type of furnaces of {his class the
gas-regenerators are owmitted entirely, the air only being pre-heated
by means of regenerators, while the gas enters the furnace direct
from the producer, thus carrying with it the heat generated in the
producer during the gasification of the fuel. While this arrangement
is undoubtedly economical, it has the serious disadvaniage, especially
in the manufacture of sheet-glass, that the gas, rushing direct from
the producer inlo the furnace, carries with it a great deal of dust
and ash, which il has no opportunity of depositing, as in the older
types of furnace, in long flues.

The most serious disadvantages ol the ordinary types ol regene-
rative furnaces are due to the considerable dimensions of the regene-
rative apparalus, ncoessilating a costly form of construction and
occupying & large space, while the necessity of periodically reversing
the valves so as to secure the alternaiion in the flow of outgoing
and incoming gases requires special attention on the part of the
men engaged in operating the furnace, as well as the'construction
and maintenance of valves under conditions of heat and dirt that
are not favourable to the life of mechanical appliances. It is claimed
that all these disadvantages are overcome to a considerable extent
in one or other of the various forms of furnace lmown as “ recupora-
tive.” In these furnaces there is no alternation of flow, and the
regenerator chambers are replaced by ¢ recuperators.” These
consist of a large number of small flues or pipes pessing through
a built-up mass of fire-brick in two directions at right-angles to
ane another ; through the pipes running in one direction the waste

ases pass out 10 the chimney, while the incoming gas and air pass
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through the other set of pipes. A transference of heat between
the two currents of gas takes place by the conductivity of the fire-
brick, and thus the outgoing. gases are continuously cooled while
tho ingoing gases are heated—the transference of heat being some-
what similar to that which takes place in the surface condenser of
a steam engine. Theoretically this is a much simpler arrangement
than that of separate regemerator chambers, and to some extent
it is found preferable in practice, but there are certain disadvan-
tages associated with the system which arise principally from
the peculiar nature of the material—fire-brick—of which the recu-
perators are generally constructed. In the first place, the heal-
conduotivity of fire-brick is not very high, so that, in order to
secure efficiency, the recuperators must be large, and while the
individual pipes must be of small diameter, their area as a whole
must be large enough to allow the gases to pass through somewhat
slowly. Next, owing to the tendency of fire-brick to warp, shrink
and crack under the prolonged effects of high temperatures, it
becomes difficult to prevent leakage of gases from one set of pipes
intothe other, Ifthis ocours to & moderate extent its principal effect
will be to allow some of the combustible gas to pass direct to the
chimney, at the seme time causing & dilution of the gases entering
thefurnace by an addition of products of combustion from the waste-
gas flues. This, of course, tends toreduce the efficiency of the furnace
and requires a higher fuel consumption if the temperature is to be
mainteined at its proper level. Ultimately the leakage reaches a
point where re-construction of the furnace becomes necessary. It
follows from these considerations that, although the recuperative
furnace is somewhat simpler and cheaper to construct, it requires,
if anything, more careful maintenance than the older forms of
regenerative furnace,

Tenk-furnaces for the production of sheet-glass in this country
are generally worked from early on Monday morning until late on
Baturdey night, glass-blowing operations being suspended during
Sunday, although the heat of the furnace must be maintained. On
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the Continent, and cspecially in Bolgium, the work in connection
with these [urnaces goes on without any intermission on Sunday—
a dillerenco which, however desirablesthe English practice may be,
hag the effect ¢f handicapping the output of a British furnace ©of
equal capacity by about 10 per cent. without materially lessening
the working cost.

The ordinary process of blowing sheet-glass in an English glass-
works is generally carried out by groups of three workmen, viz., a
“ pipe-warmer,” a ‘‘ gatherer,” and & “blower,” although the
precise division of the work varies according to circumstances,
The pipe-warmer’s work consists in the first place in fetching the
blowing-pipe from a small subsidiary furnace in which he has
previously placed it for the purpose of warming up the thick “ nose ”
end upon which the glass is subsequently gathered. The sheet-
blower’s pipe itseld is an iron tube about 4 it. 6 in. long, provided
at the one end with a wooden sleeve or handle, and & mouthpiece,
while the other end is thickened up into a substantial cone, having
a round end. Before iniroducing the pipe inte the opening of the
tank-furnace, the pipe-warmer musl see that the hot end of the
pipe i8 free from scale or dirt and must test, by blowing through
it, whether the pipe is [ree from internal obsiructions. He then
places the butt of the pipe in Lhe opening of the furnace and allows
it to acquire as nearly as possible the temperature of the molten
glags. When this is the case the pipe is either handed on to the
gatherer, or the pipe-warmer, who is usually only & youth, may
take the process one step further before handing it on to the mare
highly skilled workman, This next step consists in taking up the
first gathering of glass on the pipe. For this purpose the hot nose
of the pipe is dipped into the molien glass, turned slowly round
onge or twice and then removed, the thread of viscous glass that
comes up with the pipe being cut off against the fire-clay ring that
floats in the glass in front of the working opening. A.small quantity
of glass i8 thus left adhering to the nose of the pipe, and this is
now allowed to cool down until it is fairly stiff, the whole pipe being
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meanwhile rotated so as to keep this first gathering nicely rounded,
while a slight application of air-jressure, by blowing down the
pipe,. forms a very small hallow space in the mass of glass and
gevures the freedom of the opening of the pipe. When the glass
forming the first gathering has cooled sufficiently, the gatherer
proceeds to take up the second gathering upon it. The pipe is
again introduced into the furnace and graduslly dipped into the
molten glass, but this must be done with great care so as 1o avoid
the inclusion of air-bells between the glass already on the pipe and
the new layer of hotter glass that is now taken up. This freedom
from air-bells is secured by a skilful gatherer by a gradual rotation
of the pipe as it i8 lowered into the glass, thus allowing the two
layers of glass to come into contact with a sort of rolling motion
that allows the air time to escape. When completely immersed,
the pipe is rotated a fgw times and is then withdrawn and the
“ thread * again cut off. The mass of glass on the end of the pipe
is now considerably larger than before and requires more carelul
manipulation to cause it to retain the proper, nearly spherical
shape. During the cooling process which now follows the pipe is
laid across an iron trough, kept brimful of water; this serves io
cool the pipe itself, and also allows the pipe to be readily rotated
backwards and forwards by rolling it a little way along the trough.
When the whole mass of glass has again cooled sufficiently to be
manipulated without risk“of rapid deformation, & third gathering
of glass is taken up, in precisely the same menmer as thet alveady
described for the second gathering, and if the quantily of glass
required is large, or the glass itself is a0 hot and fluid that only a
comparatively small weight: adheres at each time of gathering, the
process may be repeated a fourth or even a fifth time, but as the
weight of pipe and adhering glass increases with each gathering,
each step becomes more laborious, while the hot glass, being now
held on a much larger sphere, tends to fiow off more readily, so
that greater skill is required to avoid “losing ” the gpthering.

The cere and skill with which these operations of gathsring are
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carried out detorinine, to & large extent, the quality ol the resulting
sheel of glass ; any wani of regularity in the shape ot the gathering
loads inevitably to variations of thickness in different paits of 1he
shect, while cagoless gathering will introduce bubbles or “ blisters ”
and other markings. Duming the intermediate cooling stages the
glass must be protecled from dust and dirt of all kinds, since sinall
specks falling upon the hot glass give 1ise to an evolution of minute
gas bubbles which bocome painfully evident in the sorting room.

When the last gathering has been taken up and the mass cooled
s0 far as to allow of is being carried about without fear of loss,
the glass forms an approximately spherical mass, with the nose-end

Ti@. 14.—Early stages in the formation of cylindens for sheol-glass,

of the pipe al or near the centre of the sphere. The next slages
of the process consist in the preliminary shaping of this mass in such
a way ag to bring the bulk of the glass beyond the end of the pipe,
and then in forming just beyond 138nd of the pipe a widened
shoulder of thinner and therefore colder glass, of the diamcter
required for the eylinder into which the glass is to be blown. This
is donas by bringing the glass into the successive shapes shown in
Fig, 14, the forming of the glass being effected by the aid of specially
shaped blocks and other shaping instruments in which the glass
is turned end blown, The final shape attained at this stage is a
squet cylinder containing the bulk of the glass at its lower end,
and connecled to the pipe by the thmner and colder neck and
shoulder already mentioned.

At this point of the procoss the pipe with its adherent glass is

[ & u
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handed over to the blower proper. This operator works on a special
stage erected in front of small furnaces, called “blowing holes,”
althotfgh in some works thele are dispensed with, and the slages
areserected in front of the melting furnace ilself. Thegheet-blower’s
stage is simply a plaiform placed over or at the side of e suitable
cxcavation which gives the blower the necessary space to swing
the pipe and cylinder Ireely at arm’s length. The blowing process
itself involves very little actual blowing, but depends rather upon

\_/

F1c. 16.—Later stage in sheet-glass blowing.

the action of gravitation and on centrifugal efiects for the formation
of the large, elongated cylinder from the squat cylinder with which
the blower commences. The process consists in holding the thick,
lower end of the cylinder in the heating-furnace, and when sufficiently
hot, withdrawing it and swinging the pipe with & pendulum move-
ment in the blower’s pit. The cylinder thus elongates itself under
its own weight, and any tendency to collapse is counteracied by
the application of air-pressure hy the mouth, the pipe being also,
st times, rotated rapidly about its own axis. The re-heating of the
lower end of the oylinder is repeated several times, until finally
the glass has assumed the form of a cylinder of equal thickness all
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over, bub closed with n rounded dome at the lower end (IFig. 15),
This rounded end is uow opened. Tn the case of fairly thin and
light cylinders this is done by holding the thumb over the mouth-
picce of the pipo in such a way as to make an air-tight seal, and then
heating the end of the cylinder in the blowing-hole, The heat
both softens the glass at the end and at the same time causes con-
siderable expansion of the air enclosed in the cylinder, with the
result that the end of the cylinder is burst open. After a little
further heating, during which the glass at the end of the cylinder
becomes very soft, and takes a wavy, cwrly shape, the blower with-
draws the cylinder from the furnace, and holding it vertically down-
wards in his pil, spins it rapidly about its longitudinal axis. The
soft glass at the lower end immediately opens out under the cen-
trifugal action, and the blower increases the speed of rotation until
the soft glass has opened ont far enough to form & true continuation
of thorest of the cylinder, and in this position it is allowed to solidify.
With thick, heavy cylinders the first opening of the ond is done
in a diflerent way. A small quantity of hot glass is taken up by
an assistant on an iron rod, and is laid upon the centre of the closcd
end of the cylinder. The heat of this mass of hot glass softens the
glass of the cylinder, and the opemt'or, with the aid of a special
pair of shears, cuts out & small circle of this softened glass, thus
opening the end. The final operation of straighlening out the
opened end is carried out in the same way aa described abave for
lighter cylinders.

The completed cylinder, still attached to the pipe, is now carried
away from the blowing-stage and laid upon a wooden rack ; then
the blower takes up a piece of cold iron, and placing it against the
neck of glass attaching the cylinder to the pipe, produces a crack ;
a short jerk then serves completely to sever the pipe from the
cylinder. A boy now takes the pipe to a stand where it iz allowed
to cool and where the adhering glass cracks off from it prior to
passing i, back to the pipe-warmer for fresh use.

On the wooden rack the cylinder of glass is allowed to cool to

w2
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& cortain extent, and then the remaining portion of the neek and
shoulder (see Fig. 15) are removed. This is done by a boy who
passes o thread of soft, hot gfass around the cylinder at the point
whet'e it is to be cut off ; the thread of hot glass mesely serves to
produce intense local heating, for as soon as it has hecome stiff the
thread of glass is pushed off and a cold or moist iron is applied to
the cylinder at the point where it had been heated by the thread.
As a rule a crack immediately runs completely 1ound the cylinder
along the line of the thread, and the “ cap ” is thus removed. The
ploss is now in the {form of a uniform cylinder open at bolh ends,
but it must be openga out into o flat sheet before it can assume
the familiar form of sheet-glass.

The first stage in ithe opening-oul process is that of splitting.
Tor this purpose the cylinders are carried to a special stand, upon
which they are laid in a horizontal position, and here a crack or
cut is made along one of the generating lines of the cylinder, This
may be done either by the application of a hol iron, followed, il
necessary, by slight moistening, ar by the aid of a cul from a heavy
diamond drawn skilfully down the inside of the cylinder. It will
be seen from the account of the process so far given that the glass
has as yet undergone no real annealing, althongh the blower is
expected to “anneal” his eylinder during the blowing process,
as far as possible, by never allowing it to cool too suddenly, and
this degree of annealing is usuelly sufficient to save the cylinder
from brealing under its internal stresses when left to cool on the
racks. The surface of the glass, however, is left in a decidedly
hardened condition, especially on the outside, which has necessarily
been most rapidly cooled. For this reason—among others—the
splitting cut is always made on the inside of the cylinder, The
difference hetween the rates of cooling of the outside and inside of
the cylinder has a further effect, which becomes evident as soon
a8 the cylinder is split, The outside having become hard whilo the
inside was still relatively soft, the outer layers of glass are in o state
of compression gnd the inner layers in & state of tension in the cold
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cylinder. As soon ay {he cylinder is wplit, however, these stresses
are to some extent relieved, the inner layers being then.free to
contract and the outer layers to exp'n.ud ; the result is an increase
in the curvataire of the cylinder, which slightly decreases in diameter,
the cut edges overlapping. T the cylinder has been cooled rather
too quickly, or if the glass itself has a high co-cfficient of expansion,
this release of internal stresses at the moment of splitting becomes
very marked, and each cylinder splits with the sound of a small
explosion, while il the internal stresses are sill more severe, the
cylinders may even fly to pieces as soon as they are cut.

The next stage in the manufacture of a sheet of glass is the [latten-
ing and annealing process. For this purpose the split cylinders are
taken to a special kiln, generally known as a “lear,” or “lehr,”
where they are first of all raised to a dull red-heat; they are then
lifted, one at a time, on to & smooth stone or s'ab placed in a chamber
of the kiln where the heat is greatl enough to soften the glass. Here
the cylinder is laid down with the split edges upwards, and by
means of a wooden tool the glass is slowly spread out, being finally
rubbed down into perfect conlact with the slab or “lagre.” From
the flattening slab the sheet as it now is passes into the annealing
kiln, which communicates with the failening chumber, This
consists, similerly to other conlinuous annealing kilns already
deseribed in connection with other varieties of glass, of a long
tunnel, heated to the temperature of the flattening kiln at ove end
and nearly cold at the other. The sheets are moved down this
tunnel at & uniform slow rate by the action of a system of grids
which. at intervals, lift the sheets from the botiom of the kiln,
move them forward by a short distance, aud again deposit them
on the bottom, the grids themselves returning to their former
position by a retrograde movement made below the level of the
kiln-bottom, and therefore not affecting the glass.

On leayving the annealing kiln the sheets of glass are sometimes
covered with & white depasit arising from the products of com-
bustion in the kiln and their interaction with the glass itself. This



166 CLASS MANUTACTURE '

deposit can be removed by simple mechanical rubbing, but it is
usual to dip the glass into a weak acid bath, which dissolves the
white film and leaves the glass clear and bright, ready for use.

From the annealing kiln the finished sheets of glass.are taken to
the sorting-room, where they are examined in a good light against
a black background, and are sorted according to their quality for
different purposes.

The defects which are found in sheet-glass are of a very varied
nature, as would be anticipaied from the long and complicated
process ol manufacture which the material undergoes in the course
of its transformation from the raw material into the finished sheet
of glass. A full enumeration of all possible defects, with their
technical names, need not be given here, but a description of the
more important and frequent ones will be useful. The defects may
be conveniently grouped according to the stage of the process from
which they originate.

The first class of defects accordingly embraces those that arise
Irom the condition of the glass as it exists in the working-end of
the furnace, Chief of these are white opaque enclosures, known
a8 “stones.” These may arise from a variely of causes within the
furnace, such as an adwixture of infusible impurities with the raw
materials, insufficient beat or duration of melting, leading to a
residue of unmelted raw inaterial in the finishod glass, or from
defective condition of the interior of the furnace, leading 1o con-
tamination of the glass with small particles of fire-brick, Further,
if any part of the furnace has been allowed to remain at too low
a temperature, or if the composition of the glass is unsuitable,
crystallisation may occur, and white patches of ¢rystalline material
may find their way into the finished sheets, Another defect that
may arise from the condition of the glass in the furnace is the presence
of numerous small bubbles, known as “seed.” By the blowing
process these are drawn out into pointed avals, and they are rarely
quite absent from sheet-glass. They arise from either incomplete
fining of the glass in the furnace or from allowing the glass to come
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inlo conlac, with minute particles of dust during the gathoring
process. Another possible defect 1o Lhe glass itself may be found
at times in too deep & colour. This I only seen readily when a
sheet of some size is examined edgewise, as most varieties of ordinary
sheet-glass are too free from colour to allow this to be judged by
looking through the sheet in the ordinary way. Tt follows from
this fact that for practical purposes, where the light always traverses
one thickness of the glass only, a slight difference of colour should
beregarded as a very minor consideration, ai all events as compared
with [reedom lrom other defects.

The gathering process in its turn is responsible for further defects
of sheet-glass. Some of these, such as defecls arising from the use
of a dirty pipe, are never allowed to pass beyond the sorting-room,
and are therefore of no interest to the user of glass, Of those whose
traces are seen in the glass that passes into uge, “ blisters” and

,“string” are the most important. * Blisters” are somewhat
larger, flat air-bells, arising from the inclusion of air between suc-
cessive lnyers of the gathering. ¢ 8tring ” is a very common defect
in all sheet-glass. To some extent it may arise from want of homo-
geneity in the glass ilself. If this consists of layers of different
densities and viscositics, the gathercr will take these up on his
gathering, and ultimately they will form thickened ridges of glass
running around the oylinders and across the sheets. Such strie,
due to want of homogeneity in the gleass, are much more common
in flint glass than in the soda-lime glasses used for sheet manufac-
ture, but are not unknown in the latter. On the other hand. even °
if the glass be as homogeneous as possible, the gatherer can produce
these stris if he takes up his glass irom a place close to the side
of the fire-clay ring that floats in the furnece in front of his working
opening. Glass always acts chemically upon fire-clay, gradually
forming a layer of glass next to the fire-clay that containg much
more aluming than the rest of the contents of the furnace. Such
a layer is formed on the surface of each ring in a sheet tank,
but if the gathering is teken from the centre of the ring, this
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layer of sluminiferous glass remains undistwbed. If, however
the gatherer brings his pipe too near the side of the ring, (he
glass will draw some of this diflerent layer ou to the gathering, and
this glass will form thick ridges and strim running aeross the sheet
in all directions, Another defect for which the gatherer is generally
responsible is that of variation of thickness within the same sheet.
The blower, however, can also produce this defect.

During the blowing proper a [urther serics of defects may be
introduced, principally by allowing particles of glass derived from
cerlain stages of the process to fall upon the hot glass of the cylinder
and there become attached permanently. More serious, and also
more frequent, is Lhe greater or less malformation of the cylinder.
I the glass as it leaves the blower is of any shape other than that
of a true cylinder, i, becomes impossible to spread it into a truly
flat sheet in the flattening kiln, Sometimes, in practice, the “ cylin-
der " is wider at one end than at the other, or, worse still, it is of
uneveu diameter, showing expanded and contracted areas alber-
netely. When such a cylinder comes to he spread out on the slab
it cannot be fHattened completely, and various bollows and hillocks
are left, which mar the flatness of the sheet and interfere with the
regnlar passage of light through it when in use,

Finally, the process of flattening is apt to introduce defects of
its own. The most common of these are scratches arising from
marks left by the flattening tool; indeed, in all sheet-glass it is
quite possible to see, by careful examination of the surfaces, upon
which side the flattoning tool was used. Sheet-glass thus has cne
side dacidedly brighter and hetter in surface than the other, the
better side being that which rested upon the *“lagre” during the
flattening process. On the other hand, if the slab itself be not
quite perfect, or if any foreign body be allowed to rest upon it,
that side of the glass will be marked in a corresponding manner.

In the account of the manufecture of sheet-glass given above,
we have outlined one typical form of the process, but nearly every
stage is subject to modifications aceording to the practice and
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particular circumstaunces ol each works. We will now describe one
or Lwo special modifications that are of more general importance.

First, as regards the melting proces3, although the tank-furnace
has almost enfirely superseded the pot-furnace for the production
ol ordinary sheet-glass, there are still some special circumstances
under which the pot-furnace is capable of holding its own. Thus,
where for special purposes it is desired to produce a variety of
sheel-glass which, as regards all defects arising out of the glass
itself, and especially as regards colour, is required to be as perfect
ag possible, melting in pots is found advantageous, and for some
very special purposes even covered (hooded) pots are nsed. For
such special purposes, 100, sulphate of soda is eliminated from tho
raw materials and carbonate of soda (soda ash) substituted. For
the production of tinted glasses also, whether they are tinted through-
out their mass, or merely covered with a thin layer of tinted glass
(“ flashed ), manufacture in pot- rather than tank-furnaces is
generally adopled, the exact nature and composition of the glass
being far belter under control in the case of pots.

