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GENERAL INTRODUCTION

American Chemical Society Series of
Scientific and Technologic Monographs

By arrangement with the Interallied Conference of Pure and Applied
Chemistry, which met in London and Brussels in July, 1919, the American
Chemical Society was to undertake the production and publication of
Scientific and Technologic Monographs on chemical subjects. At the same
time it was agreed that the National Research Council, in co6peration with
the American Chemical Society and American Physical Society, should
undertake the production and publication of Critical Tables of Chemical
and Physical Constants. The American Chemical Society and the National
Research Council mutually agreed to care for these two fields of chemical
development. The American Chemical Society named as Trustees, to make
the necessary arrangements for the publication of the monographs, Charles
L. Parsons, Secretary of the society, Washington, D. C.; the late John E.
Teeple, then treasurer of the society, New York; and Professor Gellert
Alleman of Swarthmore College. The Trustees arranged for the publica-
tion of the A.C.S. series of (a) Scientific and (b) Technologic Mono-
graphs by the Chemical Catalog Company, Inc. (Reinhold Publishing Cor-
poration, successors) of New York.

The Council, acting through the Committee on National Policy of the
American Chemical Society, appointed editors (the present list of whom
appears at the close of this introduction) to have charge of securing
authors, and of considering critically the manuscripts submitted. The
editors endeavor to select topics of current interest, and authors recognized
as authorities in their respective ficlds.

The development of knowledge in all branches of science, especially in
chemistry, has been so rapid during the last fifty years, and the fields cov-
ered by this development so varied that it is difficult for any individual
to keep in touch with progress in branches of science outside his own
specialty. In spite of the facilities for the examination of the literature
given by Chemical Abstracts and by such compendia as Beilstein’s Hand-
buch der Organischen Chemie, Richter’s Iexikon, Ostwald’s Lehrbuch der
Allgemeinen Chemie, Abegg’s and Gmelin-Kraut’s Handbuch der Anor-
ganischen Chemie, Moissan’s Traité de Chimie Minérale Générale, Friend’s
and Mellor’s Texthooks of Inorganic Chemistry and Heilbron’s Dictionary
of Organic Compounds, it often takes a great deal of time to codrdinate
the knowledge on a given topic. Consequently when men who have spent
years in the study of important subjects are willing to coérdinate their
knowledge and present it in concise, readable form, they perform a service
of the highest value. It was with a clear recognition of the usefulness of
such work that the American Chemical Society undertook to sponsor the
publication of the two series of monographs.

Two distinct purposes are served by these monographs: the first, whose
fulfillment probably renders to chemists in general the most important
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4 THE PROPERTIES OF GLASS

service, is to present the knowledge available upon the chosen topic in a
form intelligible to those whose activities may be along a wholly different
line. Many chemists fail to realize how closely their investigations may
be connected with other work which on the surface appears far afield from
their own. These monographs enable such men to form closer contact
with work in other lines of research. The second purpose is to promote
research in the branch of science covered by the monograph, by furnishing
a well-digested survey of the progress already made, and by pointing out
directions in which investigation needs to be extended. To facilitate the
attainment of this purpose, extended references to the literature enable
anyone interested to follow up the subject in more detail. If the literature
is so voluminous that a complete bibliography is impracticable, a critical
selection is made of those papers which are most important.

AMERICAN CHEMICAL SOCIETY
BOARD OF EDITORS

Scientific Series :— Technologic Series:—
WirriamM A. Noves, Editor, HarrisoN E. Howe, Editor,
S. C. Linp, WaLTer A, ScEMIDT,

W. MANSFIELD CLARK, F. A. LipBury,

Linus C. PauLinG. Frep C. ZEISBERG,

L. F. Fieser E. R. WEIDLEIN,
C. E. K. Mzks,

F. W. WiLLArD,
CarL S. MINER,
W. G. WHITMAN,
C. H. MAaTHEWSON.



PREFACE

When work was begun on this monograph in 1924, most of our knowl-
cdge of the properties of glass was due to the work of Schott and his
collaborators. That work, carried on in the last two decades of the
nineteenth century, dealt with glasses containing too many components
and covering too small a range in composition to permit the calculation
of the specific effects of the various components. It secmed desirable
to make measurements with systems of few components over a large
range in composition to secure more systematic knowledge; and such a
research was started in collaboration with my colleague Dr. H. E.
Merwin.  Furthermore, at that time there was no information as to the
phase equilibrium relationships in glass-forming systems. A study of
them was started in collaboration with my colleague Dr. N. L. Bowen.
Partly because of these studies, the results of which are included herein,
and partly because of other duties, the publication of this monograph
has been delayed. In the meantime, many other studies of the prop-
erties of glass have been published; of the 781 litcrature references,
478 of them are to work published since 1920, and 399 to work published
since 1924. Thus our knowledge of the properties of glass today is far
more accurate and complete than when this book was started, a result
which is due not only to the interest of academic workers, but also to an
awakened realization by the glass industry that the soundest foundation
for a strong industry is the understanding of its fundamental scientific
principles.

The information in the literature concerning the propertics of glass
is of widely differing accuracy and reliability, and I have indicated my
judgment whenever such indication seemed desirable, and the necessary
experimental details were available. 1 have tried to include all measure-
ments on glasses of known composition, and throughout the emphasis
has been placed on the physical properties as functions of composition.

It is a pleasure to acknowledge the advice and assistance in the
preparation of this book of my colleagues: Dr. J. C. Hostetter, Vice-
President, The Hartford-Empire Company, Hartford, Conn., formerly
of this Laboratory and later in charge of development and research at
The Corning Glass Works, Corning, N. Y.; Dr. J. T. Littleton, Chief
Physicist, The Corning Glass Works; and Dr. H. E. Merwin, of this
Laboratory. :

Geophysical Laboratory Grorce W. Morey

Carnegie Institution of Washington
Washington, D. C.
January 20, 1938.
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Chapter 1
The History and Definition of Glass

Tur History or GLass

Glass has been used by man from the earliest times of which we have
archeological record. Objects shaped by hand from a natural glass by
primitive people have been found in widely separated localities. The
glasses found in nature represent molten rock masses which were
extruded and cooled so quickly that they did not have time to become
transformed into the usual aggregate of crystalline minerals. The com-
monest of these natural glasses, obsidian, is usually translucent and
blackish in color, but it is sometimes red, brown or greenish, and some
varicties are transparent. It is easily broken into sharp, often elon-
gated pieces, which lend themselves readily to the fashioning of arrow-
licads, spear-heads and knives; and its use for such purposes by people
of Stone Age culture was widespread. In more advanced cultures,
obsidian was valued also for ceremonial purposes and for jewelry; and
some of the objects made from it show a high quality of handicraft.

Worked objects of obsidian have been found almost everywhere the
mineral occurs, in Italy, Greece, Czechoslovakia, Hungary, and Asia
Minor; and obsidian seems to have been an article of commerce as early
as the Bronze Age. It was used extensively throughout the Americas.
The obsidian ! of Yellowstone Park was well known to the Indians, and
was traded from tribe to tribe, often far from its place of origin. An
extensive collection of obsidian tools found in a burial mound near Chil-
licothe, Ohio, and now in the Field Museum of Natural History, in
Chicago, is considered to be made of obsidian from Mexico. Obsidian
blades have been found in Patagonia,® and obsidian mirrors in Ecua-
dor? Hardly an occupied site in all Mexico or Central Amcrica can
be found that does not furnish examples of obsidian.®* The flake knife,
which is found in great numbers in the Valley of Mexico, is the simplest
and most universal of the flaked forms. They were not made at the
quarry, as the edges of the blades were so delicate that transportation
would have subjected them to injury; therefore the selected nuclei were

-carried away, and the knives made wherever they were required. Tylor 8

1 The compositions of some obsidians and other natural glasses are given in Table TI1. 1,

2 Qutes, F. F., “La Edad de la Piedra en Patagonia’; Anal. Museo nac. de Buenos Aires,
5, 208 (1905).

8 Saville, M. H., ‘“‘Antiquities of Manabi”’; Irving Press, New York, 1907.

4 Holmes, W. H., Am. Anthropologist, 2, 405 (1900).
5 Tylor, E. B., ‘“Anhuae,” Longmans, Green, Longmans and Roberts, London, 1861.

9



10 THE PROPERTIES OF GLASS

gave the following free translation from Torquemada ® of a description
of making the flake knives:

“One of these Indian workmen sits upon the ground, and takes a
piece of this black stone, which is like jet, and hard as flint, and is a
stone which might be called precious, more beautiful and brilliant
than alabaster or jasper, so much so that of it are made tablets and
mirrors. The piece they take is about eight inches long or rather
more, and as thick as a man’s leg, or rather less, and cylindrical; they
have a stick as large as the shaft of a lance, and three cubits or rather
more in length; and at the end of it they fasten firmly another piece
of wood, eight inches long, to give morc weight to this part; then,
pressing their naked feet together, they hold the stone as with a pair
of pincers, or the vice of a carpenter’s bench. They take the stick,
which is cut off smooth at the end, in both hands, and set it well home
against the edge of the front of the stone, which also is cut smooth
in that part; and then they press it against their breast, and with the
force of the pressure there flies off a knife, with its point, and edge
on each side, as neatly as if one were to make them of a turnip with
a sharp knife, or of iron in the fire. . . . They come out of the same
shape as our barber’s lancets, except that they have a rib up the
middle, and have a slight graceful curve toward the point.”

These obsidian blades and razors were the most efficient tools for the
uses to which knives and scissors are put until well into the Age of
Iron.” Obsidian mirrors were of widespread use, and even ceremonial
masks were made from this hard material. The commonest use of
natural glass by primitive people was for arrow-heads and spear-heads;
and beautiful examples are fo be seen in many collections. The fash-
ioning of glass into arrow-heads and similar objects is not a lost art,
but has been taken up as a hobby by several people, who have found
that ordinary bottle glass is easier to work than obsidian. Arrow-heads
and spear-heads thus made from ordinary glass are to be seen in the
National Museum in Washington.

The Beginnings of Glass Manufacture

When glass was first made artificially is not known, but it must have
been early in the cultural history of mankind. Once the discovery of
fire-making had made accessible the regions of high temperature, the
beginning and development of the arts based on fire followed natu-
rally. It has been assumed that the discovery of glass came after, and
was a consequence of, the development of metallurgy; but it appears

® Torquemada, ‘“Monarquia Indiana,” lib, xvii, cap. i. BSee a correction of Tylor's iransla-

tion, Compt. rend., p. 47 (1026). Quoted also in Evans, Sir J., “Ancient S8tone Implements, Weapons
and Ornaments of Great Britain’’; D. Appleton and Co., New York, 1872.

7 MaoCurdy, G. G., Am. Anthropologist, 2, 417 (1900).



HISTORY AND DEFINITION 11

more probable that both metallurgy and glass-making were consequent
upon the development of the potter’s art. The firing of crude pottery
was the first step in the development of the arts based on fire, and from
this the development of glaze and thence of glass was a logical and
probable step. It may be, however, that the discovery of glass was an
independent occurrence. There is a great difference between a glaze
and a glass, and the development of one from the other is little, if any,
more probable than that each represented independent discovery. The
similarity arises of necessity from the chemical properties of the mate-
rial; the differences are more manifest to the non-technical observer.

Possibly the production of glass owes its beginning to accident. An
illustration of such a possibility is the glass, described by Velain®
formed by the burning of grain and the fusion of the ash, as the result
of fire caused by lightning. Such occurrences are not uncommon, and
Velain said that the masses of glass found in the ash were called “light-
ning stones” (pierres de foudre) by the French peasants, who believed
them to be the cause of the fire. Another illustration is in the fol-
lowing account of the origin of glass manufacture, as related by Pliny:®

“In Syria there is a region known as Phoenice, adjoining to Judaea,
and enclosing, between the lower ridges of Mount Carmalus, a marshy
district known by the name of Cendebia. In this district, it is sup-
posed, rises the river Belus, which, after a course of five miles, empties
itself into the sea near the colony of Ptolemais. The tide of this river
is sluggish, and the water unwholesome to drink, but held sacred
for the observance of certain religious ceremonials. Full of slimy
deposits, and very deep, it is only at the reflux of the tide that the
river discloses its sands; which, agitated by the waves, separate them-
selves from their impurities and so become cleansed. It is generally
thought that it is the acridity of the sea-water that has this purgative
effect upon the sand, and that without this action no use could be
made of it. The shore upon which this sand is gathered is not more
than half a mile in extent; and yet, for many ages, this was the only
spot that afforded the material for making glass.

“The story is, that a ship, laden with nitre, being moored upon
this spot, the merchants, while preparing their repast upon the sea-
shore, finding no stones at hand for supporting their cauldrons,
employed for the purpose some lumps of nitre which they had taken
from the vessel. Upon its being subjected to the action of the fire,
in combination with the sand of the sea-shore, they beheld trans-
parent streams flowing forth of a liquid hitherto unknown: this, it is
said, was the origin of glass.”

8 Velain, Ch., Bull. franc. Soc. mineral., 1, 113 (1878). For composition see Table III, 1.

® “The Natural History of Pliny’’; 6, 879, trans. by Bostock, J., and Riley, H. T.; Henry G.
Bohn, London, 1857.



12 THE PROPERTIES OF GLASS

The story is a plausible one. It has been doubted if sufficient heat
could be developed by an open fire as described, but these doubts are
not justified. Monroe !° found that a wood fire kept burning two hours
in the open air developed a temperature of 1200° C. (2200° F.). This
temperature would be sufficient to melt not only a soda-silica glass but
also a soft soda-lime-silica glass. The lowest-melting eutectic of soda
(Na»0) and silica (8102) is at 793° C., and of soda, lime and silica
725° C. At these low temperatures a long time would be required to
produce a clear glass, because of the great viscosity of the melt; but
that glass could be formed at the higher temperature shown to be avail-
able by Monroe 1° there can be no doubt. The discovery of glass manu-
facture could have been made in the manner related by Pliny; but
the dating of the oldest piece of glass indicates that the discovery took
place hundreds of years before the time of the Phoenician traders. |

The Glass of Antiquity

Where glass manufacture had its beginning is an open question. The
oldest piece of glass bearing a date is a large ball-bead with the car-
touche of Amenhotep (1551-1527 B.C.), now in the Ashmolean Museum,
Oxford. Glass made in Egypt at about this period, the Eighteenth
Dynasty, is plentiful; but earlier glass has been found whose dating is
unquestionable, and still other picces concerning the dating of which
there is some difference of opinion.

Much of our knowledge of ancient glass we owe to Sir W. M. Flin-
ders Petrie, who says:1!

“The earliest glaze known is that on stone beads of the Badarian
age in Egypt, about 12,000 B.C. This is green. That civilization
was Intrusive, probably from Asia. Green glaze was applied to
powdered quartz basis for making small figures about 9000 B.C., and
was ever after so common in moulded beads that it was certainly of
Egyptian manufacture.

“The oldest pure glass is a moulded amulet of deep lapis lazuli
color, of about 7000 B.C. Fragments of green opaque glass inlay
appear in the First Dynasty about 5000 B.C. Striped black and
white glass amulets came in the Eleventh Dynasty, about 3800 B.C.
An elaborate fused glass mosaic of a calf is in jewelry of 3300 B.C.
from Dahshur. Blue translucent beads appear about 1570 B.C. All
of these occurrences of dateable glass in Egypt were probably due
to importation from Asia.” In another place he says:?

“. . . not a single piece of glass was made in Egypt prior to about
1500 B.C. . . . There was certainly no evidence as yet as to the pro-

10 Monroe, W. L., “Window Glass in the Making,” 21, American Window Glass Co., Pitts-
burgh, Pa., 1926. .

1 Petrie, Sir W. M. Flinders, Trans. Newcomen Society, 5, 72 (1924-25).
12 Petrie, Sir W. M. Flinders, J. Soc. Glass Tech., 10, 229 (1926).
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duction of glass in Egypt until one came down to the period 1500 B.C.,
about which time one also came across sculptural records bearing
representations of Syrian workmen being brought into Egypt, carrying
with them the vases of metal or of glass which they had produced.
There was no question that the Syrians were far ahead of the Egyp-
tians up to this period in the matter of art and industry, and when
one remembers that examples of glass had been found in Syria—in
the Euphrates region—which could be definitely dated back to 2500
B.C., one had little difficulty in attributing to the Syrians the glass-
wares which were imported into Egypt prior to 1500 B.C.”

Lucas,'® however, says:

“At what period glass was first produced is uncertain, and there
is little doubt that it was made exceptionally and in small amount
before it came into general use, and when occasional early specimens
are found in Egypt there is no need to assume that they are of for-
eign origin and have been imported.”

Lucas gives evidence that many of the specimens considered to be
glass of early origin are not glass at all. For example, the bracelet of
the First Dynasty, found at Abydos,’* is turquoise. The mosaic of the
Twelfth Dynasty from Dahshur,” which is a small pendant with the
figure of an ox, is natural stone, in part lapis lazuli, in part rock crys-
tal. The small blue Hathor head !¢ in the University College Museum,
London, and the greenish glass bead in the Berlin Museum,!? both
found by Flinders Petrie, are undoubtedly glass; but Lucas implied
doubts as to their dating to the First Dynasty. However, there is no
doubt as to the dating of the “rich blue glass beads” from Deir el
Bahri®® found in the coffin of little Mait, a child queen of King Men-
tuhotpe (2196-2172 B.C.). Whether they represent native manufacture
or an importation is an open question, but they may be the oldest glass
of undisputed date found in Egypt.

