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8.1 Commercial Glass Families

 

8.1.1 Introduction

 

Historically, glasses of many different compositions and properties
were developed based on product (end use) needs and manufacturing
capabilities. Composition inventions and process inventions went
hand in hand. This is still true today, but now employee safety and en-
vironmental concerns have considerable impact on development as
well. Among other things, this chapter will show how glass composi-
tion and manufacturing processes are interrelated, through chemistry
and physics, and how both must be considered when selecting or de-
veloping a glass for a particular application.

Viscosity reigns supreme. We say this because almost every process
step in glass manufacturing is performed most effectively within a cer-
tain range of melt viscosity. For example, melting of batch raw materi-
als is generally performed best at a temperature where the melt has a
viscosity of about 100 Poise (P). On the other hand, 

 

pressing 

 

of molten
glass into metal molds is most effective at viscosities in the range from
1,000 to 10,000 Poises. Figure 8.1 shows the useful viscosity ranges for
a number of process steps that will be described later in this chapter.
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Figure 8.1 Approximate viscosity values for forming and processing methods
(Pa · s × 10 = P). (Courtesy of Corning Inc.)
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Another key factor is the viscosity of the melt at the 

 

liquidus

 

 tem-
perature. The liquidus temperature of a melt is defined thermodynam-
ically as the temperature above which the melt is stable as a liquid.
Whether this liquid is very fluid or very viscous is not of thermody-
namic importance. At temperatures below the liquidus temperature,
the melt begins to 

 

devitrify

 

 (i.e., develop crystals); the extent of devit-
rification depends on the glass chemical composition, the temperature,
and the time allowed.

If, to operate a certain manufacturing process at the required vis-
cosity, the glass temperature has to be decreased below the liquidus
temperature, then there is the risk that, given enough time, the mol-
ten glass will crystallize. So, for any melting and forming process, the
glass composition must be designed so that the liquidus temperature
is less than any processing temperature at which some or all of the
molten glass will be held for long periods of time.

It is customary in glass science and technology to refer to glasses as
being 

 

soft

 

 or 

 

hard

 

, not in terms of physical hardness, but rather in
terms of the temperatures required to soften the glass and make it
flow. Soft and hard are relative terms; one glass is harder than an-
other if we must heat it to higher temperatures to make it flow. Never-
theless, on a technology scale, some glasses are considered “soft” and
others “hard.” Additionally, glasses are called 

 

long

 

 or 

 

short

 

, depending
on the slope of the viscosity curve (vs. temperature) within the 

 

work-
ing range

 

, the temperature interval between the softening and work-
ing points. The terms 

 

short

 

 and 

 

long

 

 thus refer to the relative amount
of time available to work the glass as it cools. The wide variety of vis-
cosity-temperature relationships exhibited by commercial glasses is il-
lustrated in Fig. 8.2. The glass code numbers shown in the figure
correspond to those of glass compositions listed in Tables 8.1 and 8.2.

In the following sections, we present several families of glasses, gen-
erally progressing from the softer to the harder. We discuss each fam-
ily, giving examples and ranges of useful compositions. We also list
key properties of importance, current commercial applications, and
some manufacturing processes used to form articles from those
glasses. Applications and processes are discussed more thoroughly in
later sections of the chapter.

 

8.1.2 Soft Glasses

8.1.2.1 Soda-lime-silica glass

 

Brief history.

 

Soda-lime-silica glass, sometimes called simply 

 

soda-
lime

 

 glass, is the generic name for a family of glass compositions based
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on the network former silica (SiO

 

2

 

) and modified by 

 

soda

 

 (Na

 

2

 

O) and

 

lime

 

 (CaO). It is the oldest commercial type of glass and has roots with
the earliest commercial glasses developed in the Middle East thou-
sands of years 

 

B

 

.

 

C

 

. Silica is too refractory a material to be melted and
formed as a glass by wood or fossil fuel fires. However, it was discov-
ered that additions of soda ash (Na

 

2

 

CO

 

3

 

) and limestone (CaCO

 

3

 

) to sil-
ica sand (crystalline quartz) acted as fluxes to help melt the sand over
simply fueled fires. The resulting melt was sufficiently fluid that it
could be 

 

worked

 

 to form useful objects.
The relative ease of discovery and manufacture are key to the al-

most universal use of soda-lime-silica glass products. For example,
sand is plentiful and at the outset contained sufficient calcium oxide
as impurities, often as calcium carbonate from shell fragments, that
when combined with soda and potash from wood and plant fires al-
lowed the discovery of good stable glasses that could be melted over

Figure 8.2 Viscosity vs. temperature for some commercial glasses designated by
glass codes (see Tables 8.1 and 8.2). (Courtesy of Corning Inc.)
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TABLE 

 

8.1 Glass Compositions Listed by Glass Type, wt%
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TABLE 

 

8.1 Glass Compositions Listed by Glass Type, wt% 
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TABLE 8.1 Glass Compositions Listed by Glass Type, wt% (Continued)
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TABLE 

 

8.2 Glass Physical Properties Listed by Glass Type
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TABLE 8.2 Glass Physical Properties Listed by Glass Type
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wood fires. The fluxing agent magnesia (MgO) was also present as a
minor component in the ash. The relatively low cost (compared to most
other commercial glass compositions) and the relatively low required
melting temperatures (about 1150°C) combined with physical and
chemical properties acceptable for a wide variety of applications con-
tinue to make it the major volume of glass manufactured today. 

Most commercial soda-lime glass compositions are based on a eutec-
tic composition in the Na

 

2

 

O-CaO-SiO

 

2

 

 phase diagram located at about
22% Na

 

2

 

0, 5% CaO, and 73% SiO

 

2 

 

by weight. The more useful compo-
sitions are higher in CaO and lower in Na

 

2

 

O for several reasons, one
of which is improved chemical durability. A typical composition is
15Na

 

2

 

O · 10CaO · 2Al

 

2

 

O

 

3

 

 · 73SiO

 

2

 

 (wt.%); the alumina (Al

 

2

 

O

 

3

 

) is
present in part to help improve chemical durability and in part to de-
crease the tendency for crystallization. This composition lies in the
thermodynamic stability field of the mineral 

 

devitrite

 

 (Na

 

2

 

O · 3CaO ·
6SiO

 

2

 

). While the term 

 

devitrification

 

 is applied to all families of
glasses to describe the process whereby the molten glass gradually
crystallizes if held at temperatures somewhat below the liquidus, the
name devitrite is reserved for devitrification in this particular soda-
lime-silica composition field.

In commercial glass compositions, one often finds other alkali oxides
substituted for some of the Na

 

2

 

O and magnesia (MgO) substituted for
some of the lime. This is in part to provide more desirable properties,
including higher viscosities at the liquidus temperature, and some-
times, especially in the case of the magnesia, because of more econom-
ically available raw materials. Typical composition ranges for soda-
lime-silica glasses and example commercial glass compositions are
given in Table 8.1. Properties for those glasses are given in Table 8.2.

 

Chemistry and properties.

 

This section, and similar sections in the dis-
cussions of other glass families, contains a synopsis of the types of
chemical components used in typical glass compositions and the prop-
erties or performance characteristics that depend on them.

 

Glass former.

 

SiO

 

2

 

Modifiers.

 

Alkali and alkaline earth oxides

 

Intermediates.

 

Alumina

 

Alkalis.

 

They act as fluxes, making the glass easier to melt. The
melt viscosity is greatly decreased relative to that of silica at all tem-
peratures. This makes melting and forming easier. Hence, alkali-con-
taining glass is more economical as a product. Among adverse effects
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are lower use temperatures (deformation temperatures), increased
thermal expansion coefficient [about 5 points (5 

 

×

 

 10

 

–7

 

/°C) per 1%
soda], which is frequently undesirable, and greatly decreased chemi-
cal durability (attack by aqueous solutions). Furthermore, since the
alkali ions are somewhat mobile within the glass network, the glass
becomes more electrically (ionically) conductive, especially as temper-
ature increases, thus decreasing its effectiveness as an insulator.
(This, however, can be an advantage in electrically boosted melting). 

 

�

 

Soda, Na

 

2

 

O (from soda ash and/or nitre).

 

This is the most impor-
tant alkali for glass making.

 

�

 

Lithia, Li

 

2

 

O (from lithium carbonate).

 

This is a better flux than
soda, and provides slightly better durability, but it is much more ex-
pensive.

 

�

 

Potassia, K

 

2

 

O (from potash and/or potassium nitrate).

 

This has a
larger ionic size, so it is less mobile and therefore better for electri-
cal insulation properties, but not quite as good a flux as soda.

 

�

 

Alkaline earths.

 

They also provide fluxing action (but not as good
as the alkalis). They are significantly better than alkalis for chemi-
cal durability, and for dielectric properties (i.e., the electrical con-
ductivity of alkaline earth ions is less than alkalis; they have a
double ionic charge, thus are less mobile).

 

�

 

Lime, CaO (from limestone).

 

This is the most important alkaline
earth for glass making.

 

�

 

Magnesia, MgO.

 

MgO is often present with CaO in natural batch
materials, for example in 

 

dolomite

 

 [MgCa(CO

 

3

 

)

 

2

 

] or dolomitic lime-
stone.

 

�

 

Alumina, Al

 

2

 

O

 

3

 

 (generally derived from feldspar or nepheline
syenite).

 

Alumina can be considered a network modifier, but often a
network former, especially if present in amounts less than the alka-
lis. It improves chemical durability and generally decreases the ten-
dency for crystallization (devitrification). Rarely is alumina included
in the batch as the oxide, but rather as a compound containing two
or more of the major glass components.

 

Key characteristics.

 

Soda-lime-silicates are generally useful glasses.
Density is about 2.3 g/cm

 

3

 

. Typically, they are hard (5–7 on the Mohs
scale), stiff (Young’s modulus about 70 GPa, 10

 

7

 

 lb/in

 

2

 

), and strong (de-
sign strength > 7 MPa, 1,000 lb/in

 

2

 

). They are transparent, with re-
fractive index about 1.51 to 1.53. They are electrical insulators with
good dielectric strength. They have a dielectric constant of about 7 and
a dielectric loss of about 7% at 1 MHz. They are chemically durable
against water and acid and have fairly good weathering resistance.

 

08Seward  Page 11  Wednesday, May 23, 2001  10:16 AM



 

8.12 Chapter 8

 

However, they have high thermal expansion (~90 

 

×

 

 10

 

–7

 

/°C) and only
fair upper use temperature (softening point ~700°C; strain point
~475°C). They provide benchmarks against which all property im-
provements may be judged. 

 

Advantages.

 

It is a general, all-around glass; easy to melt; perhaps
the least expensive and most widely used family of glasses

 

Disadvantages.

 

Because of the high thermal expansion soda-lime-sil-
ica glasses are prone to thermal shock failure and because of their rel-
ative softness, have limited high temperature usefulness relative to
the harder families of glasses to be discussed later. They are some-
what inferior electrically (have high dielectric loss).

 

Applications

 

�

 

Architectural glazing (windows and spandrels)

 

�

 

Automotive glazing (flat glass and reshaped glass)

 

�

 

Lighting (household lamp and fluorescent tubing envelopes; tubing
for neon lighting)

 

�

 

Electrical (radio tube envelopes—a reemerging application)

 

�

 

Containers (bottles, drinkware, tableware)

 

�

 

Decorative and art

 

�

 

Variations—tempered (thermal and chemical), coated, laminated

For each of these applications, one could list all the required glass
properties to see why soda-lime glass is suited to the application. We
will do this just for the lighting application. Some of the key glass re-
quirements are that it:

 

�

 

Transmit light and other wavelength radiation

 

�

 

Be impervious to gas diffusion

 

�

 

Be readily degassed in a vacuum

 

�

 

Be hermetically sealable to other glass and metal parts

 

�

 

Be relatively chemically durable

 

�

 

Be able to withstand the high temperatures generated by the light
source

 

�

 

Have good dielectric properties

 

�

 

Be easily fabricated into shapes suitable for the product application

Soda-lime glass satisfactorily meets all these requirements for incan-
descent and fluorescent lamp applications (but not for halogen cycle
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and arc lamp applications) and is inexpensive compared to higher
temperature (harder) glasses. This explains its almost universal use
in these applications. Glass compositions and properties of soda-lime-
silica glasses used for some of the above applications are given in Ta-
bles 8.3 through 8.6.

Forming processes. Forming processes include pressing, blowing,
casting, rolling, tube drawing, sheet drawing, floating on a tin bath.
(These and other processes are described in Section 8.3.)

8.1.2.2 Lead silicate glasses

Brief history. The first commercial use of lead oxide as a major glass
component was by George Ravenscroft in seventeenth century En-
gland. For many reasons, the supply of glass from continental Europe
had become unreliable, as had the importing of plant ashes for soda.
Ravenscroft developed high-quality potassia-lead-silica glasses. The
glass was exceptionally brilliant in appearance. Ravenscroft called it
crystal and kept secret the fact that lead was the key ingredient; so
did his successor. The glass was also called flint glass, because the sil-
ica came from flint nodules found in the chalk deposits of southeast
England. This source of silica was highly pure, a key factor in the clar-
ity and brilliance of Ravenscroft’s products. The term flint glass is still
used today in two contexts: (1) for high-dispersion optical glasses, of-
ten containing lead oxide, and (2) clear (uncolored) beverage bottles,
generally made of soda-lime silica glass containing no lead at all.

Chemistry and properties

Glass former. SiO2

Modifiers. Alkali, alkaline earth, and lead oxide

Intermediates. Alumina

Lead oxide, PbO. At low molar compositions, PbO acts as a net-
work modifier. It is a good flux. Like alkaline earth oxides, it has less
adverse effect on thermal expansion or chemical durability than alka-
lis. It significantly increases the refractive index and elastic modulus.
It increases the working range (“longer” glass, see Sec. 8.1.1). A typical
composition (alkali lead silicate with intermediate lead concentration)
is 30PbO. 9K2O. 4Na2O. 2Al2O3. 55SiO2 (wt.%). On a mole percent ba-
sis, this composition would look similar to a mixed alkali-lime-silica
glass, with lead oxide substituted for calcium oxide.
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TABLE 8.3 Glass Compositions for Laboratory, Electric Lighting, and Container Applications, wt%
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TABLE 8.4 Physical Properties of Glasses for Laboratory, Electric Lighting, and Container Applications
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TABLE 8.5 Glass Compositions for Houseware Applications, wt%
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TABLE 8.5 Glass Compositions for Houseware Applications, wt%
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At high lead concentrations, say greater than 50% PbO by weight,
lead can be a network former. This is especially true in binary lead sil-
icates, borate glasses, and phosphate glasses, which will be discussed
in later sections. Up to 70 wt.% lead oxide is used in high refractive in-
dex optical glasses and in radiation shielding windows. Typical compo-
sition ranges for lead silicate glasses and example commercial glass
compositions are given in Table 8.1. Properties for those glasses are
given in Table 8.2.

Key characteristics. The main characteristics of lead silicate glasses
are high expansion, long working range, good dielectric properties,
high refractive index in combination with high dispersion, and fairly
good chemical durability.