The blowing process is also subject 10 wide variations of practice,
The most important of these variations concerns the shape and
dimensions of the cylinders. In English and Belgian works the
dimensjons of the cylinders are so chosen that the length of the
cylinder constitules the longest dimension of the finished sheet,
the diameter of the cylinder forming the shorter dimension. In
some parts of Germany, however, the practice is the reverse ol
this, the cylinders being blown shorter and much wider, so that
the circumference of the cylinder constitutes the longest dimension
of the finished sheet. It is, however, pretty generally recognised
that the latter method has very serious disadvantages, although
it is claimed that gsomewhat more perfect glass can be obtained by
its means. For the production of a special variety of glass, known
as “ blown plate-glags,” this mathod of blowing shart wide cylinders
instilladhered to. This isa very pure form of sheet-glags, blown into
thick, small sheets which are subsequently ground and jolished in
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the same manner as plate-glass. Hore the great thickness of glass
required seems to render the blowing of long eylinders very difficult,
and the other form is therefore adopted. On the other hand, English
patent plate-glass, which is made by grinding and, polishing the
best quality of ordinary sheet-glass, is made from glass blown into
long narrow eylinders in the manner described in detail above.

The process of blowing described above is caj able, with slight
modifications, of yiolding glass with surfaces other than the plain
smooth face of ordinary sheet-glass. Thus fluted and “ muffled *
glass are produced in a very similar manner to that described above
for ordinary sheet, cxcept that the fluting or the irregular surface
markings which constitute the peculiarities of these two varieties
of glass, are impressed upon the surface of the cylinder at an early
stage in the process.

Trom the outline description given above of the usual method
of manufacture of sheet-glass, it will readily be seen that this is
a long, complicated, and laborious process, requiting the employ-
ment of much skilled labour, and involving the production ol a
relatively complicated form, viz., the closed cylinder, as a pre-
liminary to the production of a very simple form, viz., the flat
sheet. It is therclore by no means surprising to find that a great
many inventors have worked and are still working at the jrablem
of & direct mechanical method of producing flat glass possessing
a patural * fire polish ” at least equal to that of ordinary sheet-
glass, The earlier inventors have almost uniformly endeavoured
to attain this object by attempting to improve the process of rolling
glass, with a view to obtaining rolled sheets having a satisfactory
surface. We have already indieated why these eflorts have never
met with success and what ressons there are for believing that
they are never likely to attain their object. A totally different
line is that taken by Sievert, to whose inventions we have already
referred in connection with the mechanical production of blown
articles, This inventor has endeavoured to utilise his process for
blowing large articles of glass for the direct production of sheets
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of flat glass. [lis mnethod is to blow, by the steain process deseribed
in another chapter, a large cubical vessel, having flat sides, the
flatness of these sidles being ensured Ly* blowing the vessel into or
against a mould having flat sides. This flat-sided vessel is ulti-
mately to be cut up into five large sheets. This process also ap) ears
to involve some of {the main difficulties of rolling as regards the
means ol transferring the glass from the furnace to the plate of
the blowing machino, and in practice the inventor has not yet
succeceded in producing glass of suflliciently good surface [or the
purposes of sheet-glass.

Another class of [;rocesses entirely avoid all means of transferring
molten glass from the [urnace to any machine by working on glass
direct from the molfen bath itself. Some of these processes are in
actual nse in America, and others are being tried in Europe ; there
can, however, be little doubt that they have overcome the greatest
of the many difficulties that stood in the way of the mechanical
production of sheet-glass, and that they are therefore deslined
very shortly to supersedo the hand process,

One of the earliest of Lhege direct processes proposed to allow
the molten glass to Aow out from the furnace, downward, through
a narrow slit formed in the side or bottom of the tank. The impossi-
bility of keeping such a narrow orifice open and ai the same time
regulating Lhe flow of glass made this proposal impracticable,
although the use of drawing orifices has been revived in one of the
latest processes.

The American process, which has now been at work under com-
mercial conditions for & number of years, is not entirely satisfactory
in this respect—+that it is a mechanical process for the production
of eylinders and not of flat sheets, so that the subsidiary processes
of splitting and flattening still remain to be carried out as before.

In gne form of this process, which is known as the Frinck system,
the glhss is first transferred from the melting tank into a sgecial
karnace or basin in which a vertical fire-clay tube passes through
the bath of molten glass from below upwards. The glass is allowed
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to fine or “ settle ”’ aller ladling into this basin, and then the drawing
operation is carried out. IFor this purpose an iron ““ bait * or cover,
which, has previously beeh .electrically heated to the 1ight tem-
perature, is lowered into the molten glass, and s then steadily
raised. The glass adheres to the ““ bait >’ and is drawn up with il.
But if the cylinder thus formed were left unsupported, it would
tend to contract and would soon be ““ drawn off * to a point. This
tendency is avoided by blowing compressed air into the rising
cylinder as it is formed, through the fire-clay iube alrecady men-
tioned. This use of internal pressure is found 1o be superior to
the earlier device of chilling the cylinder as it emerged from the
surface of the molten glass by means of jets of cold air. When the
cylinder has been drawn to the desired length, ihe rate of raising
is increased and the air-pressure adjusted in such a way that the
cylinder “draws off.” The whole long cylinder is then placed in
a horizontal position, is delached from the “bait,” and is then cut
up into lengths before being split and flattoned in the ordinary
way.

The inventions of Fourcanlt aim at & much mare direct process.
Here slso the glass is drawn direcl from the molien bath by the
aid of a drawing-iron that is immersed in the glass and then slowly
raised, but in this case the piece immersed is simply a sivaight
bar, and the aim is to draw out a flat sheet. In this case the ten-
dency, under surface tension, is to contract the sheet into a thread,
and apparently the simple device of chilling the emerging glass is
not adequate to prevent this in a salisfactory manmer, and sub-
sidiary devicos have been added. Those that have been patented
include & mechenism of linked metal rods so arrenged as to be
immersed and drawn out of the glass continuously with the emerging
sheet, in such a manner as to support the vertical edges of the glass
and so aid in resisting the tendency of the glass to contract laterally.
Another device consists in the use of a slit or orifice formed in a
large fire-brick that floats on the surface of the glass. Through this
orifice the glass is drawn, of Lhe desired thickness and width. The
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uso ol this orifice, however, interferes markedly with the perfection
of the produect, and in fact all the glass pﬂroduce(l in this way shows -
quite plainly a set ol longitudinal striations due to the inevitable
irregularities in 4he lips of the drawing slot. TFurther, it appears
to be impracticable to draw thin glass m this way, a thickness of
from 2} to 3 millimetres (about } inch) being the least that is prac-
ticable, on account ol the large amount of breakage that occurs
with weaker sheets. This process, in its preseni slage of develop-
ment, however promising, does nol appear to have solved the
problem of mechanical manufacture of sheet-glass, since it is just
in the thinner, lighler kinds ol glass thai the advantages of sheet
arc wmost pronounced. On the other hand, it is quite possible that
this drawing process, or some development arising from it, may
shortly supplant the casting process in the production of polished
plate-glass, although for the largest sizes of this product also, the
difficulty and danger of handling the weights involved may prove
a scrious obstacle. More recently, both these direct drawing devices
and the closely allied “ flow * devices in which the glass is allowed
to flow in a thin stream or sheet over a suitably prepared ledge or
“ weir ”’ have been much developed in America, notably by Owens
and his collaborators, whose successful bottle-blowing machines
have already been referred to. In Colburn’s patented method,
which is being developed by Owens, the glass is drawn direct [rom
the [urnace in & continuous sheet through the lear, the vesulting
sheets reaching a length up to 200 [eet. Whether the produect of
this operation is of a quality capable of fulfilling the requirements
of good sheet-glass is not yet: certain.

Crown Gluss.—Although this is & branch of manufacture that is
nearly obsolete it deserves brief notice here, partly because it is
still used for the production ol special articles, and also because
it illustrates some interesting possibilities in the use and manipu-
lation of glass.

The process of blowing crown glass may be briefly described as
that of first blowing an approximately spherical hollow ball, then
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opening this at one side and expanding the glas into a [lal disc
by the action of centrifugal forces produced by a rapid rolation of
the glass in front of a 1a.rnge opening in a special heating [wnace,
The actual process involves, of course, tho prelimivary of gathering
the proper quantity of glass, much in the manner already described
in conneclion with sheet-glass manufaciure. This gathering is then
blown outinto a hollowspherical vessel. This vessel is now attached
to a subsidiary iron rod by means of a small gathering of hot glass,
applied ai the point opposite the pipe itself, the glass being thus,
for a moment, attached to both the pipe and the “pontil” or
“ punty ” (as the rod is called). The pipe is, however, detached
by cracking off the neck of the original glass, which now remains
attached to the pontil in the shape of an open bowl. This howl is
now re-heated very strongly in front of a special furnace, the open
gide of the bowl being presented to the fire. The pontil is meanwhile
held in & horizontal position and rotated. As the glass softens the
rotation spreads it out, until finally the entire mass of glass is formed
into a simple flat disc spinning rapidly before the mouth of the
furnace. This flal disec or “table” of crown glass is allowed 1o
cool somewhat, is detached {rom the pontil by a sharp jerk, and
is then annealed in a simple kiln in which the glass is siacked,
sealed up, and allowed to cool naturally,

It is obvious that by this process no very large sheets of glass
can be produced ; tables 4 {t. in diameter are already on the large
side, and thess can only be cut up into much smaller sheels on
account of the lump of glass by which the table was originally
atlached to the pontil, and which remains fixed in the centre of the
finished dise. For certain ornamental purposes, where an “ antique ”
appearance is desired, theso bullions are valued, but for practical
purposes they interfere very scriously with the use of the glass.
As & matter of fact, even several inches away [rom the central
bullion itself, crown glass is generally marked with circular wavings,
which render it readily recognisable in the windows of older build-
ings, but which decidedly detract from the perfection of the glass.
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On the other hand, crown glass is still valued for certain purposes,
such us microscope slides and cover glasses, wheie enlire freedom
[rom surface markings, such as thoxe found in sheel-glass a8 a
result of the flptiening operalions, is desirable. While, therelore,
the procoss has merely an historical interest so far as ordinary
sheet-glass purposes are concerned, it is still used in special cases,



CHAPTER XII
COLOURED GLASSES

In various chapters throughout the foregoing portions of this
book we have had occasion to refer to the colour of glass and the
causes affecting il, bubt thesc roferences have chiefly been made
from the point of view of the production of glasses as nearly colour-
less as possible under the circumstances. While it is obvious that
for the great majority of the purposes for which it is used the absence
of all visible coloration is desirable or even essential in ihe glass
employed, there are numerous other uses where a definite coloration
is required. Thus we have, as industrial and technical uses of
coloured glass, the employment of ruby, green and purple glasses
for signalling purposes, as in the signal lamps of our railways, the
red tail-lights of motor-cars, or even the red or green seclors of
certain harbour lights and lighthouses; again, coloured glasses,
ruby, green, and yellow, are extensively employed in connection
with photography. Rather less exacting in their demands npon
the correctness of the colour employed are the architectural and
ornamental uses to which coloured glass is so extensively put in
both public and domestic buildings, while, finally, coloured glass
is largely the foundation upon which the stained-glass worker builds
up his artistic achievements ; in another direction, coloured glass
is also utilised in the production of ornamental articles and of some
tahle-ware. While it must be admitted that in a great many cases
the colour-resources of the glass-maler are hopelessly misapplied,
yet in really artistic hands few other materials are capable of yield-
ing results of equal beauty.

By the “ colour” of & glass is generally understood the tint or
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colour which is observed when it is viewed, in comparatively thin
slices, by transmitted light ; the actual colour is thus a property,
not so much of the kind or variety 'of glass ns of each individual
piece, since thik pieces out of the same melting will show & different
tint from that seen in thinner pieces. As we have already pointed
out, such glasses as sheet or plate, which appear practically colour-
less when viewed in the ordinary way, show a very decided green
colour when viewed through a considerable thickness. In the same
way & very thin layer of the glass known as * flashing ruby ” shows
a brilliant red tint, but a thickness ol one-sixteenth ol an inch is
sufficient to render the glass practically opaque, giving it a black
app}ea,rance by both transmitted and reflected light. Again, cobalt
blue glass, when examined with a spectroscope in thin layers, is
found to transmit a notable proportion of red rays, but thicker
pieces entirely suppress these rays. These phenomena will be
readily understood when we recollect thal colour in a transparent
medium arises from the fact that the mediwn has different absorbing
powers for light of different colours. All transparent substances,
and cortainly glass, are ounly partially trensparent : all light waves
passing through such a substance are gradually absorbed, and the
cxtent to which they are absorbed differs according {0 the length
of these waves, It always happens that [or some special wove-
lengths the substance has the power of absorbing the energy of the
entering waves and converting it into heat-vibrations of its ewn
molecules or atoms. In the most transparent and colourless glasses
this process, so far as the waves of ordinary light are concerned,
only goes on to a negligibly slight extent ; if, however, we extend
our view beyond the range of ordinary visible light, and consider
the region ol shorter waves that lies in the spectrum beyond the
violet, we find that ordinary colourless glass becomes strongly
absorbent ; thus to waves of about half the length of those which
produce upon our eyes the impression of yellow light, ordinary
glags is as opaque as is a piece of metal to white light. In this

wider sense, then, we may fairly say that all glasses are coloured—
apl. & N
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i.e., all have a power of selective absorption; but in the case of
thosé which are nearly colonrless in ihe ordinary sense, this absorp-
tion takes place only for waves which are either decidedly shorter
or decidedly longer than those to which our eye. are sensitive.
Those glasses which appear coloured in the ordinary sense, on the
other hand, owe this property to the fact that the power of absorp-
tion for light-waves oxtends into the region of the visible spectrum ;
thus a blue or violei glass is practically opaque to red rays, while
a red glass is opaque to blue, green or violet rays. This stalement
may be verified in a striking manner by holding over one another
a piece of deep blue or green glass and a piece of deep ruby glass—
the eombination will be found to be very nearly opaque even when
each glass by itsclf is practically transparent.

The question which now naturally presents itself to us is, what
is the essential difference between, for instance, a piece of red glass
and a piece of “ white” glass that confers upon the {former the
power of absorbing blue light # A perlectly complete and satis-
factory answer to this question is not, in the writer’s opinion, avail-
able in the present state of our knowledge, but to a certain extent
the difference between the two kinds of glass can be explained.
The difference is produced, in the first instance, by introducing into
the colourless glass some additional chemical element or elements,
the substances in question being generally known as “ colouring
oxides,” although they are by no means always introduced in the
form of oxides, and are frequently present in the glass in entirely
different forms. To & certain extent the colour of the glass may
be ascribed to a definite * colouring ” property of the chemical
elements concerned ; thus most of the chemical compounds of such
elements as nickel, aobalt, iron, manganese and copper are more
or less deeply coloured substences, and it would seem as if the
atoms or “ions” of these elements had the specific power of absorb-
ing certain varieties of light-waves while not materially affecting
others. But this specific “ colouring” property is not so easily
explained-when we recollect that the colours of iron compounds,

-
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for example, may be green or red according lo the state of com-
bination in which that element is present, and that iron has also
the power of imparting eilher a green or a yellow colour to glass
according to fircumstances. The detailed discussion of these
questions, however, lies outside our present scope, and we must
confine ourselves Lo the broad stalement that colouring substance
- in glass may be roughly divided into two kinds or gioups; the
first and probably the largest group are’ those bodies which oceur
in glass in true solution, the element itself being jreseni in the
combined state as a silicate or other such comypound (borate, phos-
phate, ete.) which is soluble in the glass. In this class the colom'ing
eflect upon the glass is specifically that of the element introduced,
and is brought about in the same way as the colouring of water
when a coloured salt—such as copper sulphate—is dissolved in it.
The second class of colouring substances, however, behave in a
different manner ; thoy are probably present in the glass in a
state of extremely fine division, and held not in true solution, but
really in & sort of mechanical suspension that approximates to the
condition of what is known as a “ colloidal solution,” The point
which is kmowm beyond doubt, thanks to the researches of Siedentop(
and Szigmondi on ultra-microscopical particles, is that in certain
coloured glasses, of which ruby glass is the best example, the colonr-
ing substance, be it gold or cuprous oxide, is present in the form of
minute but by no means atomic or molecular particles auspendéd
in the glass. The presence of these particles has been made optically
evident, although it can hardly he said that they have been rendored
visible, and it is at all events probable that these suspended particles
act each as a whole in absorbing the light-waves characteristic of
the colour which they produce in glass. This being the cage,
it is easy to understand how readily the colour of such glasses
is altered or spoilt by menipulations which involve heating
and cooling st different rates—too rapid a rate of cooling pro-
ducing & different grouping of the minute particles, altering
their size or shape, or even oblitersting them entirely by allowing
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the element in question to go into or to remain in solution in
the glass. ',

While it would be entirely foreign to the purpose of this volume
to give in this place a series of recipes for the production of various
kinds of coloured glass, it: will be desirable to state in genetal terms
the colours or range of colours which can be produced in various
kinds of glass by the introduction of those chemical elements which
are ordinarily used in this way. In general terms it may be said
that the lighter elemenis do not as a rule tend to the production
ol coloured glasses, while the heavier elements, so far as they can
be retained in the glass in either solution or suspension, tend to
produce an intense colouring effect. The clement lead appears
to form a striking exception to this rule, but this is due to the
fact that while the silicates of most of the other heavy elements
are more or less unstable, the silicate of lead is very stable, and
can only be decomposed by the action of reducing agents, When
lead silicates are decomposed in this way, however, ithe resuliing
glass immediately receives an exceedingly deep colour, being
turned a decp opaque black, although in very thin layers the colour
is decidedly brown. On the other hand, glasses very rich in lead
are always decidedly yellow in colonr, and it has beon shown that
this coloration is due to the natural colour of lead silicates and not
to the presence of impurities. What has just been said of lead
applies, with only very slight modification, also to the rare metal
thallium and its compounds, which have been introduced into glass
for special purposes. Leaving those two exceptional bodies on
one side, we now pass to a consideration of the elements in the
order of their chemical grouping. The rare elements will not be
considered except in certain cases where their presence in traces is
liable to affect results attained in practice,

The Alkali Metals, sodium, potassium, lithium, etc., and their
compounds, have no specific colouring effect, although the presence
of soda or of potash in a glass affects the colours produced by such
suhstances as manganese, nickel, selenium, ete.

L
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Copper, as would be anticipated [rom ihe deep colour of most
of its compounds, produces powerful colouring effects on glass.
Cupric silicates produce intense green, {o 'greenish-blue tints. Copper,
cither as metal or oxide, added to glass in the ordinary way, always
produces the green colour; but when the full oxidation ol the
copper is prevented by the presence of a reducing body, and the
glass is cooled slowly, or is exposed to repeated heating followed
by slow cooling, an inlense ruby coloration is produced. In practice
this colour is produced by introducing tin as well as copper into
the mixture, and so regulating the conditions of melting as to
favour reduction rather than oxidation of the copper. Under theso
circemstances the copper is left in the glass in a finely divided and
cvenly suspended state; if exactly the right state of division and
suspension is arrived at, a beautiful red tint is the result, although
the eoloration of the glass is so inlense thai it can only be employed
in very thin sheets, being “ flagshed ”” upon the surface of colourless
glass to give it the necessary strength and thickness for practical
use. It is further vory easy slightly to alter the arrangement ol
the copper in the glass, with the result of producing an opaque,
streaky substance resembling sealing-wax in colour and appearance,
this product being, of course, useless from the glass-maker’s point
of view. Finally, by cxceedingly slow cooling, and under other
[avouring conditions which are not really understood, the particles
of suspended colouring-material—be it metallic copper or cuprous
oxide—grow in size and attein visible dimensions, appearing’ as
minute shimmering flakes, thus producing the beautiful substance
Imown as “ aventurine.” .

Silver is rarely introduced into glass mixtures, the reason
being that it is so readily reduced to the metallic state from
all its compounds that it cannot easily be retained in the
glass except in a finely-divided form, causing the glass to
assume & black, wmetallic appesrance rosembling the stains
produced by the reduction of lead in flint glasses. On
the other hand, silver, yields a heautiful yellow colour when
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applied to glass as a surlace stain, and it is widely used for {hat
purpose.

GQold is introduced into glags for the production of brilliant ruby
tints; its behaviour is very similar to that of copper, excepl thai
the noble metal has a great iendency to return to the metallic
state without the aid of reducing agents, No addition of tin is
therefore required, but the rate ol cooling, ete., must be properly
regulated, since rapidly cooled glass containing gold shows no
special colour, the rich ruby tint being only developed when the
glass is re-heated and cooled slowly, The colouring effect of gold
is undoubtedly wore regular and uniform than thai of copper, and
it is accordingly possible to obtain much lighter shades of red.with
the aid of the noble metal. “ Gold ruby ” can therefore be obtained
of a tint light enough to be used in sheets of ordinary thickness,
and the process of ““ flashing ¥ is not essential.