Some evidence indicates that we must look to Asia Minor, probably
in Mesopotamia, for the beginnings of glass manufacture. Glass beads
were plentiful in the excavation of a cemetery of the Third Dynasty of
Ur (2450 B.C.), and Petric considers that there may have been centers
of glass-making in this region long before its production in Egypt.
Frankfort 1 found a cylinder of light blue glass, of excellent quality,
at Tell Asmar, northwest of Baghdad. “Our cylinder dates, at the

18 Lucas, A., ‘‘Ancient Egyptian Materials’’; Longmans Green and Cu., New York; Edwin
Arnold, London, 1926.

14 Vernier, E., “Bijoux et Ortvreries’’; Cat. Gen. du Musée du Caire, 1907.

15 Newberry, P. E., J. Egypt. Arch., 6, (1920).

16 Petrie, Sir W. M. Flinders, ‘‘Prehistoric Egvpt”; 1920.

17 Neumann, B., and Kotyga, G., Z. angew. Chem., 38, 776-80, 857-64 (1925).

18 Winlock, H. E., “Bull. Met. Museum of Art,”” New York, Part 2, p. 52 (1921).

10 Frankfort, H., “Iraq Excavations of the Oriental Institute, 1932-33"'; 55, Univ. of Chicago
Press, 1934.



14 THE PROPERTIES OF GLASS

latest, to the dynasty of Gutram, and more probably to the dynasty
of Akkad,” probably 2600-2700 B.C. The glass had a density of 2.463,
a refractive index of about 1.515; and it appeared surprisingly free
from striae or inclusions.

Whether or not the manufacture of glass was continuous in this
region is not known. The famous Sargon vase, inscribed with the name
of the Assyrian king Sargon II (722-705 B.C.), which was found in the
ruins of Nineveh and now is in the British Museum, is considered 20
to be of Egyptian origin. It was made of a translucent greenish glass,
and was evidently built up on a core, according to the technique preva-
lent at the time. The explorations of Thompson #! at Nineveh gave much
information of the state of the art at the time of Assurbanipal (668-626
B.C.), and his translation of certain cuneiform tablets, which appear to
be factory records, is of great interest. They give not only the Assyrian
names for various kinds of glass, but also directions and formulas for
their manufacture. The following excerpt shows the style of this ancient

treatise:

“When thou settest out the [ground] plan of a furnace for ‘min-
erals,’ thou shalt seek out a favourable day in a fortunate month,
and thou shalt set out the [ground] plan of the furnace, while they
are making the furnace, thou shalt watch [them], and shalt work
thyself [?] [in the house of the furnace]: thou shalt bring in embryos*
[born before their time] . . .: Another [?], a stranger, shall not
enter, nor shall one that is unclean tread before them; thou shalt
offer the due libations before them: the day when thou puttest down
the ‘mineral’ into the furnace thou shalt make a sacrifice before the
embryos: thou shalt set a censer of pine-incense, thou shalt pour
kurunnu-bber before them.

“Thou shalt kindle a fire underneath the furnace and shalt put
down the ‘mineral’ into the furnace. The men whom thou shalt bring
to be over the furnace shall cleanse themselves, and [then] thou shalt
set them to be over the furnace.

“The wood which thou shalt burn underneath the furnace shall be
styrax, thick decorticated billets which have not lain [exposed] in
bundles, [but] have been kept in leather coverings, cut in the month
of Ab.** This wood shall go underneath thy furnace.”

Translator’s Notes: *“This use of foetus or embryos in the prepa-
ration of the furnace is a question for the anthropologist rather than
the chemist. It may be mentioned, however, that Frazer (Immor-
tality, 2, 49, note) says abortions appear to be regarded as most

2 Kisa, A., “Das Glas im Alterthum”; 1, 102, K. W, Hiersemann, Leipzig, 1908,

# Thompson, R. C., “On the Chemistry of the Ancient Assyrians,” Luzac and Co., London,
1925. A page of the original text and a translation of a portion relating to the details of glass-
making are reproduced by Marshall, A, E., Bull. Am. Ceram. Soc., T, 5 (1928), and by Morey, G. W.,
Art and Archeology, 28, 199 (1929).
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malignant. . . . Clearly the Assyrian idea is that the spirits of
incomplete beings must be propitiated, on the grounds that they
would have some mysterious influence over incomplete substances,
i. e., the glass which s in progress of being made.”

**4“The glass-maker 1is here advised to use wood which will give
the maximum of heat; . . . it must have been cut in Ab, the hottest
and driest month of the year.”

In Ptolemaic and Roman times, there was a well-established glass
industry not only in Mesopotamia but also in Tyre, Sidon, Palestine and
Syria. It is not known whether this was the descendant of the native
industry or the result of the expansion of the Alexandrian glass industry.

The presence of a stable domestic glass industry in Egypt at the
beginning of the Eighteenth Dynasty is shown by the remains of glass-
works of that period,?? which are still to be seen. Hilprecht 2 con-
sidered that the end of this dynasty corresponded to the best period of
Egyptian art, especially in glass; and the composition of the glass of
this period gave a product more durable than that of later periods,
also requiring more technical competence in its manufacture. From this
time until the first part of the Christian Era, Egypt remained the chief
center of glass manufacture; and its glassware was distributed through-
out the world.?* The industry became centralized at Alexandria, from
which place, under the stimulus of the Ptolemaic revival, it was carried
to Syria, Palestine, Greece, and Italy.

The first mention of glass in India was in the time of the Singalese
kings, doubtless as the result of the contacts with that region established
by Alexander. Until recently 23 it was believed that the first glass in
China was imported from Alexandria, and that glass-making was intro-
duced subsequent to that time. Recent work, however, has shown 26
that glass, probably of native manufacture, was used for decorative pur-
poses in China in 550 B.C. Both barium oxide and lead oxide have been
found 7 in these ancient Chinecse glasses, which range in density from
325 to 5.25. Barium oxide is not known otherwise as a constituent
of ancient glasses; and later Chinese glasses, of T’ang times, were of the
common soda-lime-silica and soda-lime-lead oxide-silica types.

The earliest glass-making differed in its chief purpose from glass-

22 Newberry, P. E., J. Egypt. Arch., 6, (1920).

 Hilprecht, H. V., ‘“‘Explorations in Bible Lands’’; Philadelphia, 1903.

* The blue glass bead found at Aghnaskeagh, County Louth, Ireland, and dated to about
500 B.C. [O'Riorda’in, 8. P., Discovery, 16, 100 (1935)] may be of Egyptian origin.

¥ Barton, G., “Introduction to the History of Science,” 1, (Publication No. 376, Carnegie Insti-
tution of Washington); Williams and Wilkins, Baltimore, 1927.

% Barton, G., Isis, 25, 73 (1038). White, W. C., “Tombs of Old Lo-yang”; Shanghai. Kelly
and Walsh, 1934,

# Beck, H. C., and Seligman, C. G., Nature, 133, 082 (1934). Beligman, C. G., Ritchie, P. D,,
and Beck, H. C., Nature, 138, 721 (1938).



16 THE PROPERTIES OF GLASS

making of today. Glass appears to have been used first as a gem,
probably on a parity with natural gems, not as an imitation of them,
for in these early days of glass-making the man-made product would
have surpassed in rarity cven the natural gems. As late as Ptolemaic
times glass gems were among the most prized possessions; and even
today glass is used extensively for ornamental jewelry. The glass used
for the purpose by the Egyptians was usually colored. Because of
its low refractive index, it lacked the brilliancy of glass now made for
jewelry from the highly refractive “Strass paste.”

Glass was used later for hollow vessels, especially unguent jars and
small vases, which were not blown, but molded. The process was labo-
rious and of limited scope. A core of sand was built up on a wooden
or metal rod, then covered with glass by building up bit by bit with
the viscous glass not much above its softening temperature. Later, prob-
ably about 1200 B.C., another technique was developed, that of press-
ing glass into open molds. By this means shapes such as bowls, dishes
and cups, which could not be made by the sand-core process, were added
to the repertory of types which were at the disposal of the glass-maker.
Some of the objects made by these two processes were of surprisingly
intricate design and showed excellent craftsmanship. The dress of a
figured subject sometimes consisted of as many as 100 to 150 pieces of
colored glass, drawn out until the threads were no more than a thousandth
of an inch in thickness. In making the well-known “millefiori” glass
threads of many colors were fused into a rod, so that the cross-section
showed a colored pattern. This was then cut into dises, which were laid
side by side and rolled into a matrix of colorless, transparent glass. The
resulting mosaic was then worked up into vessels by the ordinary

processes.

Transparent glass was rare, the quality of transparency not being
important for the uses for which glass was intended. White opaque glass
was made in the Eighteenth Dynasty by the use of tin oxide. Blue
glass was used cxtensively; and its color usually was due to copper,
which gave a turquoise blue, very different in hue from the dark
cobalt blue glass common today. According to Neumann,?® cobalt was
not found in any Egyptian glass; and the only ancient glass in which
it has been found is a single specimen from Nippur, dated at about
1400 B.C. Copper was also the coloring agent in red glass, but the
effect obtained resembled jasper, not the copper ruby of more recent
times. Green glass also was colored with copper or iron. Table I. 1 gives
the compositions of a number of antique glasses, most of which repre-
sent analyses by Neumann and his co-workers.

# Neumann, B., Chem. Ztg., 51, 1013 (1927).
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Invention of Glass Blowing

The invention of glass blowing caused an industrial revolution, which
changed a luxury into a necessity. Glass had been used only for small
and precious articles, but the process of blowing glass with the aid of
a blowpipe made possible the production in quantity of a better and

TasLe 1. 1—Compositions of Some Antique Glasses
After Neumann

No. 8i0, Na.O K.0 MgO  CaO AlO3  FesOy MnyOs CuO S0,
1 61.70 17.63 158 514 1005 245 0.72 047 032 ...
2 62.71 20.26 452 9.16 147 0.96 cee cee 0.92
3 63.86 22.86 080 418 786 0.65 067  trace ... v
4 6595 2030 0.96 1.37 6.89 249 0.28 097 e 1.08
5 67.82 13.71 234 230 403 438 . 1.12 1.96 0.98
6 64.10 1826  0.77 130 606  3.59 . 138 118 1.53
7 63.20 16.57 134 220 710 377 . 0.74 . 1.10
8 68.48 1495 283 528 571 0.70 . e 0.54
9 69.82 13.51 218 409 5.79 140 1.80 041 036 096

10 67.80 16.08 208 2389 3.80 322 092 0.54 1.51 1.01

11 67.03 10.12 1.82 493 7.83 248 1.88 2.64 0.79 0.75

12 65.03 17.37 1.65 2.52 5.65 2.13 0.97 0.65 1.94 1.70

13 64.41 1398 237 5.59 6.19 1.52 136 ... 2.60 1.28

14 62.70 15.21 2.12 329 880 3.82 107 0.83 100 094

Dark blue translucent fragment, 1400 B.C., Tell-el-Amarna.

Light yellow translucent glass, 1400 B.C., Tell-el-Amarna.

Transparent red, colorless, contains bubbles, 1400 B.C., Tell-el-Amarna,

Colorless fragment, outside strongly decomposed, 1st to 2nd century A.D., Elephantine.
Dark blue translucent, 1500 B.C., Thebes.

Dark blue, slightly transparent Roman glass, 2nd century A.D. Also contains FeO, 1.59.
Dark green translucent, 1500 B.C., Thebes. Also contains FeO, 1.43; SnO., 1.98.

Window fragment, Samarra, 9th century A.D. Also contains FeQ, 0.91; PbO, 0.95.
Rose-colored fragment, Nippur, 250 B.C.

10. Dark blue transparent, Egyptian, from Gorub Medined, 1500 B.C.

11. Deep blue transparent Egyptian, from Gorub Medined, 1500 B.C. Also contains SnO,, 0.39.
12. Babylonian-Assyrian, Nippur, 1400 B.C. Also contains CaO, 0.93; PbO, 0.19.

13. Babylonian-Assyrian, Nippur, 1400 B.C. Also contains SnO,, 0.32.

14. Dark blue, transparent, Egyptian, from Gorub Medined, 1500 B.C. Also contains SnQ,, 0.41.

PRNI@ R

cheaper article. The time and place of the first free glass blowing is
not certain. It formerly was thought to have been in the Twelfth
Dynasty, because of representations at Beni Hasan, showing workmen
manipulating what was thought to be a blowpipe before a fire. These
so-called “blowing tubes” are now 2? known to represent hlowpipes which
were used for metal working; and the supposed lumps of glass, colored
bright greenish-grey, were the fireclay ends of these tubes. Kisa 3° dated
the invention to a little before the beginning of the Christian Era,
between the end of the Ptolemaic period and 20 B.C.31

Harden,? in a discussion of the glass of this period, says:

® Partington, J. R., “Origins and Development of Applied Chemistry'’; Longmans, Green, Lon-
don, 1935. Diergart, P., Glastech. Ber., 14, 422 (1936). ! gmans, r O

® Kisa, A., “Das Glas im Alterthum’; 1, 208, 299, Leipzig, 1908,

“Neumann, B., Z. angew. Chem., 41, 203 (1928), cited evidence to show that the art of
glass blowing was known in Babylon in 250 B.C.

2 Harden, D. B., “Greece and Rome,” 3, 140 (1934).
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“. . . It was a short road thereafter that led first to blowing glass
in moulds that bore elaborate patterns, and then to blowing vessels
at the end of the blowpipe—in other words, free-blown glass.

“These developments must have occurred about the beginning of
the Christian Era, and are probably due to workers on the Syrian
coast. There is a group of mould-blown vases belonging to Syrian
workshops of about that time, many examples of which bear signa-
tures of artists in Greek characters as part of the moulded design.
The two best names are Ennion and Artas, and their vases have been
found on both eastern and western Mediterranean sites. These Syrian
craftsmen were undoubtedly among the very first makers of mould-
blown glasses, and it is highly probable that one of their members
invented the process.”

This advance in technique was accompanied by, or immediately fol-
lowed by, an improvement in glass quality. While some excellent glass
was made as early as the Eighteenth Dynasty, most of the antique glass
was crude. The qualities of transparency and freedom from color were
unimportant or undesirable for imitations of precious stones, or for
inlays and plaques; but with the invention of glass blowing, and the
extension in the uses for which glass was suitable, these qualities at once
became desirable. The glassware of the early Roman Empire shows
great improvement over that of its predecessors. Pliny 33 stated:

“8till, however, the highest value is set on glass that is nearly
colorless or transparent, as nearly as possible resembling crystal, in
fact. For drinking vessels glass has quite superseded the use of sil-
ver and gold.”

The rapid expansion of glass manufacture was in part the result of
the invention of glass blowing, but it could not have taken place but for
the commercial stability afforded by the Roman Empire. Glass manu-
facture spread throughout the Empire, not only to Egypt and Syria, but
also to Greece, Italy and the Western provinces of Gaul and the Rhine-
land. There is a plentiful supply of glass of the period. The glass-
workers were masters of their craft. In 220 A.D., Alexander Severus laid
a tax on the glass manufacturers of Rome, who were so numerous that
a section of the city was assigned to them.

Glass had become a common material of the household, used for
tableware, toilet bottles, and unguent vases, for storage of wine and
other liquids and for seals and signets. The first use of glass for win-
dows was mentioned by Lactantius, at the close of the third century.
The use of glass for funerary furniture reached its height in the first and
second centuries A.D. The Portland vase, now in the Gold Room of
the British Museum, is a splendid specimen of this period of Roman
art. It was found in 1550 in a tomb of the third century A.D., but it

3 “The Natural History of Pliny,” trans. by Bostock, J., and Riley, H. T. 6, 382, Hi
G. Bohn, London, 1837. o ’ mry
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probably was made in the first century. The scene, which is cut out
of a layer of white opaque glass, stands out from a deep blue background.

There is not much information concerning glass in the period from
the fall of Rome to the eleventh century. The disturbed political and
social conditions consequent to the overthrow of the Roman Empire by
the Germanic tribes undoubtedly caused a decadence in glass manu-
facture in Western Europe and the migration of the center of the industry
to the Eastern Roman Empire. The comparative scarcity of glass
objects in this period, as contrasted with that immediately preceding, is
due also, in part, to the influence of the Christian religion in abandoning
the use of funerary furniture, the source of many of the glass relics of
the preceding period. No written records of Western European glass
manufacture during this period are known. Heraclius, in the second
half of the tenth century, gave many details concerning the manufacture
of glass. It is probable that his account represents an industry which
had continued from the days of the Empire. Theophilus Presbyter, in
the twelfth century, gave an extended discussion of glass manufacture,
a discussion which probably reflects the influence of the Venetian renais-
sance, superimposed on the traditions of the previous five centuries.

