SILICA, VITREOUS
1. Introduction

Vitreous silica [60676-86-0] is an amorphous phase of silicon dioxide. Modern
methods of manufacture use chemical precurosrs to prepare the glass, however,
vitreous silica was traditionally formed by heating crystalline SiO, above its
melting point, 1730 + 5°C (1), and then cooling it rapidly enough to avoid recrys-
tallization. Because molten SiO; is extremely viscous, glass formation is possible
at a relatively slow cooling rate. Vitreous silica is available in a variety of forms,
including powders, coatings, fibers, porous bodies, and bulk (dense) glass. This
article focuses, for the most part, on the processing, properties, and uses of the
bulk glass (see SILICA, AMORPHOUS SILICA).

Vitreous silica has a wide range of commercial and scientific applications.
Its unique combination of physical properties includes good chemical resistance,
minimal thermal expansion, high refractoriness, and excellent optical transmis-
sion from the deep ultraviolet (uv) to the near-infrared (ir).

Although vitreous silica is a simple, single-component glass, its properties
can vary significantly, depending on thermal history, the type and concentration
of defects, and the presence of dopants and impurities. Vitreous silica can, how-
ever, be one of the purest commercially available glassy materials. In synthetic
vitreous silicas, eg, total metal contamination is typically measured in the 50—
100 ppb range. Even at such a low level of impurities, differences in properties,
eg, uv transmission, are observed for various silicas.

Vitreous silica is a difficult material to manufacture, and as such is more
expensive than most commercial glasses. It has a high vapor pressure, a strong
tendency to devitrify, and a high viscosity even at its melting point. These phy-
sical characteristics preclude the use of standard glass-forming techniques. For
optical-quality glass in particular, there is a need to maintain high purity and
obtain excellent homogeneity of the refractive index; these specifications have,
in part, led to the development of several unique manufacturing approaches,
eg, electric fusion and flame hydrolysis.

Vitreous silica is known largely as a synthetic material, but there are
instances of the material occurring in nature (2,3). Vitreous tubes called fulgur-
ites are produced when lightning fuses quartz sand. Large deposits of fulgurite
exist in the Libyan desert. Vitreous silica can also be produced by meteor impact.
The impact leads to rapid adiabatic heating of the quartz above its melting point.
The quartz forms a glass on cooling. Examples of this type of vitreous silica have
been found near Canyon Diablo, Arizona, and in meteorite craters in Australia
and Arabia.

Vitreous silica is known by a number of names, most of which were
developed to describe vitreous silicas formed using a particular processing
method (4-6). These names are often misapplied as generic names for all vitreous
silicas. Silica (qv) is a general term that refers to all forms of silicon dioxide, both
crystalline and glassy; silica glass is an ambiguous term because it sometimes
refers to any silica-containing glass composition; fused silica applies to vitreous
silicas formed by fusion; fused quartz refers to vitreous silica formed specifically
by the direct melting of quartz crystals; and synthetic fused silica describes vitr-
eous silicas formed from chemical precursors, such as silicon tetrachloride. Uses
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of the terms quartz and quartz glass should normally be avoided. These confuse
vitreous silica with quartz, a crystalline form of silicon dioxide.

The optical quality of vitreous silica can range from transparent to opaque.
Opaque glass contains a large number of isolated bubbles ranging in size from 5
to 200 um (7). The bubbles scatter light, giving the glass a milky appearance.
This material, produced by melting quartz sand, also tends to be less pure
(99.5-99.9 wt% SiOy) than more transparent materials. The opaque glass is an
inexpensive form of vitreous silica and is often used where purity and optical
properties are not important.

Transparent vitreous silicas have historically been classified by an informal
scheme that differentiates the glasses by manufacturing method (8-10). Five
general types of commercial glasses are listed in Table 1. Although this list
gives a good overview of the available glasses, it is not complete. Many of the
listed manufacturing methods have processing variations that can alter glass
chemistry and properties. Moreover, the Type V designation is not as widely
recognized as the others. Also, the list does not include the hybrid processes
that combine some of the key features of different methods. For example, there
have been efforts to produce glass by flame-fusing sol—gel produced powder (11).

2. Structure

Vitreous silica is considered the model glass-forming material, and as a result
has been the subject of a large number of X-ray, neutron, and electron diffraction
studies (12-16). These investigations provide a detailed picture of the short-
range structure in vitreous silica, but questions about the long-range structure
remain.

The basic structural element in both vitreous and crystalline silica is the
SiO4~ tetrahedron, which arises from the sp® hybrid orbitals of the silicon.
Each silicon atom sits in the center of the tetrahedron surrounded by four oxygen
atoms that hold the corner positions. Tetrahedrons bond together by corner shar-
ing. In a properly developed structure, each oxygen is shared by only two tetra-
hedrons. This bonding scheme can produce a large variety of three-dimensional
(3D) structures and is the reason that silica has a number of crystalline phases.

The bonding scheme can also accommodate a large degree of disorder with-
out breaking the Si—O links. Diffraction studies on vitreous silica show that the
randomness of the structure results from variations in the Si—O—Si bond angle.
The individual SiO}~ units do not show significant distortion. The O—Si—O bond
angle is fixed at 109.5°, expected in a symmetric tetrahedral configuration, and
the Si—O bond distance, 161 pm, is the same as that observed in the crystalline
silica phases. The Si—O—Si bond angles, on the other hand, show a distribution
that varies from 120 to 180°. Whereas original analysis of the X-ray measure-
ments placed the maximum of the angle distribution at ~144°, a more recent
reexamination of the data showed the most probable bond angle to be 152°
(17). High temperature X-ray measurements show that the bond distances are
constant up to 1000°C (18).

In the crystalline form of silica, the SiO%~ tetrahedrons link together in a
series of interconnecting, six-membered rings. In the glassy form, the tetrahedral
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network can be modeled using a distribution of ring sizes normally ranging from
three- to eight-membered units (19). The six-membered ring is the most common
size but it can exist in distorted configurations which are not present in the crys-
talline structures. Detailed ring statistics of the glassy phase cannot be extracted
directly from diffraction data. The three- and four-membered rings have been
studied using Raman scattering (20,21).

The longer range structure of vitreous silica has been the subject of much
debate. Two basic models have been presented (14,22,23). The random network
model assumes that the SiO}~ tetrahedrons are connected in a completely ran-
dom fashion and that there are no ordered microregions. The crystallite-based
models argue that vitreous silica consists of very small, randomly oriented micro-
crystals. These regions are assumed to be 0.7—2.0nm in size and connected by
noncrystalline boundary regions. One problem of the crystallite models is that,
because of the small sizes proposed for the crystallites, the fraction of atoms in
the boundary regions should be significant and include species, eg, Os=Si double
bond, where Og signifies an oxygen on the surface of the crystallite. There are,
however, no indications of large concentrations of these species in the diffraction
and vibrational spectra in as-formed vitreous silica (24,25). As a counterpoint,
several researchers have suggested that the anomalous changes seen in a num-
ber of the physical properties of vitreous silica near the transformation tempera-
tures of the crystalline phases occur because the atomic arrangements present in
vitreous silica relate, to some extent, to crystalline structures (26).

The tetrahedral network can be considered the idealized structure of
vitreous silica. Disorder is present, but the basic bonding scheme is still intact.
An additional level of disorder occurs because the atomic arrangement can devi-
ate from the fully bonded, stoichiometric form through the introduction of intrin-
sic (structural) defects, dopants, and impurities. These perturbations in the
structure have significant effects on many of the physical properties. A key
concern is whether any of these entities breaks the Si—O bonds that hold the
tetrahedral network together. Fracturing these links produces a less viscous
structure that can respond more readily to thermal and mechanical changes.

The intrinsic defects include paramagnetic and diamagnetic species
(24,27,28). The paramagnetic defects have received the most study because
they are readily detectable by electron spin resonance (esr) spectrometry. Para-
magnetic defects that have been identified by esr include the E’ center, the non-
bridging oxygen hole center; and the peroxyl radical. All of these defects are
normally induced in vitreous silica by ionizing radiation or uv light.

A number of diamagnetic defects are also believed to exist in vitreous silica.
Because there is no direct way to study these species, their identification is either
done indirectly, eg, by uv absorption, or by employing esr after the material has
been made paramagnetic using ionizing or laser irradiation. The proposed dia-
magnetic species include the neutral oxygen vacancy, the doubly coordinated sili-
con, and the peroxyl bond. The diamagnetic defects occur when the glass-forming
conditions are off-stoichiometry.

The impurity (extrinsic) defects include nonmetallic and metallic additives
or contaminanats (29-32). The nonmetallic contaminants are the more prevalent
type in most high grade vitreous silicas. In the synthetic silicas, eg, the concen-
trations of nonmetallics can be three to five orders of magnitude higher than that
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of metallics. The nonmetallic contaminants include species, eg, hydrogen, chlor-
ine, fluorine, and oxygen, which can be present in the furnace atmosphere during
certain forming, consolidation, or special annealing treatments. These impurities
exist in the vitreous silica in a variety of forms. They can link directly to the silica
network, eg, hydroxyl, Si—OH bonding; hydride, Si—H, bonding; and chloride,
Si—Cl, bonding; or exist interstitially as molecular species, such as H,, H50,
Cl,, and O,. Metallic contaminants are usually picked up from the silica raw
material or from the furnace materials during processing. These dissolve in
the silica network by bonding in some way to the oxygen ions. Table 2 lists the
metal impurities commonly seen in vitreous silicas.

3. Manufacturing

Vitreous silica, a hard glass having a limited working range, is not convenien-
tally produced using conventional glass-melting techniques. Rather, its high
melting point and high melt viscosity have forced the development of a number
of unique forming methods that utilize sintering or some type of deposition pro-
cess. Many of the key physical properties depend on the specific forming process
used because the forming process defines the material’s thermal history and
impurity—dopant profile. However, in most cases these developments have led
to very high purity glasses with high index homogeneity and other properties
that can be largely engineered.

3.1. History. The first reported instances of fusing silicon dioxide
occurred early in the nineteenth century. In 1813, fusing of small crystals of
quartz by injecting oxygen into an alcohol flame was described. This was followed
in 1821 by the description of the fusing of quartz crystals using a hydrogen—
oxygen torch (33). Properties of vitreous silica were first measured in 1839
(34). A glass produced using a hydrogen—oxygen flame exhibited remarkable
strength, good elasticity, and excellent thermal shock resistance. This glass
also had a tendency to volatilize and to devitrify. Later, the glass was shaped
into tubes and bulbs. In 1887, a flame was used to draw fibers of vitreous silica
(35).

Several efforts to develop commercial processes began ~ 1900 and were cen-
tered mainly in England, France, and Germany (35). It was during this early
commercialization of vitreous silica that the distinction between the opaque
and transparent glasses arose. The opaque material, called fused silica, was
made by fusing sand. Resistance heating with carbon electrodes was an effective
method for generating the desired temperature. The transparent material, called
fused quartz, was made by fusing clear, selected quartz crystals. Achieving
transparency by this approach required overcoming the problem of bubble forma-
tion in the glass. Crystalline quartz undergoes a transformation, ie, an inversion
from its low to high crystalline form, at 575°C, which also includes a rapid
volume change. If heating is not uniform, the crystals can fracture (splinter)
and lead to air encapsulation and the formation of bubble lines. This problem
was overcome in 1900 by using the fracturing phenomenon to produce a fine crys-
talline frit that could be subsequently flame fused without splintering (36,37).
Fracturing was promoted by heating the quartz crystals to a red heat and
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then quenching in water. An approach in which a glass boule was produced by
injecting this powder into a flame was also advanced (38).