The elements of the second group, such as magnesinm, calcium,
stroitium, barium, zine and cadmium, exert mo stroug specific
colouring action on glass, with perhaps the exception of cadmium,
and that element only does so Lo any considerable exteni in com-
bination with sulphur, sulphide of cadmium having the power of
producing rich yellow colours in glass. The sulphur compounds of
barium also readily produce deep green and yellow colowrs, and
the formation of these tints is, indeed, very difficult to avoid in
the case of glasses containing much barium. A colouring effect
ha$§ sometimes been ascribed to zine, but this is not in accordance
with facts, ‘

Of the elements of the third group, only boron and aluminium
are ever found in glass in any notable quantity. Boron is present
in the form of boric acid or borates, and as such produces no colouring
effect, nor does there seem to be any tendency for the separation
of free boron. The compounds of aluminium also possess no colour-
ing effect, although some compounds of this element are utilised
for imparting a white opacity to gleass for certain purposes—such
glass being known as “ opal.”
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The elements of the fourth group are of greater importance in
connection with glass. Carbon is eapable of exeiting powerlul
colouring effgets when introduced inte glass. These elfects ‘are of
two kinds, viz., indirect in consequ:mce of the reducing action of
carbon on other substances present, and direct from the presence
ol finely-divided carbon or carbides in the glass. The latter are
similar in kind to those produced by the presence of other finely-
divided elementary bodies (copper, gold, lead, etc.), except that the
lightness of the carbon particles tends to the production of yellow
and brown colours rather than of red and black, while the chemical
nature of carbon renders the glass in which it i suspended indifferent
to yapid cooling, so far as the carbon tint is concerned. The indirect
effects of carbon, in reducing other substances that may be present
in the glass, become evident with much smaller proporiions of carbon
than are required to produce visible direct cffects. As we have
seen above, carbon, in the form of coke, charcoal or anthracite coal,
is regularly introduced, as a reducing medium, into glass mixtures
containing sulphale of soda. If even a slight excess of carbon be
used for this purpose, the formation of sulphides and poly-sulphides
of sodium and of calcium results, and these bodies, like all sulphides,
impart a greenish-yellow tint to the glass, at the same time bringing
other undesirable results in their train.

Silicon, in the form of silicic acid and its compounds, is a funda-
mental constituent of all varieties of glass, and in this form is in
no sense a colouring substance; on the other hand, there 4s no
doubt that under some conditions silicon may be reduced to the
metallic state at temperatures which normally ocour in glass-
furnaces, and it is practically certain, that if present in glass in
this condition, silicon would colour the glass. Tt is just possible
that some of the colouring effects produced in ordinary glass by
powerful reducing agents, such as carhon, either in the solid form
or a8 & constituent of Iurnace gages, may be due to the reduction
of silicon in the glass,

Tin by itself does not appesr to have any colouring effect upon
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glass, except thal its oxide, in a finely suspended state, produces
opalescence and, in large quantities, while opacity. Tin, however,
i8 used' in conjunction with coppor in the production of copper-ruby,
to which reference hay already been made.

Lead and Thallium have already been dealt with) and it only
remaing to add that their presence in the glass, although not in
itsell producing any intense colowing action, increases the colouring
effects of other substances. This is probably merely a particular
case of the fact thai dense glasses, of high refraclive index, are
more sepsitive to colouring agencies than the lighter glasses of low
refractive index; this applies to barium as well as to lead and
thallium glasses. "

Plosphorus occurs in some few glasses in the lorm of phosphoric
acid, and this substance, as such, has no colowring effect. Caleium
phosphate, however, is sometimes added to glasses [or the parpose
of producing opalescence. TIts action in ihis respeel is probably
similar to that of {in oxide and aluminium flnoride, these substances
all remaining undissolved in the glass in the form of minute particles
in a finely divided and suspended siate.

Arsenic does not exerl a colouring effect on glass, ang owing {0
its volatile nature it can only be retained in glass in sniall quantitics
and under special conditions. A * decolourising ”’ action is some-
times*ascribed Lo arsenic, but if this action really oxists it can only
be ascribed to the fact that arsenic compounds are capable of
acting as carriers of oxygen, and their presence thus tends to facili-
tate the oxidation of impurilies contained in the glass. A further
reference to this subject will be found below in reforence to the
compounds of manganege.

Anlimony, although frequently added to special glass mixtures,
does not appear to produce any very powerlul effects, except possibly
in the direction of producing white opacity if present in large pro-
portions. The sulphide of antimony, however, exerts a colouring
infinence, although its volatile end unstable character renders the
effects uncertain.
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Vanadium, owing 1o ils rarity, is probably never added 1o glass
mixtures for colowring purposes, although it is capable of producing
vivid yellow and greenish {ints whep ‘preseni, ecven in minute pro-
portions. On the other hand, vanadium occurs in small proportions
in a number of fire-clays, including some of those of the Stourbridge
district, and glass melted in pots containing this element is liable Lo
bave ils colour spoilt by taking up the vanadium fron: the clay.

Sulphur is an element whose presence in various forms is liable
to afiect the colour of glass in a variety of ways. The colouring
effects of sodium-, calcium-, cadmium-, and antimony-sulphides
have already been referred to. Sulphur probably never exists in
glasy in the uncombined state at all, but sulphur and its oxides,
which are often conlained in furnace gases, sometimes exert a very
marked ection upon hot glass. The presence of sulphur gases in
the atm‘osPhercs of blowing-holes and annealing kilns is liable to
procuce in the glass a peculiar yellowish milkiness which penetrates
for a considerable dopth inlo the mass of the glass and cannot be
removed by subsequent treatment. Glass vessels, particularly if
made of glass produced from raw materials among which salt-cake
has figured, are also afiected by contact with fused sulphur or its
vapour, the ellcet being a gradual disintegration of the glass. "The
precise mechanism of these actions is not lmown at present, but
they probably consist in the l[ormation of sulphur compounds
within the glass, possibly giving rise 10 an evolution of minute
bubbles of gas. X

Selenium, which is chemically so closely related to sulphur, is
o relatively rare element, which is, however, finding some use in
glass-manufacture as a colouring and a decolouring agent. The
introduction of selenium or of its compounds vnder suitable con-
ditions into a glass mixture produces or tends to produce a peculiar
yellowish-pink coloration, the intensity of the colour produced
being dependent upon the chemical nature of the glass as a whole
and, of course, upon the amount of selenium left in the glass at the
end of the melting process, this latter in twrn depending upon the
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duration and temperature of the process in question. Tho pink
colour of selenium glass is best developed in those containing barium
as & base, but it is also developed in lead glasses, while soda-lime
glasses do not show the colour so well, As a “decolouriser” the
action of selenium is entirely that of producing a cromplementamy
colour which is intended to ““ cover ” the green or blue tint of the
glass ; where the depth of the tint to be “ covered * ig small, selenium
can be used very successfully in this way, although it is a relatively
costly substance for such a purpose. No oxidising or “ cleansing *’
action can be ascribed to selenium or its compounds.

Chromium, is one of the most intensely active colouring substances
that aro available for the glass-maker, and it is accordingly wsed
very extensively. It has the advantage of relative cheapness, and
can be conveniently obtained and introduced into glass in the form
of pure compounds whose colouring effect can be accurately antici-
pated ; the colours produced by the aid of chromium have the
further advantage of being very constant in character, being little
affected by oxidising or reducing conditions, and only very slightly
by the length or temperature of the melting process. The rate of
cooling, in fact, appears to be the only factor that materially affects
the colours produced by compounds of chromium. The colours
produced by chromium alone are various depths of & bright green,
the depth varying, of course, with the proportion of chrominm
that is present in the glass and with the purity of the glass itgelf.
Very frequently chromium is used in conjunction with either iron
or goppor to produce various tints of “ cold blue ” and * celadon
green ” respectively. This oloment is most usually introdneed
into the glass mixture in the form of potassium bichromate ; although
other compounds might be employed, this substance presents
several advantages to the glass-maker. In the first place, since
the colouring effect of chromium is very inteime, it must be used
in very small quantities, and if chromic oxide itself were used,
the weighing would have to be carried out with extreme care;
potessinm bichromate, however, contains a much smaller proportion
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of the cffeclive colouring substance, so that much larger weights
can be employed, and the accuracy ol weighing required is pro-
portionatolys reduced. A further, donsideration arises from the
fact that chromic oxide is itsclf an extremely refractory body,
and is therefore comparatively difficull to incorporate with glass,
while its presence tends to make the glass itself more viscid and
rofractory ; the simultaneons introduction of the alkali, as provided
by the usc of the bichromate, is thus an advanfage in restoring
the fAuidity and softness of the glass when finished, while also
facilitating the solution of the chromijum in the glass during the
[ugion process: this process of solution, however, takes some
time, chromium glasses being liable to appear patchy if nsufficient
time is given to the “ [ounding.”

Uranium is one of the rarer and more costly elements, but is
nevertheless used in glass-making for special purposes on account
of the very beautiful fluorescent yellow colour which it imparts
when added in small proportions. This yellow is quite charac-
teristic and unmistakable, so that none of the other varieties of
yellow glass can ever be used a8 a substitute for nranium glass,
but the great cost of the latter provents its extended use. Uranium
is usually introduced into glass mixtures in the form of a chemical
compound, such as uranyl-acetate or uranmyl-nitrate, hoth these
substanoes being obtainable in the form of small, intensely bright
yollow crystals,

Fluorine oceurs in a number of glasses in the form of dissolved’
or suspended fluorides, principally fluoride of aluminium. The
element is not essentially a colouring substance, and is only men-
tioned here because the fluoride named is the most frequently used
means of producing *“ opal ” glass. The fluoride is most krequently
introduced into the glass mixtures as caleinm fluoride, used in
conjunction with felspar, or as cryolite, & natural mineral which
congists of & double fluoride of sodium and aluminium,

Monganese is one of the most importent colouring elements used
by the glass-maker. When introduced into glass in the absence of
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other colouring ingredients, compounds of manganese produce a
range ol colours lying in the region of pinkish-purple to violet,
according to the chemical nature of the glass. The =xact colour
produced varies according as the gldss has lead, lime or barium as
its bage, and it also depends upon the presence of soda or potash
as the alkaline constituent. The nature and intensity of the colour,
however, which the addition of a given percentage of mangancse
will produce depends upon other [actors besides the chemical com-
position of the bases used in the mixture. The heat and duration
of the “ found ” and the reducing or oxidising conditions of the
furnace in which it has been carried on very materially ailect the
result, Thus, a glass having a slight tinge of pink or purple derived
from manganese can be rendered entirely colourless by the action
of reducing gases or by introducing into the glass a reducing sub-
stance, such as a piece of wood. 1t will thus be seen that while
manganese is a most uscful element for the glass-malker, its employ-
ment requires much skill and care, and generally involves some
troublesome manipulations before the desired result is attained.
In practice, manganese is most frequently used with other colour-
ing ingredients for the production of what may be called * com-
pound ” colours, the function of the manganese being to provido
the “ warm  elemont, s.¢., the pink or purple component, required.
One of the most important uses of manganese coming under this
head is its use as a  decolouriser.” By a “decolouriser ” the
glass-maker understands a substance which can be used to improve
the colour of & glass which, from the nature of its raw materials
end conditions of melting, would have a greener colour than is
thought desirable for the product in question. It may be said at
once that the most perfect and satisfactory method of obtaining
the better colour required is to adopt the use of purer raw materials
and methods of melting less liable to lead to contamination of the
glass. On the other hand, this radical course is often impossible on
the ground of expense, and the less satisfactory course must he
adopted of covering one undesirable colour by another comple-
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mentary colour which would, in itself, be equally undesivable. The
rationale o[ this procedure depends upon the fact that n slight
amount of n.bsoxptmn of light is not readily detected by tho human
eye if it bo uniformly or nearly uniformly distributed over the
whole range of the visible spectrum, 4.e., if the colour of the resuliing
light is nearly neutral, while an equally slight absorption in one
region of the spectrum, while actually allowing more light to pass=
through the glass, is at once detecled by the eye owing to the colour
of the transmitted light. Now it has been found that the colour
produced in glass by the addition of very small proportions of
manganese is approximaiely complementary to the greenish-blue
tinge of tho less pure varioties of ordinary glass; the addition of
manganese in suitable proportions to such glass therefore results
in the production of a glass which transmits light of approximately
neutral, usually slightly yellow, colour, the increased total absorption
only becoming noticeable in large pieces, This “ covering ” of the
greenish tingo is generally most completely successful in the case of
soda-flint glasses, but the method is also used to a certain extent
in the case of the soda-lime glasses used for sheet and plate-glass
manufacture. Manganese added to glass for this purpose is generally
introduced into the mixiure in the lorm of ihe powdered black
oxide (manganese dioxide), which is available as a natural ore in
a condition of sufficient purity. Added in this form, the manganese
compound, exerts & double action, the decomposition of the dioxide
resulting in the liberation of oxygen within the mass of melling
glass, and this oxygen itself exerts o favourable influence on the
resulting colour of the glass, since it removes organic materials
whose gubsequent reducing action would be deleterious, and it
also converts all iron compounds present into the more highly-
oxidised (ferric) state in which their colouring effects aze less intense,
The actual colouring effect of the manganese itself is, of course,
afterwards developed, and produces the effects discussed above,
The “covaring” of the greenish tinta due to iron and other
compounds is only possible when these are present in very small
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proportions, When larger quantities of these subsiances have
been ifitroduced into the glass the addition ol manganese modifies
the resuliing colour, but is no fonger able to. neutralise it. A very
large range of colours can be obtained by using various proporiions
of iron and manganese, the best-known of {hese being the warm
brown 1int known as * hock-bottle,” while all shades belween this
and the bright green of iron and the purple of manganese can be
obtained by suitable mixtures. What has been said above as 1o
the sensitiveness of manganese colours applies with even groater
foree to these mixed tints, since here both the iron and the manga-
nese compounds are liable to undergo changes of oxidation. Copper-
manganese and chromium-mauganese colours are also used, as
indeed almost any number of colouring ingredients may be simul-
taneously introduced into a glass mixture, the resulting colour
heing, as a rule, purely additive.

Tron is so widely distributed among the materials of the earth’s
crust thet il is exceedingly difficult to exclude it enlirely from any
kind of glass, although the purest varieties of glass contain the
merest traces of this element. Cheaper varieiies of glass, however,
always contain iron in measurable guantity, whileithe cheapest
kinds of glass contain considerable proportions of this element.
The colouring effects of iron have already been alluded to at various
points in the earlier chapters as well as in the gection on manganesce
just preceding. Little further remains to be said here, Just as
the less highly oxidised compounds of iron-—s.e., the *“ferrous ”
compounds—always show a decided green tint, so glasses con-
taining iron when melted under the usually prevalent reducing
conditions of » glass-making furnace, show a decided green tint
whoss depth depends upon the amount of iron present, provided
no mangancse or other “decolonriser ¥ has been introduced.
“ Ferrous ' compounds are, however, readily converted into the
more highly oxidised or *ferric * state by the action of oxidising
agents, and this change can alzo be brought about in molten glass
by the action of such substances as nitrates or other sources of

~
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oxygon. The ferric compounds, however, show charaeteristic yellow
tints which are much less intense and-vivid than the corresponding
green colours'of the  Ferrous ” seried, and a similar result is brought
about by the oxidation of iron compounds contained in glass;
hence the “ washing” or cleansing effects ascribed to oxidising
agents introduced in the fusion of glass. It should, however, be
borne in mind that the oxidation of other substances besides iron -
compounds, viz., organic matter, carbon and sulphur compounds,
may, and probably does, play & most important part in this process
in the case of most varieties of glass.

Nickal exerts a powerful colouring influence on glass, in accordance
with the fact that most of the other compounds of this element are
also deeply coloured. The exact colour produced in glass depends
upon the nature of the glass and on the condition of oxidation in
which the nickel is present. The colours, however, are usually of
a greenish-brown tint, although brighter colours can be produced
by nickel under special conditions, This element is not much
used as a colouring agent in practice, although it has been advo-
cated a8 a ‘‘decolouriser.” The writer is not, however, aware
that it has ever been successfully used for this purpose, and, in fact,
the colours to which it gives rise do not appear to be even approxi-
mately complementary to the ordinary green and blue tints which
* decolourisers ™ are intended to cover.

Cobalt is one of the most powerful colouring agents in glass,~and-
is very largely used in the production of all varieties of blue glass.
The blue colour produced by cobalt is, in fact, probably the most
“ gertain ” of the colours aveilable to the glass-maker, this iint
being least affected by all those circumstances that lead to varia-
tions in other tints. Almost the only dificulty involved in the use
of cobalt is the great colouring power of this element, which requires
that for most purposes only very small quantities may be added
to the glass mixture. Formerly cobalt wes added to glags mixtures
in the form of * zafire,”” which was & very impure form of cobalt
oxido, At the present time, however, the more expensive but much
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more salislaclory pure oxide of cobalt iy in almost universal use,
Thie substance shows a perfectly constant composition and, by
means of accurate weighing, tnables the glass-maker to introduce
precisely the right amount of cobalt into his baich.

The range of colours which are available to the modern glass
manufacturer are, a8 will be seen {from a consideration of the list of
colouring clements given above, practically unlimited, particularly
as these substances can be used in almost any combination to produce
mixed or intermediate tints. This practically infinite variely of
possible tints, indeed, involves the principal difficulty encountered
by the manufacturer of coloured glass, 4.e., that of matching his
tints, or of keeping the colour of any particular variety of glass so
constant that picces produced at various times can be used indis-
criminately together. This ideal is, perhaps, never entirely realised,
but in the case of glayses intended for special technical nses the ideal
degree of constancy is very closely approached.

In addition to being called upon to produce a large variety of
different tints, the glass-maler is also called upon to produce various
depths of the same tint, In many cascs this can be readily done by
the simple means of varying the amount of colouring material added
to the glass. Where the colouring effect of small quantities of
these substances is not excessively powerful, there is no very greal
difficulty in doing this, but in certain cases this mode of regulating

- therintensity of the colour is not available. Thus copper-ruby glass
cannot readily be made of so light a tint as to appear of reasonable
depth when used in sheets of the thickness of ordinary sheet-glass.
As has already been indicated, the desired tint is obtained by the
process of * flashing,” 4.e., of placing a very thin layer of deep ruby-
coloured glass upon the surface of & sheet of ordinary more or less
colourless glass of the usual thickness, This is generally accom-
plished by having a pot ol molten ruby glass available close to a pot
from which colourless glass is being gathered. A small gathering of
ruby glass is first taken up on the pipe, and the remaining gatherings
required for the production of the sheet are taken from the pot of
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colourless glass. When such a composite gathering is blown into a
eylinder in the manner deseribed in the previous chapter, the ruby
glagslies as a Yhin layer over the innev face of the cylinder, but special
care and skill on the pari of the gatherer and blower are required to
ensure that this layer shall be evenly distributed and of the right
thickness to produce just the tint of ruby required. Since the whale
layer of red glass is so thin, & very slight want of uniformity in its «
distribution leads to wide variations of tint, and in practice these
are often seen in the less successful cylinders of such glass.

The chemical composition of the ruby and the colourless glass
which are to be employed for this purpose must also be properly
adapted Lo one another in order to produce two glasses which shall
have as nearly the same coefficient of thermal expansion as possible.
If this requirement is not met, the resulting glass is subjected to
internal strains which may lead to fracture, while, if the ruby glass
has the higher co-efficient of expansion, the shect after flattening
tends to draw itsell up on the “ flashed ” side and cannot be passed
out of the annealing kiln in a properly flat condition.

Although most usually applied to copper-ruby glass, the flashing
procesd is often used with other colours also. Coloured glass of this
kind is at once recognised when looked at through the edges. Thus
examined the glass simply shows the greenich tint of ordinary sheet-
glass which constitutes practically the entire thickness of the sheet.
In the same way, if such “ flashed " glass be cut or etched in such a
way that the layer of coloured glass is removed in places, the result-
ing pattern appears in white on the coloured ground—a feature which
is utilised for certain decorative purposes. The flashing process just
described, it should be noted, is applicable to any form of glassware
which is blown from a gathering, and the coloured layer can be
appliod either upon the inside or outside of any object thus produced.

Tn addition to the palette of colours which the glass-maker is able
to supply, the artist in stained glass has a further range of colours at
his disposal in the form of stains and transparent colours which can
be applied ta the surface of glass and developed and rendered morg
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‘or lesy permanent by being properly “ fired.” The colours produced
in Lthiv way are aldo, in one gense, coloured glassecs, or rather glazes,
whose raw materials are put apon the glass by the brush of the
painter, and only subsequently caused to combine.and melt by
suitable heating. The degree of heat applicable under these cir-
cumstances is, however, very limited by the necessity ol avoiding
any great softening of the substratum of glass, while many of the
colours themselves are composed of materials which could not resist
very high temperatures. The fluxes used in the composition ol
these colours must [or this reason be of a very fusible kind, with the
inevitable result of a greally reduced chemical stebility as compared
with the glass itself. "
The whole subject of painting on glass, even from the purely
technical as apart from the ssthetic point of view, is a very wide
one, and lies outside the scope of the present volume. Only one
further technical point in connection with glass-painting and stained
glass work will therefore be touched upon here. This is an exanyle
of the fact that the more technically “ perfect ” modern product is
not always preferable for special purposes which have been well
gerved by older and far less “ perfect ” products. The production
of technically excellent coloured glass in modern times was, some-~
what surprisingly at first, accompanied by & very marked decline
in the artistic beauty of stained glass windows praduced with, this
moglern material ; the ancient art of stained glass was, therefore,
for a time regarded as a “lost art,” and glass-makers were blamed
for being unable to produce the brilliant and beautiful tints which
had been formerly available. More careful study, however, revealed
the fact that while the actual colour of modern glass was at least
as brilliant and varied as that of ancient glass, the difference lay in
the fact that the modern glass was practically entirely free from such
imperfections ag air-bubbles, strim, and other defects which improved
appliances and methods had enabled the glass-maker to eliminate
from hisproducts. Finding the beauty of his wares greatly improved
by this inereaged purity of the glass in the case of window glass and
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table ware, it was natural for the glass-maker to endeavour to pro-
duce the snme “ improvement ** in the coloured glasses intended for
artistic purposes and, indeed, it,is more than likely that the stained-
glass workersesthemselves pressed this line of improvement upon him
by a demand for “ better ” glass. 1t turned out, however, on close
examination, that this very perfection of modern glass rendered it
less adapted for these artistic purposes. A perfect piece of glass,
having smooth surfaces and no internal irregularities, allows the rays
of light falling upon it to pass through undeflected in direction, and
merely changed in colour, according to the tint of the glass in
question. On looking at the glass, external objects can be quite
clearly seen, and much of the interest and mystery of the glass itself
islost. On the other hand, when falling upon a piece of glass having
an irregular surface, and containing all manner of irregularities such
as strie, air bells, and even pieces of enclosed solid matter, the light
is scattered, refracted, and deflected into all manner of directions
until it almost appears to emanate from the body of the glass itself,
which thus appears almost to shine with an internal light of its own ;
the eye can hardly perceive the presence of external objects, and the
whole window appears as a brilliant self-luminous object.