After the break-up of the Roman Empire, glass manufacture was
carried on in the Eastern Empire. The Byzantine workers were espe-
cially adept in making colored glass and mosaics. It has been suggested
that the art of making stained glass owes its origin to Greek workers
of this period. If so, it soon was introduced into France, and Theophilus
regarded it as a French art. Gregory von Tours (593 A.D.) and Bishop
von Protus (609 A.D.) used colored glass for glazing, and a century
later glass was imported to England.

Adalberon, Bishop of Rheims, used colored glass windows, designed
to represent biblical scenes, when rebuilding the cathedral in 969-988
A.D. This is one of the earliest records of the use of stained-glass win-
dows. However, it is not to be supposed that the first stained-glass
windows were those at Rheims, nor that the art of making stained
glass developed before the more utilitarian use of glass to keep out the
weather. It is more probable that the use of glass for windows spread
slowly and continuously after its introduction, and that the lack of rec-
ord of such use is part of the scarcity of historical records in the period
from the third to the ninth century.

These so-called Dark Ages were a period of intellectual vigor in the
Islamic world, and glass manufacture benefited from the spirit of the
age. It was during this period that the use of glass for weights 3¢ was
developed to the highest accuracy by the Arabs. These apparently were
not made until about 300 A.D., reached their highest accuracy about

3 Petrie, Bir W. M. Flinders, Trans. Newcomen Soc., 5, 72 (1924-5).
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780, and by 1300 had been abandoned. The manufacture of glass was
mentioned by Jabir ibn Haiyan (the “Latin Geber”) about 776. More
research is needed on this period of the history of glass in Islam.

Probably as an indirect result of the Crusades and of the fall of the
Eastern Empire, glass manufacture in Venice entered a period of develop-
ment about the beginning of the eleventh century which soon made
that city the center of the glass industry, which dominant position it
maintained for at least four centuries. The phrase “Venetian glass” still
is used to designate a type of blown ware, and the name is still some-
times associated with a tradition of quality. Glass manufacture in
Venice became a large-scale industry, which was jealously protected as
a monopoly. An elaborate guild system was set up in 1279, which pro-
vided for a system of apprenticeship requiring cight years for its com-
pletion. In 1291 the glass works were moved to the island of Murano,
a separate borough of the city, and drastic measures were taken to
prohibit the exportation of scrap glass, called cullet, and the emigration
of workmen.3® Syrian craftsmen were imported, who brought with them
technical recipes and procedures from Byzantium and the Egyptian
orient. The technical excellence of the Venctian glassware gives evidence
of the highest degree of craftsmanship, and the beauty of its design has
never been surpassed. New types of ware were developed, notably
the crackled ware. The art of “silvering” mirrors with mercury was
known in Venice in 1369, although not invented there, and Venctian mir-
rors were for many years the standard of excellence.

Although glass manufacture probably persisted in many placea‘
through the Dark Ages, it spread rapidly from Venice in the following
centuries. Concerning this period we have much information. Techni-
cal details of glass manufacture and furnace construction were given by
Agricola.?® Of special importance is the book by Neri, “L’Arte Vetra-
ria,”? published in Florence in 1612, later reprinted and annotated by
Merrett and Kunckel, which is a treasure-house of glass history. Here
are described the use of lead oxide and of borax, which did not become
common glass constituents until later, and of arsenic oxide as fining
agent. Several colored glasses are described, including the most splen-
did of all, gold ruby.*

8 “Three days after, I returned to Venice, and passed over to Murano, famous for the best
glass in the world, where, having viewed their furnaces, and seen their work, I made a collection
of divers curiosities and glasses, which I sent to England by long sea. It is the white flints from
Pavia, which they pound and sift excecedingly small, and mix with ashes made of a sea-weed
brought out of Byria, and a white sand, that causes this manufacture to excel.” ‘‘Diary of John
Evelyn” (Everyman’s Library, No. 220); J. M. Dent, London; E, P. Dutton, New York. The
extract deals with the year 1645.

 Hoover, H. C. and L. H., “Georgius Agricola, De Re Metallica”’; London, 1912,

8 Neri, A., “L’Arte Vetraria”; Florence, 1612; 2nd edition, 1661; reprinted in Venice, 1878;

Latin tranlation, Amsterdam, 1668 and 1686; English translation by Merrett, 1662; German edi-
tion, 1679 and 1689; French translation, 1752.

* See footnote, Chapter XVI, p. 438.
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The Modern Period in Glass Manufacture

This great work by Neri, “L’Arte Vetraria,” was the beginning of the
scientific approach in glass technology. While science in its modern
sense was still far in the future, and while the scientific treatment of the
problems of glass technology is largely the accomplishment of this gen-
eration, nevertheless the basis was laid in the assembly of facts in this
monumental volume. Neri was a priest, and presumably his interests
were largely academic. Merrett, an English physician and a member
of the Royal Society, brought to the work not only the technique of a
different nation, but also the critical viewpoint of a scientist. Kunckel,
a glass-maker of no mean scientific ability, descended from a family of
glass-makers, brought not only a further development in technique, but
also the practical touch which made “I.’Arte Vetraria” a classic of chemi-
cal technology.

From this period the development of glass was rapid. Factories
multiplied in Europe, and glass beeaine more and more a part of every
man’s life. In 1600 the art of cut glass was developed. In 1615 the
use of coal instead of wood for fuel was discovered in England. Another
English invention, flint glass, was made in 1675. “Flint glass” is a term
having two different meanings. Sometimes it merely refers to any clear
glass, for example clear glass bottles used for dispensing drugs. The
flint glass invented in 1675 is a type containing lead oxide as its charac-
teristic ingredient. The name “flint glass” comes from the use of a pure
silica in the form of flint by the carly makers. In the later development
of optical glass, the term “flint” came to be applied to glasses possessing
a higher refractive index and greater dispersive power than the “crown”
glasses, as indicated in Fig. XVI. 10. The optical flint glasses contain
lead oxide.

The awakening interest in chemistry manifested in the cighteenth
century naturally included glass, but the inhibiting influence of the
phlogiston theory, based on an erroneous conception of calcination and
combustion, prevented any theoretical progress. Sir Isaac Newton,
in 1681, replaced lead oxide by zinc oxide. A real advance in this
period was made in the selection and purification of raw materials.
In addition, Swab and later Scheele and Lavoisier investigated the chemi-
cal durability of glass when exposed to the corroding action of water
and of weak acids.

In the progress of glass manufacture during the nineteenth century,
the type known as optical glass played an important part. Glass used
for optical instruments of precision is a small part of the total glass pro-
duction; yet the developing of glass sufficiently perfect to meet the exact-
ing requirements of optical instruments of precision has contributed
enormously to our ‘knowledge of glass technology, and has played an
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important part in the development of all types of glass. It differs from
ordinary glass in two particulars.

One difference is its freedom from physical imperfections. It must
be free from unmelted particles, or “stones,” from bubbles, and from
chemical inhomogeneity, which gives rise to regions of variable refrac-
tivity, known as “cords” or “striae”; and it must be thoroughly annealed.
Chemical homogeneity is obtained by stirring the molten glass, a process
discovered about 1790 by a Swiss watch-maker, Pierre-Louis Guinand.
The process was long kept a profound secret. His son, Henri Guinand,
became associated in Paris with Bonteps, director of the glassworks of
Choisy-Le-Roi. The partnership was not successful, and in 1848 politi-
cal troubles caused Bonteps to go to England, where he became asso-
ciated with Chance Brothers, who still are among the best-known manu-
facturers of optical glass. Henri Guinand continued the manufacture
of optical glass in Paris with great success. He was followed by his
grandson, M. Feil, and later by Ch. Feil, who became associated with
E. Mantois; and this association later developed into the famous glass
house of Parra-Mantois. Thus, both the invention and the development
of a homogeneous glass suitable for optical purposes were due to Guinand
and his descendants. The necessity of chemical homogeneity in glass
for optical purposes was manifest, but it is only recently that its desira-
bility in ordinary glass has become evident; and improvement in this
respect of all types of glass is now receiving attention from manu-
facturers.

The second characteristic of optical glass is the wide range of refrac-
tive index and dispersion. The designing of lenses capable of producing
undistorted images requires the use of glasses differing in their optical
properties; and in the search for such glasses extensive studies on the
effect of the incorporation of new ingredients have been made. This sys-
tematic search, begun about the beginning of the nineteenth century, has
contributed largely to our understanding of glass.

Faraday’s researches ®® on the manufacture of optical glass are a
classic of the early period of the nineteenth century. His characteriza-
tion of glass “rather as a solution of different substances one in another
than as a strong chemical compound” indicates his chemical insight.
Faraday worked especially with the use of boric oxide as a constituent
of glass. Harcourt, later associated with Stokes, studied the modifica-
tion of glass properties by a systematic variation in composition and by
the introduction of new components. None of these studies led to com-
mercial developments.

The outstanding study of the properties of glass as affected by com-
position was that of O. Schott; and this study inaugurated a new period in

@ Faraday, M., Trans. Roy. Soc. (London), part 1, 1 (1830); ‘“Experimental Regearches in
Chemistry nnd Physics,” 231-291, London, 1859.
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the history of glass. He was associated with E. Abbé, whose insight into
the qualities necessary for the improvement of optical systems, and whose
genius for making use of the new glasses developed by Schott, con-
tributed largely to the success of the association and of the famous glass
house of Schott und Genossen at Jena. Also associated with Schott was
Winkelmann, whose studies on the mechanical properties of glass as
affected by their composition produced a wealth of data which is still
unequalled. The measurements of Table 1. 2, made on glasses whose
compositions are given in Table III. 4, are largely the result of the col-
laboration of Schott and Winkelmann.

More recent developments can be considered only briefly. The
revolution in glass manufacturing methods which has taken place in
the twentieth century, especially in the last two decades, has trans-
formed the industry from one dependent on the skill of the individual
workman, working under crude conditions and with a material imper-
fectly understood, to one dominated by continuous machine production,
precisely controlled by the application of scientific methods.

The methods used in the manufacture of glass are those made neces-
sary by the high temperatures required to melt the ingredients and by
the corrosive action of the molten glass on the containers, especially
during the reaction period. The best materials available for both
furnaces and containers for melting glass are refractories containing
as their essential constituents silica, the preponderating oxide in most
glasses, and alumina, a common glass constituent. The refractory is
dissolved by the glass, and the process tends to continue until the
refractory is destroyed. In recent years the lifc of glass-makers’
refractories has been greatly increased by replacing the traditional
refractories, containing from 20 to 40 per cent alumina, and made of
clay or similar materials, by the newer “mullite” type, containing 70
per cent or more of alumina.

In primitive times melting was done in clay pots heated by a wood
fire; and the wood-burning furnaces used in Egypt during the Eighteenth
Dynasty, although smaller, resembled those described by Theophilus,
Agricola and Neri. With increasing technical competence the design
of the furnaces for burning wood was improved; then, as the forests
became depleted, coal was substituted for wood, and this was replaced
in turn by natural gas and oil. Melting pots gradually increased in
size from those used by the early Egyptians, which were only two or
three inches in depth and diameter® to modern plate-casting pots
holding upwards of three tons of glass.

Today most glassware made on a large scale is manufactured by
automatic machines, and fed from tank furnaces, in which the furnace
itself serves as a container for the fluid glass. Such furnaces are of

# Petrie, Sir W. M. Flinders, “Tell-el-Amarna,” 18, Methuen, London, 1804.
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either the regenerative or recuperative type, fired by gas or oil, with
the fuel ports arranged along the sides or at one end so as to direct the
flames out over the glass pool. The whole is covered with a low refrac-
tory roof, either domed or arched. The raw materials are fed in at one
end of the tank, and the glass withdrawn at the other. A partition or
“bridge wall” usually separates the tank into a “melting end” and a
“working end.” A “throat” through the bridge wall connects the two
ends under the surface of the glass. Those parts of the tank which
are in contact with the molten glass are made of refractory pieces known
as flux blocks, which must be as resistant as possible to the corrosive
action of the glass. This problem of corrosion resistance probably has
been solved more successfully for tank blocks than for pots used in the
intermittent melting process.

Pot melting of glass is used at present only in the smaller hand-
production factories, or for special glasses made in small quantity or
requiring an oxidizing atmosphere. In most operations the pot is used
repeatedly until destroyed by solution or breakage. Almost all optical
glass is made in pots, a new one being used for each melt. In the manu-
facture of plate glass by this method, the pot of glass is removed from
the furnace, the contents cither poured onto an iron casting table and
rolled to uniform thickness with an iron roller, or flowed onto large
power-driven rollers through which the plate flows onto a moving table
beneath. The plate is then annealed, ground and polished. Most plate
glass today is drawn in continuous sheets directly from a tank.

Until recently, window glass was made by hand either by the
“Crown” or the cylinder process. In the Crown process, a large, some-
what spherical, globe was blown on a pipe. Opposite the pipe the globe
was flattened, and a solid iron rod, called a punty, was fastened to the
flat part. The neck of the globe was cracked off at the pipe, after which
the glass, supported by the punty, was re-heated. By rapid rotation
the globe was opened gradually and turned outward until a flat disc of
glass was produced, an operation requiring great skill and manual dex-
terity. The disc was placed then on a bed of warm sand, the punty
detached, the disc transferred to an annealing oven, and, after cooling,
cut into square or rectangular panes. The thick section to which the
punty was attached was the “bull’s-eye,” which is now sought by
collectors.

In the cylinder process, the blower made a large cylinder, which was
split open and flattened by re-heating. This process was superseded
by one in which larger cylinders were drawn by machine, and split open
as before. The cylinder process has been replaced largely by flat drawn
glass, drawn directly from the tank in a continuous sheet. This is an
illustration of a common trend in the mechanization of the glass industry.
The hand process was replaced first by a machine which imitated,
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often in great detail, the methods used by the hand operative. This
machine was replaced in turn by far more efficient processes which, dis-
regarding precedent, and utilizing to the full the characteristic proper-
ties of glass, obtained the desired result by much simpler methods.

The manufacture of hollow ware, one of the large branches of the
glass industry, is almost entirely mechanized. Bottles, fruit-jars, tum-
blers, lamp chimneys, lantern globes, electrie light bulbs and radio tubes
are made by machine on an enormous scale. Heavy ware, such as signal
lenses, cooking ware, flat plates and electrical insulators is pressed in
cast-iron or alloy-steel molds, into which the glass is fed either by hand
or by automatic feeders. Standard shapes of laboratory ware often are
made by machine, but special apparatus is fashioned by the glass-blower.

The period since the World War has been especially productive in
advances in the glass industry, both in improvements in technical proc-
esses and methods, and in the increase in our knowledge of the funda-
mental scientific background of glass technology. Much of this increase
in knowledge was the direct product of the enforced extension of the
optical glass industry during the War. Optical glass is one of the key
materials of civilization, and during the War it was recognized as one
of the essential munitions. The enormously increased requirements led
to the extension of the optical glass industry, and the removal from it
of the veil of mystery in which it had been deliberately enveloped since
its beginning. Partly as the result of war-time necessity, and partly
as the result of the appreciation by the glass manufacturers that the
soundest foundation for a strong industry is the understanding of its
fundamental scientific principles, there have been published extensive
and thorough studies of the relation between the composition and
physical properties of all kinds of glass. Studies of the phase equilib-
rium relations in glass-forming systems have given us an understanding
of why glass can be manufactured and worked, and of what the chemi-
cal relationships are that set limits to the compositions of matter obtain-
able as glass.

These relationships between composition and properties form the
subject matter of the subsequent chapters, in each of which the infor-
mation in the literature is summarized, and to some extent discussed
critically. The treatment throughout is based primarily on chemical
composition, and measurements on glasses of known composition are
quoted whenever possible. Much of this information deals with simple
glasses, prepared to ascertain the effect of change in composition on
properties, for it is only by systematic experimentation, varying but one
factor at a time, that unexceptionable generalizations can be developed.
Measurements on multi-component commercial glasses also have been
included, especially when the composition is known. Table I. 2 contains
a collection of such measurements. With the exception of Pyrex chemi-
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cal resistant glass, all of these glasses were made by Schott u. Gen. at
Jena, and were studied by Schott, Winkelmann and their collaborators.
The compositions of these glasses are in Table II1. 4A, and they are men-
tioned frequently in the following chapters.

The Glass Industry

Statistics of glass production in the various countries, given in
Table I. 3, show the magnitude of the industry and its cosmopolitan
character. These statistics were compiled by the Bureau of Foreign
and Domestic Commerce, Department of Commerce, Washington, D. C.
They are the first attempt to obtlain a world-wide statistical picture
of the glass industry.

TuE DEFINITION OoF GLASS

In the preceding historical section a general knowledge of what glass
is has been assumed. Glass is so commonplace a part of every-day
experience that a definition is almost unnecessary; yet the term has been
applied to such a variety of substances that some preliminary indication
should be given as to the type of substance whose properties are to be
considered in the following chapters.

One of the early definitions of glass was given by Merrett in
the commentaries ** accompanying his translation of Neri's “L’arte
Vetraria’:

“Glais is one of the fruits of the fire, which is moit true, for it
is a thing wholly of Art, not of Nature, and not to be produced with-
nout {trong fires. I have heard a fingular Artifts merrily to this pur-
pofe fay, that their profe{fion would be the la§ in the world: for
when God fhould confume with fire the Univerie, that then all things
therein would Vitrifie and turn to glafs. Which would be true upon
{fuppo{fition of a proportionable mixture of fit Salts, and Sand or
Stones.