TABLE 8.6 Physical Properties of Glasses for Houseware Applications
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Advantages. Glasses containing lead are generally easy to melt.
Compared to soda-lime glasses of similar softening points, they have a
longer working range, higher refractive index, better electrical resis-
tivity, and lower dielectric loss, but they are more expensive than soda
lime. Lead provides X-ray absorption in television cathode ray tube
(CRT) bulbs.

Disadvantages. Lead oxide is considered to be a health and environ-
mental concern. It is especially so in the glass-manufacturing environ-
ment where particles of lead oxide may be airborne. Once incorporated
into a commercial glass product, the concerns are less unless the glass
itself is ground into a fine powder such as during sawing, grinding and
engraving operations.

Applications. Major uses include

� Glass tubing (e.g., neon sign tubing).
� Electric filament mount structures (incandescent and fluorescent

lamps)
� Cathode ray tube (television bulb neck and funnel, radar screens)
� Optical/ophthalmic (refractive index adjustment)
� Solder glass and frits (for relatively low temperature joining or seal-

ing of glass/metal, glass/ceramic and glass/glass; conductive, resis-
tive, and dielectric pastes in electronic circuits; decorative enamels)

� Drinkware (“hollow ware”)
� Decorative and art glass
� Radiation shielding (nuclear “hot” labs)

Glass compositions and properties of lead-silicate glasses used for
some of the above applications are given in Tables 8.3 through 8.10.
Two example applications are discussed below.

Cathode ray tube application. The construction of a color televi-
sion bulb is illustrated in Fig. 8.3. Several different glass components
are involved: panel, funnel, neck tubing, electron gun mount, and
evacuation tube. Some key design requirements of the glasses are as
follows:

� Strength. The bulbs are designed to withstand three atmospheres
of external pressure.

� X-ray absorption. Assembled tubes must have sufficiently high X-
ray absorption to meet federal standards. Lead is generally used in
neck and funnel glass for good electrical properties as well as radia-
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TABLE 8.7 TV Glass Compositions, wt%

Glass ID Description

S
i0

2

A
l 2

O
3

B
2O

3

L
i 2

O

N
a 2

O

K
2O

M
gO

C
aO

S
rO

B
aO

P
bO

Z
n

O

A
s 2

O
3

S
b 2

O
3

T
iO

2

Z
rO

2

C
eO

2

Other Refs.

Lead TV glasses
Corning 0120
Corning 0137
Corning 0138
Corning 7580

Stem tubing
Neck tubing
Funnel
Sealing frit

56
52.2

54
2

2
1
2

0.1 8.4

4
0.8

6

9
12
8 2.5 3.5

5

1.9

29
28
23

75.4 12.2

0.5
0.5
0.1

Ref. 7
Ref. 7
Ref. 7
Ref. 7

TV panel glasses
Corning 9008
Corning 9039
Corning 9061*

Corning 9068*

Ranges (1990)

*Obsolete

Panel, B&W
Panel, proj.
Panel, color

''
''

55.1
57.5

62
62.9

59–65

3.6
1.7

2
2.1

1.3–2.3

0.5
1

6.8
6.3

7
6.99

7.0–8.5

6.4
5.8

9
8.9

6.6–8.9

0.7
0.85

0–1.5

1.7
1.79

0.1–2.8

8.7
10.3

10.31
8.0–10.3

12
15
2.4

2.37
2.0–8.7

1.7

2.2
2.31

0.05–2.8 0–1.0

.02

0.2
0.16

0–0.3

0.4
0.4
0.7

0.38
0–0.6

0.5
0.52

0.3–0.5

3

1–2.6

0.7
0.2

0.21
0.2–0.5

†

F=0.29,†

F=0–0.3,†

Nd2O5=0–1.00

†Typical colorant levels for contrast enhancement are Fe2O3 = 0.04, NiO = 0.012, CO3O4 = 0.002, and Cr2O3 = 0.0006.

Ref. 7
Ref. 7
Ref. 7
Ref. 7
Ref. 7

Typical '' 61.3 2 0.01 7.6 7.6 0.05 9.2 9.2 0.5 0.3 0.4 1.4 0.3 *
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TABLE 8.8 TV Glass Properties, wt%

Glass ID Description
Density
g/cm3

CTE
0 to 300°C

10–7/°C

Strain
point

°C

Annealing
point

°C

Softening
point

°C

Working
point

°C

Young’s
modulus

GPa
Poisson’s

ratio
Refractive

index

Resistivity
350°C

log(Ω-cm)
Absorption
@0.06 nm Refs.

Lead TV glasses
Corning 0120
Corning 0137
Corning 0138
Corning 7580

Stem tubing
Neck tubing
Funnel
Sealing frit

3.05
3.18
2.98
6.47

89.5
97
97
98

395
436
435
293

435
478
474
311

630
661
654
374

986
978
965
890

59 0.22
0.23
0.24
0.25

1.56
1.55

1.565
1.65

8
8.3
7.6
8.2

75
90
62
40

Ref. 7
Ref. 7
Ref. 7
Ref. 7

TV panel glasses
Corning 9008
Corning 9039
Corning 9061*

Corning 9068*

Ranges (1990)

*Obsolete

Panel, B&W
Panel, proj.
Panel, color

''
''

2.64
2.9
2.7

2.696
2.7–2.8

89
96.4

99
98.5–99.5

''

406
458
460

455–470
''

444
500
501

510–525
''

646
680
689

687–707
''

1004
983

1000

0.24
0.24
0.23

1.506
1.553
1.518

7.4
7.7
7.5
>7

''

20
28
35

29.1

Ref. 7
Ref. 7
Ref. 7
Ref. 7
Ref. 7

Typical '' 2.8 102 '' '' '' '' ~29
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TABLE 8.9 Sealing and Solder Glass Compositions, wt%
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TABLE 8.10 Physical Properties of Sealing and Solder Glasses
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tion absorption (see Sec. 8.2.3.5); it is not used as much in the panel
glass (screen), because it “browns” under irradiation.

� Radiation damage. The panel glass must not change color or
“brown” under X-ray or electron irradiation. Since the presence of
lead promotes electron browning, only small amounts of lead can be
used in a panel glass. Cerium oxide is often added to the composition
to help minimize the browning. Cerium ions act as electron traps
that do not absorb light in the visible portion of the spectrum.

� Electrical properties. Properties include high bulk electrical resis-
tivity (excellent insulator) and high dielectric strength to resist elec-

Figure 8.3 Schematic showing cross section of components of a conven-
tional color television tube. The glass envelope consists of a funnel sec-
tion, a faceplate section, and a neck section. The tubulation is used to
evacuate the tube and is removed after vacuum processing. (From Ref.
7, Fig. 1, p. 1039, reproduced with permission of publisher.)
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trical puncture or discharge through the glass under high potential
gradients (anode voltage can exceed 25 kV for color television).

� Optical properties. The luminous transmittance and chromaticity
of the screen is specified and varies among TV set designers and
manufacturers (absorption of light is needed to improve viewing
contrast); doping elements used for tinting include Ni, Co, Cr, and
Fe.

� Viscosity. It has a working range that allows forming into large
sizes.

� Thermal expansion. All parts (panel, funnel, neck, solder glass,
and shadow mask metal alignment pins) must match fairly closely,
90 to 100 × 10–7/°C.

Compositions and properties of lead-containing glasses useful for tele-
vision bulb manufacture are given in Tables 8.7 and 8.8.

Drinkware (“hollow ware”) and art glass applications of lead glass.
Historically, the term crystal has been used for any clear glass of high
transparency, especially when cut so that it has many light-reflecting
surfaces, as in crystal chandeliers. We should note here that this use
of the term crystal indicates nothing about the atomic level structure
of the material. As is true for all the glasses in this section, the struc-
ture is amorphous, not crystalline.

ASTM defines crystal as “(1) colorless, highly transparent glass,
which is frequently used for art or tableware. (2) colorless, highly
transparent glass historically containing lead oxide.” In Europe, lead
crystal must contain at least 24% (wt.) PbO and full lead crystal at
least 30%. SteubenTM glass has traditionally contained about 30%
PbO.

Attributes. Attributes of lead crystal ware include brilliance, clarity,
sonority (acoustic resonance), density, meltability, and workability.
Brilliance is related to the refractive index, transmittance, and the de-
gree that surface polish is maintained. Sonority is related to the high
elastic modulus and low internal friction (acoustic damping) of the
glass, a function of the mixed alkalis present. Lead is not an absolute
requirement for any of these attributes. A negative: high-lead glasses
are more easily scratched or abraded. Most lead crystal manufactur-
ers are developing non-lead compositions for at least some of their
products.

Forming processes. Forming processes include pressing, blowing,
tube drawing, casting, centrifugal casting, and fritting but are not lim-
ited to these.
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8.1.3 Hard Glasses

8.1.3.1 Borosilicate glasses

Brief history. Boric oxide was used as a fluxing agent in glass compo-
sitions in Europe in the eighteenth century. Michael Faraday used it
as a component in his pioneering optical glass developments in the
mid-nineteenth century. Beginning in the 1880s, Otto Schott and
Ernst Abbe developed boron-containing optical glasses including bo-
rate crowns, borosilicate crowns, and borate flints. (See Sec. 8.2.4 for
definitions of the terms crown and flint.) Schott was perhaps the first
to recognize the usefulness of boric oxide additions to silicate glasses
for the purpose of reducing their thermal expansion, which led to
Schott’s development of thermal shock resistant borosilicate labora-
tory ware. However, it was Corning Glass Works’ development of
chemically durable, low-thermal-expansion borosilicate glasses during
the first two decades of the twentieth century that opened the way for
wide commercialization of borosilicate glasses. Between 1908 and
1912, Corning developed a soft, lead-containing, low-expansion boro-
silicate glass in response to the practical problem of thermal shock
breakage of railroad lantern globes and lenses. The uncolored version,
NonexTM (for nonexpanding glass), was also used for battery jars and
even baking dishes. A harder, lead-free version, first introduced in
1915 as a heat-resistant glass under the trade name PyrexTM, soon be-
came the standard for laboratory ware and oven-safe bakeware
throughout the world.

Typical composition ranges for borosilicate glasses and example
commercial glass compositions are given in Table 8.1. Properties for
those glasses are given in Table 8.2.

Chemistry and properties

Glass formers. SiO2 and B2O3 [B2O3 from hydrated sodium tetrab-
orate (borax), boric acid, or other boron oxide containing compounds;
rarely from anhydrous B2O3].

Modifiers. Alkali, alkaline earth, and lead oxides.

Intermediates. Alumina.

Boron oxide, B2O3. This is a network former. Alone, it readily
forms a soft glass, having low deformation temperature, high thermal
expansion, and good electrical properties. Pure B2O3 glass is very hy-
groscopic, even soluble in water; it is usually used in combination with
silica, SiO2.
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In borosilicate glasses, B2O3 acts as a flux for silica, and when com-
bined with alkali oxides, the thermal expansion can be controlled to
match various materials. Alkali borosilicates tend to phase-separate.
Alumina helps to reduce this tendency. A typical composition (alkali
borosilicate) is 81SiO2. 13B2O3. 4Na2O. 2Al2O3 (wt.%). This is close to
that of Corning Code 7740 - used for PyrexTM brand products. It’s ap-
proximate properties are listed in Table 8.2.

Key characteristics. Borosilicate glasses provide low expansion (can be
tailored over a range by varying the ratio of triangularly coordinated
boron to the tetrahedrally coordinated silicon), moderate hardness
(higher deformation temperatures than soda-lime-silica glasses, sev-
eral hundred degrees higher melting temperature), good electrical
properties, and excellent chemical durability when the composition is
not phase separated. 

Advantages. Thermal expansion can be “tailored” over a wide range
by suitable composition changes. This allows excellent thermal shock
resistance and excellent chemical durability to be combined for a prod-
uct application. It also allows for designing glasses that can be sealed
directly to certain metals such as tungsten, molybdenum, and Ko-
varTM. Many borosilicate glasses have higher use temperatures than
do soda-lime-silica glasses. Borosilicates are perhaps the second most
widely used family of glasses.

Disadvantages. They are more expensive than soda-lime glasses. This
is primarily due to costs associated with melting at higher tempera-
tures and the price of boron-containing raw materials.

Low-alkali, low-alumina borosilicate glasses are subject to phase
separation when held for prolonged periods of time above their glass
transformation range (say, between the annealing and softening
points). This can lead to decreased chemical durability and sometimes
to haziness or opacity of the glass. However, the manufacture of some
commercial products (e.g., VycorTM brand 96% silica glass and con-
trolled-pore-size porous glass), is based on the phase separation phe-
nomenon. This will be discussed in Sec. 8.2.9.2.

Applications. Applications include chemical ware, pharmaceutical
ware, cosmetic containers, housewares, optical and ophthalmic lenses,
photochromic glass, lighting and electrical applications, telescope and
other mirror substrates, solar energy systems, and flat-panel display
substrates. Glass compositions and properties of borosilicate glasses
used for some of the above applications are given in Tables 8.3 through
8.6, 8.9, and 8.10. Borosilicate glasses for fiberglass applications are
discussed in Sec. 8.6.
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Forming processes. Forming processes include casting, pressing,
blowing, tube-drawing, rolling, and sheet-drawing but are not limited
to these. Borosilicates are a very versatile family of glass.

8.1.3.2 Aluminosilicate glasses

Chemistry and properties

Glass formers. SiO2, B2O3, and sometimes Al2O3.

Modifiers. Alkali, alkaline earth, and lead oxides.

Intermediates. Al2O3.

Alumina (aluminum oxide, Al2O3) . This is a very refractory oxide,
even more so than silica. It has a very high Al-O bond strength. When
incorporated in the glass network, it makes the glass more refractory
(harder in glassmakers’ terms).

Aluminosilicates typically (not always) contain boron oxide but are
termed aluminosilicate if they contain more alumina than boron oxide
on a molar basis. Generally, they are the most refractory (high-tem-
perature) of glasses containing alkali and alkaline earth modifiers.
They have a relatively steep (short) viscosity-temperature curve giv-
ing high annealing and strain points but are still meltable in conven-
tional furnaces. A typical composition (lime aluminosilicate): 58SiO2 ·
20Al2O3 · 16CaO · 5B2O3 · 1Na2O (wt.%).

The molar ratio of alumina to alkali modifiers is key to the glass
properties. At ratios less than 1, alumina tends to enter the glass net-
work, replacing the NBOs (nonbridging oxygens) caused by the pres-
ence of the alkalis. Many glass properties are sensitive to this ratio,
including density, viscosity, thermal expansion, internal friction,
Knoop hardness, electrical conductivity, and ionic diffusion. For exam-
ple, adding aluminum oxide to alkali silicate glasses increases the vis-
cosity.

Composition ranges for aluminosilicate glasses and examples of
commercial glass compositions are given in Table 8.1. Properties for
those glasses are given in Table 8.2.

Key characteristics. They are very hard (high deformation tempera-
ture) glasses but still meltable at reasonable temperatures; have good
dielectric properties, high elastic moduli, and good resistance to chem-
ical attack (particularly to caustic alkalis); and are useful for high-
temperature applications. The alkali aluminosilicates can be readily
strengthened chemically by ion exchange (see Sec. 8.5.8).
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Advantages. All characteristics listed above are advantages for some
applications. Ready availability of alkali-free compositions is impor-
tant for electronic applications where the presence of alkali would de-
grade silicon semiconductor device performance.