Onee their attention had been drawn to these facts, modern glass-
makers endeavoured, and with much success, to reproduce the desir-
able qualities of the ancient glass, while still availing themselves of
modern methods to produce more stable glasses and a wider rangé of
colours. The irregular surface of the old glass is imitated by using
rolled or “ muffed ** instead of ordinary blown glass, while the inter-
nal texture is rendered non-homogeneous by the deliberate introduc-
tion of solid and gageous impurities and by manipulations so arranged
as to leave tho glass in layers of different density, which appear in the
finished glass a8 “ strim.” As a consequence, it is probably not too
much to claim that the modern workers in coloured glass have
materials at their disposal which are at least as suitable for the
purpose as those that were available in the best days of the ancient
art,
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Some rolerence hos already been made to the technical uses of
coloured glass, but one or two further points in that connection
remain to be discussed. For ‘such. technical purposes as railway
and marine signals, the consensus of practical experience has decided
in favour of certain colours ol glass, such as red and green of par-
ticular tints. On the other hand, for various purposes in connection
with photography, the glass-maker does not appear to have been
able to meet the new requirements, with the result that flimsy and
otherwise unsatisfactory screens made of gelatine or celluloid
stained with organic dyes are employed in place ol coloured glass
in guch cases, for example, as the covering of lamps for use in photo-
graphers’ “dark rooms,” and for thehlight-ﬁlters used for ortho-
chromatic and tri-chromatic photography. In all these cases it is
necessary to use a transparent coloured medium which transmits
only® light of a certain very definite range of wave-lengths, and
there is no doubt that for the glass-maker, who is confined to the
use of a number of clementary bodies for his colouring media, it is
by no means easy to comply with these requirements of cxact
transmission and absorption. On the other hand, the field of
available coloured glasses has not been fully explored from this
point of view, the only extensive work on-the subject having been
dorle in connection with the Jena firm of Schott, who have put
upon the market & series of coloured glasses of accurately-known
absorbing power. There is, however, little doubt that a much
greater extension of this field is possible, and that it will be opened
up by a glass-maker who undertakes the exhaustive study of coloured
glasges from this point of view, although it must be admitted that
there is considerable doubt whether the results obtainable by the
aid of aniline and other dyes as applied to gelatine can ever be
equalled by coloured glasses.



CHAPTER XIII
OPTICAL GLASS

Orr10AL glass differs so widely [rom all other varieties of glass
that its manufacture may almost be regarded as a separate industry,
to which, indeed, a separate volume could well be devoted. In the
present chapter we propose £o give an outline of the most important
properties of optical glass, and in the next chapter to describe the
more important features of the processes used in its production.

The properties which affect the value of optical glass may roughly
be divided into two groups. The first group comprises the specifi-
cally “optical ” properties—i.e., those diroctly influencing the
behaviour of light in its passage through the glass, while the second
group covers those properties of a more general nature, which are of
special impartance in glass that is to be used for optical purposes.

Optical Properties of Glass—The most essential property of glass
in this respect is homogeneity. We have already indicated that
glass can never be regarded as a definite chemical substance or
compound, but; that it usually consists of mutual solutions of various
complex silicates, borates, etc. Solutions being of the very nature
of mixtures of two or more different substances, it follows that
they can only become homogeneous when complefe mixing has
taken place. We have a familiar example of the formation of such
a solution when sugar is dissolved in water, The water near the
sugar becomes saturated with sugar and of different density from
the remaining water ; if the liquid is skighily stirred a very charac-
teristic phenomenon makes its appearance—the pure water and
the dense sugar solution do not at once mix completely, the denser
liquid remaining for a time disseminated throughout the whole
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fuid mass in the forin of more or less fine lines, sheets, or eddies,
and these are visible because the imperfectly mixed liquids have
different, effocts on the light pagsing through (hem. Tr: the case of
sugar-water we are, however, dealiig with a very moblle liquid,
and a few {urns of a tea-spoon suffice to render the mixture com-
plete, and the liquid, which for a few moments had appeared turbid,
becomes homogeneous and transparent. In the case of glass, when
the raw materials are melted together, a mixture is formed of
liquids of differing densities similar to that which was temporarily
formed in the sugar-water solution. Molten glass, however, is never
so mobile a liquid as ordinary water, nor is it in the ordinary course
of manufacture subjected to any such.thorough mixing aclion- as
that which ig produced by & spoon in a glass of water. In glass as
ordinarily manufactured, therefore, it is not surprising to find
that the lack of homogeneity which originstes: during the melting
persista to the end. Its efects can be traced whenever a thick picce
of ordinary glass is carefully exemined, when the threads or layers
of differing densities can be recogunised in the [orm of minute internal
irregularities in the glass. These defects are known as strie or
veins, and their presence in glass intended for the betier kind of
optical work renders the glass useless. As will be seen helow, in
the production of optical glass special means are adopted for the
purpose of rendering it a8 homogeneous as possible; in facl, the
early history of optical glass manufacture is simply the history of
attempts to overcome ihis very defect. The problem is, however,
beset by chemicel and physical difficulties of no mean order, and
even in the best modern praclice only a small proportion of each
melting or crucible full of glass is entirely free from veins or stries.
In many cases these defects are very minute, and sometimes escape
observation wntil the stage of the finished lens is reached. At that
stage, however, their presence becomes painfully evident from the
fact that they interfere seriously with the sharp definition of the
images formed by the lens in question, It will be seen that in such
o case time and money has been wasted by grinding and. polishing
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what turns out to be a useless piece of glass, Methods are, thereloré,
used for examining the glass before it is worked, whereby the
existence of fhe smallest strie can sgarcely escape detection. These
methods depend upon the primciple that a beam of parallel light
pasing throdgh a plate of glass will meet with no disturbance so
long as the glass is homogeneous, but if striso are present, they will
cause the light to deviate from parallelism wherever it falls upon_
them. Under such illumination, therefore, the striee will a}jear
as either dark or bright lines, when they can be readily detected.
One form ol apparatus used for this purpose is illustrated in Fig. 16.
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F1e. 16. —Diagram of siriee-icsiing apparatus,

L. gource of light; 8. slit; . and B, simple convex lenses; &, glass

under lest; 7, eye of observer. The arrows indicale tha path of
light-rays,
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Transparency and colowr are obviously fundamentally important
properties of glass. In one sense homogeneity is essential to trans-
parency, but the aspect of the subject which we are now considering
is that of the absorption of lighti in the course of regular transmission
through gless. It may be said at once that no glass is either per-
fectly transparent or, what comes to nearly the same thing, perfectly
free from colour. In the case of the best optical glasses it is true
that the absorption of light is very slight, but even these, when
considerable thicknemses are viewed, show a greenish-yellow or
bluish eolouring. On the other hand, certain optical glasses which
are used st the present time for many of our best lenses absorb
light so strongly or are so deeply coloured that & thickness of a few
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faches is sufficient to reveal this delect. To some extenl public
taste or opinion which objects 10 the use of cven a slightly greenish
glass in optical instruments of good quality is to blume for the
tint of these glasses. In many cages glass-malcers could produce
& very slightly greenish glass, but in order to overcome this colour
they deliberately add to the glass & colouring oxide imparling a
colour more or less complementary to the natural green tint. The
"result is & more or less neutral-tinted glass which, however, absorbs
much more light than the naturally green glass would have done.
Since such glass is frequently used for photographic lonses, it is
interesting to note that the light rays whose transmission is sacri-
ficed in order to avoid the green tint arg those lying at or near the
blue end of the spectrum, so that the photographic rapidity of the
resulting lenses is decidedly reduced by the use of such glass.
Refraction and Dispersion.—The quantitative properties of glass,
governing its effect upon incident and iransmitted light, are, of
course, of fundamental importance in all its optical uses. The
fundamental optical constant of each variety of optical glass is
known ag its refractive index ; this number really represents the
ratio of the velocity with which light waves are propagated through
free space to the velocity with which they travel through the glass.
Not only does this ratio vary with every change in the chemical
composition and physical condition of the glass, but it also varies
according to the length of the light waves themselves. lIn other
words, the short waves of blue light are transmitted through glass
more slowly than the longer waves of red light. The conse-
quence is that when a beam of white light is passed through a
prism it i8 split up and spread out into & number of beams
representing all the colours of the spectrum in their proper order,
the bine light suflering the greatest deflection from its original
path, while the red light suffers least deflection. Both the actual
and relative amount by which light rays of various colours are
deflected under such circumstances depends upon the nature of the
glass in question ; therefore, fully to characterise the optical pro-



] OPTICAL GLASS 201

~

perties ol a given kind of glass il 1s necessary Lo state not ouly ite
refractive index but to specily the refractive indices for a sufficient
number of dillerent wave-lengths of light, suitably distributed
through the spectrum. For this purpose a number of well-mearked
spectrum lines have been chosen, Fraunhofer first used the dark
lines in the solar spectrum (A to H) for this purpose, but Abbé
substituted for these a series ot lines which can be produced at
will in the laboratory. The actual lines chosen are the line known
as A’, corresponding to a wave-length of 0-7677 micro-millimetres
and the lines known as C, D, T, and G, whose wave-lengths, in the
same units, are 0-6563, 0-5893, 04862, and 04341 respectively.
The A’ line, however, lies so near the extreme red end of the spectrum
that the data concerning it are seldom required,

As a matter of fact, the aclual refractive index is only staled in
most tables of optical glasses for sodium light (I line), the dispersive
properties of the glass being indicated by tabulating the differences
between the refractive indices for the various lines, the table thus
containing columns marked 0-D, D-F, ¥-G'. These {igures are
usually described as the “ dispersion ” of the glass from C to D,
D10 F, etc. In addition to these figures it is usual to tabulate what
is called the “ mean dispersion ” of the glass, which is simply the
difference between the refractive indices for C and F lines; this
interval is usually taken as representing that part of the spectium
which is of the greatest importance {or visual purposes. A further
constant which is of great importance in the caleulations for achro-
matic lenses is obtained by dividing the mean dispersion into the

=).

refractive index for the D line minus one (usually written =
This term, for which no satisfactory name has yet been suggested,
characterises the ratio of the dispersive power of the glass to its
total refracting power. It is usually denoted by the Greek letter ».
The following tables give lists of optical glasses produced by Messrs,
Chance, of Birmingham. This list contains examples of all the
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‘most important types of optical glass which are available at the
present time. Those, however, who wish {0 use the data for the
purpose of lens calculation are advised to consult th - latest issnes
of the optical glass-malkers’ cataldgues, since the range of types
available, and even the actual fignres for some of the glasses, are
liable to variation from time to fime.

In thelables on pp. 202—205 the first column contains the ordinary
trade name by which each type of glass is known. These names,
while somewhat arbitrary, indicate in a rough way the chemical
nature of the glass concerned. Thus the word “flint” always
implies a glass containing lead and therefore having a comparatively
high refractive index and low value of %, while the word * crown,”
originally applied only to lime-silicate glassos, 18 now used for all
glass having a high value of ». In the next column of the table
are given therefraclive indices of the glasses, while the fourth column
contains the values of ». [t will be seen that in the first table the
glasses are arranged in descending order ol magnilude in respect
of this constant. An inspection of the figures in these two columns
will revesl the fact that for the majorily of the glasses contained
in this table the value of » decreases as the refractive index increases.
As a matter of fact this rule applied to practically all glasses thai
were known or were at all events commercially available prior to
the modern advances in optical glass manufacture which were
initiated by Abbé and Schott of Jena. It was Abbé's insight into
the requirements of optical instrument design that led him to
realise the importance of overcoming this limitation in the ratio
between the dispersive and refractive powers of glags. With the
collaboration of Schott he succeeded in producing & whole series
of previously unknown varieties of optical glass in which the relation

butWeennD end v is not that of approximately simple inverse propor-
tionality which holds for the older crown and flint glasses, Most

valushle and in many ways most typical of these new glasses are
those known as the “barium crown ™ glasses, which combine the
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high refractive index of a light flint or even a dense fAint glass with'
the high » value ol an ordinary crown glass. The second table, in

which the glagses are arranged in the prder of their refractive indices,

serves to show how far it has béen possible to modify the dispersion

for a given value of the refractive index. It would lead too far

into the subject of lens construction to explain in detail the possi-

bilities opened up to the optician by the use of these newer varietios .
of glass. We must content ourselves with poinling out that the
great forward strides marked by the production of apochromatic

microscope objectives, of anastigmatic photographic lenses, and the

modern telescopes are all based upon the employment of these

new optical media; and alhough optical glasses of these newer

types are at the present time produced in the optical glass manu-

factories of France and England, in quality and quanlily at least

equal to the output of the Jena ‘works themselves, these great optical

achievements sland as a lasting monument to the pioneer work of

Abbé and Schott in this field.

The last six columns of the table of optical glasses given above
contain figures which define the manner in which each of the glasses
named distributes the varions sections of the spectrum. The
columns C-D, D-F, and F-G' give, as already indicated, the
differences between the refractive indices for the C,D, F and G ljnes
respectively ; these differences, divided by the mein dispersion of
the glass (C — F') give the quantities known as the relative pagtial
dispersions. If all kinds of glass disiributed the various portions
of the spectrum in the same proportionate manner, merely differing
in the total amount of dispersion produced, these figures would be
identically the same for all glasses. In actual fact it will be seen
that the figures differ very widely from one type of glass to another.
A moment’s consideration will show that when two glasses are used
in & lens for the purpose of achromatising one another, 7.e., when one
is used to neutralise the dispersion of the other, such achromatisation
can ouly be perfect if these ratios (the relative partial dispersions)
gre the same for both glasses, To put the same statement in more
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sconcrele terms, il the spectrum produced by one glass is com-
paratively long drawn out al the red end, and relatively compressed
at the blue end, while in the other glass the opposite,relation holds
between the two ends of the disperion spectrur, it lﬂ evident thai
the Lwo spectra can never be superposed in such a way as entirely Lo
neutrelise one another—the spectrum produced by the one glass
will predominate and leave a residual colour at the blue end, while
the other will predominate at the other end. In the case of lenses
achromatised by the use of such glasses, there will always be a
slight fringe of colour around the borders of the images which they
produce. One of the aims which Abbé and Bchott set themselves
in the production of new varietics of» optical glass was to obtain
one or more paire of glasses in which the relative partial dispersions
should be as nearly alike as possible while the actual values of p
should difler as widely as possible. * Some suceess in this direclion
was at first claimed by the Jena workers, but unfortunately some
of the most promising glasses in this respoct were found to be tao
unsteble for practical use and had ultimately to be abandoned.
The only pair of glasses approximating to perfect achromatism
offored by the Jena firm is that tabulated below, and it will be seen
that although the relative partinl dispersions are very closely alike,
the » values of the two glasses only differ by 10, and at least one of

- d—

~ Nome. nn v C-F. | c~-D. :'T‘: D-F, '_:15 r-a. z__—g
Teleacope Oiown « | 16954 | 6L ) -00832 | D020 | 202 | 00602 | “FO7 | -DO484 | "BEE
Teteacape Flint, . .| 15911 | 818 |[-001007 | -00207 | ‘204 | -00YLO | -705 | ‘0067 | <873

these glasges is not readily obtainable in really satisfactory optical
quality. On the other hand, by a suitable selection of three glasses,
Cooke, of York, and other makers have been able to produce per-
fectly achromatived telescope objectives, which are nsually termed
‘“ apochromatic,” The problem has heen solved for microscope
objectives by Zeiss, of Jena, who have employed suitable glasses
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- m conjunction with the natural mineral Anorile and other crysta,ls..
From the glass-maker’s point of view, however, the problem of
producing a satisfactory pair of glasses capable of entirely achro-
matising one gnother has yet 10’be solved.

The table of optical glasses given above, although brief as com-
pared with the lists issued by French and German optical glass-
malkers, [airly covers the range of practically available glasses, and
a rapid inspection will at once show how extremely limited this
range really is. Thus the refractive index varies only between the
limits 1-47 and 1-71, and even if we admit as practical glasses such
extreme types--—offered by some makers—as would extend this
rangde to 1-40 in one directioand 1o 1-80 in the other, this does not
affect the present argument. Of course, a glass of a refractive
index as low as 1-0, or even 1-10, is not iheoretically possible, since
the mere density of any substance enters into the factors that
affect its relractive index, and a glass having a density lower then
that ol water (whose refractive index is about 1-3) is scarcely con-
ceivable. In the other direction, however, the limits met with in
the case of glass are considerably exceceded by certain natural
mineral substances. Thus the diamond has a refractive index of
242, while the garnets show vefractive indices [rom 1-75 to 1-81.
The values of » [ound in the table of optical glasses are still more
narrowly restricted, lying between 67 and 29, while such a mineral
as fluorite shows a value of 95-4, These facts show that it is physi-
cally possible to obtain transparent substances having optieal pro-
perties lying far beyond the limited range covered by cur present
optical glasses, and il scarcely needs showing that if such an extended
range of materials were available greatly increesed possibilities
would be opened up to the designer of optical instruments. It is
consequently interesting to inquire as ta the actual causes which,
limit the range of optical glasses at present available. Tt will be
found that these limits are set by the properties of glasa itself. While
the more ordinary kinds of glass, having average optical properties
and showing dispersive powers roughly conforming to the law of

‘% 3 r
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Tuvorse proportionality with refraclive index which governs the
older -varieties of optical glass, are chemically stable substances,
showing liitle tendency to undergo either chemical changes or to
crysiallise during cooling, the mofe extreme glasses exhibit these
undesirable features to an increasing extent the more nearly the
limit: of our present range is approached. As the chemical composi-
- tion ol a glass is ““forced ” by the addition ol special substances
intended to affect its optical properties in an abnormal direction,
so the chemical and physical stability of the glass is rapidly lessened.
The more extreme glasses, in fact, behave as aclive chemical agents
readily entering into reaction or combination even with relatively
inert substances in their environment~—they act vigorously wpon
the fire-clay vessels in which they aré melted, and they are readily
attacked by acids, moisture or even warm air, when in the finished
condition, while many of them can only be prevented from assuming
the condition of a crystalline (and opaque) agglomerate by being
rapidly cooled through certain critical ranges of temperature. A
limit to the possibility of production is sel by these tendencies when
they exceed a certain amouni—a point being reached where it
ceases to be practicable to overcome the Lendency of the glass to
self-destruction. On the lines of our present glasses, therefore, it
does not appear hopeful to look for any considerable extension of
the range of our optical media. On the other hand, as the known
optical properties of transpercnt crystalline minerals ehow, & much
greater range of optical constants would become available if it
were possible to manufacture artificial mineral crystals of sufficient
gize and purity for optical purposes, and the author believes that
in this direction progress in optical materials is wltimately bound
to lie.
In addition to possessing the requisite optical constents, a good
colour and perfect homogenaity, certain other properties are essential

! See & Paper by the present author on *Possible Directions of

Progress in Optionl Glass—Prooceodings of the Optical Gonventmn
Liondon. 1005,
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in"good optical glass.” These are the general physical and chemica]
qualitios which are essential in all good glass, but especially empha-
sised by the fact that the requirements for optical glass are more
stringent than for any other varfety of the material. Thus chemical
stability is of the greatest importance, for the best lenses would
soon become useless if the action of atmospheric moisture were to
aflect them appreciably—the polished surfaces would rapidly =
become dull and the whole lens would soon be rendered nseless.
The conditions governing the chemical stability of glass and the
methods of testing this quality have already been indicated
(Chapters 1. and II.). The harder varieties of optical glass, such
as the glasses quoted in the thbles pp. 202-205 under the names of
“ Haxd Crown” and * Boro-Silicate Crown,” are probably among
the most durable and chemically resistant of all varieties of glass,
but a8 we have already indicated, when extreme optical properties
are required, the necessary chemical composition of the glass always
entails a sacrifice of this great chemical stability, until & limit is
reached where valuable optical, properties no longer counter-
balance the serious disadvantage of a chemical composition which
renders the glass liable to rapid disintegration.