The production of vitreous silica from chemical precursors was first
described in patents filed in 1934, including a fabrication method in which
fine, high purity powders were produced by decomposing silanes (39). Forms
were then cast from aqueous slips. More importantly, a flame hydrolysis process
which used SiCl, as the chemical precursor was described (40). This latter
approach led to a marked improvement in glass purity and served as the basis
for the processes used in the 1990s to make synthetic vitreous silica.

3.2. Modern Manufacturing Techniques. Modern manufacturing
processes of vitreous typically involve the fusion or viscous sintering of silica par-
ticles; the particles can be derived from sand crystals or are produced through a
chemical process, eg, flame hydrolysis or sol—gel. In one practice of the flame
hydrolysis process, the powder is produced and fused into glass a single step,
without the isolation of a porous body. Dopant and additive profiles are concen-
tration are then controlled by the deposition conditions. When a process invol-
ving a discrete porous silica body as an intermediate is used, subsequent
processing steps can be used to control dopant levels and in particular, the hydro-
xyl level of the final glass. The choice of fabrication method is often dictated by
the end-use specifications. Flame hydrolysis or similar chemical techniques that
allow for the production of very high purity glass are the methods of choice for
optical applications but may be economically wasteful for less demanding appli-
cations.

Translucent Vitreous Silica. Translucent vitreous silica is produced by
fusion of high purity quartz sand crystals (41,42). Sand is packed around a gra-
phite rod through which a current is passed. The resistance heating produces a
plastic mass that can be blown into molds, drawn into tubing, or shaped by roll-
ing or pressing. Separation from the graphite rod is facilitated by gaseous pro-
ducts formed by interfacial reaction. Because the outside is sandy, the product
is known as sand-surface ware. A matte finish is obtained by mechanical buffing.
A glazed surface is produced by fusing the outside surface with an electric carbon
arc or flame.

The Rotosil process employed by Heraeus and Heraeus-Amersil is used for
the production of tubular or cylindrical shapes. It permits greater uniformity and
dimensional control than the previous process. The quartz is washed in hydro-
fluoric acid and distilled water to remove impurities that can promote crystalli-
zation during manufacture. The sand is then placed in a rotating horizontal steel
tube where it is held at the circumference by centrifugal force. A carbon arc is
passed slowly down the center of the drum to fuse the sand. A modification,
using open rotating molds on a vertical axis, allows formation of crucibles, bea-
kers, and bowls.

For refractory applications, sand of moderate purity is fused by an electric
arc into an ingot. The ingot is then crushed and ground to a size suitable for
injection molding or slurry casting. A variety of shapes can be produced, includ-
ing bricks, nozzles, and pouring tubes. After shaping, the pieces are dried slowly
and then fired at 1150-1250°C for 1-4 h. The materials have a white, opaque
appearance.
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Transparent Vitreous Silica. Clear, transparent, bubble-free vitreous
silica may be obtained by melting natural quartz minerals by flame or plasma
vapor deposition (synthetic fused silicas), and by sol—gel processing.

Fused Quartz. The fused quartz glasses correspond to the Type I and
Type II vitreous silicas described in Table 1. Type I silica is made by the direct
melting of quartz powder using the resistance, ie, Osram process (43), or induction-
heated furnaces (44). The powder is fed into the top of a tubular furnace and melted
in either a molybdenum or carbon crucible surrounded by a protective inert or
reducing gas. Tubing or rod can be drawn from the bottom of the crucible. Vacuum
is sometimes used prior to fusion to minimize the gas content in the pore spaces
and hot pressing is sometimes applied after fusion to reduce the remaining bubbles.
Type II silica is formed using a process originally developed by Heraeus. Quartz
powder is fed through an oxy-hydrogen flame and collected as a dense glass on a
rotating fused-quartz tube (45). The glass is withdrawn slowly from the flame as
the fused quartz builds up. Chlorine can be introduced during laydown of the
glass to improve glass purity. The chlorine removes metal contaminants, eg, alumi-
num, iron, copper, zinc, titanium, and the alkali and alkali-earth metals, by form-
ing volatile chlorides (46).

The crystalline quartz powder is treated before use to improve purity and to
eliminate the formation of gaseous inclusions during fusion. The powders are
first washed in mixed acids, including hydrofluoric acid, to remove surface con-
taminants and then heated to at least 800°C and plunged into distilled water to
promote extensive microcracking. The resulting powder is well suited for vacuum
melting because it melts faster and expels gaseous impurities more completely
than untreated quartz crystals.

Brazil continues to be an important source of quartz powder for fused
quartz manufacturers. Namibia and the Malagasy Republic are also suppliers.
In the United States, large deposits of crystalline quartz exist in West Virginia,
Pennsylvania, and Missouri. Suppliers as of the mid-1990s included U.S. Silica
and Unimin Corporation. Alternatives to the natural quartz powder, including
fumed silica, flame-hydrolyzed soot, and sol—gel-derived powder, have also
been tried as feedstock for these processes (11).

Although fused-quartz production is usually carried out above the melting
point of cristobalite, powder sintering at temperatures in the range of 1400—
1710°C is also possible (47). To avoid cristobalite formation (devitrification)
while sintering at these temperatures, the powder must be pure, especially of
alkali contaminants, and the time at temperature must be kept to a minimum.
Typically, the sintering process takes no >15min in the 1400—-1710°C range. The
sintering is usually done in a vacuum or in a helium atmosphere to minimize
bubble formation.

Transparent vitreous silica crucibles can be produced by firing slip-cast
pieces in a vacuum or a helium atmosphere (48,49), or in helium followed
by argon (50). The crucible is usually supported on a graphite form to minimize
distortion.

Synthetic Fused Silica. Synthetic silica can be prepared from a variety
of volatile silicon compounds by oxidation or hydrolysis in a flame or plasma.
Type III silica is made using a flame (40,51). In the United States, the flame is
typically methane—oxygen. In Europe and Japan, hydrogen—oxygen flames are
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preferred. Type IV silica is made with a low water, oxygen plasma (52,53). The
plasma deposition process was developed as a way to produce low OH vitreous
silica. In glasses made by flame hydrolysis, the OH level ranges from 800 to
1200 parts per million (ppm) depending on the flame mix. In glasses made by
plasma deposition, it is typically <20 ppm.

Vitreous silicas made from chemical precursors are significantly purer than
those from natural quartz powders because it is possible to purify chemical pre-
cursors to a higher degree than powders. This purity directly translates into
higher uv and deep uv optical transmission of the final glass. Synthetic fused sili-
cas can have a total metal content < 200—300 ppb. Any stable, silicon-containing
compound having sufficient volatility can be used as a chemical precursor
(40,54). Most industrial processing uses silicon tetrachloride because it is rela-
tively inexpensive and readily available in large quantities. Environmental con-
cerns have, however, prompted the development of synthetic fused silica made
from cyclic and chained siloxane compounds (55,56). These chlorine-free precur-
sors do not generate HCl as a manufacturing by-product (see SILICON COMPOUNDS).

In the typical flame or vapor-phase hydrolysis process, which uses SiCl, as
the precursor, silicon tetrachloride vapor is fed into a flame using an oxygen car-
rier gas. Fine (< 50 nm) amorphous silica particles form in the flame (57).

SiCly + 2H20 — SiOy + 4 HC1

The water is a product of combustion of the hydrogen or methane gases. A
portion of that water can also incorporated in the glass structure as SiOH.

The manufacture of vitreous silica by flame hydrolysis can be a single- or
multistep process. In the single-step process, silica particles are formed and con-
solidated to dense glass in one operation. Consolidation takes place as the silica
particles are collected on a substrate that is heated by the deposition flame. The
deposition temperature is usually in excess of 1800°C. The single-step process as
described here naturally yields vitreous silica that is relatively high in hydroxyl
content. Further, the final material contains other combustion products depend-
ing on the flame and deposition conditions. Molecular Hs, eg, is easily incorpo-
rated in the glass using this process. In a two-step process, the silica is formed
as a soot that can be collected as a powder or porous preform (low temperature
deposition) and consolidated to dense glass in a separate operation. Consolida-
tion is usually done at 1400-1700°C. The two-step process, although more
involved, offers several advantages, including the ability to chemically treat
the silica soot before final consolidation and to control the consolidation atmo-
sphere. For example, high purity, low OH vitreous silica can be made by chemi-
cally drying the porous preform in chlorine (58) or SOCIl; (59) and then
consolidating in a moisture-free atmosphere. This operation is a key step in
the production of optical waveguide fibers, which require low OH for ir transmis-
sion, but can also be used to manufacture bulk glass (60,61).

In the plasma deposition process, silicon tetrachloride vapor is passed
through an induction-coupled plasma torch using a hydrogen-free oxygen stream:

SiCly + Og — SiOg + 2 Cly
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The resulting silica is deposited on a refractory substrate as a clear trans-
parent glass.

Synthetic fused silicas with low OH levels have also been made experimen-
tally using a CO; laser instead of the plasma torch (62,63). The glass rate of this
process, however, is at least 10 times slower than the plasma approach.

Fused silica materials obtained by the various vapor-phase methods can be
formed into rods, tubing, and boules. The pieces may range in size up to hun-
dreds of kilograms. Any of these may be subsequently reworked to make a vari-
ety of useful products. Crucibles have been made from both tubing and massive
pieces. Optical elements are cut from the boules and polished, and often finely
annealed to control refractive index and reduce internal stress.

Sol-Gel Processing. Sol—gel processing is essentially a lower tempera-
ture alternative for fabricating synthetic fused silica (64—70). The starting mate-
rial is either a particulate gel made by mixing fumed or colloidal silica in an
appropriate liquid or a solution of a silicon alkoxide, such as tetraethylorthosili-
cate (TEOS) or silicon tetramethoxide, in alcohol using a controlled amount of
water that hydrolyzes slowly to form a gel. After the gel is dried, it can be sin-
tered under vacuum or in helium atmosphere to transparent vitreous silica at
temperatures of 1200—1400°C. Steps are often taken to minimize the OH and
chlorine content of the preforms to avoid bubble formation during sintering
(71,72).

The gel approach offers processing advantages that are not available
with the more conventional methods used to form synthetic fused silica. The
lower firing temperatures reduce energy consumption and minimize the pickup
of furnace impurities. Also, near-net-shaping is possible because the gelling pro-
cedure is not limited to any particular mold configuration. Unfortunately, the gel
approach has critical drying and shrinkage problems that have thus far limited
the glass sizes that can be produced. The gels, fragile structures that tend to
crack during drying owing to capillary stresses, are highly porous structures
that shrink linearly by up to 50% upon firing. The high shrinkage makes dimen-
sion control difficult. These problems have been attacked with limited success by
increasing gel strength through gel aging, additions of silica particle fillers, etc;
controlling the pore size in the gel through pH control and hydrothermal aging
(73); and slower, milder drying procedures (see HYDROTHERMAL PROCESSING;
SOL-GEL TECHNOLOGY). In response to these processing limitations, several hybrid
processes have been proposed that use sol—gel derived powders as the feedstock
for more conventional manufacturing approaches, including flame fusion and
high temperature vacuum sintering (11,74).