Disadvantages. The required higher melting temperatures and more
costly batch materials make these glasses more expensive to produce
relative to soda-lime-silica and some borosilicates.

Applications. Applications include electrical and electronic insula-
tors and dielectrics, aircraft and space craft windows, stovetop cook-
ware, high-temperature lamp envelopes, chemically strengthened
frangible components, chemical apparatus, glass electrodes, and
load-bearing members in fiberglass reinforced plastics (E-glass and
S-glass). An important emerging area of application is as substrate
glass for flat-panel/active matrix liquid crystal displays (AM-LCDs).
Compositions and properties of aluminosilicate glasses used for some
of the above applications are given in Tables 8.3 through 8.6, 8.9, and
8.10.

Alkali aluminosilicates are used for ion-selective electrodes, chemi-
cally strengthened (ion-exchanged) glass and nuclear waste fixation.

Chemical (ion exchange) strengthening of glass is discussed in Sec.
8.5.8. Examples of chemically strengthenable aluminosilicate glasses
are Corning codes 0317, 0331, 0417, and PPG 947M. The composition
of 0317 is listed in Table 8.11.

Calcium-based alkaline earth aluminosilicates are the most impor-
tant commercially. Eutectic compositions in the calcia-alumina-silica
system have been the basis for a number of commercial glasses. The
eutectic at 1170°C (62.1SiO2 · 14.6Al2O3 · 23.3CaO wt.%) was the ba-
sis for the original OCF (Owens Corning Fiberglas) E-glass fiber, tung-
sten-halogen lamp envelopes, space shuttle window inner panes, and
the cladding glass for Corning’s CorelleTM tableware. Some of the
lower-silica eutectics (31.7SiO2 · 29.1Al2O3 · 27.1CaO wt.% and 7SiO2 ·
43.4Al2O3 · 49.6CaO wt.%) provided the basis for infrared transmit-
ting glasses at 4 to 5 µm wavelengths.

Eutectic compositions are further modified by additions of other net-
work modifiers and boron oxide. For high-temperature lamp applica-
tions, such as the tungsten-halogen lamp ampoule in automobile
headlamps, the thermal expansion is matched to that of molybdenum,
the electric lead wire metal.

Typical types are 1710 (once used for top-of-stove ware), 1720 (igni-
tion furnace tubes), 1723 (spacecraft windows), and 1724 (halogen
headlight inner bulb). Compositions and properties of these glasses are
given in Tables 8.1 and 8.2. Aluminosilicate glasses for fiberglass appli-
cations (for example, E-glass and S-glass) are discussed in Sec. 8.6. 

08Seward  Page 29  Wednesday, May 23, 2001  10:16 AM



8.30

TABLE 8.11 Ion-Exchange-Strengthenable Glass Compositions wt%
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Liquid crystal display applications. Some key requirements for
AM-LCD applications are as follows:

� Thin (< 1.0 mm)
� Flat (low warp and bow)
� Smooth surface (low roughness)
� Excellent dimensional tolerances
� High strain point (600–800°C)
� Low thermal shrinkage (often called compaction) during customer’s

processing
� “Zero” alkali (avoids contamination of silicon electronics; no need for

barrier layers)
� Defect-free (interior and at the surface)
� Excellent chemical durability (resistant to etchants)
� Preferred thermal expansion match to silicon (<40 × 10–7/°C)

Corning codes 7059 (alumino-borosilicate), 1729, 1733, 1737, 2000,
and other manufacturers’ glasses are applicable (See Table 8.12.)

Glass-ceramics. Lithium aluminosilicate and magnesium alumino-
silicate glass compositions form the bases for several families of com-
mercially important glass-ceramic products, as described in Sec. 8.2.7.

Forming processes. Forming processes include pressing, blowing,
downdraw from a slot, “fusion” (Corning’s overflow sheet drawing pro-
cess, see Sec. 8.4.), mini-float, redraw, and others.

8.1.4 Fused Silica and High-Silica Glasses

Fused silica (fused quartz) is the glassy form of the chemical com-
pound SiO2. Its natural raw materials include quartz sand and the
mineral quartzite. However, because of its very high viscosity and
high volatility at the temperatures required to melt the raw materials
(1723°C is the melting point of cristobalite, the high-temperature crys-
talline form of silica), silica cannot be melted to form good quality
products by conventional, large-scale glass melting techniques. (Most
commercial glasses are melted at temperatures corresponding to a vis-
cosity of about 100 P; the viscosity of silica at 1725°C is about 107 P,
five orders of magnitude greater.) Consequently, specialized small-
scale melting techniques have been devised. Fused silica can also be
prepared by high-temperature synthesis from silicon-containing ha-
lide or metal-organic precursors. These specialized manufacturing
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techniques will be discussed in Sec. 8.2.9, as will techniques for manu-
facturing special high silica (>90 wt.%) glasses.

Key characteristics. It is the most refractory glass (annealing point
>1000°C, depending on purity and thermal history), with very high
thermal shock resistance (due to the low thermal expansion, 5.5 ×
10–7/°C), high chemical durability (water, acid, base resistance), high
optical transparency, very broad spectral transmittance range (deep
UV to near IR, approximately 170 to 3,500 nm wavelength), good radi-
ation damage resistance, low dielectric constant, and low electrical
loss tangent.

Transport properties of fused silica (for example, viscosity and elec-
trical conductivity) are controlled by the purity of the silica, in part as
a result of nonbridging oxygens (NBOs) introduced into the glass net-
work by the impurities. Values for these properties in absolutely pure
silica have probably never been measured. The reported values de-
pend on the method of manufacture (as described in Sec. 8.2.9). Table
8.2 shows the range of viscosity-related properties reported for com-
mercial fused silica glasses.

Advantages. Each of the key characteristics listed above give silica
glass different advantages over other types of glass, depending on the
application.

Disadvantages. One of its main advantages is also its main disadvan-
tage. As described above, the refractoriness (high softening point)
makes melting of the raw material, crystalline quartz, extremely diffi-
cult, specialized, and hence expensive. Furthermore, silica glass is not
easily worked in a flame to change its shape. These difficulties cause
silica products to be rather expensive compared to other glasses. Silica
is used only when the applications warrant the cost.

Applications. Applications include lighting (high-intensity-discharge
lamp envelopes), the semiconductor industry (crucibles, substrates,
coatings and annealing furnace tubing, and “furniture”), optical
(lenses, prisms, windows, mirrors, fiber optic, and photonic devices for
communications), high-energy laser optics, spacecraft windows, and
others (labware, furnace, and other tubing; specialty fiber and wool).

Some properties. See Sec. 8.2.9 for a further discussion of silica prop-
erties.

8.1.5 Borate, Phosphate, Aluminate, and 
Germanate Glasses

8.1.5.1 Borate glasses. As noted in Sec. 8.1.3.1, pure B2O3 glass is
very hygroscopic, even soluble in water. The same is true for many bi-
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nary alkali and alkaline earth borate glasses. The solubility of sodium
borate glasses has been utilized to prevent rot in telephone poles and
fence poles. When inserted in the wood below ground level, the glass
slowly dissolves, producing a fungicidal solution. An older, perhaps ar-
chaic, application is the Lindeman glass (B2O3 + Li2O + BeO), devel-
oped in the early days of radiography as an X-ray transmitting
window.

Rare earth borate glasses of high refractive index (e.g., lanthanum
borates) have unusually low dispersions, making them very useful op-
tical glasses. These glasses are much more chemically durable. There
are also useful chemically stable aluminum borate optical glasses.

Other commercial applications of boric oxide in glass include the
lead and zinc borosilicate solder glasses discussed in Secs. 8.1.2.2 and
8.2.2, which are quite chemically durable. Boric oxide is also used in
many fiberglass compositions, discussed in Sec. 8.6.

8.1.5.2 Phosphate glasses. P2O5 is deliquescent (dissolves in absorbed
atmospheric moisture), so phosphate glasses are noted for their lack of
durability. The structure of P2O5 is characterized by rings, chains, and
sheets of PO4 tetrahedra.

Some commercial applications. “Slow-release” glasses for treating min-
eral deficiencies in ruminant animals and as fertilizer. A general com-
position range for animal treatment is 28-50Na20 · 0-28CaO · 0-
28MgO · 28-50P2O5 (mol%) and 0.1–20 of required nutrient elements,
e.g., cobalt, copper, selenium, and iodine.

Bioactive and bioresorbable glasses are a recent development. Since
the middle of this century, biologically inert materials such as surgical
stainless steel, certain organic polymers, and alumina ceramics have
been used to repair or replace damaged body parts such as bones, bone
joints, and teeth. Such materials, while stable and nontoxic in the
body environment, are not truly inert. They are gradually encapsu-
lated by a thin, nonadherent fibrous layer, which progressively loosens
the implant and limits its useful lifetime. In the late 1960s, Hench and
coworkers at the University of Florida discovered that glasses within
a certain composition range of the soda-lime-phosphate-silica system
developed mechanically strong chemical bonding to bone surface. Such
glasses are now called bioactive glasses, some of which have been
manufactured under the trademark BioglassTM. Phosphate glass com-
positions have also been discovered that bond to soft tissue. Applica-
tions include prostheses to replace bones in the middle ear and roots of
teeth and materials to repair damaged or diseased jawbone. More re-
cently, compositions have been developed that are gradually absorbed
by the body as they catalyze the regeneration of the bone they re-
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placed. These discoveries have opened up major new areas for biomed-
ical materials science and engineering.

Possible emerging applications. Emerging applications include the fol-
lowing:

1. Low-temperature zinc-alkali-phosphate glasses for polymer glass
melt-blends have been developed by Corning. Key characteristics
are glass transitions near 325°C and water durability comparable
to or exceeding common soda-lime glass. Most durable composi-
tions lie in the orthophosphate and pyrophosphate regions.

2. Non-lead solder glasses for use in color TV tube assembly, based on
SnO-ZnO-P2O5, have been patented, tested, and found suitable for
the application. The cost is higher, so commercialization may be
difficult unless absolutely required by environmental legislation.

Aluminophosphates. Al2O3 and P2O5 can combine to give an AlPO4
structural unit isomorphous to SiSiO4 = 2(SiO2). AlPO4 alone does not
produce a glass but, when combined with suitable modifiers, it yields
good glasses (higher temperature capability and improved chemical
durability compared to the straight phosphates).

Heat-absorbing glasses are made from iron-doped aluminophos-
phates. (In phosphate glasses, the iron ion absorption bands, located
in the UV and IR regions, are much sharper than they are in silicate
glasses. Hence, almost clear glasses containing several percent of iron
are possible.) HF acid resistant glasses have been made from zinc alu-
minophosphates.

Laser host glasses are typically neodymium-doped aluminum phos-
phates. An example is 12Na2O · 10Al2O3 · 6La2O3 · 2Nd2O3. · 70P2O5
(mol%). An advantage over silicate-based glass is a high solubility for
platinum. Glasses that are melted in platinum for purity dissolve
some platinum during melting. Some of the dissolved platinum precip-
itates in silicate glasses upon cooling, causing the glass to fracture due
to heat generated during the lasing action, rendering the silicate
glasses less desirable.

Fluorophosphates. These are used as specialized optical glasses. For
example, fluorophosphate glasses, such as those designated FK-5 or
FK-50 by Schott, have very low optical dispersion.

Silicophosphates. These also are used as optical glasses. [Example:
ophthalmic crowns, 20P2O5 · 21SiO2 · 22Al2O3 · 12B2O3 (wt.%) plus al-
kali and alkaline earth oxides, n = 1.523.]

8.1.5.3 Aluminate glasses. Al2O3 does not form a glass (other than by
vapor deposition processes). However, it can make a major contribu-
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tion to the glass network structure as in the aluminosilicates (Sec.
8.1.3.2) and the aluminophosphate glasses discussed above. It can
even be the primary network former and as such has found several
commercial applications. Calcium aluminate glasses are used as IR
(infrared) transmitting glasses, boroaluminates have been used as op-
tical glasses and as non-discoloring envelopes for sodium vapor lamps,
and calcium boroaluminates (Cabal glasses) have electrical resistivi-
ties greater than those of silica.

8.1.5.4 Germanate glasses. Germanate glasses are useful as IR trans-
mitting glasses. As such, they are of considerable interest in heat-
seeking missile applications.

8.1.6 Nonoxide Glasses

Other commercial glass systems include fluoride based glasses; chal-
cogenide and chalcohalide glasses; the amorphous semiconductors, sil-
icon and germanium; and glassy metals.

In fluoride glasses, fluorine rather than oxygen is the primary glass
network anion. BeF2 (beryllium fluoride), alone and in combination
with alkali fluorides, has sometimes been considered a low-tempera-
ture model for silica. Those glasses transmit even farther into the ul-
traviolet region and have lower refractive index and lower dispersion
than silica but, because of health hazards associated with handling
beryllium compounds and the difficulty of producing high-purity
melts, these glasses have seen little commercialization. Heavy metal
fluoride (HMF) glasses also transmit farther into the infrared region
than silica and can be produced with sufficiently high purity that they
have found optical applications, including optical fiber (mostly for
short haul and sensors).

The chalcogen elements, sulphur (S), selenium (Se), and tellurium
(Te), are elements from group 16 (previously called VIA) of the chemi-
cal periodic table. Sulphur and selenium themselves form glasses. All
three, in combination with certain group 14 (IV) and group 15 (V) ele-
ments, such as arsenic (As) and antimony (Sb), form glasses over con-
siderably broad composition ranges. When modified by adding
halogens, the materials are known as chalcohalides. The major inter-
est in these glasses is for their semiconducting, photoconducting, and
IR-transmitting properties. The photoconductivity of amorphous sele-
nium was the historical basis for the xerographic approach to photo-
copying. Although generally opaque to visible light, the IR transmitting
capabilities, in some cases extending to 18 µm wavelength or more, are
unique among glasses and have made them candidates for optic fiber
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transmission of high-intensity CO2 laser light (10.6 µm wavelength) for
laser-assisted surgery. (See Sec. 8.6.4, traditional fiber optics.)

Amorphous silicon, in thin-film form, is a widely used electronic
semiconductor. Its excellent photovoltaic properties, grain-boundary-
free structure, and relative ease of fabrication have made it widely
used for solar energy conversion (solar cells) and as the thin-film tran-
sistor (TFT) switching elements in AM-LCD television screens and
computer monitors, particularly portable units. However, for some
AM-LCD applications, electronic properties of crystalline rather than
amorphous silicon are needed, the requirement being achieved either
during film deposition or by subsequent heat treatment steps. Chalco-
genides and amorphous semiconductors have been considered for other
electronic and electro-optic applications such as computer memories.

Glassy metals, which are essentially metals, metal alloys, or metals
in combination with metalloid elements, having a glass-like atomic
structural arrangement, are generally prepared by extremely rapid
quenching (105 to 108 °C/s) from the molten state. While they are of
commercial value for their significantly enhanced electrical, magnetic,
and structural strength aspects, a full discussion of these materials is
beyond the scope of this chapter.

