JOURNAL OF MATERIALS SCIENCE 20 (1985) 4259-4297

Review

Preparation of glass by sintering

E. M. RABINOVICH

AT & T Bell Laboratories, Murray Hill, New Jersey 07974, USA

Preparation of glass articles by sintering of glass and amorphous powders is con-
sidered. The classification of sintering processes includes: (a) sintering of premelted
and pulverized glasses; (b) sintering of premelted chemically treated glasses; (c)
sintering without melting; (d) sintering with melting. The most interesting class of
processes is sintering without, or simultaneously with, melting and it includes
preparation of preforms for optical fibres and the sol-gel route for glass preparation.
This last route is reviewed in detail. Two main versions are considered: preparation of
gels by hydrolysis and polymerization of alkoxides, and sintering of amorphous
colloidal powder compacts. The sol-gel processes represent an embryo of a new
technology for the production of high-melting glasses (including quartz glass) at

relatively low temperatures.

1. Introduction and classification
Preparation of glass by sintering rather than
melting allows the reduction of technological
temperatures and the formation of complex
shapes by the methods of ceramic technology.
The practical melting temperature of a glass is
significantly higher than the thermodynamic
melting point (the liquidus temperature) of a
crystal mixture of the same composition,
because high viscosity at the liquidus tem-
perature slows the dissolution of particles and
arrests refining of glass. Some examples [1, 2] are
given in Table I. Sintering of pulverized glass or
amorphous powders provides a possible alterna-
tive to melting at high temperatures. Because
both melting and sintering involve consolidation
by viscous flow (this process will be considered
later), it is useful to begin with definitions. We
will define the consolidation of amorphous pow-
ders to a bulk glass as pure sintering if the
process takes place fully below the liquidus tem-
perature for that composition. If the consoli-
dation takes place above the liquidus it will be
usually referred to as melting, but with a few
reservations discussed below.

It is neccessary to explain why we attribute
such a significance to the liquidus temperature,
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since it is the equilibrium temperature for melt-
ing of crystal phases and does not represent any
specific change or transition for a glass. Really,
there is no difference in mechanism and only a
slight difference in kinetics if, for example, an
amorphous silica powder is sintered either .at
1715 or 1730° C (the liquidus is at 1723° C, [2]).
However: (a) below the liquidus only amorph-
ous starting particles may be sintered to a bulk
glass, while above the liquidus crystalline start-
ing particles will melt before or simultaneously
with the consolidation; (b) below the liquidus,
crystallization may occur in the course of sinter-
ing, thus arresting it; above the liquidus there is

TABLE I Comparison of the liquidus and practical
melting temperature for several glasses [1, 2]

Type of glass Liquidus

temperature (°C)

Technological
melting
temperature (°C)

Flat and bottle 950 to 1050 ~ 1500
glasses

Borosilicate < 1200 ~ 1600
laboratory ware

(Pyrex)

Fused silica 1723 1800 to 2000
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no danger of crystallization and the consoli-
dation may be improved by an increase in tem-
perature or time.

In addition to this, the quite definite liquidus
temperature is a convenient mental point for
separation between sintering and melting. It is
more difficult to divide just-above-liquidus melt-
ing and far-above-liquidus melting. Just above
liquidus the viscosity is usually high, and this is
the reason why conventional production of glass
from the mixture of starting materials {(batch)
cannot be completed at these temperatures in a
reasonable time. Far above liquidus these
processes can be carried out more readily.

A significant technological difference between
sintering and melting is that shapes for sintering
are formed before or during sintering, while in
case of melting, formation is usually the final
step of the process. However, this difference
does not have any relation to the liquidus tem-
perature, and the cold-formed shapes may
sometimes be retained at high viscosity of just-
above-liquidus melting. Therefore we may refer
to this kind of melting as a mixture of sintering
and melting.

Sintering as a method of glass preparation is
not a new concept. Really it is as old as glass
technology itself. More that 2500 years ago,
reliefs and ornaments on the walls of the palace
of the Babylonian king Nebuchadnezzar 1I (604
to 562 BC) were coated by a glaze (e.g. [3]) which
is essentially a sintered glass. However, develop-
ment of soot processes for the preparation of

optical fibre preforms [4-6] and of sol-gel
processes [7-9] could make sintering a common
occurrence in the preparation of glass. Fig. 1
shows our attempt to systematize the processes
of glass preparation by sintering. The scheme
includes two divisions of premelted and sub-
sequently sintered glasses, and two divisions of
sintering before or simultaneously with melting.
Below we give a review of every type of sintering.
This is neither a comprehensive, nor a uniform
review. We have not intended to give a detailed
review of glazes or enamels or of the ample
literature on Vycor; these and some other glasses
are considered briefly or merely mentioned for
the completeness of our systematization. A rela-
tively new approach to the preparation of bulk
transparent glasses without melting is more
interesting and will be reviewed in more detail.