Flame Working and Sealing. Flame working of vitreous silica is difficult
because of its extremely high viscosity and volatility. However, this drawback is
balanced by excellent resistance to thermal shock. Whereas a gas—oxygen flame
is satisfactory for most manipulations, an oxy—hydrogen flame provides some-
what more energy. An oxy—acetylene flame gives even more heat, but promotes
excessive volatilization.

When silica volatilizes, vapors condense on cooler areas to form a white
bloom that can be removed by heat or dilute hydrofluoric acid. Because dilute
hydrofluoric acid also attacks the substrate, a mild, careful treatment
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is required. To minimize volatilization, the temperature should be as low as
possible.

Annealing of flame-worked pieces is generally not necessary because of the
low thermal expansion of vitreous silica. However, massive pieces should be
annealed at a temperature corresponding approximately to the annealing point
of the specific type and for a time determined by size. Owing to developments in
applications of ir lasers (qv), vitreous silica up to 6-mm thick can be cut and
drilled using CO; gas lasers and numerically controlled equipment. Laser cutting
has the advantage over mechanical cutting of a very thin kerf (cut width) having
little induced stress (75).

Vitreous silica can be attached to other glasses, eg, Corning Code 7740 bor-
osilicate glass, using a graded seal. The silica is first sealed to Code 7230 glass
having a linear expansion coefficient, o, of ~ 14 x 10~7/°C, from 0 to 300°C. This
in turn is sealed to Code 7240 glass, o ~ 21 x 10~ 7/°C. The assembly is then
sealed to Code 7740 glass, o ~ 32.5 x 10~7/°C.

Sealing to metals is difficult because the thermal expansion of metals is
much higher than that of vitreous silica. Nevertheless, such sealing is necessary,
particularly in the case of mercury vapor lamps where vacuum-tight lead connec-
tions are required. A molybdenum foil seal is used based on the principle that a
very thin foil is able to contract during cooling without inducing stress in the
glass. The molybdenum foil is connected to tungsten electrodes and placed in
the tube that is flushed with a neutral gas. The tube is heated strongly on the
outside with a gas—oxygen flame. It collapses around the foil and is mechanically
pinched to make firm contact (76).

4. Glass Properties

Vitreous silica has many exceptional properties. Most are the expected result of
vitreous silica being an extremely pure and strongly bonded glass. Inert to most
common chemical agents, it has a high softening point, low thermal expansion,
excellent thermal shock resistance, and excellent optical transmission over a
wide spectrum. Compared to other technical glasses, vitreous silica is one of
the best thermal and electrical insulators and has one of the lowest indexes of
refraction.

Vitreous silica, however, also exhibits a number of abnormal behaviors for a
glass. These are a consequence of its inherent atomic structure (77-79). For
example, the expansion coefficient is negative below approximately —80 to
—100°C and positive and very small above these temperatures. In contrast to
most glasses, the equilibrium density decreases with heat treatment in the trans-
formation range. The elastic moduli increase with increasing temperatures
above —190°C. The Young’s modulus of vitreous silica increases linearly with
applied longitudinal stress at —196°C, whereas the modulus of soda glass
decreases (80). The compressibility of vitreous silica increases with pressure
for pressures <3 GPa (< 30,000 atm) and the temperature coefficient of sound
velocity is positive over the range 0—800°C (81).

Discontinuities in property—temperature relationships have also been
observed and are often associated with structural rearrangements seen in the
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various crystalline phases of SiO, (26,82). The abnormalities in acoustic loss,
pressure and temperature dependence of compressibility, thermal expansion,
and specific heat have been related to a bimodal distribution of —Si—O—Si—
bond angles (83). The large amount of free volume in the vitreous material per-
mits reorientation of the silica tetrahedrons by changing —Si—O—Si— angles, ie,
keeping Si—O distances constant, or by favoring the lower angles in the bimodal
distribution.

4.1. Chemical Properties. Stoichiometric vitreous silica contains two
atoms of oxygen for every one of silicon, but it is extremely doubtful if such a
material really exists. In general, small amounts of impurities derived from
the starting materials are present and various structural defects can be intro-
duced, depending on the forming conditions. Water is incorporated into the
glass structure as hydroxyls.

Chemical Durability. The resistance of nontransparent vitreous silica to
chemical attack is slightly less than the resistance of transparent vitreous silica.
This difference results primarily from the higher surface area of the former
caused by the presence of a large number of bubbles. Most data in the literature
are on the transparent material.

Vitreous silica does not react significantly with water under ambient condi-
tions. The solution process involves the formation of monosilicic acid, Si(OH),.
Solubility is fairly constant at low pH, but increases rapidly when the pH
exceeds 9 (84—86). Above a pH of 10.7, silica dissolves mainly as soluble silicates.
Solubility also increases with higher temperatures and pressures. At 200—-400°C
and 1-30MPa (<10-300 atm), eg, the solubility, S, of SiO5 in grams per kilo-
gram (g/’kg) HyO can be expressed as follows, where d is the density of the
vapor phase and T is the absolute temperature in kelvin.

log S = 2 log d — 2679/T + 4.972

Vitreous silica is susceptible to attack by alkaline solutions, especially at
higher concentrations and temperatures. For 5% NaOH at 95°C, although craz-
ing may be evident, surface corrosion is only 10 um after 24 h (87). For 45 wt%
NaOH at 200°C, dissolution proceeds at 0.54 mm/h (88). The corrosion rates in
other alkaline solutions are listed in Table 3. Alkaline-earth ions inhibit alkaline
solution attack on vitreous silica. Their presence leads to the formation of
hydrated metal silicate films that protect the glass surface (89).

Vitreous silica is relatively inert to attack from most acids for temperatures
up to 100°C. The weight loss data in acid solutions are summarized in Table 3.
The main exceptions are phosphoric acid, which causes some corrosion above
~150°C, and hydrofluoric acid, which reacts readily at room temperature (91).
This latter dissolution proceeds as follows:

SiOg + 6 HF — HySiFg + 2H,0
The equilibrium constant for this reaction at 25°C is 3.4 x 107° (92). The

effects of two hydrofluoric acid solutions of different concentrations on various
silica phases are shown in Table 4.
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Metals do not generally react with vitreous silica < 1000°C or their melting
point, whichever is lower. Exceptions are aluminum, magnesium, and alkali
metals. Aluminum readily reduces silica at 700—800°C. Alkali metal vapors
attack at temperatures as low as 200°C. Sodium vapor attack involves a diffusion
of sodium into the glass, followed by a reduction of the silica.

4Na + 5Si0y — 2NaySis05 + Si°

This reaction is accompanied by a blackening of the vitreous silica and a
flaking of the surface. As evidence for the diffusion step, the sodium absorption
by the much denser quartz is 12mg/(1000 h-cm?) at 350°C, whereas vitreous
silica absorbs 23 mg/(1000h-cm?) at 286°C (94). Molten sodium is much less
reactive.

Fused basic salts and basic oxides react with vitreous silica at elevated
temperatures. Reaction with alkaline-earth oxides takes place at ~900°C.
Halides tend to dissolve vitreous silica at high temperatures; fluorides are the
most reactive (95). Dry halogen gases do not react with vitreous silica <300°C.
Hydrogen fluoride, however, readily attacks vitreous silica.

SiOy + 4HF — 2H50 + SiFy

Reaction with hydrogen is very slight < 500°C, but reduction does occur at
higher temperatures. The formation of =SiOH and =SiH groups has been
demonstrated by ir and Raman spectroscopy (96,97).

2810, (glass) + H, — =SiOH + =SiH

Vapor Pressure. Vitreous silica is a highly refractory glass. Volatilization
is significant only at elevated temperatures (Fig. 1), occurring under a neutral
atmosphere by dissociation.

Si0s(s, 1) — SiO (g) + 10,

Si0 exists only as a vapor and reforms SiO, particles when it deposits on
cold surfaces (98).

The loss of material at elevated temperatures is accelerated in vacuum and
under reducing conditions. In the presence of carbon, eg, the following reaction
may occur:

Si0y + C — SiO + CO

For pure carbon, this reduction can take place at temperatures as low as
1200°C (95). A similar reduction occurs with tungsten, tantalum, or molybdenum
in vacuum at 1300—1400°C (99).

Devitrification. At atmospheric pressure, devitrification of vitreous silica
can take place at temperatures from 1000 to 1723°C, ie, the cristobalite liquidus.
The maximum growth rate occurs at ~1600-1675°C (Fig. 2). Crystals form and
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grow from nuclei found predominantly at the glass surface. Internal crystalliza-
tion, though rarely seen, is also possible (1). Only heterogeneous nucleation has
been observed as of this writing (2006), regardless of whether the crystallization
occurs internally or externally. The crystalline phase, B-cristobalite, has nearly
the same density and refractive index as vitreous silica. The B to o transition of
cristobalite that occurs at 270°C includes a large volume change that leads to
cracking and strength loss on cooling (100).

The devitrification rate is extremely sensitive to both surface and bulk
impurities, especially alkali. Increased alkali levels tend to increase the devitri-
fication rate and lower the temperature at which the maximum rate occurs. For
example, a bulk level of 0.32 wt% soda increases the maximum devitrification
rate 20—30 times and lowers the temperature of maximum devitrification to
~1400°C (102). The impurity effect is present even at trace levels (< 50 ppm)
and can be enhanced with the addition of alumina. The devitrification rate varies
inversely with the ratio of alumina-to-alkali metal oxide. The effect is a conse-
quence of the fact that these impurities lower glass viscosity (103).

The water content and stoichiometry of the glass also influence the devitri-
fication rate. A high hydroxyl content in the glass as well as water vapor and oxy-
gen in the atmosphere enhance devitrification, whereas oxygen deficiency in the
glass and neutral or reducing atmospheres inhibit devitrification (101,104-107).
The oxygen affects the rate by diffusing through the cristobalite layer to the
glass—crystal interface and oxidizing the glass, thereby bringing it closer to stoi-
chiometry (104—106). The water vapor and hydroxyl content show a similar
effect, probably by dissociating at the elevated temperatures to give free oxygen
and by weakening the glass structure through the formation of silicon—hydroxyl
bonds.

Increased pressures can lower the temperature at which crystallization
occurs. Experiments performed using Spectrosil (Thermal Syndicate Ltd.) and
G.E. Type 204 (General Electric Company) fused silicas (see Fig. 2) show that
at pressures >2.5 GPa (< 25,000 atm), devitrification occurs at temperatures
as low as 500°C and that at 4 GPa (< 40,000 atm), it occurs at as low as 450°C
(108). Although the temperatures and pressures were in the coesite-phase field,
both coesite and quartz were observed. Both the devitrification rate and the for-
mation of the stable phase (coesite) were enhanced by the presence of water. In
the 1000-1700°C region at 500—4000 MPa (< 5,000—40,000 atm), o and  quartz
were the primary phases. Crystal growth rates increased with pressure and with
hydroxyl content for a given stoichiometry.

Cristobalite can also form on vitreous silica at temperatures as low as 400°C
when the pressure is equal to 35 MPa (< 350 atm) and the glass is immersed in
weak NaOH solutions (109). In stronger NaOH solutions, quartz is formed. The
formation of the crystalline phases is a result of the hydrolysis of the anions pre-
sent. No crystallization occurs with HF, H,SO,4, and HsPO, in KHSO, solutions
or in pure water.