Oxyhalide, oxynitride, and oxycarbide glasses have also been made
and studied. The high anionic electrical conductivity observed for some
oxyhalides has raised interest in them as possible solid electrolytes.

For the glasses described in this section (8.1.6), the glass manufac-
turing processes described in Sec. 8.3 (glass melting), and many de-
scribed in Sec. 8.4 (glass forming), will not be applicable.

8.2 Special Glasses

8.2.1 Introduction

In this section, we group together some glasses that are somewhat
special, either because of their rather unique chemical, physical, or op-
tical properties, or because they have been developed for specific appli-
cations requiring special combinations of properties.

8.2.2 Sealing Glasses and Solder Glasses

Sealing glasses, as the name implies, are used to form a seal with (or
to) another material, such as electrical wires entering a glass light
bulb envelope. Typically, the seal must be mechanically strong and
hermetic, requiring that the thermal expansions of the glass and the
material being sealed to match over the temperature range between
the set-point of the glass and the use temperature of the seal, which is
generally room temperature. Because some mismatch in thermal con-
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traction between the sealed components from the set-point to room
temperature and/or the use temperature is inevitable, the process of
sealing leaves both components in a stressed condition. A risk of glass
fracture exists when tensile stresses so produced in one of the glass
components exceed the engineering strength of the glass. An often-
used design criterion is to ensure that the mismatch is no greater than
200 × 10–6 cm/cm (∆L/L). Modification of these stresses by a suitable
annealing schedule may be helpful (see Sec. 8.5.4). Be it glass-to-metal
or glass-to-glass, if a sufficiently close match in expansion is not di-
rectly possible, a graded seal utilizing a zone containing one or more
glass layers of intermediate thermal expansion is sometimes used. 

When two dissimilar glasses or other materials are joined using a
layer of glass, that sealing glass is sometimes called a solder glass.
However, the term is generally reserved for sealing glasses used at rel-
atively low temperatures when parts that are being sealed or encapsu-
lated would be damaged if subjected to higher temperatures. Solder
glasses are used for IC (integrated circuit) packaging, color TV picture
tube assembly and other mechanical seals, coatings, and wire feed-
through seals.

Sealing glasses are available in two forms: vitreous and devitrify-
ing. Vitreous sealing glasses are thermoplastic materials (glasses)
that soften and flow at the same temperatures each time they are pro-
cessed. A seal may sometimes be undone (unsoldered) by heating it to
temperatures at or slightly above those used to make the seal. Devitri-
fying sealing glasses are thermosetting materials that crystallize ac-
cording to a designed time-temperature relationship. Due to the
crystalline nature, the devitrified sealing glass has a thermal and of-
ten chemical stability greater than that of the parent glass. Seals us-
ing devitrifying glasses cannot be undone by reheating to their sealing
temperature. Devitrifying sealing glasses are a type of the glass-ce-
ramic materials that are discussed more fully in Sec. 8.2.7.

Vitreous sealing glasses are available with softening points between
330 and 770°C; coefficients of thermal expansion between 35 and 125
× 10–7/°C. For devitrifying sealing glasses, softening points range from
310 to 645°C; expansion from 42 to 100 × 10–7 /°C. Thermal expansion
of sealing glasses is often modified by use of low-expansion fillers (fine
particles of low-expansion crystals or glasses). Compositions and prop-
erties of some commercial sealing glasses are given in Tables 8.9 and
8.10.

Typically, sealing glasses are supplied as 100-mesh powder (pass
through screen of 100 mesh/inch), called frit, which is mixed with an
organic vehicle and applied like paint, paste, or slurry before firing.

Generally, lead-borate based glasses are used for low-sealing-tem-
perature vitreous sealing glasses and lead-zinc-borates for the devitri-
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fying type. Because of environmental and workplace health concerns,
non-lead-based sealing glasses are being developed.

8.2.3 Colored and Opal Glasses

8.2.3.1 Overview and applications. Glasses based on the glass formers
SiO2, B2O3, and P2O5 generally transmit light well across a broad
spectral region extending from within the ultraviolet region to well
within the near-infrared region. Thus, they are inherently clear, wa-
ter-white materials. Certain impurities and intentionally added net-
work modifying components can alter this situation, giving color,
grayness, and sometimes dullness to the glass as an unintended and
undesired consequence. Other constituents can be added to the glass
to color or opacify it to produce specific effects for intended applica-
tions.

Generally, a glass is considered to be colored if it absorbs some por-
tions of the visible spectrum more than it does others. For example, a
glass that preferentially absorbs light in the blue and green regions of
the spectrum is colored red.

For many applications, particularly the more scientific or technical,
detailed knowledge of the full transmittance and reflectance spectra of
the glass may be important. Such information can be obtained using
UV, visible, and infrared spectrophotometers. For other applications,
consistent color matching of different lots of product, often to a well
defined target, is sufficient. Here, the science of colorimetry is impor-
tant. The observed color of an object depends on the emission spec-
trum of the illuminating source, the transmittance and/or reflectance
spectra of the material composing the object, and the spectral sensitiv-
ity of the eyes of the observer.

Applications include:

� Colored lenses and filters (e.g., traffic lights, sunglasses, photogra-
phy, scientific applications)

� Color television panel glass (gray color for screen contrast enhance-
ment)

� Decorative/art glass
� Bottles and other containers
� Drinkware, tableware, and cookware
� Automotive and architectural glazing

8.2.3.2 Glasses colored by transition metal and rare earth ions. Probably
the most common method of imparting color to glass is to include vari-
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ous multivalent ions, such as transition metal and lanthanide series
metal ions, in the glass composition. The coloration results from light
absorption that occurs when electrons are excited from one energy
state to another, either within a single ion or between pairs of ions.
The color depends on the wavelength dependence of these absorption
processes. Colors resulting from some common coloring ions are shown
in Table 8.13.

It must be emphasized that the electronic energy levels of a given
ion, and consequently the color it imparts, are dependent on both the
valence state of the ion and the static electric field at the ion produced
by surrounding ions, generally oxygen ions. This electric field is often
referred to as the ligand field, where ligand is another name for near-
neighbor. For any coloring ion, the ligand fields depend on the internal
atomic structure of the glass and consequently on its chemical compo-
sition and thermal history. Thus, colors produced by a given ion will
vary from glass system to glass system. The colors will also vary some-
what depending on the size and valence of the network modifying ions
used to make the glass. For example, progressively interchanging the
alkali ions from lithium to sodium to potassium in a series of alkali
borosilicate glasses containing nickel as a colorant will change the
color from a straw yellow color due predominantly to Ni++ ions to a
purple color due predominantly to Ni+ ions. The Ni++/Ni+ equilibrium
is shifted by the change in alkali ion size.

Coloration due to chromium ions in certain borosilicate glasses il-
lustrates the effect of thermal history on color. Chromium enters the
glass structure in a Cr+3/Cr+6 equilibrium. Cr+6 is tetrahedrally coor-
dinated with oxygen, giving the glass a yellow color; Cr3+ is octahe-
drally coordinated, producing an emerald green color. Heat treatment
of certain rapidly cooled borosilicate glasses at temperatures some-
what above their annealing point will shift the chromium ion equilib-
rium toward Cr3+, giving the glass a more greenish color. Whether this
is related to a glass-glass phase separation or merely to an overall
change in oxygen coordination of the boron within the glass has been
debated.

Zinc oxide is often used as a major component in colored glasses.
Structurally, ZnO is an RO-type modifier oxide similar in behavior to
PbO, whereby at high concentrations it acts more as a network former
(like silica) than a modifier (like lime). Zinc-containing batch materi-
als are generally more expensive than their calcium or lead counter-
parts; hence, it tends to be little used commercially. One exception is
in the manufacture of colored glass—especially color filter glasses for
scientific/technical use. For example, to get a good purple color using
NiO as the coloring agent, the nickel must occupy a network-forming
position rather than act as a network modifier. (As a network modifier,
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Ni++ gives a yellow color, as discussed above.) When used in combina-
tion with relatively high concentrations of ZnO instead of CaO as the
chemically stabilizing flux oxide, the nickel seems to enter the net-
work positions along with the zinc. Similar ZnO-containing glasses
are also used to for cobalt-containing blue filters and cadmium sulfos-

TABLE 8.13 G ass Co orants
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elenide containing sharp cut-off red and orange filter glasses. The lat-
ter will be discussed in Sec. 8.2.3.3 below.

Due to the presence of impurities in commercial glassmaking batch
materials, iron is commonly present at sufficient concentrations to
color the resulting glass. When the iron impurity is small (up to about
0.075%), a judicious control of the Fe2+/Fe3+ (redox control, see Sec.
8.3.2.2) can bring about decoloration. The two oxidation states of iron
provide complementary colors. Selenium (1 to 5 ppm), which provides
a pink color in the metallic form, often mixed with cobalt oxide
(Se:CoO = about 1:3), nickel oxide, or cerium oxide, is added to bring
about decolorization when larger amounts of the iron impurity are
present in the batch. (Older use of MnO2 has now been abandoned be-
cause of Mn solarization.) Decolorization produces a more neutral
color but somewhat less brilliant glass because of overall transmission
decrease in the glass. The more brilliant, higher-transmission glasses
are made using iron-free raw materials.

8.2.3.3 Glasses colored by precipitated colloidal particles. Glasses may
also be colored by creating a dispersion of colloidal-sized particles of
some light-absorbing pigment within the glass. Such colloidal colorants
include semiconducting particles such as CuCl/CuBr and CdS/CdSe
solid solutions and the noble metals copper, silver, and gold. The colors
produced by these colorants are listed in Table 8.13. They tend to be
relatively independent of the base glass structure and composition.

Colloidal-sized particles cannot simply be added to a glass batch
with the expectation that they will survive the melting process.
Rather, the chemical components are added to the batch and the parti-
cles generated within the glass melt by nucleation and growth pro-
cesses. Sometimes the precipitation is controlled by rapidly cooling the
melt to a rigid state without particle precipitation occurring, followed
by a reheating to temperatures above the annealing point to nucleate
and grow the particles. Occasionally, the precipitation is allowed to oc-
cur during the initial cooling of the melt. Such types of processing can
result in very uniform dispersions of particles within the glass with
consequent uniform coloration. The color often appears very rapidly
during the cooling or reheating process step, leading to the terms
striking or striking-in of the color. Sharp cut-off orange and red color
filter glasses are produced in this manner by precipitating cadmium
sulfo-selenide solid-solution particles; ruby red colors are often pro-
duced using gold or copper metal particles. Alkali-zinc borosilicate
base glass composition have been found particularly useful for such
filters, e.g., Corning code 2405 [1Al2O3 · 12 B2O3 · 5Na2O · 11ZnO ·
70SiO2 (wt.%)] with small amounts of CdS and Se added. An impor-
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tant application for colloidal-particle colored glasses is red and yellow
traffic light lenses.

Colloidal metal coloration generally requires careful control of the
overall oxidation state of the glass throughout the process. The melt
must be maintained sufficiently oxidized at the melting temperatures
to keep the metal dissolved in its oxidized state until the melt is
cooled, then it must be made sufficiently reduced to allow precipita-
tion of the metal particles. [The metal must transform from the +1 ox-
idation state to the neutral (metallic) oxidation state as the glass
cools.] The oxidation state is generally controlled by incorporating
multivalent noncoloring ions such as tin or antimony in the batch. As
the glass cools, these ions become more oxidized at the expense of the
noble metals which become reduced. (Such oxidation-state changes of
antimony and tin are key to their roles as glass fining agents, as dis-
cussed in Sec. 8.3.2.)

8.2.3.4 Light-polarizing, dichroic glasses. If a glass containing non-
spherical, non-equiaxed light-absorbing particles of refractive index
different from the glass matrix is illuminated by polarized white light,
each of the particles will absorb light to a different degree, and gener-
ally with a different wavelength dependence, depending on the polar-
ization orientation of the light. If most of the particles within the glass
are aligned along a common axis, the glass itself will be a light polar-
izer. The glass will also be dichroic; it will show different colors, de-
pending upon the polarization of the light with which it is viewed. The
effectiveness of the polarizer will depend upon the effectiveness of the
individual particles to absorb light of one polarization orientation in
comparison to the other, upon the degree of their common alignment,
and upon the concentration of the particles in the glass. Submicron-
sized elongated particles of silver metal have been found most effec-
tive for this purpose. Elongated particles of copper-doped silver halide
have provided glasses which are both photochromic and polarizing
(see Sec. 8.2.5).

8.2.3.5 Radiation absorbing glasses 

X-ray absorbing: In color television (CTV) picture tubes, electrons hit-
ting the aperture mask or screen have about 25 keV of kinetic energy.
Some of this energy is converted to X-rays, 0.5 Å or greater wave-
length, as the electrons are scattered or absorbed. The X-rays can be
effectively absorbed by the neck, funnel, and panel glasses of the pic-
ture tube by incorporating heavy metal (high atomic number) elements
such as strontium, barium, zirconium, and lead into the compositions.
While X-ray absorption generally increases with the atomic number of
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the element, the wavelength locations of the K and L absorption edges
vary from element to element and must be taken into consideration
when seeking the most effective elements for absorption of specific X-
ray wavelength ranges. In Fig. 8.4, we show the mass absorption coef-
ficient as a function of wavelength for these elements.

We note here that CTV neck and funnel glasses often contain be-
tween 20 and 30 wt.% PbO. Because of the tendency for electron
browning mentioned above in Sec. 8.1.2.2, panel glasses should con-
tain less than 5% PbO. Barium oxide (BaO), strontium oxide (SrO)
and zirconium oxide (ZrO2) provide the required magnitude of the X-
ray absorption. Almost all American, European, and Asian manufac-
turers now use a similar lead-free base-glass composition (with some-
times differing levels of the coloring ions, depending on the CTV set
manufacturers’ specifications for luminous transmission). This greatly
facilitates the use of recycled glass (post-consumer and in-house cul-
let) in manufacturing. Tables 8.7 and 8.8 show compositions and prop-
erties for commercial TV panel glasses.

Ultraviolet absorbing. UV-absorbing species such as cerium oxide
(CeO2) are used as glass composition additives to reduce the amount
of UV radiation transmitted by the glass. Mixed semiconductor pre-
cipitates of CuCl/CuBr provide a sharp cut-off of short-wavelength
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Figure 8.4 X-ray mass absorption coefficient vs. wavelength for several
chemical elements. (From data in International Critical Tables)
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radiation. The spectral cut-off wavelength region can be tailored by
adjusting the chlorine/bromine ratio to provide good UV absorption
while maintaining a clear, “white” appearance of the glass. 

Heat (infrared) absorbing. Most silicate glasses are naturally opaque at
wavelengths longer than ~4.5 microns, so they are inherently good ab-
sorbers for mid- and long-wavelength infrared heat radiation. Infra-
red-absorbing species, such as ferrous oxide (FeO), that absorb in the
near-infrared spectral region are used to make so-called heat absorb-
ing glass. Phosphate glasses are particularly effective, because the ab-
sorption of the ferrous ion in phosphate glasses is less strong in the
visible region than it is in silicates, thus providing good near-IR ab-
sorption without adding significant coloration to the glass.