In certain special cases it is, perhaps, possible to protect lenses
made of such unstable glass by covering them with cemented-on
lenses of atable glass, but this deviee entails concomitant limilations
in the design of the optical system and is, therefore, rarely used. , In
any case, however, it is well for the lens-designer to consider the
relative stability of the glasses employed when arranging the order
in which they are to be used, since it is obviously preferable to put a
hard, durable glass on the outside of his system, where it ].S most
directly exposed to atmospheric moisture, and is also sub]ect to

handling and “ cleaning * by inexpert handr, This latter {actor is

a very important one for the life of any lens. In the first place, &

glass surface is very seriously affected by the minute film of orgenic

matter which is left upon it when it has been touched with even &

clenn finger ; unless the glass is of the best quality in this respect,
v
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such finger-marks readily develop into iridescont spots and miy
even turn into black stains. . Particles of dust allowed o setile on
the surface of the glass will affect it in the same way, do that the
protection afforded by mere mechafical enclosure in the tube of an
instrument, is of decided value in preserving a glass surface. It
should, however, be noted that in some instances the interior metal

rgurfaces of optical instruments are varnished with substances that
give off vapours for a long time after the instrument is completed,
and in that case the inside lenses are apt to be tarnished in conse-
quence. On the other hand, outside lenses are also exposed 1o direct
mechanical injury from handling and “ cleaning.” As far as the
latter operation is concerned, it frequefitly happens, particularl§ in
glasses containing soda, that a slight surface dimming is formed on
the glass when it has been left in a more or less damp place for a long
time. This dimming is chiefly due to the formation on the surface
of o great number of very minute crystals of carbonate of sods,
which are hard and sharp enough to scratch the glass itsell if rubbed
about over it. If such a lens be wiped with a dry cloth, however
clean and soft, the effect is a permanent injury to the polished
surface, which conld readily be avoided by first washing the lens with
clean water, or even by using a wet cloth instead of & dry one for the
first-wiping. The methods of testing glass {or dumbﬂlty of surface
have been described in Chapter I.

The mechanical hardness of the glass is an important factor in
determining its resistance to such injurious treatment or to the effects
of accidental contact with hard, sharp bodies. The subject of the
herdness of glass has already been discussed in & general way in
Chapter II., and little remains to be added here. Broadly speaking,
a high decree of hardness and a low refractive index are found to-
gether. This statement is certainly true where any considerable
difference of hardness is considered, as, for example, in comparing
a hard crown glass with a dense flint ; but where the difference of
refréctive index or of densiby is small, it is not at all certain that the
lighter glass will also be the harder.
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»The properties involved in the quality known as ** hardness » alsd
aflect in a very marked manner the behaviour of glass whep sub-
jected to the grinding and polishiné processes, The ease with
which a good polish can be obimined varies very much in different
kinds of glash, both the hardest and the softest glasses showing
themselves difficult in this respect. The harder glasses are certainly
less liable to accidontal scratching during the polishing of crations,,
and generally work in a cleaner manner ; but the time required 1o
produce a satisfactory polish is much greater owing to the resistance
to displacement offered by themolecules. Both the speed of working
and the pressure exerted during the polishing operation have, in fact,
to ke carefully adapted to the quality of the gless in this respect
if the best possible results are to be obtained.

Another property which is essential in optical glass of the highest
quality is that ol {freedom from internal strains. This subject will
be again referred to later in connection with the ennealing processes
used in the manufacture of optical glass, and it need only be men-
tioned here that the presence of internal strain is readily recognised
in glass, by the aid of tho polariscope. Perfectly anncaled glass,
entirely free from internal strains, produces no effect upon a beam
of polarised light passing through it, while even slightly strained
glass becomes markedly doubly-refracting. For many purposes of
optics this double refraction becomes undesirable or even inadmis-
sible, especially as it is accompanied by small variations in the effec-
tive index of refraction of various portions ot the mass of glass.
Further, if the amount of double refraction observed is at ell serious
it indicates a state of strain which may easily lead to the fracvure of
the whole piece, particularly when undergoing the earlier stages of
the grinding process or if exposed to shocks of any sort, As will be
seen below, perfectly annealed glass is obtainable, but very special
means arerequired for its production, and the optician should for that
reason avoid making unnecessarily extreme demandsin this direction.
The very small amount of double refraction frequently found inthe
bedter class of optical glass is entirely harmless for most purposes.



CHAPTER XIV
OPTIOAL GLASS

Tur process of manufacturing the best qualities of optical glass
may be briefly described as consisting in obtaining a crucible full
of the purest and most homogeneous glass, and then allowing it to
cool slowly and to solidify in sifu. «From the resulting mass of
glass the best pieces are picked and moulded into the desired shape
for optical use, It will be seen at once thet in this process there is
an essential difference from all others that have been described in
this book—viz., that the glass is never removed from the melting-
pot while molten, and that none of the operations of gathering,
pouring, rolling, pressing, or blowing are applied Lo it, The reason
for this apparently irrational mode of procedure lics in the {acl that
the perfect homogeneity essential for optical purposes can only be
atiained by laborious means, and can then only be retained if the
glags is lelt to solidify undisturbed ; any movement by the intro-
duction of pipes or ladles would result in the contamination of the
glass by striee and other objectionable defects.

. The choice and proportion of raw materials used in the production
of any given quality of optical glass is governed by the chemical
composition which experiment has shown fo be necessary to yield
the desired optical properties. The composition of optical glass
mixtures cannot therefore be varied to suit the conditions of the
furnace or to facilitate ready melting and fining, so that many of the
usual resources of the glass-maker ceage to be available in the very
case where their aid would be most welcome to facilitate the produc-
tion of technically perfoct glass. Ou the other hand, the manufac-

turer has a certain amount of choice as to the precise form in which
A
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the various chemical ingredients are 10 be introduced into the mixs
ture, and he mnkes his choice among oxides, carbonates, nitrates, and
hydrates, according to the behaviour that it is dosired to impart
to the mass during the earlier gages of fusion. The state of purity
in which thd various substances are commercially obtainable also
enters largely into the question, since the greatest possible degres of
purity in the raw materials is essential to the production of glass of
good colour, or rather freedom from colour. The extreme import-"
ance of purity of raw materials for optical glass is now so fully
recognised that some manufacturers go to the length of carrying out
a special purification process of certain of the chemicals, although
these have been purchased gs ‘ pure.”

Since homogeneity is so essential in the finished product, very
thorough mixing of the raw materials is necessary in the case of
optical glass, and the ingredients are for this purpose generally used
in a state of finer division than is necessary with other varieties of
glass. As a rule the quantities of mixture of any one kind that are
required are not large enough io justily the use of mechanical
appliances, and very careful hand-mixing is carried out.

Although it is quite possible to obtain successful meltings from
raw materials alone, it is preferable to mix with these & certain
proportion of “ cullet ™ or broken glass derived from & previous melt-
ing of thesame sort. The broken glass used for this purpose i8 first
carefully picked over for the purpose of rejecting pieces that contain
visible impurities, although pieces showing striss are not ulually
rejected. The greater part of this cullet ia generally mixed as evenly
a8 possiblewith the raw materials, but acertain proportion isreserved
for another purpose, as explained below.

The furnaces used for the production of optical glass vary very
muoh in type. Until a few years ago some of the old conical coal
Furnaces were still in use. In these the pot stands on a block or
“ giege ”* raised between two very deep and wide grates ; the whole
space is domed over by a fire-brick dome through which apertures
are pierced at intervals so ae to allow the products of combustion
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to pass out into the conical chimney which is buill over {be whole
structure. These furnaces were very uneconomical, both because
they could only obtain the desired high temperature by ihe use of
picked coal in large quantities and also because so large a proportion
of the heat escaped in the waste gases. There wae the further
disadvantege that the grates required clearing at intervals, and at
those times the temperature of the furnace was liable 1o drop dan-
%erously. These furnaces were, however, so cheap and simple in
construction and their use was so deeply rooted in tradition that they
have—in some works—only recently been superseded by much more
efficient regenerative gas-fired furnaces. As a rule, however, optical
glass furnaces differ from other pot-furnaces found in glass works in
this respect—that the former are usually constructed to receive one
or two pots or crucibles only, while in other glass furnaces from four
to twelve or even iwenly pots are heated ab the same time. The
reason for this restriction in the capacity of the furnaces lies in the
fact that since the mixtures used {or optical glass cannot be adjusted
to suit the furnace, the latter must be worked as far as possible in
such a way as 1o suit the mixture to be melted in it, and this irplies
that every pot will require its own adjustment of Limes and tempera-
tures, and this it wonld be difficult, il not impossible, to secure if
more than one or two pots were heated in the same furnace. It is
furthér to be remembered that the amount of care and attention
required during the melting of a pot of oplical glass is out of all
propottion to that needed with other varieties, so that little would
be gained by having a number of pots in one furnace, since several
sets of men would be required to tend them,

In addition to the melting furnace, a very important part of the
equipment of the optical glass works is formed by a number of kilns
which are used for the preliminary heating, and sometimes for the
final cooling of the various crucibles or pots. Similar kilns are used
in other branches of the industry, but in those cases the pots, once
introduced into the furnace, are expected to last for a number of
weeks, or aven months. In optical glass manufacture, on the other,
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band, & pot is used once only, so that fresh pots are required for
every new melting. The kilns in which these pots are heated up
before being pla,ced in the melting furnace are thus in very frequeut
use. As a rule they are simply fire-brick chambers provided with
safficient grate-room and flue-space to be gradually raised to a red
heat in the course of four or five days, while for the purpose of gradual
cooling they can be soaled up like the annealing kilns used for,
polished plate-glass. In the most modern practice, however, a
more elaborate type of kiln or ““ pot arch ” is employed, as it has been
recognised that it is desirable, in order to confer greater resisting
power upon the pol, to give it a much higher degree of preliminary
firing. While the older, sigiple coal-fired pot arches could harely
attain a temperature of 1,000° C. the newer ges-fired pre-hesting
farnaces are so designed as to allow of the firing of the pot being
carried as high as 1,400°C. Even then it is sometimes thought desir-
able, after the pre-heated pot has been “set” in the furnace, to
carry the preliminary firing still further in the melting-furnace before
any glass is charged into the pot. In that case the pre-firing is
sometimes carried up to temperatures near 1,600° C., but in that case
carc i8 required to avoid atteining a temperature high enough to
soften the pot and cause it to deform under its own weight. There
can be no doubt, however, that such a preliminary hard firing of the
pot is an undoubted advantage especially if a particularly }.ughly
refractory clay is used, as such clay is too porous if not adequa.tely
burnt.

The pote or crucibles in which optical glass is melted are usually
of the same shape as the covered pots used for flini glass as illus-
trated in Fig. 2. The optical glass pots, however, are made con-
siderably thinner in the wall, since they are not required to with-
stand the prolonged action of molten glass in the same way as pots
used for flint glass manufacture. On the other hand, the fire-clays
used for this purpose must be chosen with special care so as to avoid
any contamination of the glass by iron or other impurities which
might reach the glass from the pot. For the production of certain
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special glasses, pols made of special materials are required, singe
these glasses, when molten, produce a rapid chemical attack upon
ordinary fire-clays. A certair amount of the aluminiferous material
of the pot is, in fact, always introduged into the glass by} the gradual
dissolving action of glass on fire-clay which we have alrealy described.
The glass contaminated with these aluminiferous substances differs
Jn density from the rest of the contents of the pot, and therefore
ordinarily remains more or less adherent to the walls of the crucible,
but the inevitable disturbances which accompany the processes of
melting and fining lead to the dissemination of some of this glass
through the entire pot in the form ol veins or siris, which are only
removed during the stirring process. n the other band, more of
this aluminiferous glass is constantly being formed so long as the
glass remains molien, and if disturbances are not sufficiently avoided
during the later stages of the process fresh veins may easily be formed.
The actual operations ol producing a melting of optical glass begin
by the gradusl heating-up of the pot in the kiln just described.
When the pot has reached & full-red heat or, if fired to & higher
temperature in a modern kiln, has been allowad to cool down aga.m
to a red heat, the doors of the kiln are opened and the pot drawn
out by means of a long heavy iron fork running on Wwheels; Lhis
implement is run into the mouth of the kiln and the tines of the fork
are pushed under the pot, and the latter is then readily lifted up and
withdrawn from thekiln. Meanwhile the temperature of the furnace
has Been regulated in such a manner as to be approximately equal to
that attained by the heating kiln, so that the pot, when transferred
a8 rapidly as possible from the kiln to the furnace, is not subjected
to any very sudden heating ; were it attempted to place the new pot:
in a furnace at full melting heat the entire vessel would fall to pieces.
Even under the best conditions it is not possible to avoid the occa-
sionel failure of & pot by cracking either at this or a slightly later
stage of the process. The latter ocourrence is apt to be particularly

disastrous, as the pot may then be full of molten glass, which runs
out; and js lost.

L
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As soon 88 the empty pot has been put into place, the melting
furnace is careflully sealed up by means of temporary work built of
large fire-bricks, the whole being so arranged that the mouth of the
hood of the'pot is left accesssible by means of an aperture in the
temporary furnace wall. This aperiure can be closed by one or
more slabs of fire-clay, and when these are removed an opening is
left by which the raw materials are introduced, and through which
the other manipulations are carried out,

When this stage of the process is reached, the wagons containing
the mixed raw materials are usually wheeled into place in front of
the furnace, but the introduction of the materials themselves into
the pot is not begun until yeveral hours later, when the [urnace has
been vigorously heated and an approach to the melting heat has been
attained.

‘When the furnace and pot have attained the necessary tempera-
ture, but before the raw materials are introduced, a small quantity
of the cullet, which has heen reserved for this purpose, is thrown into
the pot and allowed time to mell, and then only is the first charge of
mixture put into the pot. The object of this proceeding is to coat
the bottom and part of the walls of the pot with a layer of molten
glass which serves io protect it from the chemical and physical
attack of the raw materials during the violent action which takes
place when they are first exposed to the furnace heat. ’

The gradual filling of the pot with molten glass is now carried
out by the introduction of successive charges of raw material; as
the mixture not only occupies more space than the glass it forms,
but also froths up a good deal during melting, the quantities intro-
duced each time must be carefully adjusted so as to avoid an overflow
of helf-melted glass through the mouth of the pot. As the pot is
more and more nearly filled, the space left for the raw materials is
proportionately diminished, and the later charges are therefore
much smeller than the first few. '

When, finally, sufficient material has been introduced to fill the
spot completely, the next stage of the process commenges. When
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tife last charge of raw inaterials has melted, the glass in the pot iy
left in the siate of & more or less viscous liquid full of bub bles of all
"sizes ; it is cssential that these bubbles should escape and leave
the glass pure and “ fine,” and this result can only bo achieved by
raising the temperature of the furnace and allowing ‘the glass to
become more fluid, while the rise of temperaiure also causes ithe
Twbbles to expand owing to the expansion of the gas contained in
them. In both ways rise of temperature facilitates the escape of
the bubbles, and the furnace is therefore heated to the full, and
this extreme heat is maintained until the glass is free from bubbles.
In the case of the more [usible glasses the temperature required for
this purpose is not excessively high, and, indeed, in the case -of
these glasses care is taken to avoid too high a temperature, as it
ontaile other disadvanteges. In the case of the harder crown
glasses, however, the difficulty lies in producing an adequately
high temperature without at the same time endangering the life
of furnace and crucible. The difficulty of freeing the molten glass
from bubbles constitutes one of the causes that limit ihe range
of our optical glasses in one direction—still harder glasses could
be melted, but it would not be feagible to maintain a teraperature
high enough to render them fluid enough to * fine.”

In t'_he cnse of other kinds of glass, again, it becomes impossible
entirely t0 remove the bubbles from the molten mass even when
very hot and very fluid. The exacl cause is not known, but in
some kinds of glass the bubbles formed sre so minute that even
when the glass i8 perfectly mobile the bubbles show no tendency
to escape, while in other kinds of glass there appears to be a steady
evolution of minute buhbles as soon as the temperature is raised
with a view to removing those already in the glass. As this property
attaches to some of the most valuable of the newer varieties of
optioal glnss, opticians and the public have learnt to put up with
the presence of minute bubbles in certain lenses and prisma, These
bubbleg are, however, very minute and do not interfere with the
optical performance of the lenses, etc., except to the extent of-
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arresting and scaltering the very small proportion of light that
falls upon them ; their presence is therefore to be regarded as a
small but uua.voxda,blc drawback tg the use of glasses which offer
advantages w]uch completely omt-weigh this defect.

Returning’ to the melting process, we find that the extreme
heating required for the purpose of * fining ” the glass is continued
for a considerable period of time, as long as thirty hours in soma
cases, the glass being examined from time Lo time to test its con-
dition as regards freedom from bubbles. This is done by taking
a small sample of glass out of the pot and examining it to,sec if it
still contains bubbles. In some works this test is made by taking
up*a very small gathering of glass on the end of a small pipe and
blowing it into a spherical flask ; on looking at such a flask in a
suitable light {he presence of even minute bubbles is readily detected.
In other works a simpler process is adopted, a small quantity of
glass being ladled out of the pot on the surface of a flat iron rod.
Tt is allowed to cool on the rod, and when pushed off {orms a small
bar of glass some eight or ten inches long and about an inch wide;
in this also the presence ol bubbles is essily detected. These test
pieces are known among glass-makers as “ prools.”

‘When proofs, taken as just described, have shown that the glass
ig free from bubbles, the extreme heat of the furnace is allowed to
abate, and the fire-clay slabs in front of the mouth of the pot are
removed. The next siep is that of skimming the surface of the
glass, Since most of the materials linble to contaminate the contents
ol & pot are specifically lighter than the molten glass, they will be
iound floating on the surface, and the'surface glass is therefore
removed with a view toridding the glass of anything that may have
been accidentally introduced and that hes not melted and become
incorporated with the molten mass. This skimming operation is
much facilitated if the pot has been filled to such an extent that
there is a slight tendency for the glass to overflow at the lip of the
pot. If the pot is not, quite full, skimming becomes a very difficult
dperation,
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“The next steps in the process are those of stirring the molieh
glass with a view to rendering it homogeneous and [ree [rom strie.
" The stirrer used for this purpose is usually a cylinder_of fire-clay,
previously burnt and heated. This # provided with a deep square
hole in one end, and it is held at first by means of a small iron bar
passed into this hole. By this means the red-hot cylinder of fire-clay
is introduced into the open mouth of the pot, and when it has
attained approximately the temperature of the molten glass it is
dipped into the glass itself, in which it ultimately flonts. The
operation of dipping the stirrer into the glass is carefully carried
ottt in such a manner as to carry as little air as possible down into
the glass; at best, however, the poresnof the clay stirrer are full
of air, and this must be permitted to escape belore stirring is begun,
a8 otherwise minute air bells would be dispersed throughout the
glass during the stirring operation. For this purpose the stirrer
is left immersed in the glass for several hours while the pot is again
closed up and the temperature raised.

When stirring is to begin, the square, down-turned end of a long
iron bar is introduced into the corresponding square hole in the
upper end of the stirrer, and by this means the fire-clay cylinder
is held in & vertical position in the glass and given the steady rotatory
movement; which constitutes the stirring process. For this purpose
the long iron bar just mentioned is made to pass over a swivel-wheel,
while a worlaman moves it steadily by the aid of a large wooden
hendle. The relative arrangement of the pot, the fire-clay stirrer
immersed in the glass, and the bar or *‘ crochet” by means of
which it is moved, are shown in plan and vertical section in the
sketches of Figs. 17 and 18,

It was for a long time considered essential that the stirring opera-
tion ghould be conducted by hand by specially skilled men who were
supposed to know by the “feel” of the glass whether they were
moving the stirrer at the right rate for the condition of the glass
ab any given moment. The whole operation, however, is extremely
trying, as the workman is exposed to the heat and glare from theé
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[frnace -particularly as he hns to waich the motion of the stirrer
in the glass. In modern praclice the movement of the stirring har
is acluated by electricully-driven anechanism, and although it is
still held tha,i: the results obtaifed are not as good as those achieved
by the most skilful hand-stirring, therc are very considerable
advantages in the regularity and certainty of operation of the
mechanical appliances. There can be m
no doubt, however, that the stirring
process as @t present conducied is a
very imperfect and make-shifi opera-
tion and that here, perhaps, more
th#n at any other poidt in the
process, there is room for improve-
ment based on careful scientific
research.

With the primitive type of stirrer still used in practice the actuel
amount of stirring required is very considerable; a certain number
of hours’ slirring is usually given, but there is no real certainty that
this is adequate in any given case. The amount given varies accord-
ing 1o ihe nature of the
glass and the size of the
pot. TFor some mellings
only four hours are allotted,
while for others as much
a8 twenty hours are given.

During the earlier stages

Fre, 18. of the stirring process the
glass is very hot and mobile, but the stirring is continued, with
short intervals devoted to re-heating the glass, until the glass is
go cold and stiff thet the stirrer can scarcely be moved in it vt all.

When the glass has stiffened to such an extent that it is no longer
possible to continue the stirring, preparations sre made for the
final cooling-down of the pot of glass. The fire-clay stirrer is gome-
thnes withdrawn from the glass, but this is laborious, end entails

o

TG, 17.
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d;agging a considerable quantity of glass out of the pot with the
_clay cylinder ; more usually,, therefore, the stirrer is simply left
embedded in the glass. . .