Transparent silica can normally be used in air continuously at tempera-
tures up to 1000°C and for short periods up to 1250°C without devitrification
occurring. This recommendation assumes, however, that the glass surface is sub-
stantially free of alkali contamination that can occur from sources, eg, airborne
dust or fingerprints.
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Diffusion. The gaseous species for which diffusion parameters have been
studied extensively in vitreous silica include both noble gases and molecular
gases. Data are given in Table 5. In general, the activation energies for diffusion
of the gaseous species scale with molecular size (110). The noble gases do not inter-
act chemically with the glass structure. Helium is the fastest diffusing species in
vitreous silica. Its diffusion coefficient over the temperature range of 24—1034°C
is as follows, where T is in kelvin and R is the universal gas constant (26).

Dy = 2.7 x 10 T exp(—4.81/RT)

Diffusion of the molecular gases can be complicated by reactions with the
glass network, especially at the sites of structural defects. The diffusion coeffi-
cient of water, eg, shows a distinct break ~ 550°C (114). Above 550°C, the activa-
tion energy is approximately 80 kJ/mol (19 kcal/mol), but <550°C, it is only 40 kJ/
mol (9.5 kcal/mol). Proposed explanations for the difference cite the fact that the
reaction between water and the silica network to form hydroxyls is not in equili-
brium at the lower temperatures.

The oxidation of vitreous silica appears to proceed by one of two mechan-
isms, depending on the material’s hydroxyl content (110,115). In hydroxyl-
containing material, the rapid oxidation probably occurs by the diffusion and
removal of hydrogen, according to the following reaction:

=Si**HO-Si*'= — =Si*'-0-Si*'= +1H,

Conversely, in hydroxyl-free vitreous silica, the oxidation is much slower
and is controlled by the diffusion of oxygen through the solid according to the fol-
lowing reaction:

=Si3t8idt= +% 0y — =Si**—0—Sitt=

The diffusion of metal ions in vitreous silica has not been studied as exten-
sively as that of the gaseous species. The alkali metals have received the most
attention because their behavior is important in electrical applications. The dif-
fusion coefficients for various metal ions are listed in Table 5. The general trend
is for the diffusion coefficient to increase with larger ionic sizes and higher
valences.

The diffusion of ??Na in Infrasil fused quartz exhibits several distinct
regions between 170 and 1000°C. The diffusion parameters are Dg=3.44 x
1072 ecm?%s, and E4=88.3 kJ/mol (21.1kcal/mol) between 573 and 1000°C;
Dy=0.398 cm?/s and Eq=108 kJ/mol (25.8 kcal/mol) between 250 and 573°C;
and Dy=2.13 cm?s and E4=118 kJ/mol (28.83kcal/mol) between 170 and
250°C, where Dy and Ej are the diffusion constant and activation energy of diffu-
sion, respectively. The transitions occur at the transformation temperatures for
the high—low modifications of quartz (573°C) and cristobalite (250°C), which sug-
gests that the changes involve shifts in the specific volume of the glass structure
(26,116). Diffusion data for gases in vitreous silica are listed in Table 6.
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4.2. Physical Properties. Density. The density of transparent vitre-
ous silica is ~ 2.20 g/em?®. Translucent and opaque glasses have lower densities
owing to the entrapped bubbles. The density of translucent Vitreosil, eg, is 2.07—
2.15g/cm® (87,120). The density of transparent vitreous silica decreases with
increasing hydroxyl content and with lower fictive (glass structure equilibrium)
temperatures. The fictive temperature depends on the thermal history and on
glass viscosity (121).

The density of vitreous silica is lower than those of the low pressure crystal-
line phases of silicon dioxide (122), especially that of quartz.

Material Density, g/cm?®
vitreous silica 2.20
cristobalite 2.27
tridymite 2.30
quartz 2.65

Because all of these structures share the same short-range bonding scheme,
the density differences indicate that vitreous silica has a substantial interstitial
volume and can be compacted.

A number of studies have examined the high pressure behavior of vitreous
silica (123—128). The degree of compaction depends on temperature, pressure,
and the time of pressurization treatment. A density increase of almost 19% was
obtained when the glass was subjected to a pressure of 8 GPa (< 80,000 atm) at
575°C for 2min. The samples remained completely amorphous, though the den-
sities and refractive indexes were approaching those of the quartz phase
(124,129). Structural studies indicate that the compaction is accompanied by a
shift in the ring statistics toward a higher percentage of three- and four-mem-
bered rings of SiO4 tetrahedrons (130). Above 20 GPa (200,000 atm), the SiO, tet-
rahedrons begin to distort and the Si coordination gradually shifts from four to
six oxygens (131).

Compaction has also been observed as a result of neutron irradiation and
extended exposure to intense uv (excimer) laser light (132,133). The compaction
tends to relax over months at room temperature and can be reversed quickly by
annealing at sufficiently high temperatures (134). Light-induced expansion of
silica (an increase in its volume) has also been demonstrated, particularly in sili-
cas that contain molecular Hy (135,136). The effect has been correlated with the
formation of SiIOH and SiH under the reaction conditions (137).

Viscosity. The viscosity of vitreous silica in the transformation range
depends on composition (dopants and impurities) and thermal history
(26,138,139). Any additive, including OH, chlorine, fluorine, and metal ions, that
can break up the Si—O-Si network lowers the viscosity. Vitreous silicas with
hydroxyl levels of ~0.1 wt%, eg, Corning Code 7980, Suprasil, Spectrosil, and
Dynasil, have annealing points in the 1050—1100°C range (120,140-142). Hydro-
xyl-free (< 0.001 wt%) high purity fused-quartz glasses, eg, ir Vitreosil, some of the
General Electric types, and various Amersil grades, have softening, annealing,
and strain points up to 100°C higher than those of the hydroxyl-containing
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types. Thermal history determines the fictive temperature of the glass. The ir
Vitreosil, which has a fictive temperature of 1400°C, has a viscosity of 1 TPa-s
(=10'3P) at 1700°C, whereas a 1000°C fictive material has a viscosity of 1 TPa-s
(=10'3P) at ~1320°C (138). Representative viscosity data are given in Table 7.
A complete viscosity—temperature curve is shown in Figure 3 for Amersil
commercial-grade fused quartz. A number of studies have shown that,
>1000°C, the viscosity, 1, of vitreous silica follows the general relation

Inn =Inny+E/RT

where ng is the viscosity at infinite temperature, T is temperature in kelvin, E is
the activation energy, and R, the molar gas constant, is 8.31kdJ/(mol-K) (143).
Typical activation energy for viscous flow ranges roughly from 450 to 550 kdJ/
mol (108—132 kcal/mol) for the high OH vitreous silicas.

The characteristic temperatures, ie, softening, anneal, and strain points, of
vitreous silica are significantly higher than those of most commercial glasses.
Vitreous silica starts to deform slowly at temperatures > 1200°C and, although
it can be readily sagged at temperatures of 1400-1550°C, is a fairly viscous
material even above the melting point of cristobalite [10°-~10° Pa-s (10°-
10°P)]. The very high temperature viscosity data range from 930 Pa-s (9300 P)
at 2085°C to 860 Pa-s (8600 P) at 3210°C (146).

4.3. Thermal Properties. Thermal Expansion. Most manufacturers’
literature (87,120,140—142) quotes a linear expansion coefficient within the
0—300°C range of 5.4x 107 7=5.6 x 10~ 7/°C. The effect of thermal history on
low temperature expansion of Homosil (Heraeus Schott Quarzschmelze GmbH)
and Osram’s vitreous silicas is shown in Figure 4. The 1000, 1300, and 1720°C
curves are for samples that were held at these temperatures until equilibrium
density was achieved and then quenched in water. The effect of temperature
on linear expansion of vitreous silica is compared with that of typical soda—
lime and borosilicate glasses in Figure 5. The low thermal expansion of vitreous
silica is the main reason that it has a high thermal shock resistance compared to
other glasses.

Vitreous silica annealed at 1100°C has been designated NIST Standard
Reference Material 739 (L1 and L2). Its expansion coefficient, o, may be calcu-
lated for 300—700 K from the following expression (148), where T is the absolute
temperature in kelvin.

o x 108 = —0.8218 + 7.606 x 10737 — 1.266 x 107572 + 6.487 x 10727

Precise measurements of the dimensional stability of low expansion mate-
rials indicate that vitreous silicas, eg, Corning 7980 and Homosil, display a
length change at 25°C of ~0.5 parts per billion (ppb) per day (149).

The expansion coefficient of vitreous silica can be controlled by doping the
glass with titania. At 7.4 wt% TiO,, the room temperature expansion coefficient
is effectively zero (<10-%/°C) (150).
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Heat Capacity. The mean heat capacity (0—900°C) at constant pressure,
C,, in J/(kg-°C), can be estimated in vitreous silica using the following expres-
sion, where ¢ is temperature in degrees celsius.

C, =700 +0.79¢ — 5.23 x 10~*¢*

Its value at 25°C is 0.71 J/(g-°C) [0.17 cal/(g-°C)] (95,151). Discontinuities
in the temperature dependence of the heat capacity have been attributed to
structural changes, eg, crystallization and annealing effects, in the glass. The
heat capacity varies weakly with OH content. Increasing the OH level from
0.0003 to 0.12 wt% reduces the heat capacity by approximately 0.5% at 300 K
and by 1.6% at 700 K (152). The low temperature (< 10 K) heat capacities of vitr-
eous silica tend to be higher than the values predicted by the Debye model (153).

Thermal Conductivity. Thermal conductivity data for transparent
vitreous silica are listed in the following table (154):

Thermal conduc-

Temperature, K tivity, W/(m-K)
100 0.674

200 1.126

300 1.37

400 1.51

500 1.62

600 1.74

Thermal conductivity at 25°C is 1.38 W/(m-K). The thermal conductivity of
opaque silica is 20% lower than that of clear vitreous silica.

Phonon transport is the main conduction mechanism < 300°C. Composi-
tional effects are significant because the mean free phonon path is limited by
the random glass structure. Estimates of the mean free phonon path in vitreous
silica, made using elastic wave velocity, heat capacity, and thermal conductivity
data, generate a value of 520 pm, which is on the order of the dimensions of the
Si04 tetrahedron (155). Radiative conduction mechanisms can be significant at
higher temperatures.

Thermal diffusivity, a, is related to the thermal conductivity, k&, through the
following equation, where p is density and C, is heat capacity. The value of ¢ at
25°C is 9 x 10 %cm?/s (156).

a =k/(sCp)

4.4. Mechanical Properties. Moduli and Poisson’s Ratio. The
Young’s modulus of vitreous silica at 25°C is 73 GPa (< 1.06 x 107 psi), the
shear modulus is 31 GPa (< 4.5 x 10° psi), and the Poisson’s ratio is 0.17.
Minor differences in values can arise owing to density variations. The elastic
modulus decreases with increasing density and Poisson’s ratio increases (26).
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In contrast to the behavior of most glasses, the elastic moduli of vitreous
silica increase with temperature, reaching a maximum at 1100-1200°C. The
maximum is ~10% higher than the room temperature value (157). The high tem-
perature values, however, are probably not accurate readings of the instanta-
neous moduli because viscous deformation is possible >1000°C.