Hot cell windows. Large concentrations (high weight fractions) of PbO
have been used to make radiation shielding glass for use in nuclear
hot cells, primarily as viewing windows behind which mechanical and
chemical operations are conducted with radioactive components. An
example is Corning code 8363 glass (3Al2O3 · 10B2O3 · 82PbO · 5SiO2
wt.%) shown in Tables 8.1 and 8.2.

8.2.3.6 Opal glasses. Opal glasses are characterized by their milky
appearance. They range from translucent (light is transmitted, but vi-
sual images are not) to fully opaque. The opal nature arises from light
scattering due to the presence of inhomogeneities or inclusions within
the glass. Generally, the inclusions themselves transmit light but are
of different refractive index from the matrix glass. Thus, the inclu-
sions scatter the light but absorb relatively little of it. If there is a high
concentration of scatterers, or if the glass is very thick, it will be
opaque due to most of the light being scattered back toward the
source. Examples of such opalizing or opacifying agents are TiO2, NaF,
or CaF2 crystallites, or glassy phase-separated particles such as so-
dium-borate glass particles in a sodium borosilicate glass matrix. If ei-
ther the particulate phase or the matrix phase is colored, the opal
product appears colored, although generally only with low color satu-
ration that is pastel-like, because most of the incoming light is scat-
tered from the glass before much wavelength-selective absorption can
occur. (Examples of or CaF2-based white opal glass compositions are
the Corning code 6720 and Corelle body glass dinnerware opals shown
in Tables 8.5 and 8.6.)

8.2.4 Optical Glass

8.2.4.1 Introduction. Broadly defined, an optical glass could be any
glass used in an optical device, instrument, or system. However, as
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used by the optical glass industry (and in this section), the terminology
refers to glasses designed for use in optical imaging systems such as
microscopes, telescopes, and a wide variety of camera types. Properties
important for optical glasses—in addition to light transmittance, re-
fractive index, dispersion, and birefringence—are temperature depen-
dence of the refractive index, chemical durability of the glass, and
glass quality, especially homogeneity of refractive index and birefrin-
gence throughout the body of the glass. All these factors affect image
quality. Often, the refractive index is specified to four or more decimal
places and, for most applications, birefringence must be extremely low.
These quality requirements require careful melting and annealing of
the glass during manufacture.

To obtain the required ranges of refractive indices and dispersions,
optical glass compositions sometimes contain heavy batch ingredients
that tend to settle toward the bottom of the melt and volatile species
that tend to evaporate from the surface of the melt. The melts often
are corrosive, gradually dissolving (into the melt) the refractory con-
tainer used for melting them. While these phenomena occur to some
extent during the melting of all glasses (see Sec. 8.3), the strict homo-
geneity requirements of optical glass make its manufacture a greater
challenge.

For a given glass composition, the refractive index of the glass de-
pends on its density, which in turn depends on its thermal history,
particularly how rapidly it has been cooled through its glass transfor-
mation range. Careful annealing of the glass is a must, especially
when the refractive index must be held within tolerances to the fourth
or higher decimal place. Much of what we understand today about the
fine annealing and volume-temperature relationships of glass was
learned because of the striving for higher-quality optical glass for
sight telescopes and other military optics during the World Wars.

The design and manufacture of optical glass and the techniques for
generating and polishing precision lens and mirror surfaces constitute
some of the more technically sophisticated areas of glass science and
technology. Many treatises and books have been written on those sub-
jects, so the coverage in this chapter can only be superficial.

8.2.4.2 Brief history. Glass has been an important element for optical
devices beginning with its first use in spectacle lenses to aid aging eyes
in Italy, around the year 1280. Magnifying glasses came into use about
the same time. It has been said that these two inventions or discover-
ies contributed to the widespread use of the printed word that followed
the invention of the printing press in 1450. Galileo Galilei invented, or
reinvented, the two-lens-element telescope in the summer of 1609. Ad-
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vances in optical instruments depended on developments in optical
glass light refracting properties and manufacturing quality, and on ad-
vances in the techniques for grinding and polishing the glass to the re-
quired lens shapes. Pierre-Louis Guinand (1803) pioneered mechanical
stirring of melts for improved homogeneity. Michael Faraday (1820s) is
credited with the development of glasses with different refractive indi-
ces and dispersions, and the use of platinum crucibles and stirrers for
increased homogeneity. William Vernon Harcourt (1870s) explored the
effects of many elements including phosphorus, boron, tin, and zinc on
the properties of glasses. He melted in platinum and worked with com-
bustion-gas-free atmospheres above the melts. Ernst Abbe and Otto
Schott (1880s) are credited with the development of a wide variety of
glass compositions and first attempts to scientifically define composi-
tion factors that affect glass properties. Corning Glass Works (1940s)
developed continuous melting of optical glass in platinum lined melt-
ers incorporating platinum finers and stirrers. Annealing schedules
were developed at the U.S. National Bureau of Standards and Corning
Glass Works from the 1920s through the 1950s.

8.2.4.3 Applications of optical glass

Applications. Lenses, prisms, windows (for instruments), and mirrors
are typical major applications.

While glass remains the material of choice for most imaging applica-
tions, many other applications for glass in the fields of optics and opto-
electronics have emerged during the past half century. Some have ma-
tured, others are growing, and yet others are just now emerging. Some
of the currently most active developmental areas include UV-trans-
mitting glasses, IR-transmitting glasses, laser glasses, ophthalmic
glasses, and special glasses for atomic and nuclear technology applica-
tions.

UV-transmitting glasses. The trend of the semiconductor industry (elec-
tronics) to more and therefore smaller features on a semiconductor
computer chip (memory chips and microprocessors) has driven the de-
signs to submicron feature sizes. The optical lithography techniques
involved require imaging wavelengths in the near and deep UV re-
gions. While pure borosilicate crown glasses and special fluorophos-
phate glasses have been applied to lens systems operating at
wavelengths longer than 300 nm, only high-purity fused silica is capa-
ble of meeting all lens design needs at shorter wavelengths, specifi-
cally 248 and 193 nm, which are the emission wavelengths of the KrF
and ArF pulsed excimer laser, respectively. Some fluoride glasses
transmit at wavelengths shorter than 250 nm, but the percent trans-
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mittance of these glasses is not yet sufficient for these applications be-
cause of difficulties in manufacturing them at sufficient purity. To
move to wavelengths shorter than about 185 nm will be a serious chal-
lenge for transmissive optical materials, glass or otherwise.

IR-transmitting glasses. Glasses that transmit well in various spectral
regions throughout the infrared are needed for thermography, pyrom-
etry, IR spectroscopy, sensing, and a variety of specialized military ap-
plications. The wavelength limits for transmission depend, of course,
on the thickness of the glass, since there are no sharp cut-off edges to
the absorption spectra. However, one can say that, in general, pure sil-
ica has a long wavelength limit of about 4.5 µm. HMO (heavy metal
oxide) glasses extend this into the 6 to 9 µm range, with refractive in-
dices reaching 2.4. Heavy metal fluoride glasses are good to about
8 µm. Some chalcogenide glasses can transmit to about 25 µm, and
have refractive indices as high as about 3.

Laser glass. For some applications, glass has an advantage over
crystals as a host for the lasing ions: It can be produced in large vol-
umes and large sizes with high homogeneity and free of absorbing par-
ticles or other absorbing defects. The concentration of active ions in
glass can often be greater than in crystals. Also, adverse nonlinear re-
fractive index effects can be kept low in glass. Glass lasers are used in
industrial applications, mostly for materials processing. Neodymium-
doped glasses have been chosen for the large, multilaser systems be-
ing developed for inertial confinement nuclear fusion energy studies in
the U.S. and Europe. Erbium-doped silica core glasses are used in op-
tical fiber amplifiers (OFAs) operating in the 1.55 µm communications
band, and other lasing core glasses are being developed for the
1.31 µm band.

Ophthalmic glasses. The term ophthalmic here refers to glasses made
for spectacles (eyeglasses) intended for vision correction, as opposed to
nonprescription sunglasses. Trends in recent decades have been to
“smart” photochromic glasses (as described in Sec. 8.2.5) and to lighter
weight. The lighter weight has been achieved by using higher-refrac-
tive-index glass, which allows thinner lenses, a particular advantage
for “strong” corrections, and by using glass compositions with lower
mass densities. To further lower the mass density will be a continuing
challenge because of the conflicting need to maintain high index, which
itself requires the presence of heavy, highly electrically polarizable at-
oms. Ophthalmic glasses are discussed in more detail in Sec. 8.2.4.5.

Atomic and nuclear technology glasses. In the atomic and nuclear tech-
nology area, special glasses are used as particle detectors, dosimeters,
X-ray imaging screens, and radiation-absorbing windows that shield
against nuclear and X-radiation.
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8.2.4.4 Characteristics, properties and qualities. The key property of
optical glass that relates to its refractive (light bending) ability is the
refractive index. The higher the index, the more light is refracted for a
given lens geometry. Complex lens designs call for glasses with a vari-
ety of refractive indices. With any optical material, the refractive in-
dex varies with the wavelength of light, the phenomenon known as
dispersion. This means light of different wavelengths focuses differ-
ently through the same lens. To develop achromatic lens systems (i.e.,
ones that equally focus all wavelengths, or at least several widely
spaced wavelengths), combinations of lenses of different refractive in-
dices and complementary dispersive ability are needed. Much effort
has been expended in developing a wide range of suitable optical glass
compositions. An equally great effort went into developing methods for
melting the glasses from raw materials that would ensure the homo-
geneity of properties over a volume large enough for the required lens.
Since refractive index is a sensitive measure of density of the glass,
careful annealing of optical glasses is needed to assure uniform den-
sity and refractive index.

Glass compositions and nomenclature. Glass composition is key to gener-
ating the variety of required refractive indices and dispersions needed
by lens designers. Figure 8.5 shows the historical evolution of the
range of refractive properties. Glasses at the upper right are alkali-
lead-silicates and alkali-barium-lead silicates; glasses at the lower left
tend to be fluorosilicates with high fluorine or P2O5 content. Fluoride-
based glasses tend to have low index and low dispersion (high Abbe
number, νd). Heavy metal and rare earth lanthanum-borate glasses
tend to have high index and medium to high dispersion (low to me-
dium Abbe number).

Historically, optical glasses have been classified as either flint or
crown according to the following criteria: All glasses with a refractive
index nd less than 1.60 and a ν value of 55 or greater (low index, low
dispersion) are called crown. Glasses with an index greater than 1.60
are also considered as crown, provided the ν value is at least 50. All
glasses with a ν value less than 50 (high dispersion) are called flint.
The line of demarcation between crown and flint glasses is shown in
Fig. 8.5. Alphanumeric labels such as K3, or BK7 have for a long time
been used to identify optical glasses; K stood for crown (die Krone or
das Kronglas in German) and B for boron. Hence, BK7, a widely used
glass, is a particular boron crown glass whose properties can be found
in manufacturers’ tables; these include nd = 1.517 and νd = 64.2. An-
other system of nomenclature more recently developed is based on the
actual refractive index and dispersion of the glass. The scheme uses
the first three digits after the decimal point in refractive index fol-
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lowed by the first three digits of the Abbe value, ignoring the decimal
points. So BK7 becomes 517642. Actually, the latter nomenclature pro-
vides a broader definition, since it specifies only index and dispersion;
the former often specifies chemical composition and properties such as
physical density and transmittance ranges. There are more than 750
different optical glass types, from five major manufacturers, listed in a
recent compilation by Schott Glas of Germany (see Ref. 11). Some typ-
ical optical glass compositions are shown in Table 8.14.

The refractive index of glass changes with temperature, a factor
that must be considered when designing lenses that operate over a
range of temperature. Stress and strain also affect optical properties.
Generally any nonhydrostatic stress develops birefringence in the
glass, the refractive index for light of one polarization orientation be-
ing different from that of another. The proportionality coefficients for
stress birefringence differ, depending on glass composition. Stress bi-
refringence provides an optical method for determining stress within a
body of glass, but the analysis can sometimes be quite complicated.

Figure 8.5 Representation of optical glasses in the {nd, νd} plane. Glasses listed by
numbers correspond approx. to nominal compositions given in Tables 8.5 and 8.6. 0
= fused silica. Solid dividing line separates crowns (left) and flints (right). Diagram
also contains historically significant boundaries: solid areas = 1870, hatched area
1920, and solid boundaries only = 1984. (From E.W. Deeg in Ref. 5)
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TABLE 8.14 Optical and Ophthalmic Glass Compositions, wt%
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TABLE 8.14 Optical and Ophthalmic Glass Compositions wt% (Continued)
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Minimization of birefringence is another reason for careful annealing
during manufacture of optical glasses (see Sec. 8.5). 

Chemical durability of optical glasses is an important design factor.
Some optical glasses, especially those containing large amounts of al-
kali oxides, P2O5, B2O3, or fluorides, have rather poor durability and
can only be used in protected environments. Others, while generally
considered chemically durable, will suffer gradual degradation of their
optical surface properties in acidic or alkaline environments.

The optical materials discussed in this section are all passive or
static materials; their properties normally remain constant in use. As
mentioned in Sec. 8.2.4.1, modern optics has evolved to use many non-
static, or active, properties developed in certain glasses. Important ef-
fects of this type include the ability to amplify light (laser glasses), the
ability to change refractive index as a function of light intensity (non-
linear optics), and the ability to change optical properties as a function
of externally applied electric or magnetic fields. These properties and
effects, important for optical fiber-based communication, are beyond
the scope of this chapter and are not covered here.

8.2.4.5 Ophthalmic glass. Ophthalmic glass refers to glass used for
prescription eyeglasses or spectacles. While often considered optical
glass, ophthalmic glasses are not manufactured to tolerances as tight
as those discussed above. Corrective lens prescriptions are not deter-
mined by the physician to less than 1/8 diopter, and often ±1/4 diopter
differences cannot be perceived by the wearer.

Diopter, D, is a measure of the magnification power of a lens. It is
the inverse of the focal length measured in meters. For a thin lens, it
can be calculated as 

where f = the focal length
n = the refractive index

Ri = radii of curvature of the lens surfaces

Homogeneity is important, but considerable gradual index variations
across a lens can be tolerated, as evidenced by the popularity of the
“progressive” type lenses that many wearers prefer to multifocal (bifo-
cal and trifocal) lenses.

Refractive indices of ophthalmic lenses have been standardized at
about six levels, with 1.523 being the lowest and most popular, and
ranging to 1.9. The higher indices allow “stronger” prescriptions with-
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out requiring great differences between front and back lens surface
curvatures and the consequent thick (and heavy) lenses. The glasses
are generally manufactured to a three-decimal-place tolerance, but
tighter tolerances are specified for fused multifocal segment glasses
described below. Dispersion is generally not a very important consid-
eration for ophthalmic lenses, but it ranges between 50 and 60 for the
1.523 index “white crown” glass. The composition of a typical chemi-
cally (ion exchange) strengthenable white crown ophthalmic glass is
given in Table 8.14.