The nexl object to be accomplishe@ is that ol cooling the glasa as
rapidly as safety will permit uniil it has become definitely * set *—
the purpose being to prevent the recrudescence of siriec as a vesult
ef convection currenis or other causes which might disturb the
homogeneity of the glass. This rapid cooling is obtained in various
ways ; in one mode of procedure the furnace is so arranged that by
opening a number of apertures provided for the purpose cold air is
drawn in and the pot and its contents chilled thereby without being
moved. This method has the advantewe that the pot containing
the viscous glass is never moved or disturbed in any way, but on
the other hand the cooling which can he effected within the furnace
itaell is never very rapid, and the furnace as well as the pot is chilled,
a proceeding which tends towards rapid delerioration of the furnace.
Further, when the glass has been chilled down to a cerlain point this
rapid rate of cooling must be arrested, as otherwise the whole con-
tents of the pot would crack and splinter into minute fragments.
‘Where the pot has been left in the furnace this can only be done by
sealing up the whole furnace with temporary brickwork and lutings
of firg-clay, leaving it to act as an annealing kiln until 1he glass has
cooled down approximetely to the ordinary temperature, a process
which ocoupies a period of from one to two weeks according to the
gize of the melting, BSuch enforced idleness of a melting furnace is
of course very undesirable from an economical point of view, and il
is generally avoided by adopting the alternative method of drawing
the pot bodily out of the furnace as soon as the slirring operation
is ended. Tor this purpose the temporary brickwork forming the
iront of the furnace is broken down, and with the aid of a long crow-
bar the bottom of the pot is levered up from the bed or siege of the
furnace to which it adheres strongly, being bound down by the sticky

" viscoes mass of molten glass and half-molten fire-clay which always
accumulates on the bed of the furnace. The pat being temporarily
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Reld up by the insertion ol u piace of fire-brick, the tines of a long
and heavy iron fork rmuming on a messive iron truck are intfoduced
Dbeneath the pot ; an iron band provided with long handles is then
passed around the pot, und bhe lalter is then drawm forward by the
aid of suitable pulloy blocks. The tines of the fork ave then raised,
and the pot is wheeled out o[ the furnace and deposited upon a suit-
able support. Here it is allowed to cool 1o the requisite extent;
when it is again picked up on the tines of the lork and deposited
in an anneafing kiln which has been previously warmed to a suitable
temperature. In the case of certain glasses, which have a strong
tendency to devitrify during cooling, the degree of chilling which
restlts from mere exposure to cold air outside the furnace is not
sufficient and more rapid cooling is induced, either by a powerful
air-blast from a fan or even by jets of cold water playing on the pot.
It will be seen that this handling of o heavy mass ol intensely
hot material involves much labour, while there is also a risk of
losing the glass il the pot should break before the glass has set
sufficiently. ITvery care is taken to preveni such an accident,
the pot being wrapped round with chains or otherwise supported
in such a way that a small crack could not readily develop into a
large gap.

‘When such a melting of glass has cooled sufficiently, either in*the
furnace or in the annealing kiln, to be safely handled, the whole pot
is drawn out, and the fire-clay shell, which is generally found craeked
into many pieces, is broken away by the aid of & hawmer. Under
favourable circumstances the whole of the glass may have cooled
intact as one solid lump sometimes weighing over half a ton, Unless
special care is taken, however, it is usual to find the glass
mare or less fissured, & number of large lumps being accompanied
by a great mass of small fragments. These are now picked
over, and all thoso which are frce from visible imperlections
or which can bo readily dotached from such imperfections by
the aid of a chipping bammer are put upon one side for {urther
treatment,
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The next stop of this treatment consists in moulding the rough
broken lumnps into the shapeof plates, blocks, or dises according to
the purpose for which the glass may be required by the oplician.
The plant used for the woulding process varios widely, but in all
cases the operation consists in gradually heating the glass in a suit-
.able kiln until it is soft enough to adapt itself to the shape of the
niould provided for the purpose. 1n some cases these moulds are
made of fire-clay, and the glass is simply allowed to settle into them
by its own weight ; in other cases iron moulds are used, and the glass
is worked into them by the aid ol gentle pressure from wood or metal
moulding tools. In yet other cases, particularly where the gla.ss
is required in the [orm of small thin discs or where it is to be formed
into the approximate shape of concave or convex lenses, the aid of a
press is sometimes involed.

In all cases the moulding process is [ollowed by the final annealing,
which consists in cooling the glass very gradually from Lhe red heat
at which it has been moulded, down to the ordinary temperature.
The length of time occupied by such cooling depends very mugh upon
the size of the object and also upon the degree of refinement to which
it is necessary to carry the removal of small internal sireins in the
glass. For many purposes it is sufficient to allow it to cool down
naturally in a large kiln in the course of six or eight days. For
special purposes, however, where perfect freedom Irom double
refrBiction is demanded, much grealer refinements are required, and
special annealing kilns, whose temperature can be accurately regu-
lated and meinteined, are employed. In these the annealing
operation can be carried out so gradually that a rate of cooling in
which a fall of 1° C. occupies several hours can be maintained, so
that very perfectly annealed glass can be produced even in dises or
blocks of large size.

When removed from the annealing kiln the plates or dises of optical
glass are taken to s grinding or polishing workshop, where certain
of their faces or edges are ground and polished in such a way as to
permit of the examination of the glass for bubbles, strie and other
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defects in the manner indicated in the previous chepter. As the
amounl of sorting that can be done While the glass is still in rough
fragments i necessarily very ]imiLc;d, it followa that a considerable
proportion of the glass which has been moulded and auunealed must
be rejected as useless when Lhus finally examined. A yield of perfect
optical glass, amounting 10 10 or at most 20 per cent. of the total
contents of each pot, is therelore all that can be expected, and smaller
yields are by no means infrequent—a consideration that will serve
{0 explain the relatively high price of optical as compared with other
varieties of glass.

A consideration of the vgrious factors that are mvolved in the
product:on of a piece of perfect optical glass will make it apparent
that the cost and difficulty of its production increases rapidly with
tho weight of the piece {0 be produced, so that it is not surpzising
to find that the price of very large discs of perfect optical glass such
as those required [or large astronomical telescopes, reaches figures
which become prohibitive whon very large sizes are considered.
Thus, while it is quite possible to obtain say 100 pounds of good
glass [rom a single melting il the glass is to be used in the form of
pieces not weighing more than five or six pounds each, it is only
raxely that & single blook of perfect glass can be found weighing
100 pounds. In the former case the best pieces can be picked, the
worst defeots can be eliminated by chipping the rough fragments,
and at a later stage other defective pieces can be cut off or ground
away ; not so where & large single block is required. A single fine
vein, perhaps too small to be visible to the unaided eye, may be
found to run through e whole block in such a way that it cannot be
removed without breaking or cutting up the whole piece, and it will
be seen that the frequency with which this is liable to oceur increases
with the volume of the piece required. The difficulties of re-heating
and moulding are also increased enormously with the size of the
individual pieces of glass that have to be dealt with, and where yery
lagge pieces have to be heated and cooled accidental breskage

becomes a serious risk. In view of these difficulties it is not sur-
ol
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prising to find that the dimensions of our astronomical vefractars
uppeatrto have approached their limit, but rather are we led to
admiration of the skill and entérprise thal has pushechthis limit so
far as to produce discs of optical glass measuring 08 much as one
metre in diameter.



CHAPTER XV
MISOELLANEOUS PRODUCTS

Tug field of glass manufacture is so wide and the number and
variety of its products so great, that in the limited compass of this
volume it is impossible fully to enumerate them all ; there are,
hewever, a certain numbg of these products which, while of con-
siderable importance in themselves, yet do not fall readily under any
of the headings of the preceding chapters. A short space will there-
fore be devoted to some of these in this place.

Glass Tubing.—A widely-useful forni of glass is that of tubes of all
sizes and shapes, ranging from the fine capillary {ubes used in Lhe
construction ol thermoniclers to the heavy drawn or pressed yiL.es
that have been employed [or draiuage and olher purposes. The
process ol manufacturo employed varics according to the size and
nature of the tube that is required. Thus lamp-chimueys are really
o variely ol tube, used in short lengths and made of Felatively wide
dinmeter and thin walls. These are not, however, ordina.rily.mado
in the form of long tubes cui into short seclions, but—es has already
beon mentioned—they are blown into moulds in the lorm of & thin-
walled eylindrical bottle, whose neck and botlom are subsequently
removed. By this process the various forms of chimmeys for oil
lamps, having coniractions at certain parts of their length, can be
readily produced. They are frequently blown in pairs.

The articles more strictly described as glass tubes are, however,
produced by a process in which actual blowing plays only a very
minor part. A gathering of snitable size is taken up on & pipe, & very
small interior hollow space is produced by blowing into the pipe, and

<hen the gathering is elongated by swinging the pipe in a suitable
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manner. The end of the elongated gathering furthest from Lhoe pipe
is then altached 10 a rod or “ pontil " held by a second workman, and
the 1wo men then proceed to thove aparl, drawing oul the gathering
of glass botween them. According Lo the bore and thicikness of wall
roquired in the tube, the men regulate the Apeed al which they move
apart ; the thinner the tube is to be the more rapidly thoy move, in
order to draw the glass out 1o a sufficignt extent before it hardens
too much. The rate of drawing must, of course, also be adapted to
the nature of the glass in question, and this will vary very widely,
For the production of the smaller bored tubes the men find it necos-
sary to separate at a smart irol, while heavy tubes such as are used
{or gange-glassos, are drawn of hard glass by a very gradual moye-
ment. In some cascs, the selting of the glass, when the tube has
attained the desired thickness, is hastened by the aid of an air-blast,
or—in more primitive fashion—by boys waving fans over the hot
glass. In any case, suilable troughs are provided for receiving the
tube when drawn, and from these the tube is taken to an annealing
kiln to undergo this necessary operation.

The glass used for the production of tubing varies very widely
sccarding to the purpose for which the produect is intended.  Almost
any of the more usual varieties of glass can be readily drawn out into
tubes, and the-choice of the kind of glass to he employed is therefore
based on other considerations. Tubing required for the use of the
lamp-worker, 4.¢., for the production of instruments or other articles
by the aid of the glass-hlower’s blow-pipe, must have the capacity
of undergoing repeated cooling and heating without showing signs of
crystallisation (devilrification), while reasonable softness in the
flame is aleo required. For this purpose, also, glass containing lead
is not admissible, since this is liable to blacken under the influence
of the hlow-pipe flame. Soda-lime glasses rather rich in alkali are
most frequently nsed [or these purposes ; one consequence of their
chemical composition, however, is that such glass tends to undergo
decomposition when stored {or any length of time, more especially
in damp places, Frequently this decomposition only manifests itsel
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Jon heating the glass in a {lone, when it either flies to picees o1 tugting
dull and rough on the surface. Such glass is sometimes suid to have
“ devilrified,” bul this is not really Lhe ease; what hus actually
happened i% that atmospheric inoidture has penetrated for some little
distance into the thickness of the glass, probably hydiaiing some of
the silica ; on heating, this moisture is driven off, with the result that
either a few large cracks or mnmnerable fine ones, are formed. In
the latter case these do not rendily disappear when the glass.is
softened and a dull, rough surlace is left at the end of the operation,

For purposes where the glass is to be exposed to high tempera-
tures, tubing made of so-called “ hard glass” is employed. This is
Rractically a form of Bohgmian crysiel glass, the chemical composi-
tion being that of n potash-lime glass rather rich in lime. To some
extent this Bohemian hard glass has been superseded by the special
“ combustion tube *’ glass introduced by Schotl, of Jena, but now
made by several British firms. This is & very refractory borosilicate
glass containing some magnesia; il certainly withstands higher
temperatures than hard Bohemian glass, and isvather less sensitive to
changes of tomperature ; on the other hand, it has the inconveniont
property of showing a white opalesconce when il has once heen
heated, and this, alter a time, reriders the glass completely opaque.

For many purposes, where heat-rosisting quaelities are chiefly
required, ordinary glass finds a [ormidable rival in the shape of
vilrified silica, which has long been available as a satisfactory com-
mercial product. This substance offers the great advanidge thab
for most ordinary purposes it may be regarded as entirely infusible,
since the intense heat of an oxygen-fed flame is required to soften
or melt the silica. HWurther, vitreous silica has an extremely low
coefficient of expansion, and appears also to have a rather high
coefficient of thermal conductivity. The result is that tubes and
other articles made of this materia] possess an astonishing amount
of thermal endurance (sec Chapter IL),

A white-hot: tube or rod of this material can be plunged into cold
water with impunity, and no special care need be exefeised in
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aditing or cooling objects made of this substance, unless articles
of groal, size and thickness are involved, and even with these only
little caution is needed. The‘only disndvantages which must be
balanced against the great n,dvu.;ltaggs just named lie #n the rela-
tively high cost of the articles and in their somewhai sensilive
behaviour to certain chemical influences. As1egards cost, vilreous
siJica is at present available in two differnt forms ; in the firsi lorm
it resembles ordinary glass very closely in appearance, the shape
and finish of the tubes and vessels of this kind being almost equal to
that of good glass ware. This silica glass has, in fact, been worked
from molten silica in a_way more or less analogous to that in which
ordinary glass is worked, the great extra gost of the silica ware being
due, in part, al all events, to the extremely high temperature
required for melting and working this material ; ordinarily, in the
production of the class of silica ware now referred to, this heat is
generated by the liberal—and therefore expensive—use of oxygen
gas. In great contrast to this glass-like, transparent silica ware is
the other form in which this material i available. Thid is o series
of products obtained from the fusion of silica in special forms of
electric furnace ; in this ware the minnte bubbles so readily formed
in the fusion of all forms of quartz are not evon partially eliminated,
and by their presence—often in the [orm of long-drawn-out, capillary
hollows—they impart to this ware its very characteristio milly
appearance. The price of this product, which is mostly used in the
form ol tubes, although such articles as basins, crucibles, and even
muffles and other apparatus of considerable sizo are available, is
much lower than thet of the transparent variety, being in iact
decidedly lower than that of the best porcelain ; on the other hand,
even this price is considerably above that of the best glass tubing.
Apart from the question of cost, the use of silica ware is further
limited by its sensitiveness to all forms of basic materials. Thus
alkaline solutions cannot be allowed to come into contact with this
substance, since they attack it vigorously, especially when warm.
A$ high temperatures all bagic materials produce & rapid attack on ,
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siica ware, the silica, in [act, behaving as a strongly acid body ad,
and above a ved heat. The attack which oceurs when such a sub-
stance as iron or copper oxide is allowed Lo come inko contact with
heated vitrifitd silica is so rapiq that a tube is completely destroyed
in a [ew mindtes, the formation of silicates resuliing in the cracking
and disintegration of the whole picco. While, therefore, silica ware,
especially in ils cheaper fgrms, undoubtedly possesses great ad;
vantages and possibilities, its use must be carried on with careful
reference to,its chemical nature.

Vitreous silica, in addition to the uses and advantages just named,
has also an interest from the optical point of view ; this arises [rom
the,fact that il is transparept 1o short (ultra-violet) light waves to
which all ordinary varieties of glass are completely opaque. Although
special glasses have been produced which are more transparent to
ultra-violet rays than ordinary glass, even these fall {ar short of
silica in this respect. This property of transparence to ultra-violet
light is utilised in two widely different directions. One of these is
in the production of ultra-violet light when required for medical
or other special purposes ; a most energetic source of such rays is
available by the use of {ubes of vitrified silica within which the
mevcury-vapour arc is produced. In another direction the employ-
ment of quartz lenses mukos it possible 1o talke advaniage of the
optical properties of ullra-violet light in counection with mieroscopy ;
for the purpose of conslrucling a perfect optical gysiem, crystalline
quartz would be useless, since its properiy ol doublercfraction i apt
to interfere with the performance of the lenses, This is now over-
come by the use of vilreous silica lenses, in the case of the ‘‘ ultra-
violel microscope.” 8o far, however, it has only been possible to
produce quite small pieces of vitreous silica sufficiently free from
bubbles to be used [or optical purposes. The great difficulty lies not
go much in merely melting the quartz down as in freeing it from the
air bubbles enclosed within it ; the course usually adopted with
glass, of raising the temperature and allowing the bubbles to rise to
the surface becomes impossible in this case, hecause the silica ‘itself
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hegins o vaporise and even to boil vigorously at {emperatures npl
very [ur above its melling point. Two American workers have
claimed 10 be able 1o overeéme thix difficully by Lhe use of both
vacuum and high pressure applied pb the earlier and Inter stages of
the fusion process respectively, but vitreous silica «in large and
perfectly clear blocks is not yet available.

. We have already indicated that glass tubing and rod form the
basis upon which the glass-worker, with the aid of the blow-pipe or
‘“lamp,” fashions his productions, which, of course, inglude a grent
number of scientific instruments and appliances used more espe-
cially in the field of chemistry. Inanother direction also glass tubing
serves as a basis for a branch of the glags industyy ; this is the mgnu-
facture of certain classes of glass beads, which are formed by cutting
up a heated glass tube of suitable diameter and colour into short,
more or less spherical sections. In some cases the colour of the
beads is secured by using glass of the desired tint, but in other éases
the beads are made of colourless glass, and a colouring substance is
placed in the interior of the bead.

Solid glass rods are also employed [or a variety of purposes ; Lheir
rhode of manufmcture is exactly analogous to thai of tubing, except
that the gathering is drawn out without having first had & hollow
space produted ab its centre by the blower. In its most attenuated
form glass rod becomes glass thread or fibre; {his is produeced by
drawing hot glass very rapidly, the resulting thread being wound on
e latge wheel. At one time this material found considerable use,
since it was found possible to spin and weave the thinuest glass fibres
into fabrics which could be used for dress purposes. Tt is not, how-
ever, to be regretted that this fashion has neither extended nor
survived, since it was cértainly liable to preduce serious injury to
health, It is & well-kmown fact that there are few more injurious
or even dangerous substances to be inhaled into the human throat
and lungs than finely-divided glass; glass fibre, moreover, when
subjected to constant bending and wear, is bound to undergo frequent
fracture, and the atmasphere of a ball-room, for example, in whish
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yevoral such dresses were worn would soon bo contaminated with °

innumerable fine, sharp particles of glass which would produce an
injurious cffect on those inhaling them. At the present time glass
fibre is usedfor little clse than jhe “? olass wool required for certain
special purpdses in chemical laboratiories.

Fused quartz or silica fibres, ol extreme tenuity, but of relatively
very great strengtl, are eypployed in meny scientific mstruments
where their extreme 11ghtness and perfect clasticity and freedom
[rom what js known as “ elastic [atigue ” rendera them of very great
value., These fibres are not drawn [rom a mass of molten silica, as
is done with glass, but are produced by attaching & nail or bolt to &
small bead of fused silica produced by the aid of an oxygen-fed blow-
pipe; thenail or bolt is then suddenly shot away down a long passage
or similar space by means of a cross-bow, drawing a very fine fibre
of silice with it ; the most difficnlt part of this operation, however,
consists in finding and hundling the fibres thus produced.

Avriificial Gems.—The {act thap pieces of suitably-coloured glass
can be made to show s superficial, hut sometimes more or less
deceptive, resemblance to precions stones, has led to the manufacture
of imitation jewels of all deseriptions. The glass used for this pur-
pose is nsually a very dense flint glass whose high relractive index
facilitatos tho imitation which is aimed at. The extanal shajpes of
gems are, of course, rendily imitated by cutting and grinding the
glass, while the requisite colours are uttainablo by means of the
colouring materials described in Chapter XII. To a casual oblerver
the diflerence in sparkle and brilliance which arises from. the differ-
ence between the refractive index of the heavy flint glass (about 1'8)
and that of minerals (which ranges from 1-7 to 2'2) is not readily
apparent, but closer examination will at once reveal the difference.
The determination of the optical constants by means of a refracto-
meter would at once reveal the true character.of the imitation, but
an even readier test is that of hardness. The dense flint-glass is
naturally soft, and is readily scratched by most of the harder minerals
swhile the precious stones, more particularly garnets, rubiés and
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diamonds, are very hard. Il an attempl is made lo serateh gn
ordinary sheet ol window-glass, it will be found that most real
precions stones will do so readily, while flint, glass imitations will fail
to make more than a slight mm‘k, whlich 8 more year~thian seratch,
The test by delermining the specific gravity is also obwviously applic-
able, since the flint glass will readily betray its presonce by its high
Mensity (over 4). -

In quite a different class [rom the imitation gems made of cul
flint glass are the artificial gems, which in nature and composition
are exact reproduction of natural gems, but which have been pro-
duced by artificial processes. As far as the writer is aware these are
only [ound in any large numbers in the case of the ruby, but in that
case, at all events, it is said ihat the production of the artificial
crystals is at least as costly as the purchase of the natural stones,
There can, however, be very little doubt that as the processes of
{usion and erystallisation become better known and understood, and
the chemistry of silicate minerals is developed, the artificinl produe-
tion of mineral crystals in, at all events, moderate sizes will become
increasingly possible ; it is even to be hoped that their production
will be so far perfected as to place their really valuable properties at
the service of man,

Cliilled Gludss—Tn all the processes of glass manulucture deseribed
in the present book, annealing has always played an important part.
The glass, after it has undergone its last treatment under the influ-
ence of heat, is subjected to a gradual cooling process with the object
of freeing it from the internal straing which it would otherwise
retain, and which would, ordinarily, endanger ils existence and inter-
fere with its use, It is, however, well known that objects of glass
subjected to such internal strains as result in & compressive stress on
the glass near the surface, are less liable Lo injury, and are appa-
rently stronger than when the glass isannealed and the stresses are
removed. On the other hand, glass surfaces under tension are
extrepely delicate and fragile. In some respects, therefore, glass
which has not been annealed may appear to be stronger than the
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annealed product.  The well-lmown ease of the Rupert’s drop is ah
example ol Lhiy kind, Ruopert’s drops are produced by dnopping
molten glass,into waler ; they gencvally {ake the form of o more or
less spherica] body having a ®ug tail, tapering off into a thread,
attachoed to it. Such o Rupert’s drop may be struck with a heavy
hammer, and will safely resist a blow that would splinter a similar
body made of annealed glusf. I, however, the surface be scratcheds
or the tip of the tail be broken off, the entire “ drop ” breaks up,
gometimes With a violent explosion, into ininute [ragments. Nume-
rous inventors, among whom De la Bastie and Siemens figure most
conspicuously, have endeavoured to utilise these properties of chilled
glass, not exactly by sceldug to produce that extreme degree of
internal strain which is characteristic of the Rupert’s drop, but by
producing what they describe as * tempered ” glass, in which the
internal sirains have been reduced by less violent cooling to such
an extent as to retain some of the advantages of the hardened,
internally strained condition while approximating more or less to
the salor state of annealed glass. At one time articles of this kind
were [requently soon as curiosities, such s twinblers that could be
dropped on tho loor without Lreaking, etc., bub those articles
generally ended by receiving a slight seratch or chip and promptly
[alling into fragments. As a matter of fact, however, some tempered
glass is aclually manufactured by the firin of Siemens at the present
time for special purposes. De la Bastie’s process was trjed in
England, and some sucoess was olaimed for it; but it is not in
commercial operalion at the present {ime, and never appears to
have attained any great importance,

Massive Glass.—Enthusiasts for the extension of the use of glass
have endeavoured to apply it to a great variety of purposes, includ-
ing the coustruction of buildings and the paving of streets. In the
formor case, which was exemplified at the Paris Exhibition of 1900,
advantage was taken of the light-transmitting power of the material,
but although the buildings erected with large blocks of cast glass

" were not displeasing in effect, this use has not found any czonﬂidemble
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&xtension, For paving purposes, the harduess and durability of
glass are the only uselul qualilies, and here also—although sevoral
trials have been made in France—no signs of any considerable appli-
cation of the new products are as y&s visible. What has been said
above with reference to the injurious character of glass dust applies,
further, to glass pavenments, since their natural wear would result
ta the formation of considerable quantities of this dust. The
advocates of glass paving, however, suggest that the hardness of
glass would greatly reduce the actusl amount of wear, and thet
consequently the dust would be reduced considerably. This 18 o
matter which prolonged experience alone can decide, but it does not
seom obvious that glass blocks should Wear more slowly than stone
setls made of good granite, for example. Ou the other hand, the
glass blocks could probably be produced more cheaply, since the
labour of cutting to size would be obviated by casting the blocks to
the desired dimensions.