Strength. The fracture strength of vitreous silica depends on its surface
quality, which can be affected by thermal treatment and handling conditions.
Microcracks, surface contamination, and crystallization can reduce the strength
from the value of pristine vitreous silica by several orders of magnitude.

The theoretical estimates of the intrinsic strength of vitreous silica, based
on structural considerations, range from 1.6 GPa (< 235,000 psi) to 2.3 GPa
(< 338,000 psi) (158,159). Experimental values close to theoretical numbers
have been obtained under carefully controlled conditions. These conditions
involve fibers having undamaged surfaces and measurements made in vacuum
at low temperatures. For example, tests run at —196°C detected strengths in
excess of 1.3GPa (191,000 psi) (160,161). Conversely, the room temperature
strength of a flame-drawn fiber is decreased from ~4.7GPa (<690psi) to
344 MPa (< 50,600 psi) by merely placing a finger on it (162).

The fracture strength of vitreous silica is also affected by environmental
factors, eg, temperature and humidity. The temperature effect on the strength
of flame-drawn fiber is shown in Figure 6. The strength of fused silica rods
decreases in the presence of saturated vapors of alcohols, benzene, acetone,
and water (163). The largest decrease is caused by water vapor, ie, almost 50%
from a starting strength of 91 MPa (< 13,400 psi). Water vapor weakens vitreous
silica by promoting crack growth. The critical fracture energy, Y., eg, is 4.3—
4.4J/m? (18-18.4 cal/m?) in dry nitrogen gas at 27°C, and 3.7 J/m? (15.5 cal/m?)
in air at 40% rh (164,165).

Commercially available clear silicas typically have tensile strengths of 50—
70 MPa (7,250—-10,150psi) and compressive strengths of 500-1900 MPa
(72,500-275,500 psi). The opaque silicas have tensile strengths of 5—50 MPa
(725—-7250 psi) and compressive strengths of 190—-300 MPa (27,550—43,500 psi)
(166). Safety factors of 10—20-fold are usually employed when developing struc-
tural elements made of vitreous silica.

Fracture toughness is another way to characterize the strength of a mate-
rial. It measures how well a material resists crack propagation and is expressed
as the stress needed to enlarge a crack of a specific size. The room temperature
fracture toughness of clear, vitreous silica is ~ 0.75-0.80 MPa-m'/? (87,167).

Hardness. The Knoop indentation hardness of vitreous silica is in the
range of 473-593 kg/mm? and the diamond pyramidal (Vickers) hardness is in
the range of 600—750kg/mm? (168). The Vickers hardness for fused quartz
decreases with increasing temperature but suddenly decreases at ~70°C. In
addition, a small positive discontinuity occurs at 570°C, which may result from
a memory of quartz structure (169). A maximum at 570°C is attributed to the
presence of small amounts of quartz microcrystals (170). Scanning electron
microscopic (sem) examination of the indentation area indicates that deforma-
tion is mainly from material compaction. There is little evidence of shear flow
171).
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Ultrasonic Properties. Vitreous silica of high purity, such as the synthetic
type, has an unusually low attenuation of high frequency ultrasonic waves.
The loss, A, is a linear function of frequency, f, up to the 30—40-MHz region
and can be expressed as A =Bf, where B=0.26 dB-MHz/m for shear waves and
0.16 dB-MHz/m for compressional waves (172).

The ultrasonic relaxation loss may involve a thermally activated structural
relaxation associated with a shifting of bridging oxygen atoms between two equi-
librium positions (173). The velocity, 1, of ultrasonic waves in an infinite medium
is given by the following equation, where M is the appropriate elastic modulus,
and density, d, is 2.20 g/em?®.

v=(M/d)"*

At a shear modulus of 31.1 GPa (4.5 x 10° psi ), vitreous silica has a plane—
shear wave velocity of 3.76 x 10°cm/s.

Shear velocity and acoustic absorption have been studied as a function of
OH content and fictive temperature for four different vitreous silica samples
(174). All showed a shear—velocity minimum at 80—100 K. The magnitudes of
the minima are influenced by OH content and fictive temperature. The samples
having the highest OH content and lowest fictive temperature display the lowest
losses.

4.5. Electrical Properties. Conductivity. Pure vitreous silica is an
excellent electrical insulator. The synthetic glasses can have bulk resistivities
as high as 10'®Q.cm at room temperature. Vitreous silica is an ionic conductor.
Its large optical band gap (8.1 eV) precludes the formation of a significant concen-
tration of electronic charge carriers (175). The main charge-carrying species are
the monovalent cation impurities, especially sodium. Assuming an Arrhenius
model, the activation energies of the conductivity at 350°C from sodium, lithium,
and potassium ions are 85.9, 122.8, and 131.6 kJ/mol (20.5, 29.3, and 31.5 kcal/
mol), respectively (176). The temperature dependence of the electrical conductiv-
ity, however, does not appear to follow strict Arrhenius behavior. The activation
energy tends to decrease with increasing temperature. Part of the reason for this
deviation may be glass electrode effects (177).

The surface conductivity of vitreous silica is also low compared to other sili-
cate glasses. Because vitreous silica is not hydroscopic, water films containing
exuded alkalies do not readily form on its surfaces. The surface conductivity,
however, can increase significantly with increasing relative humidity. A change
in the relative humidity from 20 to 80% produces a millionfold increase in the
surface conductivity (178).

Dielectric Properties. Vitreous silica is also a very stable dielectric mate-
rial. The dielectric constant is 3.8—4.0, depending on the grade of glass. The loss
factor, usually < 0.00004, is the lowest available in glassy materials (87). The
temperature and frequency dependences of both properties in a typical syn-
thetic-grade vitreous silica are shown in Table 8. Lower purity silicas have
slightly lower permittivities and higher loss factors. The loss factor is sensitive
to impurities, especially the OH content of the glass (179). A discontinuity in loss
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factor occurs near 570°C, the quartz transition temperature. This may reflect the
presence of quartz-like regions in the glass.

The dielectric breakdown strength in vitreous silica depends on its impurity
content, its surface texture, and the concentration of structural defects, eg, cord
and bubbles. Good quality glasses have room temperature breakdown strength in
the range of 200—400 kV/em.

4.6. Optical Properties. The optical transmission of vitreous silica is
influenced by dopants, impurities and the forming process. Ultrapure vitreous
silica has the ability to transmit from the deep uv, through the visible, and
into the near-ir spectral range. Transparency is also observed in the MHz to
THz range of frequencies (180).

The uv cutoff or the absorption edge for pure vitreous silica is roughly 8.1 eV
(174). This uv cutoff is influenced by the impurity level, the OH content of the
glass and stoichiometry of the material. Vacuum uv reflectivity measurements
coupled with spectroscopic ellipsometry measurements have recently yielded
the most accurate determination of vuv optical properties of vitreous silica
glass; these were compared to the same measurements performed on crystalline
quartz (181). The two phases of silica (vitreous and crystalline) share the same
structural building block, the SiO,4 tetrahedron, and so exhibit common inter-
band transitions, at 10.4, 11.6, 14.03, and 17.10 eV. Interestingly, when compar-
isons are made between two cuts of crystalline quartz and vitreous silica there
are other transitions that are unique to each material, occuring at different ener-
gies. The observed distinctions among the phases with respect to electronic spec-
tra and optical properties are attributed to the intermediate and long-range
order of each form of silica.

Alkali metal ions (Na, Li, K) degrade the uv performance by introducing
nonbridging oxygen species, shifting the uv cutoff to longer wavelengths. Vitr-
eous silica for optical applications in the uv then require purity in the ppb levels
for alkali. Inclusion of transition metals into vitreous silica yields coloration from
the ir (where optical abasorption is detrimental for optical waveguide perfor-
mance) through the visible and into the uv (182). Ferric ions (Fe3"), eg, cause
absorption or result in network defects under reducing conditions. This contami-
nant at only a few ppm can be detected as an absorption at 230 nm and below
(183).

A number of defects can be present in vitreous silica as a consequence of the
forming conditions used to make the glass. These are reviewed in Ref. 184. An
absorption band at 242 nm is characteristic of reduced vitreous silica manufac-
tured by fusing crystalline quartz powders. This band is apparent in Type I
and II silica, eg, ir Vitreosil, G.E.-124 fused quartz, Infrasil, Homosil, Herasil
(Optosil), and most of the NSG quartz. The 242-nm absorption has been attrib-
uted to a number of defects that include Si®" (185), Si®* associated with AI3*
(186), and germanium-related oxygen-deficient centers (187,188).

The Si—O oscillation produces strong absorption bands at 8.83, 8.98, 12.41,
and 21.37 um. The fundamental vibration at 8.83 um also has a strong overtone
at 4.45 um, ie, the practical infrared cutoff wavelength. Water incorporated in the
silica structure gives rise to a very strong absorption at 2.73 pm, which is
observed in Type I and II glass. A combination of the SiO, fundamental at
12.41um and the strong OH fundamental at 2.73um produces a peak at
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2.22 pym observed in the high water content silicas (189). Hydroxyl content limits
ir transmission in the telecommunications window at roughly 1.5 pm.

Vitreous silica transmission curves are shown in Figure 7. The hydroxyl
concentration for each silica type is listed in Table 9. These curves represent
only the general characteristics of the different silica types and should not be
used for calculations of transmittance.

The spectral normal emissivity of Corning Code 7980 vitreous silica was
computed from measurements of transmittance and reflectance at 25°C and is
shown in Figure 8. The total normal emissivity of Code 7980 silica as a function
of temperature from —200 to 1400°C is shown in Figure 9.

The index of refraction of synthetic vitreous silica at 20°C has been fitted to
a three-term Sellmeier dispersion equation for wavelengths from 0.2139 to
3.7067 um (192), where n is the refractive index and A is the corresponding wave-
length in micrometers.

o 0.6961663 \2 N 0.4079426 )\ N 0.8974794 )\
P A2 — (0.0684043)% X2 — (0.1162414)> )2 — (9.896161)>

The computed refractive index at 20°C is 1.534307 at 0.213856 pum,
1.508398 at 0.248272 pm, 1.474539 at 0.365015 pm, 1.45637 at 0.65627 um, and
1.39936 at 3.7067 um. Using suspect data removed from the computed index, the
predicted index fit with an average deviation of 4.3 x 10~ over the wavelength
range of 0.21-2.32 um (193). The Abbe constant, which describes the reciprocal of
the dispersive power, is 67.8. Refractive index also changes with temperature.
The average values of Anp/AT at 25°C are shown in Figure 10. The A n/AT values
as a function of temperature from —200 to 40°C are shown in Figure 11 for vitr-
eous silica at 587.6 nm. The stress optical coefficient, sometimes referred to as
stress birefringence constant, is 3.45nm/(cm-Pa). Vitreous silica refractive
index is affected by the chlorine, fluorine, and hydroxyl concentration. An
increase in the hydroxyl concentration of 1 ppm results in a decrease in refrac-
tive index of 1 x 1077 (194). Fluorine additions lower the refractive index; in the
visible, it is found that addition of 1wt% F lowers the index by 0.3% (195).
Another factor that can influence the refractive index is the thermal history of
the glass (196,197).

4.7. Radiation Effects. Because vitreous silica possesses desirable phy-
sical and optical characteristics (low thermal expansion and high transparency
over a wide wavelength range, eg) it is used for a wide variety of applications
where it is subjected to all types of radiation. There are numerous reports of
the behavior of vitreous silica under exposure to particle radiation, electron
beams, X-rays, protons and photons. As a consequence of exposure to irradiation,
however, vitreous silica can undergo changes in volume and exhibit formation of
optical absorption centers (color center formation).