“"Tis much like all fort of mineral or middle mineral. I find
Authors differ much about referring Glafs to it’s Species. Agricola,
lib. 12. de Metallis, maketh it a concrete juyce, Vincent Belluasensis,
lib. 11. calls it a {tone, Fallopius reckons it amongit the Media min-
eralia, and the workmen, when it is in a {tate of fufion call it metall.
But to me it feems neither of thefe, which this generall Argument
{ufficiently evinceth, that all the forementioned are natural concretes,
but Glass is a compound made by Art, a produ& of the fire, and never
found in the bowels of the earth, as all the others are. . . . But to
fhorten this comparifon, I fhall here fet down the proprieties of glais,
whereby any one may easily difference it from all other bodies.

... . % Merrett, C., ‘““The Art of Glass, written in Italian by Antonio Neri, and translated into Eng-
lish, with some Observations on the Author’; 208, 214, Octavian Pulleyn, London, 1662.
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TasrLe I. 3—Estimated World Production of Glass and Glass Products *
(Values have been converted into U. 8. Dollars)

Official Statistics Unless Otherwise Noted

Producing ~—Production (000 omitted )— No. of Estab-

Country Year Metric Tons Value (U.5.$) lishments Employment
United States ...... 1935 2,948 ° 283,925 213 67,100
Germany .......... 1935 7001 132,400 °® 300 * 85,1007
United Kingdom ... 1934 77510 76,000 1257 43,000
Rumania .......... 1930 500 ¢ 40,000 * 63 ¢ 6,000 ¢
Czechoslovakia 1935 148 * 29,000 * 200 22,000 *
France ............ 1937 476 ° 28,000 © 147 ¢ 38,000 ©
Belgium ........... 1935 235* 25,000 125¢ 28,500 ©
Italy .............. 1935 100 ¢ 25,000 500 28,000 ©
Japan ............. 1935 500 ¢ 20,000 696 23,866
Soviet Russia ...... 1935 600 11,000 71,000
Canada ............ 750 10,000 68 3,100
Sweden ............ 65 7,156 58 5,000
Australia .......... 85 ¥ 7,000 ¢ 3 4,000 ©
Poland ....... 97 6,000 60 10,000
Netherlands 75° 5,000 © 10 5,000 ¢
Yugoslavia 45°¢ 3,500° 6 1.500 ©
Denmark .......... 25" 2,000 5 1,163
Norway ........... 12 1,350 H 855
Ching ............. 15°¢ 1,144 ¢ 40 ¢ 4,000 ¢
Spain  ............. 30° 1,000 © 150 © (m)
Portugal ........... 10 1,000 7 (m)
Austria ............ 10°¢ 4,000 © 10° 2,500 ©
Latin America ..... 1935 100 © 11,000 105 17,000 ©
Total (estimated)... 8,000 800,000 3,000 500,000

Basis of Estimates:
a Known relationship to exports.

b Fuel activity in relation to previously compiled data.

¢ Trade estimates.

d Value per ton as indicated by exports.

e Known relationship to imports.
f Lists of manufacturers.

£ Metric ton valued at $80.

h 140 per cent of sand consumption.

1 54 per cent of average (40,000).

J 85 per cent of 1928 total.

k Unofficial domestic rate of ruble $.03.
m No basis for estimate.

World Trade in Glass*
(Vulues converted into U. S. $1,000)

Country of Export 1929
Germany ................ 59,014
Czechoslovakia .......... 40,804
Belgium ................. 42,023
United States ............ 10,931
United Kingdom ........ 11,000
Japan .......... ... 6,090
France .................. 21,281
Austria .................. 2,287
Netherlands ............. 3,557
Ttaly ...oooooeeiiiiiii 2,032
Sweden .................. 1221
U.8.8R................ 2,200
China ................... 600
Australia ............... 175
Others (estimated) ...... 1,765
Total (estimated) ....... 205,000

Per cent
of Total
World’s
Fxports

29
20
21

[y
DD = O O

—

Per cent Approximate
of Total Iger cent
World’s of Local
1936 Exports  Production
55,387 41 40
24,138 18 80
18,641 14 75
8,264 6 3
7,800 6 10
7,438 5 40
5,870 4 20
2,187 2 50
1,742 1 35
1,109 1 4
1,062 1 B!
720 6
372 30
320 5
450
135,500

*From ‘“World Production and Trade in Glass’—Bureau of Foreign and Domestic Commerce,

U. 8. Department of Commerce.
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“1 ’Tis a concrete of {alt and fand or {tones.
2 ’'Tis Artificial.
3 It melts in a {trong fire.
3 When melted ’tis tenacious and fticks together.
4 Tt wasts not no confumes in the firc.
5 ’'Tis the laét effe& of the fire.
6 When melted it cleaves to Iron, &e.
7 ’'Tis duectile whilft red hot, and fafhionable into any form,
but not malleable, and may be blown into a hollownef{s.
8 Breaks peing thin without annealing.
9 'Tis friable when cold, which made our proverb, As brittle
as glafs.

10 ’Tis diaphanous either hot or cold.

11 'Tis flexible and hath in threeds motum rectitutionis.

12 Cold and wet difunites and breaks it, efpecially if the liquors
be faltifh, and the gla{s suddainly heated.

13 1t onely rcceives feulpture, and cutting, from a Diamond or
Emery {tone.

14 ’Tis both coloured and made Diaphanous as pretious {tones.

15 Aqua fortis, Aqua Regis, and Mercury, diffolve it not as
they do Metalls.

15 Acid juyces nor any other thing extra¢ either colour, tat,
or any other quality from it.

16 It receives polifhing.

17 It lofeth nor weight, nor {fubftance, with the longeit and
moft frequent ufe.

18 Gives fufion to other Metalls and foftens them.

19 Receives all variety of colours made of Metalls both exter-
nally and internally, and therefore more fit for Painting than any
other thing.

20 ’'Tis the most plyable and fafhionable thing in the world,
and beft retains the form given.

21 It may be melted but ’twill never be calcined.

22 An open glafs fil’d with water in the Summer will gather
drops of water on the outfide, {o far as the water reacheth, and
a mans breath blown upon will manifeftly moiften it.

23 Little balls as big as a Nut fill'd with Mercury, or water,
or any liquor, and thrown into the fire, as alfo drops of green glafs
broken fly af{funder with a very loud & moft {harp noife.
© 24 Wine Beer nor other liquors will make them mufty, nor
change their colour nor ruft them.

25 It may be cemented as Stones and Metals.

26 A drinking Glafs fill'd, in part with water (Being rub’d on
the brim with the finger witted.) yiclds Mufical notes, higher or
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lower, according as ’tis more or lefs full, and makes the liquour
frisk and leap.”

“The Century Dictionary”# gives: “A substance resulting from the
fusion of or combination of silica (rarely boracic acid) with various
bases. It is usually hard, brittle, has a conchoidal fracture, and is more
or less transparent, some kinds being entirely so.”

The “New Standard Dictionary”#2 gives: “A fused mixture of silica,
usually in the form of natural sand, and two or more alkaline bases such
as soda, lime, or potash. It is generally transparent or translucent, is
brittle and sonorous at ordinary temperatures, and when heated becomes
soft and ductile, finally melting. The point of fusion varies with its
composition. It breaks with a conchoidal (commonly called vitreous)
fracture, and is acted on by hydrofluoric acid, but not by ordinary
golvents.”

“Webster’s Dictionary’#3 gives: “An amorphous substance, usually
transparent or translucent, consisting ordinarily of a mixture of silicates,
but in some cases of borates, phosphates, etc.” Since one of the mean-
ings of “amorphous” is given as ‘“uncrystallized,” the similarity in struc-
ture between ordinary liquids and glass might be inferred.

The statements included in the above definitions are correct, except
that which implies that glass has a “point” of fusion. The statements
concerning composition are empirical and too restrictive, and in the sec-
ond definition exclude one-component glasses such as silica glass, and
even two-component glasses, such as the sodium silicates. None of them
brings out the essential continuity of condition from the fluid melt at
high temperatures to the rigid glass at ordinary temperatures.

Transparency is frequently considered a characteristic of glass, yet
much commercial glassware is either translucent or opaque. It is always
true, however, that the lack of transparency is caused by the fact that
some material, usually crystalline, is dispersed or suspended in a glassy
matrix, itself transparent. The material may be a colloidal dispersion,
as in a gold or copper ruby glass; or a suspension of submicroscopic to
microscopic particles, as in some opaque glasses; or microscopic ecrys-
tals ranging in size from the lower limits of resolving power to fairly
coarse crystals, as in some opals and white glasses. In all these cases,
however, the material is essentially glassy, and to exclude such com-
mercial products from the category of glasses would be futile.

Other products contain much glassy material, but are not considered
as glasses. Any hard-fired brick contains some glass, and a glassy
bond #* is almost universal in ceramic materials. The finest porcelains

41 “The Century Dictionary’”’; The Century Co., New York, 1914,
4 “Funk and Wagnalls New Standard Dictionary’”’; Funk and Wagnalls Co., New York, 1932.
43 “Webster's New International Dictionary”; G. and C. Merriam, 2nd. ed., Springfield, Mass.,

1935.
4 Morey, G. W., J. Am. Ceram. Soc., 17, 145 (1934).
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contain a large percentage of glass, and glazes and enamels are essen-
tially glassy, yet there is no suggestion that such products should be con-
sidered as glassware.

The organic glass substitutes are excluded from consideration because
they differ so greatly in composition, methods of manufacture, and prop-
erties from those substances that have always been known as glass,
that they constitute a separate division of chemical technology.

Discussion of the definition of glass usually centers around whether
at ordinary temperatures glass is an undercooled liquid or an amorphous
solid, which places the emphasis on the definition of liquid and solid,
rather than on the properties of the substance to be defined. The chief
difficulty in connection with the definition not only of glass, but also of
liquid and of solid is that the terms used either are themselves not
well defined, or are commonly used with a much looser meaning than is
allowable for the purpose of a definition. The necessity for precision
of meaning in scientific discussion results in one of two evils: either a
word commonly used in every-day speech is assigned a strange and rigid
meaning, or even worse, a new word is coined.

Glass is manifestly solid, in the usual sense of the term. The defini-
tion of solid, however, is not easy. The fact that a substance is solid
to the touch is not a sufficient criterion; and the more closely one inquires
into the properties characteristic of a solid, the more one is forced to
depart from the popular conception and resort to greater and greater
abstraction. In scientific discussion, moreover, solid has two different
and unrelated meanings.

In the first of these meanings, solid is spoken of as one of the three
contrasting states of matter, solid, liquid and gaseous. Each of these
states usually is capable of precise delimitation in respect to the others;
and the relation between these states, in both simple and complex sys-
tems, is the subject-matter included under the study of phase equilib-
rium. In the development of that subject, it may have been unfortunate
that new terms, which were not commonplaces of every-day speech, were
not adopted in place of “solid” and “liquid,” with their many irrelevant
connotations. To attempt to change the vocabulary of the subject now
would be Quixotic. The mere substitution of the term “crystalline”“for
solid would not help the non-specialist, for to him “crystalline” may
mean only clear and limpid, e. g., the crystalline sky! To be sure, most
people rarely come into contact with any solid-liquid transition except
ice-water, and here there is no confusion between the two completely
unrelated concepts. But considered as a state of matter, “solid” means
“crystalline,” a phase characterized by the atoms being in a fixed, regu-
larly repeated, geometrical pattern, as contrasted with the haphazard
arrangement of the liquid phase.
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When a crystalline solid is heated to its melting point,* it changes
to a liquid, or to a mixture of liquid and a different crystalline solid;
and on cooling the reverse phase changes take place. The materials
which always have been called glasses are characterized by the property
that when melted at high temperatures and cooled, they do not devitrify,
that is, they do not undergo the discontinuous change into the stable
aggregate of crystalline phases ** which equilibrium would require. At
high temperatures during melting they are ordinary liquids, and like
other liquids, will flow under the influence of gravity or other small
force. At the temperatures at which they should freeze or begin to
crystallize, the glasses are viscous liquids, and it is largely because of
their great viscosity that glasses can be cooled through their freezing
points without devitrification. They then become “undercooled liquids.”
As undercooling is continued to ordinary temperature, the glasses
become increasingly viscous. The increase in viscosity with decreasing
temperature is a continuous process’ from the liquid above the melting
or freezing point to the rigid glass at ordinary temperatures; and from
the freezing point to ordinary temperatures, the material remains an
undercooled liquid with respect to the process of crystallization. Glass
is in a condition which is analogous to, and continuous with, the liquid
state, but which, as the result of having been cooled from a fused condi-
tion, is characterized by so high a degree of viscosity as to be for all
practical purposes rigid. It is solid, but not in the sense of being in
the “solid” or “crystalline” state.

In its other meaning, solid is defined in terms of certain physical
properties; and here again is met the difficulty that the popular and
the precise meanings of most of the words used differ greatly. A solid
is rigid; but rigidity is measured in terms of a modulus, a relation
between stress and strain, which may range within wide limits. A solid
is hard; but hardness is a concept that never has been defined in such
terms that it can be measured. A definition of “solid” in terms of physi-
cal properties requires the choice of properties which can be measured
and the setting of limits to those properties. It is not sufficient to say
that a solid is hard and rigid; limiting values must be set to the prop-
erties included in the definition or the term is not defined.

* The complications introduced by a vapor phase and by variations in pressure
are omitted as not pertinent to the discussion.

** See the discussion in Chapter II on The Deuvitrification of Glass. The “melt-
ing temperature” is the temperature to which the ingredients are heated during
manufacture, which is determined primarily by ‘the necessity of getting the melt
fluid enough to free itself from bubbles in a short time. At the melting tempera-
ture the glass is usually too fluid for the subsequent shaping operations, and must
be cooled until the requisite viscosity has been reached at the “working tem-
perature.” The “melting point,” “freezing point,” or “liquidus temperature” is the
temperature at which crystals can exist in equilibrium with the melt, and ordinarily
is many degrees below both the melting and the working temperatures.

1t See the discussion of the “stabilization” of glasses, p. 268.
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In applying such a definition of solid to a material such as glass,
the additional difficulty is encountered that the physical properties
change with temperature and composition, and arbitrary values set for
the dividing line between liquid and solid can be reached by change
in temperature or composition, or both. But the several physical prop-
erties do not change in the same degree with change in composition or
temperature; and if a set of simultaneous values of physical properties
reached by heating a given composition is chosen as the dividing line
between liquid and solid, that same set of values may not be simulta-
neous for another composition. Thus it becomes necessary either to
impose an arbitrary set of limiting values for hardness, strength, rigidity,
viscosity and electrical and thermal conductivity for every composition,
or to take one property, such as viscosity, and to call a liquid everything
having a viscosity less than, a solid everything having a viscosity greater
than, that limit.

If one insists on that definition of solid which ignores crystallinity
and lays stress on physical propertics such as rigidity, the definition of
glass as an amorphous solid would become logical and consistent, pro-
vided the definition were restricted to ordinary temperatures. The diffi-
culty comes when it is attempted to tell when the glass ceases to be a
solid and becomes a liquid. It must be admitted that to call window-
glass liquid, rather than solid, conflicts with one’s natural regard for
the fitness of things. But this reaction is the expression of instinctive
opposition to the use of terms in a sense different from that ordinarily
used in speech and literature. Opposition will be aroused even more
by the following quotation: “Glass and pitch are familiar examples of
very viscous liquids. Paint, clay slip, and thin mud in a similar manner
must be classified as soft solids.” 5 The dilemmas are caused, not by
calling glass a liquid or a solid, but by the impossibility of logically and
completely defining and delimiting “solid” in terms of physical proper-
ties. Without doubt, the conception of glass as an undercooled liquid
is more in accord with experiment, and leads to fewer dilemmas when the
concept is followed to its logical conclusion.

An ordinary glass is considered best as an undercooled liquid, or as
second choice, as an amorphous solid, using the two terms as possessing
almost equivalent connotation. There appears to be no justification for
considering the “glassy state” as a “fourth state of matter.” Such a
concept in no way clarifies the contradictions which have been con-
sidered, and introduces new problems of definition difficult to solve.
Moreover, all attempts at precise definition of glass are confused by the
custom, not to be condemned, of referring to the material as glass, not
only at ordinary temperatures, or at intermediate temperatures, as
when one speaks of the annealing temperature, or of the softening tem-

4 Bingham, E. C., “Fluidity end Plasticity,” 214, McGraw-Hill, New York, 1922.
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perature of glass, but also at high temperatures when the material is
in an undoubtedly liquid condition to which the preceding discussion
does not apply. Thus experimental work discussed in the chapters on
viscosity and surface tension was done mostly with glasses which satis-
fied the ordinary concept of a liquid which flows immediately under the
action of a small force.