Water-glass, or silicale ol soda or potash, is perhaps scarcely to be
olassed under the headmg of “ Glass Manufacture” at all, but it
bears a certain relationship to glass in several ways., Thus one of
the modes of manufacturing water-glass is by the fusion of sand and
alkali in tank-furnaces somewhat resembling those used for glass pro-
duction ; the fused silicate, moreover, golidifies a8 a vilreons mass,
in which respect it also resembles such substances as borax, ete.
The uges of silicate of soda and potash are, however, ro far removed
from, the field of glass-manufacture that we cannot enter into them
here.

In coneluding this chapter, we wish to describe one more produect
of the glassworks, and this includes some of the most impressive and
splendid examples of the glass-maker’s art, These are the great
mirrors and lenses by whose aid our lighthouses and searchlights
gend forth their powerful beams of light. Although these objects
are celled “ mirrors ” and “lenses,” since they fulfil the functions
of such optical organs, yet in their nature and mode of manufacture,
they are sq far removed from the glass used for the production of
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other kinds of lenses that they could nol be incladed under 1He
heading of “ optical glass,” . . e

The charaglerintic fenture in the manulacture of optical glass is the
manner in which each separa®e pot or melting is allowed to cool
down and to break up inlo irregular fragments which are subse-
quently moulded to the desired shape. Were it attempted to
manufacture the large glasbodies required for lighthouse purposes
in this manner, the cost would approximate to that of the large discs
used for telescope objectives, and this would ol course be entirely
prohibitive. The requirements as regards colour, homogeneity and
freedom from other defects, which must be met in lighthouse lenses,
ar® further not nearly so ftringont as those which are essential in
ordinary optical work of good quality.” The reason for this difference
arises from the fact that lighthouse lenses and searchlight mirrors
are used merely to impart a desired direction to a beam of light, and
not for the purpose of producing sharply-defined images ; slight
irregularitics in the glasy are therefore not, of such serious importance.

Lighthouse glass can Lherefore be produced by rather less elaborate
means ; although every care is taken 10 make the glass as perfect as
possible, it is brought into approximately the desired form. by casting
the molten glass in iron monlds of the proper shape.  When removed
from these moulds and annealed, the glass is fixed on large revelving
tables and ground and polished to the final shape of lenses and
annular lens-segments as required for the various types of Fresnel
lighthouse lenses. In this way complete rings, forming annular
lenses, are produced up to 48 inches diameter. Rings of larger size
are usually built up of a number of segments, and these built-up
rings sometimes have a radius as large as 7 [eet. For the majority
of lighthouse lenses, it should be added, a hard soda-lime glass
having a relractive index of 1'50 to 1'52 is used, but for special pur-
poses a dense flint glass having a refractiveindex of 1-63 is employed.

Mirrors for searchlight purposes axre of very varied forms and sizes,
the shape depending largely upon the particular form of beam, which
'they are designed to project. For many purposes a parghalic lorm
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15 required, while in others, where a [lat, fan-shaped beam is to be
produced, & form having an elliptical section in a horizontal plane,
and a parabolic section in the yertical plane is reyuired. In most
cases these mirrors are produced by bending platos Of glass, pre-
viously raised 1o the necessary degreo of heat, over suflably shaped
moulds, the surface bheing subsequently re-polished to remove any
roughness resulling from the bendingf.process. Another type of
mirrors is that known as “ Mangin,” which has two spherical sur{aces
placed eccentrically in such a way that the centre of the mirror is
considerably thinner than the periphery ; in this type ol mirror the
reflecting action of the back suriace is modified by the refracting
action of the front surface, but both arespherical, and can therefore
be accurately ground snd polished by the usual mechanical means,
Such mirrore are manufactured of single pieces of glass up to 6 foet
in diameter.



APPENDIX I

——

THE COMPOSITION OF SOME TYPICAL GLASSES
(CHEMTCAL ANALYSES)

AL'I‘]'IOUGII ithe general ty-pc of composltlon of each of the more
important varielicR of glass has heoh indieated in the iext of the
various chaptlors, a table of ihe chemical composition of some typical
examples a8 found by carelul and experl chemical analysis is here
added. 1t should be noted, however, {hal the chemical a.uu.lyeus af
glass is n mu.l.i,or ol groal diflloulty, roquiring mueh skill and e*q)ormnec
pmtmula.ﬂy in thoe caso of complex glamses which may coutnin bovon
and Quorine, Many published analyses must, for this reason, be regarded
with epution. It should [arther bo borne in mind that a * baich »
cannol be laid down, by siimple ealeulndion from an snalysis, to prodnee
o glasg of iho same chemical conposition; diserepancies, which may
be congiderable, arire from losses by volatilisation, and Lhe composition
of the glass is also alfected by solution of materiel desived Irom the
pob or other comiaining vessol. The composilion ol a *“ bateh ' which
ghall produco & glass of given analysis can thus, as a rule, be arrived
at only alter some oxperimentis, although experience of sumla.r oages
may sorve ag o guide to some oxtent.
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APPENDIX II

1
BIBLIOGRAPIUY

Tue existing Lierature of glass manufacture is still very limited ;
in the English language, in particular, there are few books and papers
on the subjecl. Recently, howaver, matters have been very much
improved as a resull ol the activities of the Socisly of Glass Technology,
whose Journaul constitutes a most valuable~source of information both
in original papers and in abstracis from other publications. The French
and German lilerature of the subject is a litlle more extensive. Tn
giving a list of the works, and more particularly in velerring to ihose
which he has consulied in the preparation of the present volume, the
author thinks il will be an advantage 1o indieate their seope, and, o
pome extent, what he believes to be their value, in order {o save the
gludent the {rouble of seeking oul comparaiively inacceesible works
only to find that they contain little that is of value for his purpose,

Emnglish Books and Papers on Glass Manufaclure,

The Principles of Glass Making (George Bell & Sons), By Towoll &
Chance, An elementary book giving a clear and concise mccount of
the older processes, more especially in eonnoetion witl flint wnd plale-

laas,
® Glass and Glags Manulacture (Pitman & Song), By P. Marson.

Glass. Articles in 9th Edition of Encyclopmdia Britannica. A
deteiled account of processes, more or legy covering the onlire subject,
but the processes described are mostly obsolefe ab the present time,

Glass. Arlicle in Supplement to 9th Edition of Encyclopwmdia
Brifannica. By Haxry J, Powell. A brief summary of more recent
developments. Particularly valuable in reference to artistio Englich
flint: glass,

Glass, Articles by H. J. Powell and W, Rosenhain in 11th Edition,
Encyclopadia Britannica.

Jena Glass. By Hovestadt, translated by J. D. and A, Everelt.
Contains & fnll account of the seientific work on glass and its practioal
application, done in connection with the Jena Works of Bcholt. Par-
ticularly interesting in connection with the subjects of Chapters I, IL,-
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'XITf., and X1V, As the title indicates, the bool iy writion from the

Jona point of viow, anl seareely doog jusbico o work doflo elsowhero..
Tho book has gnined considorably ad Lo hoauds of the translutoas,

Some Provortics of Glaws. By W, Rosenlnin,  (Praongactfons ol the
Optical Socholy of Lundon, 1003,)  Gives a briel aceount ol the pro-
periies of glags as nileeting s oplical uses,

Possible Direciions of Progress in Optieal tlass, By W. Rosenhain.
(Proccedings ol the Opticgt Convenhon, Lowdon, 1005,) Ilas been
refertod Lo in the text ol this book (Chapter XI111.).

Catalogue of the Oplieal Convenlion Exhibilion, London, 1005,
Contains Ifstorical and general notices ol optical and lighthouse glass,
gloss-working wmachinery, ete.

Glass for Optical Insirmments. By R. T. Glazebrook. (Cantor
Lectures to the Society of Arta ) Gives an nccount of modern optical
glass manufacture.

Optical Glass. By . Rosenhain. (( antor Leclwes to the Royal
Sociely ol Arts.) Deals with the manufacture of optical glass and the
problemes which svige in conneetion with efforts bo improve the process.

Old Enpligh Glagses. By Albert 1ITnghorne,  Gives an accomt of
the history of gluss-making in England.

The Methots of Glass Blowing, By W. shoustone, Deseribos the
wanipulation of glogs-blowing for cxpevimenial purposes, ie., Jump
work,

Irranch Books on (Hass Mtufuoburo,

Guide du Verrier. Hy (. Bonlemps. A clusgiend wprk by oo of
the groatost experis of his day. Mueh of the contents of the byok iy,
however, entively out of dute at the preaond Limo, The book is inlor.
esling a8 boing tho work of the mun who introdaced optical glnss mann-
{aclure into England. .

Verreg et Rmnux, By [, Golfignal. Chiefly of interest in conneetion
with the subjects of Chapier IX.

Le Verre'el, le Crystal. By J. Honrivanxz. (P. Vieq Dunod eu Cie.,
Parig.) A lengthy book profusely illlusiraied snd giving a groat woalth
of detailed information, The writer was [or some time the general
manager ol one ol the largoest plate.glass monufacbories in Eurepo ;
his account of plate-glass manulaeture is, therefors, egpecially valuable,
Mnuch space in this book is devated o historieal and sestheticn]l matier,

La Verrerie au XX'me Jigcle, By J. Henrivaux, (Paris, B. Bernard
et Cie,, 1003.) Practically a supplement to the preceding; some of
the processes and producis doscribed arve, however, not of a pmctmal
nature, Chiclly valuable for receni developments in. plale-glass and
bottle. glass manufacture, .
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German Books on Glass Manufaclure.

* Dio Glasiabrikation. By R. Garner. (A. Iarileben’s Verlag, Vienna
and Leipzig, 1897.) A concise ané clear account of most of the moro
importanl processes of glass manufaclur>. Very practical h characier,
Theinform ation given appears to be reliable, although fax Iréin complete,

Die Ilorstellung Grosser Glaskoerper and Dic Bearbeitung Grosser
Glaskoerper. By C. Welzel, (Harlleben's Verlag, Vienna and Leipzig,
1900 and 1001 respectively.) Deseribes nuiierous special processes and
appliances devised for use in connecetion with large glass objects, Some
of these descriplions, however, appear Lo be liltle more than transcripts
from patent gpecifications. )

(lasfabriken und Hohlglaslabrikation. By R. Dralle. (Leipzig,
Baumgaerlner, 1886.) Looked upon as a classic in Germany. Gives
detailed plans and drawings of eniire bottle works, including furnages
and all accessories. Deals principally with bottle manunfacinre.

Die Glasfabrikalion. By Dr. E. Techeuschner. (Weimar, B. II.
Voigt, 1888.) A full detailed account of all processes known al the
time. The rapid progress ol modern practice has, llowover, already
renderod this book to some exlent obsolete,

Jenaer Glas, By Ilovesladt. Already referred 1o in respeci of ihe
English translation.

Der S8prochsaal. (Schmidt, Weimar.) A (rado journal devoled (o
ihe discussion of technical matters relaling o the glass and coramie
induslries. Occasionally coniaius arlieles and abstracts of lechnicnl
or geientifie interest in connection with glass manufactinre.

In addilion fo the books and papers named in the above lisl, a greal
number of acientific papers, notes, ele., are Lo be [ound seatiored throngh-
oul the lechnical and scientific publications of the world ; Ihose that
have proved of real interest and imporiance have, howevor, lelt their
mark @n Lhe indnelry, and will be found described or rolerred to in
connection with the various branches ol manunfaclure described in the
present volume or in ihe hooks named above,

In addition to the Literature of Glags Manufaclure proper, there is
now an extensive Hleralure dealing with Refractories, much of which
has an important bearing on Glass Manufactnre. A full bibliography
of this subject cannol be given here, but imporiant relerences to il
will be found in:—

The Journal of the Bociely of Glass Technology (absiracts), which
has alveady been moentioned.

The Journal of the Ceramic Society (Refractories Section); and

The Transactions of the Faraday Socioty (* General Discussion on
Refractorios ).
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[
ABBR, 7, 301, 208 Joena, 8
Ashley, 109 Kavalior, 242
Auerbach, 19 Kowalslu, 17
Baundin, 242 Mangin, 240
Bontrmps, 245 Maraon, 244
Boswell, 35 National Physical Laboratory, 8,
Boucher, 109 o 89, 71, 242, 243
Ohanco, 201, 244 Nieol, 101
Coffignal, 245 DPowoll, 244
Colburn, 173 Oweng, 110, 173
Cooke, 208 Roberis-Austen, 26
Cookes, 132 Rosenhain, 244, 245
Coronkos, ID Sokold, 7, 17, 198, 200
Do lo Baslie, 237 Segor, 64
Drolle, 240 Shenslone, 245
Enoyealopaedie I ilanniea, 244 Simlun’r.opf, 179
Bvereli, 244 Siewmens, 186, 237
Foureguli, 172 Sievert, 95, 113, 170
Traunholer, 201 Sprochanal, 246
T'resnel, 289 Szigmondi, 179
Frinck, 171 Tonnelot, 6
Gernor, 240 Trantwine, 17
Glazobrook, 2-L6 Tachouschner, 246
Tlarlghorne, 246 Walkor, 242
ITentivaux, 17, 245 Warbunrg, 26
Horlz, 19 Walzel, 246
Hovestadl, 244, 246 Withey, 242, 223
Jackson, 8 Winkelmann, 17
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A,

ABSORPTION O
light, 29, 177, 189, 199
ultra-violet light, 20
Achromaftisation, 207

Acid, borie, 11, 48 "

earbonie, 10, 82
hydrofuozie, 10
phosphoric, 10
Acids, action of, 9
After-shrinkage of refractories, 57
Ajr, compressed, 124
for blowing, 04
cooling of fumaces, 76
Alkali meials, 180
sources of, 37
Allaline solutions, altack by, ?
Aluwina, 37, 242, 243
in clay, 61
liydrate, 47"
Alwininmsilica diagram, 55
Alnminium, 46, 182
Amorphous structure, 1
Annlyses, chemicnl, 33, 241, 242,
243
of refractories, 56
Anastigmadtic lenses, 207
Ancient stained glass, 194
windows, 14
Annealing, 97
bottles, 112
optical glass, 226
kiln for polished plate, 141
gheet, 185
tomyperature, 101
water-jugs, 121
rolled plate, 134
- Antliracite, 48
Antimony, 184, 242, 243
Apochromatie-pair, 208

Apochromaiio objecliver, 207
Arsenic, 47, 83, 184, 242, 243
Artificial gems, 235
Attachmoent to metal, 28
Austrian lamp glass, 242 -~
Autocldve test, 18
Aulomatic presses, 126
Aventurine, 181

B.

BAOTERIA, nolion of, 11
Barium, 117, 182
carbonaie, 43
compounds, 43
crown,2202, 203, 204, 205,
0

8
Aink, 203, 204, 205
lass, 127
ydrate, 44
uitrate, 44
Baryta light flint, 203, 208
Barytes, 13
Batch, compoaition af, 241
Bath-tubs, blown, 113
Beads, 234
Beuakers, 242
English, 243
Belgian sand, 36
Bending polished plate, 147
Bevelling, 148
Bibliography, 244
Bichromaile, potassium, 186
Blisters in gheet, 161, 167
Blocls, paving and building, 237
Blower (sheet), 159
Blowing, 92, 93
crown, 178
moebanical aids, 94, 113
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Bhbwing, moulds [or, 03
sheal, 169
Blown glags, 116
plato glass, 169
Blue, cobalt, 177
cold, 184
Bohemian beakers, 242
orystnl, 116
hord glass, 231
Boiling-up, 86
Books on glass, 245, 246
Borax, 44
Borie acid, 11, 48
anhydifide, 242, 243
Boro.silicate crown, 202, 204 977
Boron, 48, 182, 241 i
Boltle-glasg furnaces, 77
making machines, 10q
ma,ei]:aine, Qw%n’s
1 »

Botiles, 106
annealing of, 112
colour in, 105
large, 112
making by hand, 107
meochanical production
meodicine, 116
taw malerials for, 105
tank [urnaces for, 106
white, 243
wide-mouthed, 118
Brick, elirome-ore, 08
silica, b1, 66, 67, 65
British.sond, 36
Brown, carbon, 183
Bubbles, cansed by lodling, g
formadtion of, 82
in vitrcous silica, 3g5
size o, 85
Suilding-diberds; 237
Bulbs, electric light, 111, 11g
Bullions in ¢rown, 174

C.

OADMIUM-3ULENIDE, colo
effect ol, 182
Caleium, 182
fluoride in opal, 187
phosphate in opal, 184
Qarbide, silicon, 71
Carbon, 48
and sulphates, 84
colloidal, 85

of, 109

Yring

INDEX 940

Carboun, colour due 1o, 85
colonring effect of, 183
Cagbonake ol bariumn, 43
limo, 41
soda, 37
Jnrbonie aaid, 10, 82
Carborundum, 71
wheals, 148
Carboys, 113
Casting lighthouse glass, 239
pots (plate glass), 138
Oatafogue, optical convention, 245
Cataracl, glass-blower’'s, 132
Celadon green, 186
Ceramic Society, 246
Cerium, 182
Chain screens, 131
Chair work, 118
Chalk, 42
Chlrcoal, 48
Charging pot furnaces, 80
tank furnace, 80
Chemical agontis, glasses as, 210
analysis, 33, 241, 242,
248
behaviour, 5
composition and mecha-
nical slrength, 17
composition and physi-
col properties, 6
slassware, Lests of, 12
properiier, 1
slability, 211
Chillod glass, 236 °
(ladling), 132
Chilling by ladling, 89
Chimney, gas, 242
monaopol, 243
China clay, 46, 65
&L A
Chlorides, alkali, 37
Chrome-ore brick, 65
Glu'ozénium, colouring effect of,
18
Olassification re durability, 12
Clay, fire-, 51
maturing of, 11
venadium in, 186
Cleaning, 10
lenses, 211
Oaball blue, 177 :
colonzing effect of, 191
Cold air gereen, 132
blue, 188
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Uoofficiont of thermal expansion,
21
Goke, 4B o
Colloidal carbon, 86 :
colouring matter, 379
Colour, 109 .
affected by rate of ceoling,
180
changes of, 14
constaney of, 192
in blown glass, 121
ol ancient plass, 104
sheet, 167
thick glass, 177
‘‘ white ** plass, 20
Coloured glass, 176
in rods, 122
for light filters, 196
Colouring effect of
antimony sulplnde, 184
cadmium sulphide, 182
earbon, 183
chromium, 186
odball, 191
copyper, 181
gold, 183
iron, 190
lead, 180
mangancse, 187
nmicke], 191
selenium, 186
silver, 181
iin, 183
unraniumf 187
Tauadam, 188
Colouring matter, colloidal, 179
dissolved:
. oxides, 178
Colours, compound, 188
sotms, M
Combuskion, 72
tuhe, 231
tubing, @
Composition of typical
24], 242, 243
Compressed air, 94, 124
sznpressiun, glags purfaces under,
36

glasres,

Conduetivily, thermal, 26
Congealed liquid, 2

Cones, Seger, 64

Constaney of colour, 192 .
Congtitution, 2

Conjinuows anneéaling kilnd: 112

gBJECT

INDEX

Convention, Oplien], 245
Cooling, eritical slage of, 99
oplical plass, 224
rapud elicet of, 97
rate of, 101
CGopper-ruby, 192 _
Copper, colouring eifoct of, 181
Cost of optical glass, 227
Covered pois, 60, 117
Crochei, 222
Cro¥in, 206
“barum, YUB
dense barium, 202, 203, 204,
206 °
boro-silicale, 202, 204
bullions 1, 174
Turnace, 51
Llass, 173
“ tables,” 174
height of, 76
optieal, 202, 203, 204, 205
telescope, 208
zine, 44
Crowns, futnoace, 86
of sheel tanks, 155
Crushing strength, 17
Cryolite, 41, 47, 187
Crystal, 116
Crystals, 210
Crysiallisation, 3
Cullei, 80
for glazing pot, 219
oplical glasm, 215
Culling, 128
{lint plass, 148
off, electric, 120
tolled plate, 135
Cylinders, sheet, 161

dimensions of, 189

D.