Irradiation by fast neutrons causes a densification of vitreous silica that
reaches a maximum value of 2.26 g/lcm?, ie, an increase of ~ 3%, after a dose of
1 x 10° neutrons/cm?. Doses of up to 2 x 10?°n/cm? do not further affect this den-
sity value (199). Quartz, tridymite, and cristobalite attain the same density after
heavy neutron irradiation, which means a density decrease of 14.7% for quartz
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and 0.26% for cristobalite (200). The resulting glass-like material is the same in
each case, and shows no X-ray diffraction pattern, but has identical density, ther-
mal expansion (201), and elastic properties (202). Other properties are also
affected, ie, the heat capacity is lower than that of vitreous silica (203), the ther-
mal conductivity increases by a factor of 2 (204), and the refractive index, np,
increases to 1.4690 (205).

Irradiation by both X- and y-rays produces absorption centers in vitreous
silica, although structural damage is reported to be negligible. These absorption
centers show up primarily in the visible and uv spectral regions. Little change is
seen in the infrared region; a Raman line at 606 cm ™' has been ascribed to non-
bridging oxygen defects (206). The types and number of absorption centers pro-
duced depend on the purity of the vitreous silica and the total radiation dosage
received. The rate of coloration of high purity vitreous silica, ie, very low concen-
tration of metallic impurities, eg, Type III silica, is very slow, and doses of
>10 Gy (107 rad) are required to obtain appreciable absorption. For comparable
absorption intensities in less-pure material, ie, silica Types I and II, radiation
approximately two orders of magnitude lower is required (207). Extensive
research has been conducted in the field of radiation-induced absorption centers
in vitreous silica. Excellent reviews, including a thorough compilation of all
absorption centers studied, are available (184,208-210). Only the principal cen-
ters and their probable causes are discussed herein.

A typical absorption curve for vitreous silica containing metallic impurities
after X-ray irradiation is shown in Figure 12. As shown, the primary absorption
centers are at 550, 300, and between 220 and 215 nm. The 550-nm band results
from a center consisting of an interstitial alkali cation associated with a network
substituent of lower valency than silicon, eg, aluminum (208). Only alkalies con-
tribute to the coloration at 550 nm. Lithium is more effective than sodium, and
sodium more effective than potassium. The intensity of the band is determined
by the component that is present in lower concentration. The presence of hydro-
gen does not appear to contribute to the 550-nm color-center production (211).

The absorption band at 300 nm may also be associated with alkali ions, pos-
sibly the result of a trapped electron stabilized by an alkali ion. The band shifts
to longer wavelengths when heavier alkali ions are present, and growth rates for
the band show a definite dependence on the type of alkali (208,211).

The 215-nm band is the well-studied E’ center. This band can be produced
in all vitreous silicas by long-term X-ray irradiation (213). The E’ center, which
may also be observed in irradiated a-quartz, has been structurally elucidated to
be a pyramidal SiO5 unit having an unpaired electron in the dangling sp® orbital
of Si. This center will be discussed again with respect to uv applications of vitr-
eous silica.

A typical absorption curve obtained for a metal-free vitreous silica after a
large dose of y-rays is shown in Figure 13. The main band is at 215 nm; three
smaller bands occur at 230, 260, and 280 nm. The 230-nm band may result
from an electron trapped at a silicon atom having an incomplete oxygen bond
(208).

Excimer lasers (qv) generate pulsed light having very high instantaneous
peak powers. These lasers operate in the uv and deep ultraviolet (duv) at 308,
248, and 193 nm, and have been found to cause laser-induced optical changes
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(color center formation) and volume changes in vitreous silica. The subband gap
light generated by excimer lasers excites electrons into the valance band by a
multiphoton process. Transmission measurements made as a function of inten-
sity show that the two-photon absorption (TPA) coefficient is ~(1.9—
3.0) x 10 ' cm/W at 193nm and 4.5 x 10" "'em/W at 248 nm (215).

Color centers in the uv that are of interest are the E’ center and the non-
bridging oxygen-hole center (NBOHC), which arise schematically by the process
shown:

(0)5—Si—0—Si—(0), + light — (0),—Si* + (0);—Si—0°
E  NBOHC

For applications that use silica as the lens material for 193-nm related
applications (specifically the microlithography industry) the formation of the E’
center discussed previously is of critical importance. This defect is centered at
215nm and has a half-width of 0.8 eV (184) decreasing transmission at the use
wavelength. Schemes to mitigate E’ color center formation involve the use of Hy
(which reacts with the E’ to yield the essentially nonabsorbing SiH) (216,217).
Similarly, for applications using a 248-nm light source, the light-induced forma-
tion of the NBOHC is important; its absorption is at 260 nm with a half-width of
1.05¢eV (184), yielding absorption at the use wavelength. One practical upshot of
absorption at the use wavelength for imaging applications is the effects of lens
heating and ultimately image disstortion.

Volume changes in excimer-irradiated vitreous silica have also been studied
(133,135,136,218,219). In comparison to exposures to neutrons, eg, where density
increases in the percent range are noted, exposure to uv irradiation results in
changes in the parts per million level. These changes are typically deduced
from interferometric measurements of the change in (nL), the optical pathlength
(where n =refractive index, L = physical pathlength), and from interpretation of
a stress-induced birefringence measurement (133). The behavior of the uv-
induced volume changes in vitreous silica is quite complicated, depending on
the glass composition, the incident fluence and number of pulses. With 193-nm
exposure, high fluence exposures (>5md/cm?) yield only increased density,
regardless of OH and H, content. At lower fluences (<1mdJ/ecm?) the density
change can be monotonically increasing with pulses or decreasing with pulses
(expanding). Densification followed by expansion at higher pulse count has
also been observed (135). Thermal reaction of various silicas has also yielded
lower density glass, the interpretation relying on the formation of SiOH and
SiH, leading to lower density (137).

5. Economic Aspects

The market for fused silica started in 1906 with the sale of silica muffles and
pipes. That same year resulted in the incorporation of the Thermal Syndicate
Ltd. Since that time, worldwide sale of vitreous silica material and fabricated
products has continued to grow. The sales of vitreous silica ingots, tubes, rods,
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plates, fabricated products, photomask blanks, crucibles, and optics was esti-
mated to be between $800 million to $1.3 billion in 2000. These figures do not,
however, take into account the optical waveguide market based on fused silica
technology.

In constant dollars, many items have decreased in cost over the past 20
years because of improved manufacturing methods, new raw material sources,
and higher production volumes. However, many new products have been devel-
oped since the mid-1980s, eg, optics for photolithography and excimer lasers,
whereas others have been practically displaced by newer materials or technolo-
gies. The illumination and projection optics for optical lithography are a critical
market for synthetic fused silica. The stepper and scanner technology used for
the production of integrated circuits (qv) is shifting to shorter wavelength light
sources in order to improve resolution. These deep uv wavelengths require syn-
thetic fused silica optics. The annual growth rate for the projection optics is esti-
mated at between 9 and 12%/year, averaged over a few years for stepper—
scanner. In addition, integrated circuit manufacturing is increasing silicon
wafer sizes from 200 to 300 mm in diameter, thereby creating a significant
increase in demand for high purity fused silica tubing for diffusion furnaces,
and silicon wafer furniture. The principal U.S. and foreign manufacturers of vitr-
eous silica are listed in Table 10.

6. Uses

6.1. Chemical Applications. Because of its excellent chemical durabil-
ity, high purity, thermal shock resistance, and usefulness at high temperature,
vitreous silica has a wide range of applications in chemical analysis and prepara-
tions. Tubing, rods, crucibles, dishes, boats, and other containers and special
apparatus are available in both transparent and nontransparent varieties
(120,141,142,220). Because of its inertness, vitreous silica is used as a chromato-
graphic substrate in the form of microparticles, capillary tubing, and open col-
umns for high resolution gas chromatography (see ANALYTICAL METHODS;
CHROMATOGRAPHY) (221).

6.2. Thermal Applications. The protection of precious-metal thermo-
couples in high temperature pyrometry is an important application of vitreous
silica. Although satin tubing is usually employed, transparent tubes are superior
for protecting couples when used in a reducing atmosphere (222).

Vitreous silica is used for gas- or electrically heated devices in various
shapes, eg, as a tube or muffle because of its electrical resistivity, impermeabil-
ity, and low expansion. In its simplest form, an electric-resistance furnace con-
sists of a vitreous silica tube or pipe on which the resistance element is wound
(see FURNACES, ELECTRIC INTRODUCTION). Because of its indifference to temperature
gradients, a tubular furnace of vitreous silica may be made to operate at different
temperatures at various portions of the tube, either by arrangement of the
heating elements or by cooling sections of the tube with water. Vitreous silica
pipes may be employed in vacuum induction and gas-fired furnaces (see Vacuum
TECHNOLOGY) (223).
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Radiant heaters employing resistance wire encased in vitreous silica tubes
have the capability to modify the emitted radiation and furnish a higher propor-
tion of shorter (1-2pum) wavelengths that constitute the desirable radiations.
Immersion heaters for use with acid solutions are of similar construction. An
overhead heating unit consisting of a resistance wire sealed inside a vitreous
silica container permits acid liquids to be concentrated or evaporated without
ebullition or spattering. High efficiency radiators ~ 200-cm long have been devel-
oped for power requirements up to 6 kW. These are used as energy sources in
heat exchangers (see HEAT-EXCHANGE TECHNOLOGY), high duty enamel drying
equipment, polymerization processes, and copying devices (223).

Insulation having high thermal endurance has been made from vitreous
silica fibers (see ABLATIVE MATERIALS). Such material forms the basis for the
30,000 insulating tiles, 125-mm thick, that protect the aluminum skin of the
space shuttle. The tiles add a minimum of weight because the density of the insu-
lation is only 144 kg/m? (91b/ft?), similar to balsa wood.

Optical Applications. Vitreous silica is ideal for many optical applications
because of its excellent uv transmission, resistance to radiation darkening,
optical polishing properties, and physical and chemical stability. It is used for
prisms, lenses, cells, windows, and other optical components where uv transmis-
sion is critical. Cuvettes used in scatter and spectrophotometer cells are manu-
factured from fused silica and fused quartz because of the transmissive
properties and high purity (224).

The development of high power laser systems at shorter uv wavelengths
requires the transmissive and optical properties of fused silica. These high
power lasers are utilized for commercial energy research and military applica-
tions. Excimer lasers are utilized in photoablation, photolithography, material
processing, and medical applications. The optical beam delivery systems for
these excimers can utilize fused silica lenses or optical fibers (225,226), as well
as fluoride-based optics, eg, CaF,; and MgF,.

All higher energy laser systems throughout the world utilize a significant
amount of high quality fused silica. Inertial confinement research laser systems,
such as the Lawrence Livermore National Laboratory (LLNL) NIF (National
Ignition Facility) laser that operates at 366 nm (frequency tripled Nd-YAG
laser), require fused silica for the transport and cavity spatial filter lendes,
Pockel cell windows, vacuum windows, final focal lens and the debris shield
(227). Inertia confinement fusion research is also underway using KrF (248-
nm) laser systems, eg, the Los Alamos Aurora and Naval Research Laboratory
NIKE. These utilize a fused silica (Corning Code 7980).