One circumstance has been omitted in the above discussion which is
of importance in defining glass in the broadest sense, but which is not
of importance in respect to any known glass. Most substances are so
fluid at their freezing points that crystallization cannot be prevented;
they cannot be obtained as glass. A few substances have sufficient vis-
cosity at their freezing points to make it possible to cool them as glasses.
The essential thing is not that the liquid can be cooled below its freezing
point without a discontinuous change taking place, but that it can be
cooled until its viscosity has increased to such an extent that it forms
a serviceable glass. With silicate glasses this happens to be far below
their freezing points, but there is no necessary or known relation between
freezing point and viscosity, and there is no a priori reason why some
substance should not acquire the necessary viscosity above its freezing
point. The above considerations are, however, hypothetical, as there
is no glass known which is above its freezing point at ordinary tem-
perature.

A definition which makes use only of those characteristics which are
essential to glass is the following: A glass is an inorganic substance in
a condition which is continuous with, and analogous to, the liquid state
of that substance, but which, as the result of having been cooled from
a fused condition, has attained so high a degree of viscosity as to be for
all practical purposes rigid.



Chapter 11
The Devitrification of Glass

All glasses on cooling from the melting temperature pass through a
temperature or temperature range in which the liquid becomes unstable
with respect to one or more crystalline compounds, and at and below
this temperature the glass can be devitrified, that is, erystallized, by
appropriate heat treatment. If during the working or annealing processes
the glass is held too long in the temperature region in which crystalliza-
tion takes place most readily, it will devitrify and be ruined. Devitrifica-
tion is the chief factor which limits the composition range of practical
glasses, and it is an ever-present danger in all glass manufacture and
working, and takes place promptly with any error in composition or
technique.

In discussing the devitrification of glass it is important not to con-
fuse the equilibrium phase-relationships with the tendency of the glass
to crystallize, and the speed with which crystallization takes place once
the process is started. These kinetic factors will be considered in detail
subsequently; but the phase cquilibrium relationships are the only fac-
tors which admit of exact definition and precise determination.

When a complex glass is cooled, at some temperature the melt
becomes saturated with a ecrystalline phase, just as a salt solution on
cooling becomes saturated with salt; and if undercooling does not take
place, crystals will separate. The temperature at which this process
begins is known as the liquidus temperature. When a devitrified glass
is heated, and at cach temperature sufficient time is given for enough
crystals to dissolve to saturate the liquid, the crystals will gradually
and continuously decrease in amount, and finally disappear. The tem-
perature at which the last trace of crystals disappears also is the liquidus
temperature; and experiments in which the liquid is cooled give the
same temperature for the liquidus as experiments in which the devitri-
fied glass is heated.

Phase equilibrium diagrams represent the relation between composi-
tion and temperature with reference to the melting and crystallizing
process in mixtures containing several components. They offer a meang
of expressing in compact and graphic form a large amount of information
of a type which is fundamental to the comprehension of many factors
vital to ceramic engineering and glass technology. The information thus

35
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available is apparent at a glance to those familiar with such diagrams,
but a considerable amount of thought and study and actual use is neces-
sary to attain such a degree of competence. In the following discussion
two phase-equilibrium diagrams will be considered in detail, and several
others of interest in connection with the devitrification of glass will be
reproduced with little discussion. The diagrams chosen for detailed
discussion are of soda-silica and of soda-lime-silica, fundamental to the
common soda-lime-silica glasses.

Much of the subsequent discussion is based on purely geometrical
relationships, and it is pertinent to inquire into the reason for this inti-
mate connection between geometry and chemistry. It arises in part in
the methods used in expressing composition by means of geometrical
figures; but in larger part in the thermodynamie relationships underly-
ing the study of heterogeneous cquilibrium. The entire structure on
which is based the study of heterogeneous equilibrium is due to the
genius of J. Willard Gibbs, and is developed in detail in his “Equilibrium
of Heterogeneous Substances.”! In that paper the application of the
first and second laws of thermodynamies was extended to substances
containing independently variable components, in contrast to the pre-
vious restriction to substances of invariable composition. One conse-
quence of that treatment is the Phase Rule. In its usual form this rule
is but an incidental qualitative consequence of equations which express
relationship between those quantities which connect the thermodynamic
stability of the different phases with their composition. These equa-
tions may be applied either analytically, or, as is commonly donc,
graphically.? Gibbs himself showed how to make a graphic representa-
tion of the stability relationships of phases of both fixed and variable
composition, by means of curves and surfaces; and, indeed, the use of
the equilateral triangle for representing composition in three-component
systems is due to Gibbs. As will be seen later, a triangular phase
equilibrium diagram representing a threc-component system is divided
into various fields or regions by boundary curves, and these boundary
curves represent the projection on the basal plane of curves obtained
by the intersection of surfaces representing the limits of thermodynamic
stability, as expressed by the fundamental equations of the various
phases. It is from a consideration of the fundamental equations, or of
the surfaces of thermodynamic stability derived from them, that the
various theorems are derived which govern our application of geo-
metric laws to the chemical relationships expressed in phase equilibrium
diagrams.

*  @ibbs’ derivation of the Phase Rule may be summarized as follows:

1¢The Scientific Papers of J. Willard Gibbs,” 1, 55, Longmans, Green, 1908. Sce also section G,

“The Phase Rule and Heterogeneous Equilibrium” by Morey, G. W., in ‘“Commentary on the
Scientific Writings of J. Willard Gibbs,” 1, Yale University Press, 1936.

2 Morey, G. W., J. Phys. Chem., 34, 1745 (1930).
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Application of the first and second laws of thermodynamics to a phase
consisting of n components leads to the equation

vdp = sdt -+ mydi -+ ..o+ M dita

for the relation between the variables for changes taking place in an
isolated system. In this equation v is the volume and s the entropy of
the m; + . .. m, units of the components making up the phase; p and ¢
are the pressure and the temperature of the phase; and u, . . . un are
values for cach component of an intensity factor called the chemical
potential. The components are those chemical substances which may
be regarded as the simplest or the mnost convenient set from which all
the phases can be derived. For exaniple, a mixture having the molecular
composition Na.O + 3 Ca0 + 6510 can be regarded as made up from
the components N0 - 2 Si0,, Ca0 - 8i0,, and Si0., or from NagO - SiOs,
Ca0 - 8102, and Si0., or from Na.(), CaO), and Si0s, and the choice is
one of convenience.

The concept of phase and the derivation of the Phase Rule result
from the application of the above equation to the consideration of “the
different homogeneous bodies which can be formed out of any set of
component substances.” “It will be convenient to have a term which
shall refer solely to the composition and thermodynamic state of any
such body without regard to its quantity or form. We may call such
bodies as differ in composition and state different phases of the matter
considered, regarding all bodies which differ only in quantity and form
as different examples of the same phase. Phases which can exist together,
the dividing surfaces being plane, in an equilibrium which does not
depend on passive resistances to change, we shall call coexistent.”

Each one of a sct of coexistent phases will be characterized by an
equation of the form given above, containing (n + 2) variables, namely,
the n chemical potentials, pressure and temperaturc. When there are
(n + 2) coexisting phases, evidently the condition of the system will be
determined completely. An example is the coexistence of three phases,
ice, liquid and vapor, at the triple point of water. When there are
(n + 1) phases, there can be a single variation or “degree of freedom,”
producing a monovariant system; when there are n phases, there are
two degrees of freedom, producing a divariant system. In general, if F
represents the number of degrees of freedom, C, the number of com-
ponents, and P, the number of phases,

F=C+2—P.

For example, in the binary system H.O-KNOj, coexistence of two
phases, liquid and vapor, can take place over a range of composition,
temperature and pressure; fixing the composition alone does not fix the
temperature or the pressure, nor does fixing either pressure or tempera-
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ture fix the composition. The system is divariant. If the composition of
the solution becomes such that crystalline KNO; separates, coexistence
of three phases, solid, liquid and vapor, still can take place over a range
of composition, pressure and temperature; but fixing any one of these
fixes the other two. The system is monovariant. If the solution be
cooled until ice separates, four phases coexist, and the pressure, tempera-
ture, and composition of the liquid are fixed. The system is invariant.
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Two-component Systems

The first system to be discussed is that formed by sodium meta-
silicate and silica,® shown in Fig. II. 1; the properties of the compounds
are given in Table II. 1; and the temperature and composition of the
invariant points are in Table II. 2. The vertical scale in Fig. IL 1

8 Morey, G. W., and Bowen, N. L., J. Phys. Chem. 1167 (1924). Kracek, F. C., J. Phys.
Chem., 34, 1583 (1020). ! ys. Chem., 3, (1530 » I Phy
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represents temperature; the horizontal scale represents composition. This
is part of the larger system Na,0-SiO,, and the composition is given in
percentage of Si0, by weight, considering Na,O as the other component.
The designation of the components in such a case is largely a matter of
convenience. Nag0 - SiO. and 8iO, could as well have been chosen as

TasLe II. 1—Propertics of Crystalline Compounds

Melting
reaction (r) .
or inversion Refractive Indices
(%) temp., Crystal Crystal Optical a B Y
Compound (°C.) habit system 2V character © €
8i0, low quartz 573 ¢ bipyramids hexagonal uniax. pos. 1.544 1,353
S8i0s, high quartz 870 i
Si0,, low tridymite 1470 ¢ plates {)snudo- 35° biax.pos. 1.473 147 1.469
hexagonal
8i0,, low cristobalite 1713 plates psggdo- uniax. neg. 1.487 1.484
cubic
Na;0 - SiO, 1089 needles o]rtho}; large  biax.neg. 1.513 1.520 1.528
rhombic .
NagO - 28i0, 874 plates, ortho- 50-55° biax.neg. 1.497 1.508
needles rhombie
K0 - 8i0, 076 granular ortho- 35° biax.pos. 1.520 1.528
rhombic )
K.O - 28i0, 1045 plates ortho- large  biax.neg. 1.503 1.513
rhombie
K.O « 48i0, 770 plates motllo- or large biax.pos. 1.477 1.482
triclinic
B-CaO - SiO. 1150 ¢ needles monoclinic 39° biax.neg, 1.616 1.628 1.631
(wollastonite)
a-CaO - BiO, 1540 hexagonal  hexagonal uniax. pos. 1.610 1.654
(pseudo-wollastonite) plates
PbO - BiOg 764 prisms monoclinic 85° biax.neg. 1.947 1961 1.968
(alamosite)
2PbO - 8i0, - 743 ? 80° biax.neg. 2.13 215 2.18
a-4PbO-8i0, 257 ir]re;zular ? 40° biax.pos. 2.31 234 2.38
plates
2Na.0 - CaO - 3810, 1141 r octahedra  isometric n=1.571
Naz0 - 2Ca0 - 38i0y 1284 equant ? 1.595 1.598
Nag0 - 3Ca0 - 6810, 1060 r prisms ortho- 75° biax.pos. 1.564 1.570 1.579
(devitrite) rhombic
K0 - CaO - 8i0, 1630 hexagonal uniax. pos. 1.600 1.605
2K,0 + CaO - 88i0y 1005 octahedra psa\; 0- n=1.572
cubic
B-K;0 - 3CaO - 88i0, 1020 ¢ needles, ortho- biax.neg. 1.58 1.57
plates rhombic
a-K;0 - 83CaO - 68i0, 115 r prisms olrl*thol;_ large  biax.pos. 1.575 1.59
rhombie
2K;0 - CaO - 6Si0, 959 plates - mml\o- or biax.neg. 1.540 1.544
triclinic
4K,0 - CaO - 108i0, 946 plates hexagonal uniax. neg. 1.548 1.537
K0 - 2Ca0O - 98i0, 1050 prisms, mono- or large  biax.neg. 1.515 1.535
plates triclinic
KO - 2PbO - 28i0, 018 uniax. neg. 193 172
K,0 - 4PbO - 88i0, 779 1.69 1.79
K,O - PbO - 48i0, 757 5° biax.pos. -1.500 1.612 1.650
2K.0 + PbO - 88i0s 735 r biax.pos. 1.685 1.665

components, as was done by Morey and Bowen in their original paper,
and the phase relationships are equally well shown by such a choice.
Also, the composition could have been expressed in molecular percentage,
using either Na;O or NagO - SiO; as components, and that again is a
matter of convenience. Since Na,O and SiO; have molecular weights so
nearly equal, their relation as components would give a diagram almost
identical with that obtained by the form of representation used in Fig.
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II. 1; but if mole percentage were used with NaoO - 8i0; and .Si02 as
components, the resulting diagram would have appeared distorted,
because of the high molecular weight of NayO -SiO.. Whatever the
choice of components, however, the point representing a given composi-
tion is the center of gravity when the quantities of the two components
corresponding to that composition are placed at the ends of the axis of
abscissa. This question of representation by mole per cent and weight
per cent will be reverted to subsequently.

Application of the Phase Rule to this system of two components at
constant pressure shows that coexistence of three phases gives an invari-
ant system; two phases, a monovariant system; and one phase, a divari-
ant system. The region inscribed “liquid” above the various freezing
point curves, in Fig. II. 1, represents a divariant system, in which neither
composition nor temperature is fixed by any of the properties under con-
sideration. At a temperature above the liquid and solid surface a whole
series of unsaturated liquids may exist, and a given composition may be
liquid over a wide range of temperatures. But when such a liquid cools
to the temperature represented by a freezing point curve, another phase
makes its appearance, and the system loses onc degree of freedom. If
a liquid containing 80 per cent SiO: is cooled, at about 1135° crystals
of tridymite (the form of crystalline SiO. stable from 870° to 1470°)
separate, and this temperature is uniquely determined by fixing the com-
position. Only one liquid can coexist with tridymite at 1135°, If a mix-
ture of tridymite and glass, of a gross composition richer in NasO than
20 per cent, is held at 1135°, the crystals will all dissolve, and the point
in the diagram representing that composition at that temperature will
be in the divariant field of liquid alone. If the mixture has a gross com-
position richer in 8iO, than 80 per cent, but contains a larger proportion
of crystals than corresponds to equilibrium, tridymite will dissolve until
the liquid has exactly the composition 20 per cent Na,O, 80 per cent
Si02. The point representing this composition lies within the field
“Tridymite-liquid,” every point of which represents a mixture of these
two phases. The composition of the solid phase is constant; the change
in composition of the liquid is shown by the freezing point curve; and
the relative proportions of the two phases in any mixture represented
by a point in this field are given by the inverse ratio of the length of
the portions into which this point divides the horizontal distance from
the liquidus to the SiO; side of the figure. For example, if the tempera-
ture is such that the liquid contains 78 per cent SiOs, and the gross com-
position of the mixture is 80 per cent SiO,, it will consist of 20 parts of
liquid and 2 parts of tridymite; but if the gross composition is 98 per cent
8iO. the proportions will be 2 parts of liquid, of the same composition
as before, and 20 parts of tridymite.

Corresponding to every liquid composition there is one temperature
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at which it can coexist in equilibrium with crystals, and that tempera-
ture is called the liquidus temperature. The liquidus curve of & given
compound is an example of a monovariant system, because fixing either
one of the variables, temperature or composition, fixes the other. The
intersection of two such monovariant curves results in the coexistence
of three phases, two solid and one liquid. Such a system is invariant;
hence both temperature and liquid compositions are fixed. Three types
of invariant points found in this system will be considered in detail.
One of these is illustrated by the intersection of the quartz liquidus and
the tridymite liquidus at 870°. Here the invariant point is a maximum
temperature for one of the crystalline phases, quartz; a minimum tem-
perature for the other phase, tridymite; and liquid is stable both above
and below the invariant point. The chemical composition of the two
solid phases is the same, and this type of invariant point is called
an inversion point; if there is no solid solution, as is true in this case,
the temperature is independent of the presence of the liquid phase, or
of the complexity of that liquid. Of similar type are the tridymite-cris-
tobalite inversion at 1470° and the a-B inversion of NagO -28i0, at
678°, shown in Fig. IT. 1.

Another type of invariant point is illustrated by the intersection of
the quartz and the sodium disilicate melting-point curves. This inter-
scction takes place at 793° and a liquid composition of 73.9 per cent
Si0;. Here the liquid is intermediate in composition between the two
solid phases, and whenever the liquid phase can be made up by mixing
the two coexisting solid phases the invariant point is a point of mini-
mum temperature for liquid, and is called a eutectic. The metastable
Na,O - 28i0.-tridymite eutectic shown at 782°, 74.6 per cent SiO, affords
an example of phases persisting under conditions in which they are
unstable, a phenomenon frequently met with in silicate systems, and
not uncommonly occurring with more reactive substances. Another
eutectic is that between NayO - SiO, at 846° and 62.1 per cent SiOs.

A liquid containing 50 per cent SiO, will begin to freeze at 1088°,
and as cooling continues, and as Na.O - SiO, continues to separate, the
composition of the liquid will follow the freezing point curve of sodium
metasilicate until the eutectic is reached. At an intermediate tempera-
ture any mixture in the field “NazO - SiOz + L” will be either all liquid,
if the temperature is above the liquidus for the composition in question,
or a mixture of liquid and NasO - SiO; crystals, if below the liquidus.
For example, a mixture containing 58 per cent SiO, will be all liquid
above 955°; at 955° it will begin to crystallize; at 900° it will be a mix-
ture of (60-58) parts NagO -8iO, crystals, (58-49.21)* parts liquid.
When the eutectic is reached the mixture will consist of (62.1-58) parts

. 4The liquid phase at 800° contains 60 per cent Si0,, and the compound NazO . S8iO, -
tains 49.21 per cent 8iQ,. ” i 0 r oon
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Nag0 - 8i0; and (58-49.21) parts eutectic liquid. Then NagO - 28i0,
crystallizes out at constant temperature, and the mixture solidifies com-
pletely to a mixture of (65.96-58) parts Na,O-S8iO; and (58-49.21)
parts Na0 - 2Si0,.