Multifocal eyeglasses may be made by generating (grinding) differ-
ent curvatures into the upper and lower portions of the lenses. Alter-
natively, a glass of different composition and refractive index (the
segment glass) can be fused into the lens blank (major glass) onto
which a single lens curvature may be generated, the different index
regions producing different magnifications at the same curvature. De-
sign of such “fused” multifocal lenses requires matching of thermal ex-
pansion to prevent residual stress after sealing that could lead to de-
bonding of the seal or fracture of the lens.

8.2.5 Photochromic and Polarizing Glasses

Photochromic glasses are glasses that darken, or decrease their trans-
mittance, when exposed to light, particularly ultraviolet light or light
in the violet and blue spectral regions. These glasses generally recover
their high transmittance when removed from the darkening radiation,
an effect often called clearing or fading. The speed of recovery depends
on the particular glass design and on temperature; higher tempera-
tures yield faster clearing. The degree of darkening is not linear with
light intensity, which partly explains the limited commercial applica-
tions for this material other than as eyeglasses, including prescription
and nonprescription sunglasses. For prescription eyewear, the photo-
chromic glasses must meet all the requirements described above for
ophthalmic glass (Sec. 8.2.4.5).

Commercial photochromic glasses depend for their behavior on
many very small crystallites (~10 nm) of copper-doped silver chloride/
bromide, uniformly dispersed throughout their volume. The compo-
nents for the crystals are dissolved in the glass melt during manufac-
ture and are precipitated as molten silver halide droplets by heat
treatment of the resulting glass. The droplets crystallize as the glass
is cooled to room temperature. The darkening results from a process
similar to latent image formation in silver halide-based photographic
emulsions. The light in a sense decomposes some of the silver halide to
produce metallic silver, which absorbs visible light. Because each sil-
ver halide crystal is trapped in a small cavity within the glass, all the
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reaction products are available to recombine when the light source is
removed. (This photochromic process is similar to that of latent image
formation in silver-based photography but, in photography, some of
the reaction products are lost in the organic emulsion, rendering the
process irreversible. Photochromic plastics, on the other hand, rely on
reversible photochemical reactions of organic dye molecules captured
within their structure.)

The performance of photochromic glass strongly depends on the
size, concentration, and composition of the silver halide particles dis-
persed within the glass. These factors in turn depend on the overall
composition of the glass and the heat treatment used to precipitate
the particles. The glass is often formed as a homogeneous glass, fol-
lowed by a special heat treatment, which sometimes includes separate
particle nucleation and growth steps at temperatures somewhat above
the glass transition temperature (usually between the softening and
annealing point temperatures). Borosilicate glasses are especially use-
ful for preparing photochromic glasses, because they show a large dif-
ference between the high- and low-temperature solubility of silver
chloride; this difference results from a change of boron-oxygen coordi-
nation with temperature. Borosilicate glasses with the required re-
fractive indices for ophthalmic (prescription) eyeglasses have been
developed, as have ion-exchange strengthenable glasses for both pre-
scription eyewear and for sunglasses. Two such compositions are
shown in Table 8.14.

Light-polarizing materials, in the context we use here and as intro-
duced in Sec. 8.2.3.4, are materials that preferentially transmit light
of one linear polarization compared to light of a different polarization.
A sheet of such material, when rotated in a beam of linear polarized
light will have an orientation of maximum transmittance and, at 90°
from that, an orientation of minimum transmittance. The effective-
ness of the polarizer can be characterized by the difference in these
two transmittances; the greater the difference, the better the polar-
izer. (Or, if one considers optical absorption, the greater the ratio of
the two absorbances, the more effective the polarizer.)

Commercially produced polarizing glass, developed by Corning Inc.
and sold as PolarcorTM, is made by stretching photochromic-type glass
at a very high viscosity, using redraw techniques described in Sec.
8.4.5 so as to elongate and align the silver halide particles within the
glass. The stretched glass is then treated in a hydrogen or forming gas
(H2-N2) atmosphere at temperatures below the melting point of the
silver halide crystals to chemically reduce the silver halide to silver
metal. The polarizing efficiencies of these glasses tend to be greater in
the near-infrared than in the visible portions of the spectrum and
have found applications in photonic devices. In particular, they have
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become key components in optical isolators used in optical fiber com-
munications. 

Glasses containing precipitated particles of silver or other metals
can also be deformed to produce polarizing glass; silver gives the best
performance. In all cases, since the size of the precipitated particles
are small, surface tension forces work to keep the particles spherical
throughout the manufacturing process. Thus, it is necessary to redraw
(or extrude) the glasses under conditions that provide viscous elonga-
tion forces sufficiently great to overcome the surface tension effects. 

8.2.6 Photosensitive Glass

Photosensitive is a more general term than is photochromic. Photo-
chromic glasses are certainly sensitive to light, but the term photosen-
sitive is more commonly used to describe glasses in which a latent
image can be produced in the glass by selective exposure to ultraviolet
light, such as through a suitable photomask or other imaging system.
Once the latent image is recorded, subsequent heat treatment can
generate colored patterns or opal patterns. Commercial products
made this way are the Corning Inc. PolychromaticTM and FotaliteTM

glasses. Another photosensitive glass, in which the opal regions can be
dissolved in mineral acids to make intricate mechanical parts, was de-
veloped by Corning and sold under the trade name FotoformTM but is
now produced by other manufacturers. Some photosensitive glass
compositions are also shown in Table 8.15.

Commercial photosensitive glasses typically have compositions near
17Na · 7Al2O3 · 5ZnO · 71SiO2 (wt.%) with 0.2 Sb2O3, 0.01 to 0.1 Ag,
and 0.05 CeO2 added in excess of 100%. The cerium ions absorb the
sensitizing ultraviolet radiation and release electrons to reduce the
silver to the metallic state needed to grow the silver colloidal particles.
The antimony oxide helps establish the appropriate oxidizing-reduc-
ing conditions in the glass. Exposure is generally done at room tem-
perature, but heating at temperatures above about 500°C is required
to grow (develop) the metallic colloids that color the glass. Gold, or
gold in combination with palladium, can be substituted for the silver.
Such photosensitive glasses produce monochrome photographic im-
ages.

Overall glass composition is important, because it controls the glass
structure and the photosensitivity. Generally, a significant number of
nonbridging oxygens (NBOs), such as found in the above soda-zinc-
aluminosilicate glasses, must be present for effective photosensitivity.
It has been suggested that these NBOs act as deep hole traps to pre-
vent premature recombination of the photoelectrons with the cerium
ions from which they were released. No commercially successful pho-
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tosensitive glasses have been made in the borosilicate glass system,
presumably because they lack sufficient concentrations of NBOs.

If fluorine is added to the above composition at about the 2 to 3%
level, sodium fluoride crystals can nucleate and grow on the metal col-
loids to give the glass opacity in a pattern controlled by the initial ex-
posure. Such glasses are referred to as photo-opals. One version was
sold by Corning Glass Works under the trade name FotaliteTM. If, in
addition, bromine is added, a second exposure and heat treatment can
impart a wide variety of low-saturation colors to the glass, again in
patterns controlled by the exposure. Such a glass, developed by
Stookey, was briefly marketed by Corning Glass Works under the
trade name PolychromaticTM glass.

Crystallization in certain glass-ceramics (see Sec. 8.2.7) can be con-
trolled photosensitively to create patterns top close dimensional toler-
ance. In the FotoformTM brand products briefly described above,
lithium disilicate crystals grow on photosensitively generated colloidal
silver nuclei. A typical Fotoform-type glass composition is discussed in
Sec. 8.7.2. 

8.2.7 Glass-Ceramics

Glass-ceramics can be described as polycrystalline materials formed
by the controlled crystallization of glass. Internally nucleated glass-ce-
ramics were discovered at Corning Glass Works in the late 1950s by
Stookey. For the purposes of this section, we will define a glass-ce-
ramic as a material or product that has been manufactured and/or
formed as a glass, using typical, often highly automated, glass-form-
ing techniques, and subsequently using a suitable heat treatment,
caused to crystallize in a controlled manner. The resulting product
consists of a fully dense (no pores or voids) ceramic body, often of a
shape that cannot be easily obtained by normal ceramic processing
techniques. Some definitions of glass-ceramic require that the final
product be at least 50% crystalline; often, the percentage exceeds 90%.
For our definition, we require only that the properties of the product
be significantly determined or controlled by the crystals that are
present. This being said, however, the overall glass composition is im-
portant for glass formation, workability, and control of nucleation, and
the composition of the residual glassy phase after processing is impor-
tant for chemical durability.

Because of the requirements of various glass-forming processes that
the molten glass be stable against crystallization during the forming
steps, not every ceramic composition can be formed as a glass. Per-
haps the most notable example is alumina (Al2O3), which cannot be
formed from the melt as a glass, even under conditions of extremely
rapid quenching.
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Glass-ceramics can also be formed by powder processing methods in
which glass frits are sintered and crystallized. This procedure some-
what extends the range of possible glass-ceramic compositions. It also
allows for surface as well as internal nucleation. The devitrifying solder
glasses of Sec. 8.2.2 are examples of powder-processed glass-ceramics.

In general, efficient bulk (internal) nucleation is necessary for fine,
uniform grain size in the final product. Nucleation can occur heteroge-
neously (on a nucleation catalyzing surface, such as another previously
precipitated crystalline phase), or homogeneously (spontaneously
throughout the volume of the glass). Homogeneous nucleation is some-
times preceded by a fine-scale glass-in-glass phase separation in which
one of the separated phases is more unstable with respect to nucle-
ation and growth of the desired crystalline phase than was the parent
glass.

8.2.7.1 Thermal, Mechanical and Optical Properties. The unusual and,
in some cases, unique thermal, mechanical, and optical properties of
glass-ceramics have contributed much to their commercial success. Al-
most all of these properties relate to the characteristics of the crystal-
line phases and to their microstructural arrangement.

Low coefficient of thermal expansion and the consequent resistance
to thermal shock arises when the thermal expansion of the crystalline
phase is very low. In the lithium-alumina-silicate system described in
Table 8.16, the crystals are either β-quartz or β-spodumene solid solu-
tions that have very low or even negative volume thermal expansion.
[Expansion is positive along one crystal axis (c) and negative along the
other two (a and b).] These properties led to applications as varied as
cookwear, stovetops and stove windows, and giant (~8 m dia.) Earth-
based telescope mirror substrates.

The strength and fracture toughness of a glass-ceramic depends
very much on the size and shape of the crystallites within the manu-
factured body. Crack propagation generally follows the intercrystal-
line grain boundaries, regions that often contain a glassy phase. If the
crystallite size is small, say less than 100 nm, the cracks do not devi-
ate much from a plane surface and propagate much as they would
within a homogeneous glass. For much larger grain sizes, the cracks
deviate around the crystals, giving the crack significantly greater sur-
face area and requiring a higher energy for fracture. In glass-ceramics
composed of three-dimensional network-type crystal structures
(sometimes referred to as framework-type structures), such as the
lithium-alumino-silicate spodumene and quartz solid solutions, the
crystallites grow in an approximately equiaxed manner (all crystal
growth directions having similar dimensions). However, growth of

08Seward  Page 59  Wednesday, May 23, 2001  10:16 AM



8.60 Chapter 8

TABLE 8.16 Glass-Ceramics by Primary Crystal Type
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TABLE 8.16 Glass-Ceramics by Primary Crystal Type (Continued)
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sheet-silicate crystal structures, such as fluorine-substituted micas
and clays, tends to be nonequiaxed, almost two-dimensional. Here,
the internal microstructure of a glass-ceramic often resembles a
“house of cards” structure. Fracture toughness for these materials is
generally much greater than for homogeneous glass, as illustrated in
Table 8.18. This is due in part to the extremely tortuous path the frac-
ture surface must follow. This effect can be even more pronounced in
glass-ceramics containing crystals of chain-silicate-type structure.
The structure of these glass-ceramics resemble tightly interwoven ar-
rays of acicular or fiber-like crystals. Glass-ceramics of the chain-sili-
cate types have shown the highest body strengths and fracture
toughness of any glass-ceramic. A limit to the advantage of the tortu-
ous fracture surface along the crystallite boundaries is reached in
each case at some crystallite size where it becomes easier (requires
less energy) for the crack to propagate through the crystallites, rather
than around them.

As discussed in Sec. 8.2.3.6, glasses tend to be cloudy or even opaque
because of light scattering effects when they contain many small par-
ticles of refractive index different from that of the matrix glass. The

TABLE 8.16 Glass-Ceramics by Primary Crystal Type (Continued)
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smaller the size and concentration (number per unit volume) of the
particles, the less the effect. Crystallites within glass-ceramics behave
as such light-scattering particles. The difference between a very trans-
parent manufactured body and an extremely opaque one of the same
composition is often only a matter of crystallite size, as discussed be-
low for the lithium-alumino-silicate glass-ceramic composition sys-
tems. Extremely bright “white” opaque bodies often result when
crystalline phases of very high refractive index, such as zirconia and
titania phases, are present. So the presence of titania and zirconia is
important not only for their role as nucleating agents but also as opac-
ifiers.

It has recently been found that, if the crystallite sizes are small,
even with considerable difference in refractive indices between the
crystals and the residual glass, transparency is often preserved even
at very high concentrations of the crystalline phase. This would be
surprising based on the mathematical descriptions of light scattering
most often appearing in the literature, but those descriptions strictly
apply only to materials in which the particles scatter independently of
each other. For highly concentrated systems, different mathematics
applies. In these cases, it can be shown that, for sufficiently small par-
ticle sizes, there is a range of concentrations for which the material be-
haves as a transparent body with a refractive index equal to an
appropriately weighted average of the indices of the two phases. Mate-
rials of this type that contain microcrystalline host phases for lasing
ions are finding interest for photonic devices.

Commercial compositions and applications. Many glass-ceramics have
been produced in university and industrial laboratories, but only a
few have found commercial applications so far. Those that have been
applied can be grouped according to their type of crystal structure as
shown in Table 8.16. Commercial applications for each type are listed
in the table.

Applications. The wide variety of applications include electric range
tops, woodstove windows, telescope mirrors, cooking utensils, dinner-
ware, building facing materials, radomes, precision electronic parts,
fluid amplifiers, ink-jet printer heads, dental prostheses, and many
others.

Manufacturing considerations. To obtain uniformity of the microstruc-
ture throughout the glass, objects are generally formed and cooled suf-
ficiently rapidly to produce a homogeneous glass body. This body is
then subjected to a controlled heat treatment at temperatures be-
tween the annealing and softening points. This heat treatment gener-
ally consists of two or more sequential steps at progressively higher
temperatures, the first to generate a uniform dispersion of crystal nu-
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clei throughout the glass, then a second at a higher temperature dur-
ing which the final crystalline assemblage grows on these nuclei to
achieve the desired crystal sizes. The composition of the nuclei may
bear little resemblance to the major glass-ceramic phase. Sometimes
the preferred nuclei are noble metal particles, sometimes very refrac-
tory materials like titania and zirconia, and sometimes very small
particles of the final crystal phase itself. The latter is referred to as ho-
mogeneous nucleation, and the first two examples as heterogeneous
nucleation. For some compositions and products, the growing crystals
pass through a series of phases (differing in both crystal structure and
composition) before reaching the final goal. Often, the temperature or
sequence of temperatures chosen for the crystal growth stage must be
high enough to maintain sufficient fluidity in the composite structure
to relax any strains generated by volume changes during crystalliza-
tion, but low enough that the product is sufficiently viscous to main-
tain its shape [viscosity = 1010 to 1012 P].