2. Theory and general
considerations

The theory of glass sintering is based on theory
of viscous flow of Frenkel [10] which has been
developed in the works of Mackenzie and
Shuttleworth [11], Kuczynski and Zaplatynsky;j
(12, 13], Cutler and Henricksen [14-16], Kingery
and Berg [17] and others; a review of this theory
was presented in a monograph [18]. General
consideration of the sintering physics was given
by Geguzin [19]. A recent review of the liquid
phase sintering was presented by Petzow er al.
[20]. In crystalline ceramic materials and metals
other mechanisms of sintering can occur [18, 19]
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Figure 2 Two spherical particles at initial stages of sintering
(after Geguzin [19]).

such as solid-state sintering, or sintering through
vapour transport. However, for sintering of
glassy particles the mechanism of viscous flow is
more significant and only this mechanism is con-
sidered here. Competition between the viscous
flow and gas transport from glass layers under
sintering is considered in Section 6.2.2.

Two spherical particles in contact (Fig. 2)
have a small negative radius of curvature r com-
pared with the radius of the underformed
spheres [18, 19]. This causes a transport of
material into the pore region by viscous flow.
The rate of initial neck growth is determined {10,

18, 19] as
x 3y \12 "
7= (o) M

where y is a surface tension, # is viscosity, ¢ is
time; x and R are defined by Fig. 2. The shrink-
age is determined as
AV 3AL 9
7 = il @
Vs L, 4nR
The time for full coalescence of the particles
with original radius R, is of the order of mag-
nitude of A

T~ '_)')'R() (3)

if x ® Ry. Here h = R(1 — cos¢) (see Fig. 2)
[19].

A large body with closed pores is formed with
time and its rate of densification can be deter-
mined [11] as

i3 2 3o
m t—1t) = = (i> f —L,Qz/rr/g,
n 3\dn) o (1 — )7

“4)
where 7 is the number of pores per unit volume
of solid material, ¢’ is the relative density and ¢,
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Figure 3 Relative density of a compact of a viscous material
as a function of the reduced time (after Mackenzie and
Shuttleworth [11]).

is an arbitrarily chosen constant corresponding
tog” = 0. Thevalue yn'*(t — t,)/nis called “the
reduced time”. Fig. 3 shows the dependence of
relative density on the reduced time at constant
temperature [11, 18].

Experimental data for a soda-lime-silica glass
[11] are given in Fig. 4. While solid lines rep-
resent treatment of these data according to
Equation 3, the dashed curves for the initial
stages of sintering were calculated from
Equation 2; both types of curve show good
agreement.

Kuczynski and Zaplatynskyi [13] examined
Frenkel’s theory by studying the change in dia-
meter of Pyrex capillaries for various heat treat-
ments. They confirmed the theory and stated
that viscous flow is a main mechanism for deter-
mining the rate of closure of pores.

Scherer [21-23] considered sintering of bodies
with open porosity. The model chosen by him
[21] consists of a cubic array formed by inter-
secting cylinders of radius a and length /; the
cylinders represent the strings of spherical
particles (Fig. 5). This is, in some degree, a

Relative density, p*

¢} 2 4 6 8 10 12
Time (h)

Figure 4 Densification of soda-lime-silica glass (after
Kingery et al. [18)).
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Figure 5 Initial cubic array of sintered spherical particles
(after Scherer [21]).

simplified structure because it does not take into
account that every cylinder is not a solid body
but is initially a chain of spheres in contact. The
surface areas calculated from this model were
therefore lower than the measured values of
~35%. Scherer determined the limit of exist-
ence of the porous structure described by this
model by a value for x = a/l = 1/2 when the
relative density ¢’ = 3n/4 — /2 = 0.942. At
higher densities closed porosity appears and the
analysis of Mackenzie and Shuttleworth [11] can
be applied. Combining both approaches,
Scherer [21] plotted a curve of the relative den-
sity o/o, against reduced time defined as
(y/nl)(e0y) ' *(t — t,), where g, is the theoreti-
cal density; g, is the initial density, /; is the initial
value of [, and ¢, is the fictitious time for x = 0;
this curve is given as a solid line in Fig. 6. Experi-
mental data can be fitted to the theoretical curve
by plotting real times corresponding to the given
density against reduced times from the theoreti-
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Figure 6 Relative density ¢’ against reduced time for a silica
soot preform fired in air (after Scherer and Bachmann [22D);

(0) 1115°C, (@) 1185°C, (O) 1236°C, (a) 1327°C.
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cal curve. The experimental data obtained by
Scherer and Bachman [22] for an SiO, soot
preform fit the theoretical curve very well (Fig.
6). The theory was used to calculate the viscosity
of different glasses from sintering data; the
results were in good agreement with direct vis-
cosity measurements.