There are two congruent * melting points, that of the compounds
Na.0 - Si0, at 1089°, and that of NaO - 2Si0, at 874°. These may be
considered as two-component invariant points, in which the necessary
number of equations to completely determine all the variables is given
by the fundamental equations of the two coexisting phases, liquid and
crystalline, and by the additional equation expressing the equivalence
of composition of these two phases.

The preceding discussion has assumed that equilibrium is reached
in all the phase reactions; and in the study which established the dia-
grams every precaution was taken to insure that equilibrium was
reached. The methods which were used in studying the phase equilib-
rium relationships in the sodium silicate system are characteristic of
those used in all such studies and are different from those commonly
used. With salts and metals, the phase transformations may be fol-
lowed by means of heating or cooling curves. When such materials are
heated at a uniform rate, an absorption of heat takes place when melt-
ing begins, which is indicated by the temperature of the charge falling
behind that of the furnace, or even remaining constant. Because of the
slowness of the melting process in devitrified glasses, as well as in many
other complex silicate melts, no indication of the beginning of melting
can be found on the heating curve; and, indeed, some substances may
even be superheated for a short time many degrees above the tempera-
ture of melting without much formation of liquid. This condition is, of
course, unstable and, if held for a long time above the requisite tem-
perature, the crystals will dissolve; but overheating is & common occur-
rence. Similarly, on cooling the glass does not crystallize (that is why
it remains a glass) and hence the type of discontinuity which gives so
marked an effect in the freezing of metal cannot be observed. If held
long enough, however, and at an appropriate temperature, crystals will
geparate. Accordingly the “quenching” method is used in studying such
mixtures. A few milligrams of the material, wrapped in thin platinum
or gold foil, are held at a known constant temperature long enough for
equilibrium to be reached, which may be a matter of hours, days, or
even weeks. Then the charge is cooled in such a manner as to freeze
the equilibrium, and is examined with the petrographic microscope; if
ull glass, the temperature of heat treatment was above the liquidus; if
& mixture of glass and crystals, it was below the liquidus; and by sue-
cessive heat treatments the liquidus temperature may be located as
closely as desired. By measuring the properties of the crystals they

*Cf. p. 4.
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can be positively identified. With difficult mixtures it is customary to
have two charges side by side, one initially glass, the other previously
crystallized. The heating must be continued long enough for both
charges to attain the same condition.

With the exception of compositions near the disilicate-quartz eutectic
there is little difficulty in reaching equilibrium in the system Na.0 - SiOq,
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Ficure II. 2.—Phase Equilibrium Diagram of the Binary System K:O-SiO; After
Kracek, Bowen and Morey.

and over most of the composition range maintaining the charge at con-
stant temperature for an excessive time is not required. The crystalli-
zation process, even though well under way, is quickly checked by slow
cooling, and it is easy to obtain any desired intermediate stage. Sodium
metasilicate can be studied either by the quenching method or by the
heating curve method. It crystallizes so readily that large melts can-
not be cooled as glass, but always crystallize. On the other hand, it
undercools to such as extent that the cooling curve method is not
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reliable. Sodium disilicate is not difficult to crystallize, at least not in
comparison with many commercial glasses; yet thousands of tons of
glass of that composition had been made without obtaining the com-
pound, and it was unknown before the work of Morey and Bowen.
Special attention should be called to the NaoO - 28i0.-quartz eutectic.
There is here a remarkable melting point lowering; addition of 25 per
cent of NapyO lowers the melting point from 1710° to 793°, almost
1000°. The low temperature of this eutectic is of the first importance
to glass technology. Glass of this composition would be excellent were
it not easily attacked by water, and hence not stable in moist air. It
is, of course, essential that glass be stable not only on exposure to the
air but also under far more drastic treatment; and for this reason other
oxides must be added to improve the chemical durability of this eutectic,
if a stable glass is to be obtained. Nevertheless, about a half million
tons of sodium silicate glass of essentially this composition are manu-
factured annually for use in the soluble silicate industry, and devitrifica-
tion troubles are unknown. To crystallize mixtures near this eutectic
it is necessary to hold the charge just below the eutectic temperature
for a long time, and the last stages of the devitrification take place even
more slowly than the initial formation of crystals.

The Binary System K.O-SiO-

The phase equilibrium relations in the binary system K,O-Si0."
are summarized in Fig. II. 2 and Tables I1. 1 and 2. The region near
the composition K20 - 4810, is of special importance in glass technology.
Over a range of composition the liquidus temperature is low, the vis-
cosity at the liquidus is high, and the glasses are very difficult to crys-
tallize. Potassium silicate has a limited industrial application as potash
water glass, and the system is of fundamental importance to some
branches of ceramic manufacture, notably of those glasses and enamels
containing lead oxide.

The Binary System CaO-SiO,

The part of the phase equilibrium diagram ¢ from the composition
Ca0 - SiO, to SiO; is shown in Fig. II. 3. CaO - 8i0; is found in nature
as the mineral wollastonite; the form stable at temperatures above
1150°,7 called pseudo-wollastonite, is more commonly met with as a
devitrification product of glass, and often separates in the upper part of
the stability range of the low-temperature form.

On addition of SiO, to the eutectic between CaO -8iO, and SiO.,

W., and Fenner, C. N.,, J. 4m. Chem 8oc., 36, 215 (1014), Z. anorg. allgem.
Chem “, 805 (914) Morey, G. W., md Fenner N., J. Am, Soc., 39, 1178 (1017),
Kracek, F. C., Bowen, N. L., and Morey, G. W., J. Phys "Chem., 33. o (1020), 41, 1183 (1637
¢ Rankin, G and W) tFE,AmIBc 3,1 5 (1915); Greig, J. W., 4
13,1, p 18 (1’27) A., righ ] L ) ) Pe ( ) reig m. J. sc‘
7 Bowen, N. L., Bchairer, J. F., and Posnjak, E., Am. J. Sci., 26, 193 (1933).
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the melting temperature rises rapidly, until at 1698° a second liquid
layer of almost pure silica is formed. This unmixing is not pertinent
to glass technology, because addition of small amounts of Na,0, K0,
or Al,O; causes the disappearance of the region of immiscibility. Liquid
immiscibility is met with in other systems containing regions of possible
or commercial glass compositions, but in no case are the two composi-
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Fiure I1. 3—Phase Equilibrium Diagram of the Binary System CaO-SiO..  After
Rankin and Wright, revised by Greig, and by Bowen, Schairer and Posnjak.

tion regions near each other; and every case of supposed separation of
a commercial glass into two immiscible layers which has been brought

to my attention has been one of inadequate mixing.

The Binary System PbO-SiO.

The binary system PbO-S8iO., important as an end-member of the
lead glasses and as a constituent of glazes and enamels, has been studied
by several investigators.® The most recent study is by Geller, Creamer,
and Bunting,? and their results are reproduced in Fig. II. 4, and Tables
II. 1 and II. 2. The compound PbO -SiO, is found as the mineral
alamosite. The compound 4PbO - Si0,, which melts incongruently at
725° C., apparently occurs in three forms: the a-form, stable above
720° C.; the g-form, stable from 720° to about 155° C.; and the y-form,

ooper, H. C., Shaw, L. 1., and Loomis, H. E., Am. Chem. J., 42, 461 (1909); Hilpert, S.,

8C .
and Weiller, P., Ber., 42, 2060 (1908); Hilpert, S., and Nacken, R., Ber., 43, 2565 (1910); Cooper,
. C. Kraus, E. H., and Klein, A. A., Am. Chem. J., 47, 273 (1912); Krakau, K. A., and Vakhra-
meev, N. A., Keram. i. Steklo, 8, (1), 24 (1932).
® Geller, R. F., Creamer, A. 8., and Bunting, E. N., J. Rescarch Natl. Bur. Standards, 13,

237 (1934).
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TasLe II. 2—Invariant Points in Binary and Ternary Systems

Reaction
1. System Nay0-8i0.

+ 8i0, (quartz) =

B8iOg (quartz) 8i0. (mdynute)

. 8i0g (tridymite) = SiO, (cnstoballt;'i ....................

2. System K20-8:(0.
K20 - 8i0; + K,0 - 28i0, = L
K30 - 2810, + K0 - 4510, = L
K5O - 48i0; + 8i0; (quartz) = L,

3. System Ca0-8i0;
CaO - 8i0, + SiO, (tridymite) =L ........

4. System PbO - SzOg
PbO = L oottt e e
a-4Pb0O - 8i0, = PbO + L .
B-4PbO - Si0. = a-4PbO - Si0,
B-4PbO - Si0, + 2PbO - ‘hOg = L
2PbO - 8i0; + PbO - 8i0, =

5. System NagO-CaO-SiO-..

(a) Binary join NagO + 8i0:-CaO - 8i0.
Na20 - 8i02 + 2Na.0 - Ca0 - 38i0, = T,
2Na,0 - Ca0 - 3Si0; = Na,0O - 2Ca0 - 38i0; + L.

Na:0 - 2Ca0 - 38i0; + CaO - Si0 =L .............

(b) Binary join Na.O - 28i0:-NayO - 2Ca0 - 38i0,
NagO - 28i0; + Na-0 - 2Ca0+38i02=L ........cccevunnnn..

(c) Ternary invariant points
Na;0 - 8i0p + NagO - 28i0, + 2Na,0 - Ca0 - 38i0, = L
N&gO 28101; + 2Naz0 - CaO - 38102 = NaxO - 2Ca0

Nsr() 28102 + NazO - 3CaO - 68i0, + 8i0, (quartz) = L ..

SnOa (quurtz) + Nazo 3Ca0 - 68i0; + L =8i0y ...........
N840 3080 - 63i0% 1+ NaxO - 2Ca0'- 38105 = a0 §i0w+ T,

Nas0 - 3Ca0 - 6Si0; + SiO. (tridymite) = CaO - SiOg + L ..

8. System K,0-Ca0-8:0g

1. K.0-2Ca0- 8Si0; + SiO; = B-Ca0 - 80y + L «vvvvvn.....,
2. K;0 - 2Ca0 - 8Si0; + K.0 - 3Ca0 -68i0; + Si0y + Lol
3. K;0-2Ca0 - 98i0, + K0 - 48i0; + 8i0, (quartz) .....
£ KO0 - 25105 + K40 - 2Ca0 - 95102 + KO - 4 :o,-L .......
5. 280, + K,0 - 2080 - 98i05 + K50 - 48105 = L oorrnr.
8. ,(gsgné Ixos:o,+mp 2000 - 35105 = 2RO ~Ca0

B S (0 P B P
7. 20 Ca0 - 68i0, + K 20 - 9 0 3Ca0

8803 F L vorarirnioesinren R TSAY
8. 2K.0- CaO « 88i02 + B-CaO - 8i0; = K,0 - 3Ca0 - 68i0
9 zxggsgao 38i0; + 4K,0 - CaO + 108i0; -+ 9K;0 - Ca

. 1 AR R R R R R D i AN
10. 2K,0-Ca0- 3s:o,+zxzo Ca0 - es.o,+ s B-Ga0 . §i0, =
11. 2K - Ca0 - 38i0, + B-CeO - 8i0, = SlOg + L
12, ;a0 810, & a-Cad - OOz 205 BiOg+ 1L cueri,
18, .Ca0 - 3810, + K IS0, + KO CaO ms;o,ﬂ,
bl . 8103 + 2K,0 . Cal . 38i0; + K,0 - 38105 = Lt oo

7. System Kp0-Pb0O-8i0;

I KQ-80,+ K0 1810 HHG0 PhO- 30, =T, .......
2 KQ- 8i0; + 30 P Pb0 - 38i0; = K,0 - 2P0 - 2810 B
3. Ki0-28i0, + 28,0 PbO - 30 =%,0-2Pb0 - 2316
4. K,0- 28i0, + K,o.4slo,+x PbO-48i0, = L ......
5. X0-480; + 80, (quartz)+KgO PbO - 4sxo,==L
8. K:0-PbO-48i0, + 7+S|0 uartz) =L ..........
7. KO- PbO. 4810° + K.0 - (PG mm-+v+L u
Y K,o-4pbo~asx(3,+ 810, Cquartay £ 74 1 o T
9. KO- 4P PbO - BiO, + §i0. (qmm)=L ......
10 KO- 4Ph0- 890" +szo-s.og==Pbo-s|o, Lol
11. PO + K,0 - 3P0 - 28i0; + 4PB0 - 8i0s = L, voevvssit
§ RS R e
. . 10e 1 =
1. %.o‘ ;2200 - 3810; + K0 g Ts8i0s + KO- G

2 R T TR seesnnsy
1. K0 280, + K0 {PEG - 88i0, + K,0 - 1Pb0 - 1610, = L.

Temp.
°c.)

Composition of liquid
(Percentage by weight)
Nag0 8i0y
37.9 62.1
26.1 73.9
24.5 5.5
11.3 88.7
K0 BiO;
54.5 45.5
32.4 67.6
27.5 72.5
25.1 74.9
10.3 89.7
CaO 8i0,
36.1 63.9
27.5(Ly) 72.5
0.6(Lyg) 99.4
PbO 8i0g
100 0
93.3 8.7
91.78 8.22
84.6 15.4
70.4 20.6
Na,0 Ca0 8i0,
46.0 4.5 49.5
38.2 12.0 49.8
124 36.5 50.1
32.5 3.0 84.5
37.5 1.8 60.7
36.6 2.0 614
24.3 5.2 70.7
25.0 5.0 70.0
18.6 71 74.3
18.8 15.1 66.1
13.8 12.6 73.6
K.O Cal 8i0g
13.3 10.8 75.9
13.8 10.5 75.7
25.1 19 73.0
30.8 0.9 68.3
31.8 2.3 66.1
28.8 5.3 65.9
26.6 7.8 65.8
32.0 11.3 56.7
37.2 10.2 52.8
34.2 13.0 52.8
34.1 13.7 52.2
225 31.0 46.5
40.5 7.7 51.8
54.7 0.2 45.1
K.0 PbO 8i0,
46 15 39
40 26 34
87 27 36
26 16 58
18 19 63
10 39 81
10 43 47
3.2 60 36.8
0.5 2 28.5
3.0 78 lg
1.5 9.7 .8
1.8 88 10.2
5.0 74.5 20.5
11.0 59.5 20.5
20.0 417 383
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Fioure II. 4—Phase Equilibrium Diagram of ihe Binary System PbO-8i0;. After
Geller, Creamer and Bunting.

stable below about 120° C. Specimens crystallized at or below 720° C.
appear as minute, probably prismatic, grains of medium birefringence
and average index about 2.34. The transition between the 8- and
v-forms was not located exactly, and the two forms were distinguished
only by relative birefringence.

Some other binary systems of interest in glass technology are: LigO-
8i0,, studied by Kracek;1® Na,0-B:0s, studied by Morey and Merwin ;!
and PbO-B;0;, studied by Geller and Bunting.1?

10 Kracek, F. C., J. Phys. Chem,, 34, 2641 (1930).
1 Morey, G. W., and Merwin, H F., J. Am. Chem. Soc., 58, 2248 (1936).
12 Geller, R. F., und Bunting, E. N., J. Research Natl. Bur. Standards, 18, 585 (19087).
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The Ternary System Na,O - Si0,-CaO - Si02-SiO:

The ternary system NayO - 8i02-CaO - Si0.-8i0,12* will be considered
next. Details of this system are given in Figs. II. 5 to 9 and summarized
in Tables II. 1 and 2. TFigs. I1. 5 and I1. 6 are part of the larger equi-
lateral triangle whose vertices represent pure Na,O, CaO, and 8i0;. In
such an equilateral triangle, the point representing a desired composi-
tion is the center of gravity of the triangle when loaded at each corner
with the proportional quantities of that component. A point on a side
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Fioure II. 5.—Phase Equilibrium Disgram of the Ternary System Na,0-CaO-8iO.,
showing Isotherms. After Morey and Bowen.

represents a mixture containing only two components, the one repre-
sented by the opposite apex being absent; the points on a line parallel
to a side represent mixtures in which the percentage of the component
represented by the apex opposite that side is constant. For example,
points on the side Na,O-SiO; represent the binary system shown in
Fig. II. 1; points on a line through SiO; and the compound Na.0 - 2Ca0
- 38i0; represent mixtures in which the Na,O:CaO ratio is 1:2; and all
mixtures lying on a line parallel to the NazO-SiO, side have the same
CaO content. In the figure the scale is indicated on the sides and may

1 Morey, G. W., and Bowen, N. L., J. Soc. Glass Tech., 9, 226 (1925).
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be transferred into the interior of the diagram by coordinate lines paral-
lel to the sides. This method of representing composition in a system
of three components has the advantage of symmetry and is more con-
venient, except when one component is present in preponderant amount,
as is frequently the case with water and salt systems Other methods
which can be used are discussed in detail by Roozeboom.!3

In Fig. IL. 7, right-angled cobrdinates are used, and this figure may
be regarded as drived from Fig. T1. 6 by a shear which opened out

XY{7%

Weight Per cent SiQ,

Fieure II. 6 —Phase Equilibrium Diagram of the Ternary System Na.0-CaO-SiOs,
showing Boundary Curves and Tie-Lines. After Morey and Bowen.

the angle opposite the side CaO-SiO, from 60° to 90°. In Fig. II. 8 the
area included within the dashed lines of Fig. II. 7 is shown on an enlarged
scale. By representing the system NayO - 8i0.-CaO - Si0,-8i0; as a part
of the larger system Nay0-Ca-SiO;, the argument along each
of the sides becomes the percentage of the component oxides, the
quantities determined by analysis, and directly comparable with glass
compositions. Changing the method of representation by making use

18 Roozeboom, H. W

H B., “Die heterogenen Gleichgewichte,” Heft 3, Teil 1, B i
Friedr. Viewog & Sobn, ’ ge ) , Tel raunschweig,

1911,
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of the two metasilicates themselves would require recalculation of every
composition to the basis of the new components, and also would produce
a distortion of the diagram.