Forming methods. Common forming methods include rolling, press-
ing, blowing, and casting. Some glass-ceramics are not suitable for
forming processes such as sheet and tube drawing, because the re-
quired forming viscosities occur at temperatures below the liquidus
temperature of the melt, leading to uncontrolled crystallization during
the forming operations.

Dental and bioactive applications. In addition to the fluormica and lith-
ium disilicate materials shown in Tables 8.16 through 8.18, glass-ce-
ramic dental restoratives based on the systems SiO2-Al2O3-Na2O-
K2O-CaO-P2O5-F (leucite and apatite phases), SiO2-Li2O-ZrO2-P2O5,
and SiO2-Li2O-ZnO-K2O-P2O5 have been developed by Ivoclar in
Liechtenstein. Others based on CaO-P2O5-Al2O3 have been developed
in Japan (Kyushu Refractories Co.). See Table 8.18.

As discussed in Sec. 8.1.5.2, CaO and P2O5 are key components in
bioactive glasses. Correspondingly, bioactive glass-ceramics have been
developed. CeravitalTM is a bioactive glass-ceramic containing crystal-
line apatite [Ca5(PO4)3(OH,F)], CeraboneTM A-W contains the crystals
apatite and wollastonite (CaSiO3), and BiovertTM contains apatite and
fluorphlogopite. All have been shown to bond with human bone; some
are in clinical use as bone-repairing materials. Note that hydroxyapa-
tite (Ca5(PO4)3OH is the major mineral constituent of bone.

Photonic applications. Several areas of application of glass-ceramic
materials are emerging in the photonic and optical communications
fields. These include lasers and frequency up-conversion devices in
which the optical advantages of fluorescent rare-earth ions in crystal-
line host materials are combined with manufacturing and structural
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TABLE 8.17 Glass-Ceramic Composition, wt%
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TABLE 8.18 Glass-Ceramic Properties
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advantages of glass. Their technical importance and commercial im-
pact is not yet clear.

The ability to make a structurally stable material with a designed
thermal expansion is being applied to temperature compensating sub-
strates for coupling and decoupling (mixing) devices in WDM (wave-
length division multiplexed) communications systems. For this
application, a stuffed β-eucryptite (Li2O:Al2O3:SiO2 = 1:1:2.5) with a
thermal expansion of about –7 × 10–6/°C (note negative expansion coef-
ficient) has been proposed.

8.2.8 Strengthened Glasses

8.2.8.1 Introduction. The strength of glass tends to be limited by the
presence of surface flaws, which when stressed in tension, propagate
as cracks that lead to fracture of the glass. The generally accepted
approaches to improving the use strength of glass include fire polish-
ing to remove mechanical surface flaws; acid polishing and/or etching
to remove surface flaws or make the crack tips more blunt; coating
the newly formed pristine glass surface with a protective coating,
such as the multilayer polymer coatings applied to optical communi-
cations fiber; and providing a compressively stressed layer at and be-
neath the glass surface whose effects must be overcome when the
glass is stressed in tension during use.

Strengthening by removal of surface flaws can only be temporary; it
is generally limited to an in-process step.

Many methods have been demonstrated for effectively generating
surface compressive layers, some of which have been applied commer-
cially. These include thermal tempering, ion exchange at temperatures
either above or below the glass transition, surface crystallization, lam-
ination, and glazing.

Thermal tempering and ion exchange strengthening are discussed
along with annealing in Sec. 8.5. 

8.2.8.2 Glazed and cased glasses. Crystalline ceramic articles may be
strengthened considerably by glazing them with a glassy coating of
lower thermal expansion than the bulk ceramic body. This process has
also been used to strengthen glass and glass-ceramic commercial prod-
ucts. The glaze is applied as a glass frit in a suitable binder that is
then fired to give a smooth glassy coating. Glass objects can also be
clad with a lower expansion layer during their manufacturing process.
This is a relatively old technique. In its earliest hand shop versions,
the gob of glass on the end of the blowing iron would be dipped into a
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pot containing the cladding glass, which would leave a layer covering
the entire surface of the glass when it was removed from the pot. After
blowing, the cladding glass formed a continuous layer over the surface
of the object. If this cladding glass was colored, it was often referred to
as cased glass; if thin and colored, it was sometimes referred to as
flashed. If the thermal expansion of the glass closely matched that of
the body glass, little strengthening would result, but the colored sur-
face glass could be cut away to give decorative patterns of colored and
clear regions.

8.2.8.3 Laminated and wired glasses. A variation on cased glass has
been commercialized by Corning Inc. in the form of products made
from laminated glass sheet. In the Corning process, illustrated in Fig.
8.6, molten core (body) and skin glasses, prepared in separate melters,
are brought together in a special laminating delivery orifice from
which the core glass flows as a wide ribbon, simultaneously clad on
both sides by the skin glass. This ribbon is fed between counter-rotat-
ing rollers to generate a sheet of controlled thickness, which is then
fed onto a special machine consisting of a hub-like device that serves
to vacuum-form articles of various shapes. For its CorelleTM line of ta-
bleware products, the Corning Consumer Products Company uses a
special combination of glasses for laminating: an opal core glass, con-
taining sodium fluoride microcrystals as the opacifying agent, and a
clear, lower-expansion skin glass. Examples of these compositions are
shown in Table 8.6. Although the difference in thermal expansion be-
tween the core and skin glass provides improved strength, Corelle
products are additionally strengthened by thermal tempering the lam-
inated glass.

Soot

Fused silica

Figure 8.6 Corning Inc. code 7940 synthetic fused silica process. (Cour-
tesy of John Rowe, Corning Inc., ca. 1993)
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Sheets of glass are sometimes sealed together using a polymer adhe-
sive interlayer to form “safety” and other products. A PVB (polyvinyl
butyral) elastomeric sheet is often used to seal together sheets of an-
nealed, partially tempered, or fully tempered glass to produce versions
of safety glass. While this approach does not directly reduce the proba-
bility of surface flaws leading to fracture, the PVB layer does add sev-
eral safety features: (1) it adds toughness to the composite, (2) upon
fracture of the product, the PVB layer keeps the fracture-produced
shards from flying about, or from having their sharp edges readily ac-
cessible to cause injury to humans, and (3) it serves as a restraint to
prevent objects from being propelled through the glass from inside or
outside a room or vehicle. This is one form of “safety” glass used for
automobile windshields and, in earlier times, for side lights as well. It
is both “anti-lacerative” and passenger restraining. 

Such laminated glass is gaining acceptance as safety and security
glazing for buildings, the intent being to prevent shards of glass from
being propelled into the interior of buildings during hurricanes or fol-
lowing nearby bomb blasts. A simpler laminate, consisting of a single
sheet of annealed glass coated on one side (the inside) by retrofitted
polymer films, is also gaining popularity. These films are sometimes
known as shatter resistant window film (SRWF) and fragment reten-
tion film (FRF).

More complex versions of laminated glass, consisting of multiple,
thick, alternating layers of glass and polymer (plastic) are used as a
type of transparent armor, most commonly called bullet-proof glass.
Such armor is inherently thick and heavy, thus providing an opportu-
nity for future weight-reduction methods research. Aircraft wind-
shields, which are designed to withstand a 400-knot bird impact, are
typically composed of two or three layers of chemically strengthened
glass laminated with PVB interlayers.

Wired glass (or wire glass) consists of a metallic “chicken wire-type”
mesh imbedded along its center plane (see Sec. 8.4.7.) It is often seen
in skylights and fire doors. The purpose of the wire is not to increase
breaking strength but rather to prevent the fractured glass from fall-
ing out of the frame, an especially important function in preventing
the spread of a building fire.

8.2.9 High-Silica Glasses

8.2.9.1 Fused Silica

Manufacturing history. As pointed out in Sec. 8.1.4, because of the high
viscosity and high volatility of silica (SiO2) at the temperatures
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needed to melt its crystalline phases, specialized techniques are re-
quired to prepare silica glass products. Some key highlights in process
evolution include the following:

� Nineteenth century. The introduction of oxygen-injected or oxygen/
fuel (as opposed to air/fuel) burners and torches allowed sufficient
energy concentration to melt crystalline quartz.

� 1899–1910. Commercial development began in England, France,
and Germany. Key issues were purity and continuous fabrication.

� Early twentieth century. Carbon arc and carbon resistance electric
heating methods were developed.

� 1930s. Hyde (Corning Glass Works) first prepared silica glass by
flame hydrolysis of SiCl4. His U.S. patent was issued in 1942 and be-
came the basis for all synthetic fused silica processes used commer-
cially today. 

Classifications of fused silica and methods of manufacture. Methods of man-
ufacture that involve gas-oxygen combustion as a heat source (as com-
pared to electric melting methods) allow considerably more water
vapor (a product of combustion) to be incorporated within the glass
structure as hydroxyl ions. Synthetic precursors, as opposed to natu-
rally occurring minerals, allow greater chemical purity. These two fac-
tors, heat source and raw material source (natural vs. synthetic), have
led to a commonly accepted classification of fused silica types (after
Heatherington et al., 1964, and Bruckner, 1970):

Type I

� Produced from natural quartz
� Electric fusion (arc or resistance heating) under vacuum or inert gas
� Sometimes using tungsten or molybdenum containers
� “Dry”—contains <5 ppm of OH
� Contains the metallic impurities present in the raw materials and

the furnace refractories, e.g., 100 ppm Al, 5 ppm Na, etc.
� Examples: Infrasil (Heraeus), IR-Vitreosil (TSL), GE codes 105, 124,

201, and 214

Type II

� Produced from crystalline quartz powder by oxy-hydrogen flame fu-
sion (similar to Verneuille crystal growth process)

� “Wet”—contains 150 to 400 ppm OH from combustion products
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� Lower in metallic impurities than Type I
� Examples: Herasil, Homosil, Optosil (Heraeus), OG Vitreosil (TSL),

GE 104
� Special oxygen treatment can improve UV transmittance; example,

Ultrasil (Heraeus)

Type III
� “Synthetic” fused silica produced by flame hydrolysis of SiCl4 in oxy-

hydrogen flame [variations: other chemical precursors; natural gas
(methane)-oxygen flame]

� “Wet”—contains OH up to 1200 ppm
� Very few metallic impurities, a few ppm or less
� With SiCl4 precursor, about 100 ppm Cl retained
� Examples: Suprasil (Heraeus), Spectrosil (TSL), Corning 7940 and

7980

Type IV
� “Synthetic” fused silica produced from SiCl4 (or other precursors) in

water-free plasma oxidation torch
� Like Type III, but “dry,” containing <5 ppm OH
� Examples: Suprasil W (Heraeus) and Spectrosil WF (TSL)

Type IVa
� Not a traditional classification; coined here by Seward
� Synthetic, like Types III and IV
� Made by a two-step synthetic process:

Step 1. Deposition of a porous synthetic preform
Step 2. Drying and consolidation under flow of gases, often 

chlorine (for drying) and helium (for completeness of densifica-
tion)

� “Very dry,” OH measured in ppb
� “Very pure,” impurities measured in ppb

Type V
� Sol-gel derived silica
� Classification V introduced by Sempolinski and Schermerhorn
� Many processing variations exist
� Glass properties depend on the process techniques
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Types I and II are often referred to as fused quartz, and Types III
and IV as synthetic fused silica, although this nomenclature is not al-
ways observed. Table 8.19 shows some of the current commercially
available fused silicas on a process method/purity matrix.

Process methods

Electric arc melting (type I). In this process, grains of crystalline
quartz are fed into an electric arc; they soften and fall onto a heated
rotating surface where they form a dense glassy body by fluid flow
(continuous viscous sintering).

The portion of the process in which the molten glass particles drop
and are collected and consolidated onto/into a layer of previously de-
posited material to eventually build up a large mass of glass is called
the boule process; the mass of solid glass produced being called a
boule. After the initial layers of glass are deposited, the glass is no
longer in contact with any supporting refractory materials, so the
boule process is in a sense a “containerless” process, without the in-
herent contamination that comes from melting in a container.

Often the raw materials are beneficiated to improve purity. Benefici-
ation steps include:

� Quartz crystals extracted from the earth
� Hand sorted for defects (contaminants)
� Rinsed in dilute HF
� Calcined at 800°C
� Water quenched
� HF acid washed

Resistance electric heating (type I). In one version, crushed quartz
crystals are continuously fed into the top of an electrically heated re-
fractory metal crucible (Ta, W, or Mo), enclosed by an inert gas atmo-
sphere. The molten glass is drawn from the bottom through a
refractory metal die to continuously form solid rod. (If tubing is
needed, a suitable core with flowing inert gas can be inserted within
the orifice. See Sec. 8.4.5 for a discussion of tube drawing techniques.)
These techniques are used to make silica rods and tubing for a variety
of applications. In more recent versions, radio frequency (RF) induc-
tion heating of the crucible has been used.

Type I processes are used by GE, Nippon Silica Glass, Shin-Etsu,
Heraeus, Heraeus Amersil, TSL, Toshiba, and Quartz et Silice.

Flame fusion (type II). This also is a boule process. The fine grains
of crystalline quartz are fed into the flame of a hydrogen-oxygen
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08Sew
ard  Page 73  W

ednesday, M
ay 23, 2001  10:16 A

M



8.74 Chapter 8

burner to soften and drop onto the surface of a rotating rod or boule,
where they flow and merge. This approach was developed by Heraeus
and is presently used by that company.

Flame hydrolysis (types III and IVa). In this process, in its sim-
plest form, a liquid silica precursor such as SiCl4 is volatilized and en-
trained in a suitable carrier gas, such as oxygen or helium, and fed
into a specially designed high-temperature gas-oxygen burner. In the
resulting burner flame, the precursor reacts to form SiO2 molecules as
described by the following chemical equations:

SiCl4 + H2O ⇒ SiO2 + 4HCl

SiCl4 + O2 ⇒ SiO2 + 2Cl2

The first process is called flame hydrolysis, and the second flame oxida-
tion. Because of the high concentrations of water vapor generated by
the combustion process, the first reaction, flame hydrolysis, dominates.

The gas phase within the flame becomes supersaturated with respect
to solid SiO2, which precipitates as molten droplets of transparent soot
approximately 10 nm in diameter. These droplets are subsequently ex-
pelled from the flame. (If this expelled soot is given sufficient room to
cool to the solid state, it can be collected as a fine white powder, called
fumed silica, such as is sold under the trade name Cab-O-SilTM.) In the
Type III silica processes, the silica soot is deposited on a hot (>1600°C)
surface where it continuously consolidates to produce a homogeneous
boule.

Figure 8.6 shows schematically the deposition process whereby
Corning Inc. deposits boules of its codes 7940 and 7980 fused silica ex-
ceeding 5 ft in diameter and approximately 1 ft thick.

Heraeus, Shin-Etsu, and Nippon Silica Glass employ variations of
this process called vapor axial deposition (VAD), whereby the silica
soot is deposited on the end of a continuously withdrawing rotating
mandrel and is consolidated to full density in a separately heated zone
of the processing apparatus. This process is illustrated in Fig. 8.7.