6.3. Mechanical Applications. The volume of vitreous silica used for
fibers is a very small part of the total consumption. However, some interesting
and significant applications have been developed in the laboratory, particularly
in the area of measurements.

The sorption balance employs 15 small vitreous silica springs enclosed in
glass tubes (228). The fiber is 2 mm in diameter and the coils 1.25 cm in diameter
and 5.99cm long (see WEIGHING AND PROPORTIONING). A platinum bucket, which
weighs 202mg, contains up to 0.5-g charcoal; the balance can be read to
0.2mg. The sorption of gases is determined over a wide range of temperatures
and pressures. This type of balance has been used for density determinations,
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measurements of heat loss and evaporation, study of chemical reactions between
gas and solid phases, and weight determination of wet tissues of plant and ani-
mal origin. The advantages of vitreous silica are its resistance to corrosion, ease
of cleaning and sterilization in an enclosed tube, and absence of damping from
internal friction.

Because of its low and regular thermal expansion, vitreous silica is
employed in apparatus used to measure the thermal expansion of solids. A
detailed account of the different methods used for this purpose has been pub-
lished (229). The most common form of dilatometer utilizes a vitreous silica
tube closed at the bottom and containing the test sample. A movable rod of vitr-
eous silica, resting on the sample, actuates a dial indicator resting on the top of
the rod. The assembly containing the sample is placed in a furnace, bath, or cool-
ing chamber to attain the desired temperature.

6.4. Lighting. An important application of clear fused quartz is as
envelop material for mercury vapor lamps (230). In addition to resistance to
deformation at operating temperatures and pressures, fused quartz offers uv
transmission to permit color correction. Color is corrected by coating the inside
of the outer envelope of the mercury vapor lamp with phosphor. Ultraviolet light
from the arc passes through the fused quartz envelope and excites the phosphor,
producing a color nearer the red end of the spectrum (231). A more recent
improvement is the incorporation of metal halides in the lamp (232,233).

Incandescent tungsten—halogen (F, Br, I) cycle lamps first became available
in 1959 for general use. In this lamp, tungsten evaporating from the filament
deposits on the envelope wall where it reacts with halogen vapor to form a vola-
tile halide. The tungsten halide diffuses back to the filament where it dissociates
to halogen vapor and tungsten. This permits a higher temperature operation,
which affords higher efficiency and longer life than the conventional incandes-
cent lamp. The wall temperature must be at least 250°C and, if possible,
~600°C. Fused quartz has been essential for this development because it is
one of the few readily available transparent materials that can be used in
lamp envelopes. Improvements include the internal deposition of a barrier, eg,
aluminum fluoride or aluminosilicate (234,235), and reflective layers, eg, tita-
nium silicate or zirconia (236,237). These protect the silica glass from vapor
attack, slow the diffusion of deactivating impurities, and reflect heat onto the
filament while transmitting visible light. These lamps are used in the illumina-
tion of airfields, sports arenas, buildings, streets, parking lots, and automobiles.
They are also used in slide and film projectors and specialized optical instru-
ments (238,239).

6.5. Electronic Applications. In electronic systems, such as radar and
computers, signal delay is sometimes necessary. A transducer converts electrical
signals to ultrasonic elastic waves, which pass through a connecting medium to
another transducer, where the waves are reconverted to electrical signals. Vitr-
eous silica is an ideal connecting medium because it has excellent physical sta-
bility and low ultrasonic transmission losses. It transmits an ultrasonic signal
almost 100,000 times more slowly than an electric signal in a wire. The vitreous
silica delay line is in the form of a flat polyhedral plate. The facets of the edges of
this plate are ground to a predetermined angle with great precision. The trans-
ducer is fastened to one of these facets. The plates may be designed for path
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lengths of 4 cm to nearly 12 m, giving delay times for shear waves of 10—3000 pus
(240).

By far the most significant electronic application, and perhaps the highest
volume application for vitreous silica, is in semiconductors (qv). This association
began with silicon wafer technology, where vitreous silica was the principal high
purity material for crucibles for silicon crystal growth. Both opaque sintered and
transparent vitreous silica from tubing or boules are used. Crucible sizes have
been increasing in response to the demand for ever-larger silicon wafers.

Vitreous silica tubes are used for the subsequent high temperature diffu-
sion, doping, and epitaxial growth treatments performed on wafers destined
for large-scale integrated circuits. Once again, the high purity of certain grades
of vitreous silica, along with its high thermal endurance, make it the material of
choice for diffusion tubes, wafer holders, boats, and associated hardware. Quartz
manufacturers continue to push for higher purity, ie, alkali content in tubing
approaching <1 ppm. The thermal endurance of the tubes may be prolonged by
causing some surface crystallization; the increased rigidity prevents sagging
(141). Diffusion-resistant barrier coatings have also been used (241,242). In addi-
tion to silicon wafers, many other high temperature, high purity solid-state reac-
tions are performed in vitreous silica vessels, including crystal growth, zone
refining, and the preparation of gallium and indium arsenides, as well as germa-
nium and silicon optical materials.

Thin films (qv) of vitreous silica have been used extensively in semiconduc-
tor technology. These serve as insulating layers between conductor stripes and a
semiconductor surface in integrated circuits, and as a surface passivation mate-
rial in planar diodes, transistors, and injection lasers. They are also used for dif-
fusion masking, as etchant surfaces, and for encapsulation and protection of
completed electronic devices. Thin films serve an important function in multi-
layer conductor insulation technology where a variety of conducting paths are
deposited in overlay patterns and insulating layers are required for separation.

Thin vitreous silica films are usually formed by vapor deposition or r-f sput-
tering (see THIN FILMS, FILM-DEPOSITION TECHNIQUES). Vapor deposition is generally
effected by the pyrolytic decomposition of tetraethoxysilane or another alkoxysi-
lane. Silica has been most extensively used in r-f sputtering of dielectric films,
which are of very high quality.

Large-scale and very large-scale integration (VLSI) of electronic circuits
requires the photoreduction of complex conductor and insulator patterns,
which are reproduced on semiconductor devices by various photoresist processes.
Vitreous silica is frequently used for the photomask substrate, ie, the transpar-
ent substrate for the image mask that contains the basis for conduction or insu-
lator patterns. Because of the extremely high dimensional tolerances of VLSI,
vitreous silica is a natural choice for the substrate. Its uv transmission properties
allow fast exposure of the photoresists, and its very low thermal expansion pre-
vents pattern distortions owing to temperature gradients encountered during
processing. Perfectly flat and inclusion-free material is required (243). Another
application for fused silica in the semiconductor field is as optical elements in
microlithographic systems. In order to obtain smaller features on computer
chips, ie, increasing the memory capacity, photolithographic stepper and scanner
systems are moving to shorter wavelengths. Vitreous silica is used to make the



Vol. 22 SILICA, VITREOUS 27

excimer-based deep uv (248 and 193 nm) lithographic lens systems because of its
superior uv transmission and radiation resistance characteristics. These lens
systems are used to manufacture 256-Mb dynamic random-access memory com-
puter chips(DRAM) (226) and increasingly higher density NAND and NOR flash
memory chips, whose growth rate is currently (2006) > 30%/year. The refine-
ment of silica properties for use at 193nm (particularly radiation resistance) is
particularly important because 193-nm technology is being optimized further
than previously thought possible. These systems are now being extended to man-
ufacture circuit dimensions of < 100 nm; this size was once intended to be man-
ufactured using 157-nm lithography or other future technologies. In addition,
titanium-doped silica (eg, Corning Incorporated ULE) is being explored for its
use in extreme uv (13nm) lithography. Mirrors made from materials such as
this offer the lultralow thermal expansion required for producing features in
the 20-nm range.

6.6. Space and Astronomy. Vitreous silica is used in several space-
based applications because of static fatigue (slow crack growth), thermal stabi-
lity, and radiation resistance. Every U.S. space vehicle having service personnel,
including Mercury, Gemini, Apollo, and space shuttle vehicles, has been
equipped with windows made of high optical-quality vitreous silica (Corning
Code 7940 or 7980) in order to have the clarity needed for visual, photographic,
and television-based observations. The space shuttle utilizes triple-layer
windows that have outer and central panes of vitreous silica with a tempered
aluminosilicate inner pane. The outer pane is thinner for thermal endurance,
whereas the two inner panes are thicker to supply strength (244).

The ability of vitreous silica to withstand dimensional changes with chan-
ging temperature has made it ideal for mirror blanks of telescopes (245-247).
Vitreous silica is used in both space- and ground-based mirror applications
because of the thermal stability and the ability to polish to ultrasmooth surface.
The mirrors for space-based applications are fabricated by fusion-sealing struts
into a honeycomb structure of vitreous silica, which is then fused or bonded with
expansion-matching materials to top (face plate) and bottom (backer) plates.
Weight reductions of up to 93%, relative to the weight of an equivalent-sized
solid glass blank, can be achieved using these sandwich structures.

An ultralow expansion (ULE) vitreous silica (ULE-Corning Code 7972) can
be manufactured by doping the silica with a 7.5% titanium dioxide (148,244). The
sonic velocity and coefficient of thermal expansion (CTE) are directly related to
the titanium concentration. This material was used to manufacture the 2.4 m dia
lightweight mirror blank for the Hubble telescope and the 8.3-m mirror blank
for the ground-based Japanese National Large Telescope (JNLT). The JNLT
piece, the largest mirror blank in the world, was manufactured by hex-sealing
titanium-doped vitreous silica pieces into a solid glass mirror weighing >30t
(248).

Space-based solar cells are covered with a very thin layer of vitreous silica
to protect against the damaging environment of space such as atomic oxygen,
micrometeorites, and radiation effects. Because the silica is transparent to dama-
ging uv radiation, it is normally coated with a uv-reflective thin film (see SoLAR
ENERGY).
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The Topex oceanographic satellite used a laser-based retroreflector array
for positioning. The retroreflectors were manufactured from Corning Code
7958 fused silica, a sol—gel-derived low water vitreous silica material (249).

6.7. Optical Fibers. Pure and doped fused silica fibers have replaced
copper lines in the telecommunication area. Fused silica fibers are used in laser
surgery, optical sensor application, and laser welding (see SENsoRs). Optical-fiber-
tethered weapons, eg, fiber-optics-guided (FOG) missiles are another potential
application for fused silica (250,251). Silica glass has also been used to fabricate
microstructured air-core photonic band gap fibers (252). These fibers consist of
an air core surrounded by a periodic lattice of air holes in glass. Light guidance
in these fibers is based on the principle of interference to reflect radiation. The
fibers can be made in long lengths, starting with a “stack-and-draw” process
(253,254). In this process, a preform of silica capillaries is stacked into the desired
lattice. Subsequent drawing processes reduce the pre-form to fiber dimensions
(typically for telecommunications applications the final fiber diameter is 120 p).
The lattice spacing of the air holes is on the order of 3—5 1 for the telecommunica-
tions applications; glass thickness between the air holes is on the order of hun-
dreds of nanometers. Much of the success of silica in these applications can be
related to its wide working range. (see FIBER OPTICS).