-Changing the method of representation from weight percentage to
mole percentage also produces a distortion, in amount depending on the
differences in the molecular weights of the various components. Either
type of diagram can be obtained from the other by the appropriate
extension or compression of the different axes, and it is important to
remember that in any such distortion straight lines remain straight lines.

Cal
50

40

20

Wewght Per cent CaO
13
1

NaO=gh oS0

Vae® 510 T VadS0; 70
Weight Fer cent SiOr

Ficure II. 7—Phase Equilibrium Diagram of the Ternary System NasO-CaO-SiOs,
represented by a Right-angled Triangle. After Morey.

A mixture of CaO - Si0; and NaO - 28i0; remains on the straight line
joining these two compounds no matter whether an equilateral or a right-
angled triangle is used, or whether the oxides or any desired binary or
ternary compounds are chosen as components, or whether composition is
expressed in weight or mole percentage of those oxides or components.
That being so, it is evident that much of the discussion in regard to
the advisability of planning experiments on the variation of properties
with composition by replacing a given oxide by another (for example,
Naz0 by Ca0) in molecular equivalent amounts, or percentage for per-
centage, (which amounts to keeping the ratio of the other two oxides
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Ficure II. 8—The Isotherms and Boundary Curves in the Portion of the System
Nas0-Ca0-8i0s. Directly Applicable to Glass Technology. The weight per cent
8i0s is indicated along the horizontal axis; weight per cent CaO along the verti-
cal axis; weight per cent Na,O is obtained by subtracting the sum of CaQ and
Bi0q from 100. Kiter Morey.

constant in a three-component system) or by simply adding the oxide
in question to the parent glass, is' pointless. In any case the variation
in composition is on a straight line in the composition diagram. If the
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original glass, for example, is a sodium silicate glass, with the Na.0:8iO,
ratio equal to 1:3, hence containing 74.4 per cent SiOs;, on replacing
NazO by CaO in molecular equivalent amounts, the mixtures will lie
on the straight line along which the ratio (Na.O -+ CaO):8iO; is 1:3,
which extends from 74.4 per cent SiO, on the Na.0-SiO, side to 76.3
per cent SiO; on the Ca0-SiO; side. If the replacement is by weight
percentage, the straight line is that of constant SiQ,. If CaO is added
to the original glass, the composition will change along a straight line
from the original sodium silicate glass to the CaO apex of the com-
ponent triangle. All these types of variations, and any similar ones
that may be devised, will be represented by straight lines by all such
methods of representation if they are straight in one of them. It may
be well to remark, in connection with such linear excursions into ternary
or more complicated systems as have been discussed above, that any
deductions concerning the variation of properties with composition made
on the basis of such excursions must be accepted with caution. It is not
possible to make sweeping generalizations as to the effect of the replac-
ing of Naz0 by CaO on the basis of such a linear excursion into the
ternary diagram. Replacing Na,O by CaO in a trisilicate glass raises
the melting point, but from that it does not follow that somec other
variation will not lower the melting point, and we can see from Fig. II. 5
that there is a large composition area in which the melting point is lower
than that of a Na»Q - 3SiO- glass.

The complete representation of the three composition variables in a
plane is made possible by the additional restriction that their sum be
100 per cent, thus reducing the independent variables to two. Tempera-
ture must be expressed in a third dimension, and it is represented by the
vertical distance from the base. The equilateral prism thus obtained
is terminated by a complex upper surface, representing the liquidus tem-
peratures in the various fields. A photograph of such a model is shown
in Fig. I1. 9. If planes parallel to the base be passed through this model
at appropriate heights they will intersect the surfaces in curved lines,
giving the composition of the liquidus which can coexist with the solid
at that temperature, and the isotherms shown in Fig. II. 5 may be
regarded as the projection of such intersections onto the basal plane.

Consider now the ternary diagrams, preferably Fig. II. 6. This dia-
gram is divided by heavy curved lines (the projections of the valleys
between the various mountain slopes of Fig. I1. 9) into several fields, and
the direction of falling temperature along these boundaries is indicated by
arrows. Within each of the fields a different substance is the first to
crystallize on cooling, or the last to dissolve on heating. For example,
from all mixtures whose compositions lie within the area BCSRNML,
the compound NazO - 2Ca0 - 3Si0, is the primary phase, and this area
is called the field of NaO -2CaO - 38i0,. As the liquid is cooled, and
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more and more of this compound separates, the composition of the
residual liquid changes; and, since the crystals and the residual liquid
are being formed out of the original liquid, all three compositions must
lie on a straight line, with the composition of the original liquid between
the other two, and dividing the line into segments inversely proportional
to the relative amounts of the two phases. This is, of course, the same
type of relationship that has already been discussed, with the aid of
numerical examples, in the binary system.

{ R

Ficure II. 9.—Sketch of Solid Model of the Ternary System Na.SiOs-CaO-Si0s-SiOs.
After Morey.

As crystallization continues, the composition of the liquid will be con-
tinuously displaced on a straight line radiating from the composition
of NayO -2Ca0 + 38102, until that line intersects one of the boundary
curves, and the system becomes monovariant. With three components
at constant pressure, coexistence of two phases produces a divariant 8ys-
tem, illustrated by the field of any compound. Divariance in this case
means that at any temperature a large number of different liquids may
coexist with the solid phase, and that fixing the temperature does not
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automatically fix the composition of the liquid. When the system
becomes monovariant by the appearance of a second crystalline phase,
the composition of the liquid becomes fixed when the temperature is
fixed, and at any given temperature only one liquid composition can
coexist with the two crystalline phases.

If the original liquid can be made up of the two crystalline phases
that separate at the boundary curve, for example, if it lies on the line
joining Na.0 - 2810, with Na.O - 2Ca0 - 3810, at point M, then it will
freeze entirely at this point, and the mixture may be regarded as a binary
system within the ternary system because every reaction that takes place
can be expressed in terms of the two end members alone. It is important
to see this distinction between those pairs of compounds which form
truly binary systems, and those which do not. Na,O-28i0; and
Ca0 - Si02 do not form a binary system. When CaO - SiO, is added to
NazO - 28i0,, the resulting compositions will follow the straight line
joining these two compounds, and the phase changes which will take
place can be foretold from the fields which this tie-line crosses. The
liquidus temperature will first fall, while the point remains within the
field of NaoO - 25i0,, but it will be seen that when a boundary is reached
it is that of Na;O -2CaO - 3Si0,. This compound does not lie on the
tie-line in question; separation of a compound less silicic than corre-
sponds to the tie-line must of necessity leave a liquid more silicic, and
it is evident that the behavior of mixtures of these two compounds,
Nao0 - 28i0; and CaO - 8i0z, cannot be expressed without reference to
the ternary system.

The composition of the compound Na,O - 2Ca0 - 38i0; lies within the
field of this compound; a liquid of this composition will freeze com-
pletely to this compound when cooled, and when the compound is heated
it shows a sharp melting point. Such a melting is called congruent.
Within the same field is shown the composition of another compound,
2Na20 - Ca0 - 3810,, but the field of this compound is represented by
the area ABLK. Only from mixtures within this field does 2Na.0 - CaO
- 38i0; crystallize as primary phase. When the pure crystalline com-
pound is heated it remains unchanged until the temperature of the
point B is reached. Then it decomposes into a liquid of the composi-
tion B and crystals of Nag0 -2CaO - 38i0; and above this temperature,
and at the liquidus, this compound is the crystalline phase coexisting with
liquid. Such a melting is called incongruent, and the phenomena taking
place at this point are entirely analogous to those which take place
at the transition point of a salt hydrate. When NayS04-10 H,O is
heated, at its transition point it decomposes into anhydrous Na,SO, and
saturated solution. In the binary system, HyO-Na,S0y, this is an invari-
ant point, and indeed it is a fixed point whose equilibrium temperature
is known to a high degree of accuracy. But if excess of either H,SO,
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or NaOH be present, the temperature is no longer fixed, but is mono-
variant; the transition temperature of the hydrate will be lowered in
either acid or alkaline solutions. The case is analogous in the silicate
system. Point B is an invariant point in the binary system, NayO - SiO2
- Ca0 - 8i0g, but is only one point on the curve BL, the monovariant
equilibrium 2Na,O - CaO - 38i0; + Nay0 - 2Ca0 - 3S102 + hquld It is,
however, a point of maximum temperature along this curve.

Mixtures of the two compounds, NasO * 8i0; and CaO - 8i0,, form
a binary system, because the two fields crossed, those of 2Na.O - CaO
- 3810, and Nay0 - 2Ca0 - 3810, may be regarded as fields of compounds
between the two end members. Addition of CaO - S8i0: to NaoO - SiO-
lowers the melting point of the latter, until the binary eutectic is reached
at A. On further addition of CaO - 8i0,, the melting point curve rises,
with 2Nag0 - CaO - 3810, as solid phase, until the incongruent melting
point of this compound is reached, at B. This is an invariant point
in the binary system, and the temperature remains constant until all
2N2.0 - CaO - 3810, is decomposed, and the only crystals left are those
of Na,0 -2Ca0 -3Si0,. Addition of excess of any of the components,
however, brings us into the ternary system, in which coexistence of these
three phases produces not an invariant, but a monovariant system, and
the temperature falls in each direction from B. On further addition of
Ca0 - 8i0,, the melting point continues to rise to the congruent melting
of Na»0 - 2Ca0 - 38i0,, then falls to the eutectic between this compound
and CaO - 8i0p, then rises to the melting point of CaO - 8iO,.

Of the two ternary compounds already considered, one has an incon-
gruent, the other a congruent melting point. The one with a congruent
melting point undergoes unusual dissociation in the liquid phase, as is
shown by the shape of its melting point curve. A third ternary com-
pound is met with in this system, of the composition Nap0 - 3Ca0 - 6Si0.,
and it is an extreme case of a compound with an incongruent melting
point. The pure compound decomposes at 1060° into liquid and crystals
of CaO - 8i0,, and the melt does not become entirely liquid until 1325°.
This complex compound is characterized by an extreme reluctance to
crystallize, and every composition in which it is primary phase is a prac-
tical glass composition on a manufacturing scale. It is the primary
crystallization from most commercial soda-lime-silica glasses, for which
reason it has been named “devitrite.” 1* Its field is shown in Figs. II. 6
and II. 7 by the area NOPQR, and on a larger scale in Fig. II. 8, which
includes only compositions from 64 to 78 per cent SiOg, 0 to 20 per cent
CaO by weight.

The other fields in the diagrams require little discussion. The three
forms of crystalline silica—cristobalite, tridymite and quartz—occupy

4 Morey, G. W., and Bowen, N. L., Glass Ind., 12, 1388 (1931).
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fields the limits of which, as long as the boundaries are between forms
of silica, are determined solely by the temperature. The region of
immiseibility need not concern us here. The two sodium silicates occupy
fields which run down to either one or the other of the ternary eutectics.
CaO - 8i0, appears in two crystalline forms: a-CaO - SiO;, or pseudo-
wollastonite, the high temperature form, and g-CaO - SiO;, the low tem-
perature form, identical with the natural mineral wollastonite. The
boundary between these forms is the line 8T. The high temperature
form frequently separates in the stability field of the low form, and,
indeed, in the upper part of this field it is the more common. Also
both forms frequently occur together at lower temperature, and once
formed, the change from pseudo-wollastonite to wollastonite takes place
very slowly indeed.

The sequence of phase and composition changes, beginning with the
first formation of crystals at the liquidus to the final complete solidifi-
cation to a conglomerate of crystalline phases, is called a crystallization
path. Crystallization paths afford a clear insight into the meaning of
phase equilibrium diagrams, and a number of typical ones will be dis-
cussed in detail.

Consider first a mixture in the area Na2O - S10:-AKI. Any composi-
tion within the area deposits NazO - SiO, as primary phase; the liquid
follows a crystallization path lying on the straight line joining the liquid
composition with that of NazO - SiO., until either the boundary AK or
IK is reached. Here, either 2Na,0 - Ca0 - 3S8i0» or Na»0 - 28i0,, respec-
tively, appears, and the liquid follows the boundary curve down to the
ternary eutectic at K, where it solidifies completely.

A composition within the area ABLK follows an equally simple
course, depositing first 2Na,O - CaO - 38i0., then, in all cases except
those compositions lying within the small area between L and the line
joining K with 2Na,0 - CaO - 38i0, depositing Na2O - SiO, as secondary
phase. Within the small area mentioned, NaO - 2SiO is the second phase
to separate; in both cases, thc mixture crystallizes completely at the
ternary eutectic K.

Crystallization of mixtures lying within the region where Na,O - 2Ca0
- 3810, is the primary phase is usually a less simple matter. Consider
first a composition within the triangle NasO - 8i02-Nao0 - 28i0,-2Na.0
- CaO - 38i0., bounded by the curve BL and the straight line joining L
with Na,0 -2Ca0 - 3Si0,. The primary phase is NaO - 2CaO - 38i0,;
the liquid follows a crystallization path passing through the composi-
tion of the primary phase and of the original mixture, until this path
cuts the boundary curve BL. At this intersection 2Na.0 - CaO - 3810,
orystallizes; the liquid then follows the boundary curve, the reaction
Na20 - 2Ca0 - 38i0 + liquid = 2Na0 - Ca0 - 38i0 takes place, and the
proportion of the former compound decreases, while that of the lat-
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ter increases, until at L, where Na,O -28i0, appears, the compound
Na.0 - 2Ca0 - 3Si0: has been decomposed entirely. The liquid then fol-
lows the boundary curve LK, finally solidifying completely at the
ternary eutectic K to a mixture of Na,O -8i0,, Nao0 -28i0., and
2Na,0 - Ca0 - 38i0,. If the composition lies within the same triangle,
but to the right of the join L-Na.0 - 2CaO - 38i0s, the end products will
be the same, but the secondary phase will be NapO -2Si0Oz, on the
boundary ML; at L, reaction takes place resulting in the formation of
2Na-0 - CaO - 38i0: and the disappearance of Na,O -2CaO - 3Si0..
Any mixture in the triangle Na.O -2CaO - 38i0,-2Na,0 - CaO
- 38i0,-Na, - 28102 will solidify completely to a mixture of the above
phases and NagO - 28i0,, but the crystallization path will differ accord-
ing to the side of the line L-Na,O - 2CaO0 - 38i0,, on which the original
composition lies. If the point representing the composition of the glass
is to the left of the above line, the secondary phase is 2Na»0 - CaO - 3Si0,,
and the liquid follows the boundary BL until the point L is reached.
Here the reaction L + NapO - 2Ca0 - 3810, = 2Nay0 - Ca0 - 3810,
+ Na20 - 2810- takes place until the mixture has solidified completely.
If the original mixture lies to the right of the line L-Nas0 -2CaO
- 38i0;, the same three phases are finally formed, but Na,0 - 28i0; is the
sccond crystalline phase to separate, and at L the liquid of composi-
tion L reacts with the primary phase to form Na,O - 2Si0, and 2Na20
Glasses whose compositions lic within the field of Na2O - 2Ca0 - 3810,
and also within the triangle Na»O - 28i0,-Na,0 - 2Ca0 - 3810,-Na,0
-3Ca0 - 6310, all solidify completely as a mixture of these three crys-
talline phases, but the crystallization paths differ according to whether
the composition is to the right or left of the line N-Nay0 - 2Ca0 - 3Si0,.
If to the left of this line, the second phase to appear is Na,O - 28i0,,
along the boundary MN, and the residual liquid follows the line MN to
the reaction-point N. Here the reaction NaoO -2CaO - 3SiO; + liquid
N = Na,y0 - 28i0s + Nag0 - 3Ca0 - 6Si0. takes place, until the liquid
has entirely disappeared. If the original composition is to the right of
the above line, either CaO - 8i0: or Na20 - 3Ca0 - 68i0, is the secondary
phase. If separation of NazO -2CaO - 38i0O, results in the liquid com-
position being displaced in such a direction that the boundary CSRN is
intersected between C and S, the high temperature form of CaO - 8iO,
separates, and should invert at S to the low temperature form; and if
intersection takes place between S and R, the low form should separate.
In either case, at R the reaction CaO - SiO; + liquid R = Na,0 - 2Ca0
*38i0; + Na,0 - 3Ca0 - 68i0, takes place, but there must be some resid-
ual liquid remaining after all the CaO -8i0, has disappeared, because
by hypothesis the original composition is outside the triangle formed
by the three solid phases. The system thus becomes monovariant, and
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the liquid follows the boundary curve RN, with simultaneous crystalli-
zation of Na,0-2Ca0 -38i0; and NayO-3Ca0-68i0;. At N, NasO
- 2810, appears, and the system is invariant. Reaction will take place
as before, until the liquid has disappeared and only the same three crys-
talline phases are left.