In the Type IVa process, the soot is deposited on a relatively cool
substrate (near the annealing point) so that the arriving soot particles
bond to the layer of particles beneath them but do not sinter to full
density. This intermediate product has about 20 to 30% porosity,
which allows it to be reacted at high temperatures with suitable gas-
eous drying agents such as Cl2, HCl, thionyl chloride (SOCl2), or am-
monia diluted with nitrogen. The dry porous body is subsequently
consolidated to full density at temperatures >1400°C in vacuum or in
a flowing helium atmosphere. Such drying and consolidation leads to
incorporation of either chlorine or ammonia ions within the glass
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Figure 8.7 Vapor axial deposition (VAD) process for synthetic fused silica. (From Ref.
24, reproduced by permission of the publisher)
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structure. (It is a variation of this type IVa process that is used in the
OVD (outside vapor deposition) process for optical communications fi-
ber manufacture described in Sec. 8.7.

In summary, these processes consist of these steps: 

� Vapor generation
� Chemical reaction using specialized burners
� Generation of soot particles
� Deposition of particles
� Consolidation (sintering/densification)

Plasma torch (type IV). In this synthetic process, the precursor
chemical vapor stream is fed into the high-temperature flame of an ox-
ygen gas plasma, generated by microwave energy. The chemical pre-
cursors react via the flame oxidation reaction described above. (There
is no water vapor present to promote flame hydrolysis.) A dry silica
soot is generated and collected on a hot boule rotating below. Heraeus
Amersil, TSL, Toshiba, and Quartz et Silice use these techniques.

Sol-gel techniques (type V). Sol-gel methods for glassmaking con-
sist of chemical and thermal processes conducted at temperatures con-
siderably less than those required for melting glass from crystalline
raw materials. They involve solution chemistry processes, sometimes
augmented by traditional ceramic processing techniques. The steps for
most methods include, in the following sequence:

1. Preparation of a solution or sol

2. Casting in a mold

3. Gelation (formation of a colloidal gel network)

4. Drying (formation of a three-dimensional porous solid)

5. Consolidating (sintering) to fully dense glass

Gelation can be produced by destabilization of colloidal silica sols
wherein the colloidal size can range between 1 and 1,000 nm. Alterna-
tively, polymeric gels can be produced by the hydrolysis of metal-or-
ganic compounds in solution.

The sol-gel concepts have been known since the late nineteenth
century but have been intensively investigated since the 1970s, a mo-
tivator having been global concerns over high quantities of energy
consumed in traditional glass manufacture. Although multicompo-
nent glasses can be produced by sol-gel techniques, the greatest com-
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mercial successes have been with silica and high-silica glasses;
maintaining chemical homogeneity in multicomponent glasses adds
to the complexity and expense of the processing. While energy sav-
ings are still of interest, the ability to generate highly pure silica
glass in “near net shape” form, albeit with high degrees of dimen-
sional shrinkage, have been strong drivers for sol-gel processing of
silica. While purity of the precursors is key to the purity of the prod-
uct, the fact that the gels can be dried and consolidated at relatively
low temperatures lessens the likelihood of contamination from the
furnace refractories and crucibles. The various forms of sol-gel de-
rived silica have been collectively termed Type V silica.

Drying of the gel to produce a porous solid is perhaps the most chal-
lenging part of any sol-gel process. The small pore sizes of the gels can
generate great internal capillary forces that in turn can lead to cracking
and destruction of the dried porous structure unless very tedious or ex-
pensive techniques, such as supercritical drying or special DCCA (dry-
ing control chemical additives), are employed. In general, the larger the
gel pore sizes the easier the drying and sintering. We can correspond-
ingly classify silica sol-gel preparation techniques in the order of in-
creasing pore size, depending on the solution or sol precursor used:

� Polymerizing gel routes. Precursor: metal organic compounds, e.g.,
alkoxides such as TEOS (tetraethylorthosilicate). Process: acid cata-
lyzed hydrolysis and condensation reactions to form gel. Pore sizes:
1 to 5 nm.

� Colloid particle routes. Precursor: colloidal silica sol. Process: floc-
culation of silica particles, sometimes with chemically induced bond-
ing. Pore sizes: 100 to 250 nm.

� Dispersion processing (aqueous or nonaqueous). Precursor: fumed
silica/ silica soot dispersed in polymerizing gels or potassium silicate
aqueous solutions. Colloidal silica for dispersion can be prepared
from aerosols as soot or “fumed silica” by flame hydrolysis, or other
suitable methods. Examples of fumed silica are Cab-O-SilTM (Cabot
Corp.) and Aerosil OX-50 (Degussa Corp.). Process Pore sizes: 100 to
300 nm.

� Alkoxide-derived gel. The gel is dried rapidly to form high-surface-
area particles, reheated and milled in water to form slurries that are
cast, dried, and consolidated.

Consolidation (sintering) can be performed at temperatures less
than 1200°C for pore sizes less than 10 nm; 1400°C is generally re-
quired for pore sizes > 100 nm. Prior to consolidation, the porous body
can be treated in Cl2 gas to remove residual OH, dechlorinated by

08Seward  Page 77  Wednesday, May 23, 2001  10:16 AM



8.78 Chapter 8

heating in O2, and consolidated to full density in He or under vacuum.
Details of the various sol-gel methods are beyond the scope of this
handbook.

Applications of sol-gel-derived fused silica include thin films (thick-
ness <1 µm), coatings, controlled-size spherical particles, fibers, and
bulk silica glass. Among product examples for bulk silica glasses are
lightweight space-based telescope mirror blanks (Corning), optical
components (Corning and GelTech, Alachua, Florida), integrated cir-
cuit photomask substrates (Seiko-Epson, Japan) and outer cladding
layers of optical telecommunications fiber preforms (AT&T/Lucent
Technologies).

8.2.9.2 Porous and “reconstructed” high-silica glasses. In the 1930s, a
technique was developed by Corning Glass Works for making high-sil-
ica glass that did not require the high melting temperatures described
above. It is based on the principles of liquid-liquid or glass-glass phase
separation. An alkali borosilicate glass of appropriate composition is
melted, formed into a desired shape, and heat treated to generate the
two intertwining matrix phases, one very high in silica content and
the other high in boron oxide. This two-phase product is then leached
in a hot dilute acid (such as nitric acid), rinsed, and carefully dried,
yielding a porous material having very high silica content. Several
products have resulted including the following:

Porous glass. By careful control of the initial glass composition, heat
treatment, and chemical leaching, glass products having uniform in-
terconnected (open) porosity can be made with a wide selection of pore
sizes, generally less than 5 nm diameter (common range 4 to 6 nm) al-
though, by special processing, pore sizes of 20 nm have been achieved.
When dry, these materials display a strong tendency to absorb water
from the atmosphere due to their very high internal surface area (up
to ~300 m2/g), giving them the name thirsty glass. Applications in-
clude drying agents, salt bridges for electrochemistry, filtration media,
catalyst supports (including immobilization of enzymes), and adsorp-
tion chromatography substrates. For these latter two applications, the
porous glass has been generated in the form of granules with pore
sizes available in the range of about 7 to 300 nm and is often referred
to as controlled pore glass (CPG). Potential applications include time-
release capsules used to enclose drugs, vaccines, and fertilizer.

96% silica (Vycor™ brand products)

� These are made by phase separating alkali borosilicate glass, chemi-
cally leaching out the nonsilica phase and consolidating to a fully
dense body, approximately 96 wt.% SiO2, 3% B2O3, and < 0.5% alkali.
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� The product is consolidated by firing in vacuum at temperatures
~1200°C.

� Unlike fused silica, it can be produced using standard glass-forming
methods like tube draw, pressing, blowing, and rolling.

� An example is Corning code 7900 glass.

Primarily because of the slow leaching and rinsing times required
(hours to days), the process is generally applicable only to relatively
thin-walled bodies, usually less that 10 mm thick, although 25 mm
has been achieved when the cost of the slow chemical processing was
justified.

Near-IR transmitting properties can be improved by drying the po-
rous glass with special treatments, such as flowing chlorine gas at
high temperatures to remove the hydroxyl ions just prior to consolida-
tion.

Colored glass can be made by impregnating the porous glass with
aqueous or organic solutions containing suitable coloring ions (e.g., ni-
trate or chloride salt in water), then heating to drive off the carrier
media (evaporate the water, evaporate or oxidize the organic materi-
als), leaving the coloring ions to be incorporated into the glass struc-
ture during consolidation. A variation is to impregnate only a surface
layer so as to produce a product with a clear body and colored surface
layer. These techniques are used for certain high temperature lamp
envelopes.

Properties. It is similar to fused silica but not quite as refractory. It
is suitable for continuous use at 900°C, intermittent at up to about
1200°C. The coefficient of thermal expansion is 7.5 × 10–7/°C. See Ta-
bles 8.1 and 8.2.

Applications. The material has applications in defroster tubes (re-
frigerators), radiant electric heater substrates, lab ware, high-temper-
ature furnace/stove windows, UV transmitting windows, and UV
lamps. (These are examples only; many specialized applications exist.)

8.2.9.3 Ultra-low-expansion (ULETM) glass. When TiO2 (titania) is sub-
stituted into the silica structure in amounts less than about 15 wt.%,
it enters into the glass network. An unusual property, not yet fully ex-
plained on a theoretical basis, is that the glass has a region of negative
thermal expansion extending from cryogenic temperatures to above
room temperature, the upper limit of the range depending on the con-
centration of the titania. At about 7% TiO2, the expansion changes
from negative to positive somewhere between about 0°C and 30°C, be-
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ing near zero over most of that range. Large pieces of such titania-
doped silica can be made by the Type III synthetic process, describe
above, by feeding suitable concentrations of titania precursors (e.g.,
TiCl4) into the burner along with the silica precursors. Corning Inc.
sells such glass products under the ULETM trade name, glass code
7971.

Properties. Thermal expansion is near zero from 5°C to 35°C, thus
it can be fusion welded at room temperature, enabling fabrication of
complex structures having extreme dimensional stability. (See Tables
8.1 and 8.2.)

Applications. Applications include telescope mirrors (currently up
to 8 m diameter), lightweight mirrors (for space deployment), preci-
sion instrument stages, and athermal (temperature inert) mountings.

8.2.9.4 Doped silica for optical communications (fiber and planar wave-
guides). This is a very specialized, highly technical topic that is fur-
ther developed in Sec. 8.7. The desired optical properties of the vari-
ous optical system components are often produced by a controlled
geometrical distribution of dopant ion concentrations in the glass.
Here, we briefly discuss the needs for such doping and methods for
achieving it.

Communications at optical wavelengths. Transmission of data at higher
rates is possible using the higher frequencies (shorter wavelengths) of
light radiation than is possible with radio or television frequencies.
What is needed is a transmission medium (other than air or vacuum)
having low loss. An early threshold target for long distance communi-
cation was 20 dB/km loss (equivalent to 1% transmission through
1 km of fiber), consistent with an economical number of electronic re-
peaters (amplifiers) along the path. This was achieved using glass
waveguides made from high-purity synthetic silica, now called optical
communications fiber, or just optical fiber.

Lightguiding over optical fiber requires that the fiber have a higher
refractive index at its core and a lower refractive index at its outer
surface, often referred to as the cladding. This can be achieved by dop-
ing the silica core regions to increase the index, by doping the silica
cladding regions to decrease the index, or by doing both. For success,
one must dope with components that (a) will not produce optical ab-
sorption in the glass at the transmitted wavelengths (specifically near
1.31 and 1.55 µm), (b) can be incorporated synthetically by the vapor
phase route along with the silica, and (c) are available with suffi-
ciently high purity. This limits the choices to glass-forming oxides (bo-
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ron, phosphorous, and germanium), fluorine (which can substitute for
oxygen in the network), and possibly titania and alumina. It is advan-
tageous from a strength point of view to use dopants that give the core
a slightly higher thermal expansion than the cladding. Figure 8.8
shows the effects various concentrations of these components have
upon refractive index of silica.

Synthetic silicas can be doped during manufacture by incorporating
appropriate precursors along with the silica precursor in the vapor
stream fed to the deposition burners. Methods for doing so are de-
scribed in Sec. 8.7.4. Example precursors include the chlorides GeCl4,
BCl3, and POCl3, the fluoride SiF4, and the solid AlCl3, which can be
delivered by subliming at high temperatures. 

Fiber amplifiers and all-optical systems. The future directions of optical
communication are toward all-optical systems. That is, the trend is to
utilize optical signal processing (coupling/splitting, switching, ampli-
fying) rather than converting light signals to electronic signals, pro-
cessing electronically, then converting back to light signals. Such
signal processing can be done with fiber devices (constructed from op-
tical fiber) or planar devices (constructed by building optical paths on
flat substrates using patterned layers of different refractive index
glass, generally doped silica, often in combination with vapor-depos-
ited conducting and semiconducting films).

Light amplifiers are essential to all-optical systems (no electronic
repeaters, no light-to-electronic conversion), since they compensate for
optical losses within the fibers and the associated connectors, cou-
plers, and switches. They are achieved by doping the fiber core with

Figure 8.8 Refractive indexes (nD) as a function of dopant
level in bulk SiO2. F levels are in atomic percent.25
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fluorescent lasing ions such as erbium or neodymium, and “pumping”
using laser diodes. The operation of the erbium optical fiber amplifier
(OFA) is based on the lasing action at 1.55 µm of the Er3+ (erbium) ion.
The fiber is optically pumped at either 980 or 1480 nm by a suitable
solid state laser diode. Light emission by electronic transitions be-
tween the 4I13/2 and 4I15/2 levels is stimulated by the light signal at
1.55 µm and transfers power to that signal. To construct the erbium
OFA, the fiber core is co-doped with Er3+ at levels up to about
300 ppm, in addition to the index adjusting elements (for example,
germania). A major challenge is to obtain uniform gain (amplification)
across a wide band of wavelengths, such as is required for WDM
(wavelength division multiplexing) at 1.5 and 1.6 µm. Some methods
for achieving this use separate gain-leveling devices. 

Nd (neodymium) doped fibers have been investigated for operation
within the 1.31 µm communications band but have not yet been com-
mercially successful. For amplifier operation at those wavelengths,
non-silica-based fibers may be of advantage, leading to hybrid (mixed)
glass fiber systems.

8.3 Glass Making I—Glass Melting

8.3.1 Introduction and General Nature

The term glass melting as generally used applies collectively to all the
steps used to convert raw materials into a molten mass that can be
subsequently formed as an object. The process of preparing a quality
melt from which glass products are to be made consists of several
stages, as follows:

� Batch preparation (raw material selection, weighing and mixing)
� Batch melting (conversion of the batch raw materials into a viscous

liquid that is essentially free of any crystalline material)
� Fining (the removal of bubbles)
� Homogenizing (the removal of chemical and thermal variations

within the melt, often occurring simultaneously with fining, the two
processes together sometimes being called refining)

� Conditioning (bringing the melt to the uniform temperature re-
quired for whatever forming process will be used to make the prod-
uct)

Each of these stages is performed more or less in sequence, either at
one location, as in a crucible, or at a progression of locations, as in a
continuous glass melting tank consisting of several or many zones.
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