6.8. Other Uses. Vitreous silica also has applications in the form of pow-
ders, fibers, wool, and chips (255). The powder may be used as an inert filler or as
a coating material in the investment-casting industry for the lost-wax process.
Chips are used as an inert substrate in certain chemical process applications.
Vitreous silica wool or fiber is an excellent insulation or packing material. Com-
plex shapes rendered in extruded or sintered vitreous silica are used to produce
precisely shaped holes, tunnels, cavities, and passages in investment-cast metal
parts (see also REFracTORIES). The vitreous silica shapes are chemically compati-
ble with most alloys and dimensionally stable at casting temperatures. They give
smooth internal surfaces to the cast pieces. The cooled casting is subsequently
treated in hot caustic solutions to remove the silica core. Sandblasting may
also be used. Internal features such as long holes and cooling passages for tur-
bine rotors, which would be impossible to fabricate by drilling or machining, are
obtained routinely (256).

Antireflective (AR) coatings are required on optics to reduce the reflective
surface losses. Vitreous silica coatings in the form of porous or multilayer films
are used extensively in this application. Antireflective coatings have been devel-
oped that employ colloidal fused silica sol—gel particles made from organometal-
lic materials (257).
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Table 1. Classification of Commercial Vitreous Silicas

Impurities, ppm

Type Method OH Cl Cations Representative glasses
I electric melting <20 0 50-300 Infrasil, Vitreosil-ir,
of quartz GE-124, GE-214
II flame fusion of 200-500 0 10-50 Homosil, Optosil,
quartz Vitreosil-O55
111 flame hydrolysis  600—1200 50-100 <1 Corning 7980, Dynasil
1000, Shinetsu P-10,
Spectrosil, Suprasil,
NSG-ES
v oxidation of SiCl, <20 <200 1-2 Spectrosil WF,
(plasma) Suprasil-W
v sol—gel <1 <1-500 <1 GELSIL

Table 2. Impurity Concentrations in Vitreous Silicas”

Transparent vitreous silica®

Translucent
Impurity, ppm vitreous silica Type I Type I1 Type III°
aluminum 18-176 16 10-50 <0.05
antimony <0.06 0.3 0.15 <0.005
arsenic <0.01 <0.4 0.08 <0.005
boron <0.1 <0.1 0.1 0-0.01
calcium 2.0 0.6 0.8-3.0 <0.1
chromium <0.09 <0.01 1-2.0 <0.03
cobalt 0.05 0.01
copper <0.15 <0.1 0.7 0.004
gallium 0-0.008 <0.02
gold <0.03 0.0003
hydroxyl <200 <5 ~180 <1250
iron 1 0.3 0.8 <0.12
lithium 1.3 1.0 0-2.0 <0.001
magnesium 0.1 0.1 0.2 <0.05
manganese 0.1 0.1 0.01 <0.01
mercury <0.01
phosphorus 0.1-1.5 1.5 0.1 <0.001
potassium 1.0 0.7 0.8 <0.1
sodium 2.0-3.0 1.0 1.0 <0.1
titanium 1.1-63 1.1 0.8 <0.04
uranium <0.04 0.0003 <0.001
zinc <0.03
zirconium 1.0-1.5 1.5 0-0.1 <0.03

“Data taken from manufacturers’ publications.

bSee Table 1 classifications.

“The metallic impurities of Type IV vitreous silica are similar to those of Type III material, except for
a negligible hydroxyl content.



Vol. 22 SILICA, VITREOUS 37

Table 3. Corrosion Rates of Vitreous Silica in Aqueous Media®

Solution® Temperature, °C Duration of test, h Weight loss, mg/cm?

Alkaline solutions

NH,OH, 10% 20 100
NaOH

10% 18 100

5% 95 6

8% 100 10
KOH

30% 18 100

10.2% 100 10
N32C03

5% 18 100

10% 100 10

Acid solutions

acetic acid, 70% 108 24
hydrochloric acid

5% 95 24

p=1.19 66 24
nitric acid, p =1.40 115 24
sulfuric acid

5% 95 24

p=1.84 205 24
phosphoric acid 300 15

0.019

0.031
0.7
1.21

0.027
1.13

0.0015
0.37

“Refs. 87 and 90.
b = density in g/mL.

Table 4. Dissolution Rates of Silica Phases”

Silica dissolved, %

Silica phase® In 5% HF, 1/2h In 1% HF, 1h
quartz 30.1 5.2
tridymite 76.3 20.3
cristobalite 74.3 25.8
vitreous silica 96.6 52.9
“Ref. 93.

bSamples of uniform particle size, ~40-uym diameter.
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Table 5. Diffusion Coefficients in Vitreous Silica®

Metal Ion D at 1000°C, cm?/s

lithium Li* 1x10°

sodium Na*t 7.9%x107

potassium K" (5-10) x 1078

rubidium Rb* (1.4-3.2) x 1071°

cesium Cst 9x 1071

calcium Ca?* 2% 1078

aluminum ARt 1x10713

nickel NiZ+ 1x10715

“Refs. 111-113.
Table 6. Diffusion in Vitreous Silica®

Activation

Gas Diameter, pm D at 1000°C, cm?/s energy, kJ/mol®
helium 200 5.5%x107° 20
neon 240 2.5%x10°¢ 37
hydrogen 250 7.3x10°¢ 36
argon 320 1.2x107° 113
oxygen 320 6.6 x107° 105
nitrogen 340 110
krypton 420 ~190
xenon 490 ~300
fluorine 3.3x 10716 383
chlorine 6.2x 1071 211

“Refs. 117-119.

To convert J to cal, divide by 4.184.
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Table 8. Dielectric Properties of Synthetic Fused Silica®

Frequency, Hz

Parameter, °C 100 1,000 10,000
dielectric constant
25 3.79 3.79 3.79
200 3.81 3.81 3.81
300 3.82 3.82 3.82
400 3.85 3.83 3.82
loss factor
25 0.00002 0.00002 0.00002
200 0.00052 0.00012 0.00004
300 0.08 0.0072 0.00072
400 1.0 0.2 0.022

“Ref. 87.

Vol. 22
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Table 9. Hydroxyl Concentration of Vitreous Silicas

Material uv IR Bown,
Manufacturer name curve® curve® ppm
Corning Code 7980 1 A 800-1000
Incorporated
Code 7943 3 C <1
Code 7957 1 C <1
Dynasil Corp. Dynasil
of America
Petrosil”® 1 A <1000
QIR 3 C <0.1
QUV 2 B 150-180
QVIS, QZ 3 B 150-180
SWF 2 C 5
SUv 1 A 1200-1500
General Types 214 rods 2 C <5
Electric Co.
Types 124 ingots 3 C <10
Heraeus Amersil Inc. Ultrasil 2 B 180
Homosil, Optosil 3 B 180
Infrasil 3 C <8
Suprasil-W1, W2 1 C 5
Suprasil 1,2,3 1 A 900-1200
Suprasil 300 1 C <1
Suprasil 311, 312 1 C 200
Nippon Silica Glass ES 1 A 1200
IR 3 C <8
SG, OX 3 B 150
Quartz & Silice’ Spectrosil A, B 1 A 1000
(Thermal American Spectrosil WF 1 C
Fused Quartz) Vitreosil ir 3 C
Shinetsu Quartz (JV Suprsil P10, 20, 30 1 A 1200
with Heraeus)
SumiQuartz SK-1300 1 B 150
(Sumitomo)
Westdeutsche Synsil 1 A
Quarzschmelze
GmbH
“See Fig. 7.

bPetrosil is manufactured in Russia.
‘Quartz & Silice, Quartz Products Co., and Thermal Quartz Schelze GmbH are Saint-Gobain Group
Companies.
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Table 10. Manufacturers and Suppliers of Vitreous Silica
Company Location
United States

A. A. 1. Products Inc. Woodbridge, N.dJ.
Cabot Corp. Boston, Mass.
Corning Incorporated Corning, N.Y.
Dynasil Corp. of America Berlin, N.J.
GE Quartz Products Cleveland, Ohio
OSRAM-Sylvania Exeter, N.H.
Heraeus Amersil Inc.” Duluth, Georgia
dJ. P. Stevens & Co., Inc. Greenville, S.C.
Pyromatics, Inc. Willoughby, Ohio
Quartz Products Co.? Louisville, Ky.
Quartz Scientific, Inc. Fairport Harbor, Ohio

Outside United States
Asahi Glass Tokyo, Japan
Heraeus Quarzglass GmbH Hanau, Germany
Hitachi Cable Tokyo, Japan
Iruvisil Co., Ltd. St. Petersburg, CIS
Fujikura Tokyo, Japan
Mitsubishi Cable Itami, Japan
Shin-Etsu Quartz Products Co., Ltd. Kokai, Japan
SICO Jena-Burgau, Germany
Sumitomo Electric Industry Osaka, Japan
Thermal Quarz Schmelze GmbH® Weisbaden, Germany
Thermal Syndicate, Ltd.? Wallsend, U.K.
Toshiba Ceramics Tokyo, Japan
TOSOH/Nippon Silica Glass Tokyo, Japan
Quartz & Silice® France, Holland, Italy
Westdeutsche Quarzschmelze GmbH® Munchen, Germany

“Subsidiary of Heraeus Quarzglass GmbH.
bSubsidiary of Saint-Gobain Group Co. Quartz Technology Division.
“Subsidiary of General Electric.

Vol. 22
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Fig. 1. Vapor pressure of silica at elevated temperatures (98). To convert kPa to
psi, multiply by 0.145.
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Fig. 2. Devitrification rate of vitreous silica for surface-nucleated cristobalite
as a function of temperature (101). Growth rate is proportional to the square
root of time. Measurements were made on G.E. fused silica, heat treated in air.
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Fig. 3. Viscosity-temperature curve for Amersil commercial-grade silica,
where the dashed line represents interpolation between data sets (144,145).
10Pa-s=1P.
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Fig. 4. Effect of thermal history on low temperature thermal expansion of vitr-
eous silica (147), where (--), (- — -), and (—) represent glasses having fictive tem-
peratures of 1000, 1300, and 1720°C, respectively.
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Fig. 5. Comparison of thermal expansion of vitreous silica, A, to that of borosi-
licate glass, B, and soda-lime glass, C.



46 SILICA, VITREOUS Vol. 22

1.40

1.05

0.70

Breaking stress, Pa

0.35

\ \ \ \
0
200 400 600 800 1000

Temperature, K

Fig. 6. Effect of temperature on the strength of vitreous silica fiber (160). To
convert Pa to mmHg, multiply by 0.0075.
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Fig. 7. Transmission curves for vitreous silica, 1-cm thick. See Table 9.
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Fig. 8. Special normal emissivity of vitreous silica, where (—) corresponds to a
sample 1.27-cm thick and (- - -), 0.64-cm thick (190).
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Fig. 9. Total normal emissivity of vitreous silica, where A corresponds to a
sample 1.27-cm thick and B, 0.64-cm thick (191).
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Fig. 10. Thermal coefficient of the refractive index in vitreous silica at ~ 25°C

(192).
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Fig. 11. Change in Anp/AT with temperature in vitreous silica measured at 587.6 nm
(198).
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Fig. 12. Absorption spectrum of irradiated impure vitreous silica, Heraeus
fused quartz, after a radiation dose of 10* Gy (10° rad) (212). The main impurity
is aluminum.
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Fig. 13. Total (- — -) absorption spectrum and resolved (—) bands of irradiated
high purity vitreous silica (214). Measurements made on Corning Code 7940
glass after a radiation dose of 26 Gy (2600 rad).