Dsrx-nooM lamps, coloured glass
for, 186
Day {anlks, 77
Decolourised gloas, absorption of
light by, 180
Decolourisers, manganese, 188
nickel, 191
selenium, 185
Decomposition of salt-cake, 38
Deporation of blown glass, 121
t Defects in sheet, 166 n
| Definition of glass, 1
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Dense barium crown, 202, 203,
204, 208
flink, 203, 205
Depth ol bath in sheel bank, 166
Detorminatiop, of
annonling temperabure, 1020
sale rate of cooling, 103
Dowvitrification, 2, 9
ol tubing, 230
Diagram, constitutional, alwmina-
gilica, 55
Diamonds, 236
Diamond cutling, 1356
Dimming, 1
Dinas brick, 65
Dispersion ol light, 200

moan, 201
. relative partial, 2?7
Dissolved colouring mattier, 179

Dislor{ion, temperature olf, 101
Double extra dense fint, 203, 206
refraclion, 213
rolled, white, 243
rolling machine, 137
Drawing gloss tubes, 230
pois, optioal glasg, 224
pilica fibres, 238
Dropd, Ruporl's, 237
Duelility, 18
Duplox fubes, 22
Durability, tests of, 11
Dusl, prevoniion of, 406
E.
Foowomy of lank furnaces, 78
Tidges, fnighing off, 119, 120
Tlasticily, 18
Eleciric eubling off, 120
light, bulbs, 111, 118
Eleclrical properiivs, 25
Eleclrolysis, 26
Emery wheels, 148
Engligh beakers, 243
ihermometer glans, 242
Eiching, 10
Eyes, protection of, 132
Expausion, coeflicient of thtzrm al,

21
Exira dengoe flint, 208, 206
light flini, 203, 204

F

* T'ABRIOS, glass, 234
Paraday Society, 246

251

"ascins, glasg, 140
Tolupar, 37, 41, 187

» 1 bollle glass, 106
Werrio oxide, 242, 243
Tibros, slica, 235

“IMigurad rolled plate, 90, %130, 137

Tmllings, 81
for oplical glass, 219
IMilling tank furnace, 80
Pingor marks on glass, 212
“ Pining,” 85
of opiical glass, 220
Tire-clay, 61
Gross Almerode, 56
mould, 107
plasticity of, 60
3t. Loupe, 66
solution in glass, 59
‘“squatling  of, 53
Stourbridge, 58 °
vitrification of, 53
Fire-polish, 124, 128
proof glass, 150
Flame, horge-ghoe, 106
space in [urnaces, 756
[lashed glass, 22, 121
sheel, 1G9
IMaghing, 192
Ilattening sheet, 1656
Iint, 36, 206
glass, 37, 45, 61, 116, 127
melling ol, 83
optical, 203, 204, 2056
teloscope, 208 °
[Mow, 18
* Plow ” devices, 91, 112
sheet, 173
Fluor Crown, 202, 204
IMluorescent green, 187
Fluovides, 10
in opal, 187
Fluorine, 48, 241, 242, 243
Tluorile, 209
Fluted sheet, 170
Pluxes in refractories, 56
Fontainebleaun sand, 36
French books on glass, 245 -
ihermometer glass, 242
Fritting of lead, 46
Furnace crown, 61, 656
pockets, 81
pot, 73, 117 .
recuperalive, 70
tank, 74 ’
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Turnaces, 50, 67
" air cooling of, 76
flame space in, 76 .
for oplical glags, 215
rplled plate, 130
primitive, 67
regenerative, 70
wall thickness in, 76
Fugion, process of, 70
ZE"-ungi, action of, 11

G.

GARNETS, 235
Gas producer, 67, 69
Gatherer (sheect), 169
Gathering, 88, 92
for bottles, 107
machine, 111 I

Gauge glass tubes, 8
German books on glass, 246
Grems, artificial, 236
Gtlasses, 118
Glass-blower's catarach, 132
(Gdass, definilion of, 1
Glazing pot with cullet, 210
Globes, Jena, 243
old, 47

colouring ellect of, 182

ruby, 182
3reen, Celadon, 186

ecolour—eapper, 181
fluoresesnt ursnium glass,

. » 187
Srinding lightheuse glass, 239
pilte glags, 142
Frog, 62

in Blip-casting, 64
3ross Almerode fire-clay, 58
inide du Verrier, 245
rypsum, 43

H.

IARD crown, 202, 204, 211
Tard glass tuhes, 231
[ardened glass, 17
[ardness, 18, 212
[ock-botile eolour, 180
lomogeneify, 107, 214
{orgeshoe flame, 106
{ydration of surfaces,
ydrofluorieeeid, 10

SUBJECT INDEX

1.
IMITATION goms, 235
Impurilies in sall cake, 39
Incandescent gas chimmney, 242
Indentation modulusg, 19
Ifdex, relractive, 204, 209
Infra.red ' light,” 80
Internal sirain, 213
gtress, 97
Invar, 23
Tod-edsin, 12
Iridescence, 122
Iron, 242, 243
colouring efiect of, 190
oxide in bottle glass, 105

-]
Janrs, 115
Jena beakors, 242
climneys, 242
glass (book on), 244
hoat-resisting plobes, 243
thermometor glass, 242
Joumal of the Ceramic Socicly,
246
Journal of the Society ol Glass
Technology, 246
Jugs, water, 121

K.

K AovLINITR, 5§56
Kiln, annealing, roiled plaie, 134
Kilns, continnous annealing, 112

L.

LADORATORY glassware, 44
Ladling, 88, 89
for machines, 111
rolled plate, 131
Ladlers, protection of, 181
Lagre, 165, 168
Lamy chimneys, 20, 111, 118
glass, Austrian, 242
“work, glass for, 230
Lamps, incandescent, 23
Large vesaels, 113
Lead, 45, 117, 184, 206, 242, 243
eolouring effect of, 180
Lear, 103
Lears, 134
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Tagnses, nehromatining, 207
annrtigmatie, 207
lighthouse, 238
polishing of, 213
proboclion of, 211
spochilels, 30

Light, nctionwf, 1.4 ?

n.b?tf)’rption of, 20, 177, 189,
9

barinm crown, 202, 204

Qlint, 203, 204, 06

iting, 208, 204, 2056

fitters of eoloured glasy, 196

polarispd, 101

refraction of, 200

Lighthouse glass, 238

Lime, 41, 242, 243

Litnestone, 42

Lintit of vilreous slate, 3 Y

Limits of oplical glass, 210

Lines, specirum, 201

T.ouses by volatilisation, 241

Lustres, melallic, 122

M.

Macung, botile-making, 109
double rolling, 13¢
mixing, 79
Owen's, 110

Machines, gri;l&ing, for plate glass,

ladling fox, 89
Maognesia, 44, 242, 243
Magnesinm, 182
Manganoese, 14, 47, 180, 242, 243
colonring effect of, 187
in botile-glass, 106
pml'%;;r‘de, oxidising action of,
Marver, 107, 110
Massive glase, 237
Materials, raw, 31
used in glass, 4
Maturing of clay, I1
Mean dispersion, 201
Mechanical aids for blowing, 94
mixing, 46
prg-t,l’gcﬁon of sheet,

properties, 16
stirring, 223
Medicine bottles, 118

263

INDEX
Maodium harinm erown, 208, 200,
204, 205 .
Melling in fanks, 86
» poiut of relraclories. 52
- temperalures, 52
Metal, u.t,i.neEuwnl. {0, 282

Metallic Tustres, 122
Microgeope cover glans, 243
objoctives, apochro-
matic, 207, 208
glides, 175
wltra-violet, 233
Minerals, refraciive, index of, 200 °
Miners’ lamp glass, 242
Mirrors, 148
lighlhouse, 238
Mangin, 240
gearchlight, 238
Mircellancous products, 228,
Mixing machine, 79
mechanieal, 46
raw malerials, 79
Monopol chimney, 243
Mould, fira-clay, 107
marks, 123
Moulding of pots, 80
tical glass, 226
Moulds, 118, 123
for blowing, 93
prossing, 125
metal, 108 -
Muflled glnss, 196
gheet, 170
Muraneso, 130 )

N.
Nawurs, irade (optical glass), 208
Now glassea, 206
Nickel, 47, 180
colouring effect, of, 191
gtoel, 23
Niool prism, 101
Nitrates, 83
alkali, 40

0.

OBJEQTIVES, apoghromaﬁe, 207,
20

telescope, limit do

size of, 227
Opal, 182, 184 -
fiuorideg in, 187 ,
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Opal, poi, 243
" glass, 47
Opagque plate glass, 149
Open yots,; 60
Optical Convention, 245
Optical glass, 107
annealing, 226
cooling of, 224
cost of, 227
cullet for, 218
~ drawing pots, 224
flling for, 219
a € ﬂnmg ” Of, 218
for large telescopes, 227
furnaces for, 215
moulding, 226
pot, arch for, 217
atlack by, 218
selling for, 218
pots for, 217
row materials for, 214
skimming, 221
stirring, 2232
taking proofs, 221
yield of, 227
Optlical distortion in sheel glass,
152

instroments, glass for, 245
properties, 197
Socielty, 245
8o of silica, 233
Oxides, colonring, 178
Oxidising action of nanganese
neroxide, 189
N agents, 83

P.

PAINTING on glass, 104
Pair &f apochromalic glasses, 208
Parison, 110
Partial dispersion, 207
Partitions m sheot tanks, 154
Path of dispersion, 207
Paving blocks, 237
Pearl.ash, 39
Phosphate, calgium, in opal, 184
Phosphoric acid, 10 )
Phorphorus, 184
Photographic plates, 14
Physical properties, 1, 16
and. chemical
composition, 6
Pipe, glass-makers’, 93
Pipe-warmer, 159

SUBJEGT INDEX

Plaslicity ol five-clay, 60
Plato gmmlyﬁm of), 243
gured rollod, 90
olags, 129
blow, 109
grinding® nud  polisli-
ing, 142
polished, 138
pouring, 138
wired, 23, 150
a rolled, 90, 130
Plates, photogrnphie, 14
Pockets, furnace, 81
Polarised light, 101
Polished plate, 129, 138
annealing lkiln [or, 141
bending, 147
bevelling, 148
dimensions of, 146
for mitrors, 148
opagque, 149
raw materials, 138
rolling table for, 139
gilvering, 149
sorling, 146
Alriee 1, 147
Polishing lonses, 213
lighthouse glaas, 239
plate gloss, 142
ribbaers, 144
Pontil, 108, 119, 174, 280
Torosity test on rofractories, 57
Poris, lnrmnee, 72
in sheet Lanks, 150
Pot arch, 217
arches, 63
altack by aplical glass, 218
Potash, 117, 180, 242, 243
from blast furnaces, 40
earbonate of, 39
glosges, 10
nitrale of, 83
silicate of, 238
Potassium bichromate, 186
Dotato, 86
Pot furnace, 73, 78, 117
charging, 80
Pot-gelting for optical glass, 218
Pois, 50
burning of, 62
castling, for plate, 138
covered, 117
firing of, 217
moulding of, 80
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Pofs, opon aud coverwd, 60
slip-casbing ol, 03
Loy oplicn] gloss, 217
sheet, 169
Pouring, 88, 91
plate glasy, 138
Pross and blows machines, 110
Prossod glnsy, 1168
Presses, 126
Pressing, 06, 1256
Prevention of dust, 46
Prineiples of annealing, 97
Prism, Nicol's, 101
Producer, gay, 67, 69
Proofs 1 oplical gliss, 221
Prool-iaking, 86, 87
Propertics, electrical, 25
of glasg, 245
" optical, 197
physical, 16
thermal, 20
Prolociion ol cyes, 132
ladlers, 131
lontsas, 211

Quatvrz, 36
Quurlz Abros, 235
Quarbz-tridymite changoe, 57

R,

RavramroN, infra-red, 132
ultrn-violet, 192
Ruodinm, aclion of, 14
BRange ol oplienl glagses, 200
Rate of eooling, eflect on colour,
180
Raw maierials, 32
ior oplical glass, 214
polished plate, 138
rolled plate, 130
sheet, 153
grain size, 35
mixing, 78
storage of, 33
Reactions in melting, 81
Recuperative furmaces, 70
tn.likgumaces(shaet),
B

Red lead, 48
Refraction, double, 218
- of light, 200

N 25b
Rolractive index, 200, 200
Rofracborios, 50, 246
nltar-shrinkago of, 87
~analyses of typical, 56 °
~ atlnek on, bl
fluxes iu, 56 ~
“ melling-poinb ** of, 52
porosily tost, 57
spalling of, 57
tosls of, 54
Rofractoriness and composiion,55
under load, 54
Regenerative furnace, 70
tank furnaces
(sheet), 156
Relative parlial dispersion, 207
Reepirators for lead.mixing, 46
Residual spectrum, 208
Reversing valves, 71
Rings, 106
Rods, glass, 234
Rolled plate, 90, 120, 130
(analysis), 243
anpealing, 134
culling, 135
Ggured, 130, 137
furnaces, 77
sorling, 1356
Rolling, 90
{abls, [133 .
or polishe ate,
139 o

Rouge for polishing plaio glass,
145 '

Ruby, euppor, 181, 192
y ﬂugllmd, 181
gold, 182
Rubics, 235
Ruperi’s drops, 237 "

8.

Sare rate of cooling, determira.-
tion of, 108
8t, Loupe fire-cley, 56
Salt-cake, 33, 38, 84
“ gelting ** of, 39
Salipetre, 40
Sampling, 86
Sand, 34
Belgian, 36
Fontainebleau, 35
for grinding plate, 14¢
origin of, 34
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eSands, Brilish, 36
Sandsione, 36
Scmma, cold air, 132
Screefls, chain, 131
Seed in gheet, 106 “ .
Seger cenes, 54
Seleclive absorption of light, 178
Seleninm, 47, 180
colouring effect of, 185
Selting of salt-cake, 39
e pota for optical glass, 218
Shears, 119
Sheet, 152
advantages of, 152
(analysis), 243
annealing, 105
blisters in, 161, 187
blowing, 169
colour of, 167
cylindors, cracking ofl, 168
splitting, 164
delects in, 166
drawing cylinders, 171
flat, 172

fat{ening, 166

flow-devices, 173

fluted, 170 .

Fourcault’s system, 172

Frinck gystem, 171

made in pots, 169

mgplia.nicn.l production o,

17

muffied, 170

opening.cylinders, 163

raw malerials lor, 168

seed in, 166

sizes of cylindors, 169

gorting, 166

stones in, 166

string in, 167

tank fuynaces for, 153, 184,

1566

whité deposil on, 166
Biege, 218
Silica-alumina, diagram, 56
Siliea, 242, 243

brick, 51, 56, 57, 65

bubbles in vitreous, 233

fibres, 235

glass, 4

optical use of, 233

souress of, 34

thermal endurance of, 281
expansion of, 22
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I Silien, lransparones 1o ulira-yigled
light, 233
vitreous, 231
Silica-ware, action of lnses om,
232
cont of,s232
Silicato of potagh, 2338
soda, 238
Silicon, 183
Silicon-carbide, 71
Sillgnanite, 55
Silvering, 149
Silver, colouring effect of, 191
Size ol telescope objgetives, 227
polished plate, 146
Skimming, 87
oplical ilass, 221
Skulls In ladling, 89
Slaleed lime, 41, 42
Slip-casting, pots, 63
Society, Ceramie, 246
Faraday, 246
Optical, 248
of (dlugs Teclinology. 244,
240
Boda, 242, 243
agh, 37
in shoot, 109
earbonale of, 37
nitrabe ol, B3
gilicale of, 238
sulphale of, 38
sulphite, 84
Sodium sulphides, 183
Solt crown, 202, 204
Solidification, 2
Bolution of clny by glnss, 59
Sorting polished plate, 140
' rolled plate, 135
sheet, 166
Sources of alkali, 37
pota.sfl, 40
Spalling of refractories, &7
Spectacle lenseg, 30
Specirum lines, 201

. residual, 208
Spshtﬁng oylinders (shect), 164
* Squatting ”* of fire-clay, 53
Stability, chemical, 211
Stained glass, 194
Steam, blow-jng by, 114

use of, in {lowing, 095

Siirring, mechanical, 228
optical glags, 222 °
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ftones in rvollad plnte, 135
sheet, 166
eulphato, 85
Storaze of Taw maierinly, 33
Stourbridge five-clay, 506
Sirained gln.gs, 102
Strain, interial, 213
Strength, 16
crushing, 17
{onagile, 17
Stress, intemal, 97
Slyestes, {emporary, 10%
Sirim, 108, 218
in eolotred glass, 195
in polished plate, 147
testing for, 109
Siring in gheet, 167
S{gontium, 182
Structure, amorphouns, 1
Suction devices, 02, 111
Sulphate in glass, 84
e of barinm, 43
lime, 43
soda, 38
stones, 85 .
Sulphide of anlimony, eslouring
offecl of, 184
eadminm, ecolouring
offoot of, 182
Sulphidoes of sodium, 183
Sulphite of sodn, 84
Sulphar, 185
compomds in glags, 38
Sulpharie anliydride, 242, 243
Surfases, ohomical hohavionr of, 7

T,
TABLE, volling, 132
Table of optical glasses, 202, 203,
204, 205
Table-ware, 7
“ Tables,” ecrown, 174 |
Tank-blocks, 58
Tank furnace, 52, 74

ng, 80
furnaces for bottlea, 106
sheet, 168! 154,
156
aconomy of, 78
Tenks, day, 77, 117
melting process in, 86,
Technology, Socicty of Glass, 244,
o 246
Teleseopo crowr, 208

aw

257
[ ]
"T'olescope, flint, 208 .

objeclives, limit Lo size
. of,227 * * "
JTelescopes, oplical glass for lazge,
227 ]
emporature, annoaling, 101
of distoriion, 101
Temporatures in melting, 52
liwiting, 4

Tempered glass, 287

Tempering glass, 18

Tmymmy shremes, 103
Tengile gtrength, 17
Tengions dus fo cooling, 98
Test for strims, 199
Tests, autoclave, 13

of durability, 11 .
laboratory glassware, 12
refractorios, 54

Thallium, 180, 184

Thermal conductivity, 25

ondurance, 9, 20
of silica, 231
properties, 20

Thermomeoter, 24

' glass, G, 242

Thermometers, zevo changes in, 24

Thick glags, colour of, 177

Thread, glass, 234 °

Tin, eolonring effect of, 183

in ruby, 184 bt
on prossed glass, 126

Tongs, glass-makery, 109

Trade names (optionl glags), 208

Transactions of the TFaraday

Becialy, 246

Transluconce, 28

Transparency, 1, 27, 109 *

Triplets, apachoromotic, 208

Tube, combustion, 231
Tubes, devitrification in, 230

duplex, 22
hard glass, 231 .
Tubing, 18
combuslion, &

lass, 228

Tumbler, evolution of, 119

Tumblers, 118 »

Typical glasses, composition of,

241, 2492, 243 .

rl1

1]

ULTRA-MICROSCOPE, 179
‘Bira-violetlight, absorption of, 30
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[ ]
Vlera-violet light and silica, 233
mieroscope, 233
¥raniunt, cblouring ellect of, 1§7
Uranyl acetate, 187
niﬁrate, 187
Dses of coloured glass, 176

V.

Vanapiom, colouxing effeci of, 185
J in fAre-clay, 185
Valves, reversing, 71
Variatione in raw materials, 33
Veins, 198, 218
Vgrre dur, 0, 242
Vorre, le, et le cryatal, 245
Verierie, la, su XXiemo Siéele,
246

Verres el Emnaux, 245
Vessels, large, 113
Vitreons silica, 231

bubbles in, 233

oplical use of, 233

state, limit of, 3

L

Vilrifieatton of fire-clay, 63
Volatilisation, losses by, 241

w.

Whir thickness in hernacos, 76
Water, attack on glass by, 8 .
refractive index nf, 209

Water-glase, 238

wjugs, 121
Wetting off, 108
Wide-moulhed hotiles, 115
Wine-glass, 120 P
Wired plate glass, 28, 150
Witherite, 43
Wool, glags., 235
Working processes, 88

Y.

Yrrrow, earbon, 183
colour, silver, 181

Yield of oplical plass, 227

Young’s modnlus, 18, 21
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