It was possible for the above mixtures to solidify completely at N
because the original composition was inside the triangle Nag0 - 28i0,-
Nay0 - 2Ca0 - 38i02-Na»0 - 3Ca0 - 6Si0,, and the liquid was exhausted
while some NayO-2CaO -3Si0, remained. If the original mix-
ture was in the field of this compound, but to the right of the tie-
line NayO - 28i02-N2o0 - 3Ca0 - 68i02, the NaoO -2Ca0O - 38i0, disap-
pears first, leaving liquid of the composition N. Since one of the solid
phases has disappeared, the system is now monovariant, and the liquid
will follow the boundary NO, with simultaneous crystallization of
Naz0 - 28i0, and Na,0 -3CaO - 6Si0,, until at the ternary eutectic
quartz appears, and the liquid will solidify completely. If the original
composition was to the right of the tie-line N-Nag-2CaO - 3Si0,, the
first boundary intersected will be CSEN, and the liquid will follow this
boundary to the same reaction-point N. The details along this boundary
will be discussed subsequently.

Crystallization paths within the field of Nag0 -28i0, are simple.
If the boundary intersected after passing through the field of NaO; - 2Si0,
is between N and L, Na.O -2CaO - 3Si0., will be the secondary phase,
and the liquid will follow the boundary to L, and at this reaction point
2Na,0 - CaO - 38i0, will appear. If the original composition was inside
the triangle Nag0 -28i0,-2N2,0 - CaO - 38i02-Naz0 - 2Ca0 - 38i0z,
at L the reaction Nay0 -2CaO -38i0; + liquid L = 2Na,0 - CaO
- 38102 + Na,0 - 2810, will take place, and the mixture will solidify
completely to these three crystalline phases. But if the original com-
position is within the triangle NaoO : 28i0,-Na,0 - 8i0,-2Na,0 - Ca0
-38i0;, when the reaction takes place at L, NayO -2CaO -38iO,
will disappear, and the monovariant liquid will follow LK, to solidify
completely at the eutectic K. If the secondary phase is Nao0 - SiO,, the
boundary intersected by the crystallization path will be IK. If the
original composition is in the triangle NasO - 28i0.-Na20 - 3CaO
- 6810:-810,, the crystallization path will end at the eutectic O. If the
boundary MN is intersected, Na,O - 2Ca0 - 3SiO; will be the second phase
to appear, but it will disappear by reaction at N; then the liquid will fol-
low NO to the eutectic. If the boundary intersected is FO, quartz will
appear, and at O, NaoO - 3Ca0 - 6Si0s,.

Glasses in which CaO - SiO, is primary phase may follow several
crystallization paths, depending on the composition, but in all cases the
reactions are complicated. Mixtures within the triangle Na,O -2CaO
+ 38i0,-Ca0 - 8i0z-N8,0 - 3Ca0 - 6810, will solidify ultimately as a
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conglomerate of these three phases. If the boundary intersected by the
crystallization path is CSR, initial crystallization of CaO - SiO; is fol-
lowed by secondary NasO - 2CaO - 38i0,, and the liquid will follow this
boundary to the reaction-point R. The reaction at this point, CaO - $iO;
+ liquid R = NayO :2Ca0 - 38i0, + Nag0 - 3Ca0 - 68i0,, continues
until one of the reacting phases disappears. When the original composi-
tion is within the triangle assumed above, the liquid phase is the first to
disappear, and the mixture solidifies. If the boundary intersected by the
crystallization path is R@Q), to the left of the prolongation of the tie-line
CaO - 8i02-Nay0 - 3Ca0 - 6810, this boundary is followed to R, and
the same reaction takes place as before.

If the original composition is within the triangle CaO - 8i02-SiO,-
Naz0 - 3Ca0 - 68i0,, but in the CaO -Si0, field, a similar course of
crystallization is followed, with tridymite taking the place of Na20 * 2Ca0O
+38i0,. The invariant point @ is reached cither by the path R@, in
which case NaxO - 3Ca0 - 6810, is secondary phase, or by the path DTQ,
in which case tridymite is secondary phase. In either case, at @ the
reaction CaO - SiO; + liquid @ = Na.O -3Ca0 - 6S8i0, + Si0; proceeds
until the liquid has all disappeared.

Every mixture within the triangle NasO - 28i02-Na,0 - 3Ca0 - 68i02-
Si0, crystallizes finally at the eutectic O, but different mixtures take
different courses to reach that point. Those within the fields of
Naz0 - 2810, and Nag0 - 2Ca0 - 3Si0, have been discussed. Those within
the CaO -Si0, field take the same course, which has already been
described, to either R or . But when the reaction at this point is com-
plete, the CaO -SiO, will have been resorbed, and some liquid will
remain. The system thus becomes monovariant, and follows either RNO
or QPO to the eutectic.

Glasses in the field of Na;0 -3Ca0 - 6Si0; follow a crystallization
path along a straight line passing through the compound and the original
glass, until a boundary is intersected. If the boundary is RN, the second
phase is Nay0 - 2CaO - 38i0,, which at N reacts to form NaoO - 28i0,, as
described above, then follows NO, but if the boundary intersected is NO,
Naz0 - 28i0, will crystallize from the melt. In any case, when the liquid
follows NO, at the eutectic quartz appears, and these three phases
crystallize simultaneously until solidification is complete. If the bound-
ary intersected is QP, tridymite is the phase to appear, and at P it inverts
to quartz. The liquid then follows PO, and solidifies at the eutectic.

All the possible crystallization paths have now been discussed, with

“the exception of those arising in one of the SiO. fields. Any such path
will intersect either DTQPO or FO, but in either case the subsequent
reactions along these boundary curves have been discussed. EP is the
transition curve of tridymite to quartz, a constant temperature curve.

"~ The preceding discussion has been predicated on equilibrium being
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attained in all reactions, but of course it is the failure to reach equilibrium
that chiefly makes this system of interest, and glass a possibility.
Although it is usually not easy to obtain the equilibrium condition, it
does not follow that this diagram does not give information as to the
crystallization which will take place. It will rarely be found that the
first phase to appear is other than that corresponding to the field within
which its composition lies. The only case in which there is a probability
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Figure II. 10.—Phase Equilibrium Diagram of the Ternary System K.0-CuO-SiO..
After Morey, Kracek and Bowen.

of this is in the NayO -3CaO - 68i0; field near the CaO - Si0;-Nag0O
»3Ca0 - 6Si0; boundary, especially near the tridymite invariant point.
Here there is a possibility that either CaO - SiO; or tridymite will come
out as metastable phases when glass is cooling down; but such appear-
ance of metastable phases is not to be expected on heating. The failure
of the secondary crystallization to appear at a boundary within a given
time has often been observed, but it will appear if time be given. The
failure of a given phase to react to form another and stable phase, for
example, of CaO - SiOy, to react to form Nag0 - 3Ca0 - 68iO;, or of trid-
‘ymite to form quartz, has often been observed; but CaO - SiO, has not
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been observed on heating a glass within the Na,O - 3CaO - 6810, field,
nor has the latter compound appeared in the quartz or tridymite field.
Metastable crystallization is rarely met with in the NasO - 2Ca0 - 38i0:
or the Naq0O - 8iO; field. Cristobalite frequently scparates in the field
of tridymite.

The Ternary System K.0-Ca0-SiO,

The ternary system K.0-CaO-Si0.' is more complicated than
Na.0-Ca0-8i0;, but the various features will be evident from Fig.
1I. 10 and Tables II. 1 and 2. The dissimilarity between the two
systems is perhaps more marked than the similarity. In the system con-
taining potassium oxide the field of the double orthosilicate of potassium
and caleium spreads over the mctasilicate join, and the analog of the
compound Nas(0 - 2Ca0 - 35105 is lacking. The compound KO -3CaO
- 6810y, analogous to the compound “devitrite,” occurs in two modifi-
cations, each of which is stable in contact with liquid. There are, more-
over, compounds formed in the potassium system which have no analog
in the sodium system, namely, two disilicates, 4K.0 - CaO - 10810, and
2K,0 - CaO - 6Si0s, and the trisilicate K20 - 2Ca0 - 98i0,. The system is
characterized by the formation of more compounds than the system
Na,0-Ca0-8i02, by the tendency of these compounds to dissociate
on melting, by the greater viscosity of the melts at the liquidus over a
large portion of the diagram, and by the great sluggishness of the
crystallizing and melting process in portions of the diagram.

System K,O0-PbO-SiO,

The ternary System K;0-PbO-Si0O, was worked out by Geller and
Bunting.'® Five ternary compounds were identified optically in the
system, and the compositions of four of these established. These four
have the compositions K20 - 2PbO - 28i0,, K0 - 4PbO - 8S8i0,, K.O
- PbO - 48i0», and 2K»0 - PbO - 3Si0;; their properties are given in Table,
II. 1. The crystalline phase of undetermined composition apparently
melts incongruently at about 750° to form glass and SiO.. The crystals
are platy, the indices a = 1.64, 8 = 1.65, v = 1.655, 2V about 80°,
character biaxial ncgative.

Glasses in that portion of the ternary diagram (II. 11) on the silica
side of the tie-lines connecting the compositions K20 - 4Si0,, K50 - PbO
- 4810, K50 - 4PbO - 88i0; and PbO - Si0O; are stable in air. Composi-
tions within this area and near these tie-lines fuse to homogeneous glasses
with sufficient ease to be of possible commercial application, and all the
potash flint glasses of commerce lie within this area. However, the tem-

15 Morey, G. W., Kracek, F. C., and Bowen, N. L., J. Soc. Glass Tech., 14, 149 (1930); 15,

57 (1931).
3 Geller, R. F., and Bunting, E. N., J. Research Natl. Bur. Standards, 17, 277 (1938).
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peratures required to produce a glass, and the viscosity of the product,
rise very rapidly with increase in silica. Compositions on the K,0O-side
of the tie-lines mentioned are either unstable in air, or, in that area
bounded by the tie-lines from PbO - 8iO, to K-O - 2PbO - 28i0, are prone
to devitrification.

Si0e

N\  casroneure

P60

Fieuge II. 11.—Phase Equilibrium Diagram of the Ternary System K.0-PbO-8iO..
After Geller and Bunting.

Multi-Component Glasses

Complete phase equilibrium studies on mixtures more complex than
ternary have not been made. Some partial studies!” have been made
on mixtures containing four components, and of these the only ones
having a direct application to glass technology have dealt with the effect
of small quantities of alumina, magnesia, and boric oxide on the devitri-
fication of soda-lime glasses.

The effect of magnesia is of especial importance because of the fre-
quent use of dolomitic limestone in glass manufacture. The complete
golution of this problem would require a knowledge of the phase
equilibrium in the quaternary system. The only study is that of Morey,'®
who made two series of experiments, representing two limited excursions

7 Morey, G. W., J. Soc. Glass Tech., 20, 245 (1936).
8 Morey, G. W., J. Am. Ceram. Soc., 13, 714 (1830).
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into the quaternary system Na,0-MgO-CaO-8i0;, both starting
from the same point in the ternary system Na,0-CaO-8i0,, and
proceeding in arbitrary directions. In both cases the parent glass had
the percentage composition: Na,O, 14.86; CaO, 9.83; SiO,, 75.25, cor-
responding to the molecular ratios 1.15 Na;0:0.84 Ca0:68i0;. In one
series, CaO was replaced by MgO, with the final glass having a com-
position near Na2O - MgO - 65i0,. In the other series, MgO was added
to the same parent glass, the composition tracing a straight line through
the solid tetrahedral model representing the four-component system from
the given point on one side toward the MgO-apex.

The results of the experiments are given in Fig. II. 12. The con-
trast between the two curves is striking. The parent glass is in the
tridymite field. Curve I refers to the glasses obtained by replacing CaO
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Fioure II. 12.—Effect of Magnesia on the Liquidus Temperatures of Some Glasses
in the System Na:0-CaO-810,. After Morey.

by MgO, and it is evident that the melting point is lowered and the
glass remains in the tridymite field. Curve II refers to the addition of
MgO to the parent glass. Addition of 2.4 per cent MgO changed the
primary phase from tridymite to the compound Na5O - 3Ca0 - 6S8i0,, and
the melting point was lowered almost 200°. On this arbitrary line
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through the tetrahedron, the compound Na,O - 3CaO - 6Si0; has a very
narrow field, but it is probable that further experimentation would find
mixtures in which its field would extend further into the ternary diagram,
with benefit both to the ease of melting and to thermal stability. On
continued addition of MgO, the mineral diopside (CaO - MgO - 28i0;)
was formed and remained the stable phase far into the quaternary
system. Diopside crystallizes readily from these melts, and glasses much
within its field would not prove suitable for manufacture on a large scale.

That the presence of alumina greatly diminished the tendency of a
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Fioure II. 13—Effect of Alumina on the Liquidus Temperatures of Some Glusses in
the System Na,0-CaO-Si0.. After Morey.

soda-lime glass to devitrify has been known since Schott 1® showed that
the superiority for table and blowpipe working of certain glasses made in
the Thuringian Forest was caused by the presence of about 4 per cent
alumina in the sand used, and that addition of alumina to the usual
glass batches greatly reduced the tendency toward devitrification of the
resulting product. The observations of Schott, confirmed as a matter
of common experience by many workers with glass, had to do with the
velocity of. devitrification under conditions which were not only variable
but also practically undefined. To correlate these observations with the

10 Schott, O., “Verhandl. Ver. Beford. Gewerbefleisses,” 799 (1887).
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effect of alumina on the temperature of initial devitrification of glass was
one reason for the experiments of Morey,2° the only study of the four-
component system Na.0-Al,0,-Ca0O-8i0, which has been published.

The plan of the experiments was similar to that of the effect of
magnesia, already discussed. The parent glass had the percentage
composition: Na»0, 14.3; Ca0, 11.0; SiO;, 74.7, corresponding to the
molecular ratio 1.11 Na,0:0.95 Ca0:6Si0., and was in the tridymite
field. The results of the experiments are shown by the curves of Fig.
II. 13. On replacing CaO by Al,O; (Curve I) there was a sharp drop
in the liquidus temperature, about 80° for 2 per cent Al,O3, and the
glass crossed the tridymite field and entered that of NayO - 3CaO - 6S8i0s.
The liquid then crossed the fields of Na.O - 3Ua0 - 6Si0., of wollastonite
(Ca0-Si0,), and finally entered the field of albite (Na.O - AlO; - 68102),
the end-point of this series of experiments. When Al.O; was added to
the same glass (Curve II), the lowering of the melting point was not so
great, the field of Na,O -3CaO -6Si0, was narrower, and CaO - SiO,
remained primary phase as far as the curve was followed, up to 9.1
per cent Al.O; and 1156°, at which point the temperature was increas-
ing rapidly.

These experiments, as well as the ones with MgO discussed above,
were merely linear excursions into the quaternary system, and it is evi-
dent that no generalizations can be made. Only by experiment can the
facts in regard to solubility and fusion relations be determined, and
generalizations from insufficient data are sure to lead to erroneous
conclusions.

A more extensive study of a four-component system is that by
Morey 2! on the effect of boric oxide. Twenty-one parent glasses were
used, in or near the field of Na.O -3CaO - 6Si0,, and boric oxide was
added in amounts sufficient to cause a change in the initial crystallization.
One effect of boric oxide was to shift the position of the boundary
curves, as is shown by Fig. I1. 14, on comparison with Fig. I1. 7. The
field of Nay0 -3CaO0 - 6Si0, is shifted away from the SiOs-apex, more
on the side adjoining the field of Na,O -2CaQ -3Si0. than on that
adjoining tridymite.

The initial effect of addition of B20z depends on the composition of
the parent glass. When it is in the tridymite field, the initial depression
of the liquidus ranges from about 10° to 15° per 1 per cent B»O3; but on
further addition of B.O; the liquidus may rise to a maximum. The
initial depression, followed by elevation, of the liquidus, was observed
with glasses containing 10 per cent B.O,, and the liquidus was con-
tinuously depressed in the glasses containing 7.5 per cent CaO. Glasses
in the wollastonite field show an initial freezing point lowering of from

* Morey, G. W., J. Am. Ceram. Soc., 13, 718 (1930).
2 Morey, G. W., /. Am. Ceram. Soc., 15, 457 (1932).
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15° to 25° for 1 per cent ByO3. When near the boundary between the
wollastonite