Scherer also considered sintering of inhomo-
geneous glasses with wide distributions of pore
sizes [21] and with variations in viscosity [24].

An interesting experimental study of sintering
of monodispersed amorphous silica particles
was published by Shimobhira et al. [25]. Monodis-
persed particles (0.2 to 0.6 um) with a very low
standard deviation in the diameter were
prepared by hydrolysis of ethylsilicate in the
presence of ammonia. Mixing of several batches
of the suspensions (each containing differently
sized particles) produced a distribution of par-
ticle sizes. If the suspension was allowed to settle
slowly and then was carefully dried in air, face
centred cubic close packing of the spheres was
found by electron micrography. If this mass was
ground in an agate mortar and then pressed,
compacts with random arrangements were
formed. The specimens were fired at pre-deter-
mined temperatures for 24 h in air.

Random array of uniform-sized particles
(0.3 um) fired at 800° C showed two peaks of
pore size distribution at about 25 and 70 nm
(Fig. 7a). Packing density of the compact
increased at this firing from 0.50 to 0.56. Firing
at higher temperatures resulted in further densi-
fication, lowering of the peaks and their shift to
a smaller position. Random arrays. of non-uni-
form spheres demonstrated only one peak (Fig.
7b), at 42 nm for 800° C. In this case an increase
in temperature (from 600 to 800° C) resulted in
shift of the peak to a higher position. Scanning
electron micrography showed a local pore
growth attributed to induced stress caused by
the differences in particle sizes. As seen from
Equation 1 the rate of the neck growth depends
only on the curvature of the neck (assuming y
and # are constant). It is possible to assume that
two spheres of different sizes supply about an
equal amount of the material to the neck;
therefore the decrease of particle size will be
inversely proportional to its original size. This
causes a void to grow on the opposite side of the
smaller sphere. Large particles form the three-
dimensional network, and they are linked to



Figure 7 Pore size distribution for

random arrangements of (a)
ol monodispersed  silica  spheres
(0.3um), and (b) non-uniform
150 300+ _ sized spheres, both after the latter
- - heat treatment for 24h (after
TE i Shimohira et al. [25]).
Tv !I_O" g
"E100 & 200 -
s 5
2 S ‘
= REY T
50 1001
-

i I"l
. = ) ez
0 -

(b}

each other with necks formed at contact points;
therefore, pore growth most probably occurs at
voids surrounded by smaller particles. This is an
explanation of pore growth in an aggregate of
non-uniform spheres [25].

An ordered arrangement of uniform spheres is
shown in Fig. 8. This structure, from geometri-
cal considerations, should exhibit two kinds of
voids, one of which is smaller tetrahedral voids
and the other is larger octahedral voids. This
kind of distribution was observed experimen-
tally. Rearrangement of the particles is difficult
in this situation, and all voids will shrink with-
out changing their relative positions. Hence, at
firing, larger voids tend to shrink before smaller
ones and this results in a shift of pore sizes to
smaller values, similar to the random array of
uniform spheres. Therefore, uniformity in par-
ticle size is more favourable for sintering.

Figure 8 Face-centred cubic array of uniform sized par-
ticles, after heat treatment at 800°C for 24h (after
Shimohira et al. [25]).

50 25
r(nm)
Shimohira et al. [25] concluded that rearrange-
ment of the particles is a very important first step
of the sintering process.

3. Sintering of premelted and
pulverized glasses and
glass—ceramics :

We include in this group all kinds of consoli-

dation of previously melted and pulverized

glasses.

3.1. Fritted glazes and enamels

Glazes [26] and enamels [27] are melted in pot or
tank furnaces and cooled by pouring into water
or with the help of water-cooled rollers. They
undergo wet milling; colour and opacifying
agents are introduced either during the milling,
or they may be put into the original batch before
the melting. After application to a ceramic or
metal surface, glazes and enamels are fired. The
firing temperature is mainly determined by vis-
cosity and may be either below or above the
liquidus temperature. Some glazes may crystal-
lize in the course of their sintering, which makes
them similar to the crystallized solder glasses
considered below. Various kinds of glassy coat-
ings are described by Appen [28] and by other
workers [29]. ‘

3.2. Cellular (foam) glass

This glass [1, 30] is produced, as a rule, from a
pulverized glass heated together with a gas for-
mer such as fine carbon, magnesium and calcium
carbonates and others substances. Sintering and
foaming result in formation of a light material
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(bulk densiy 0.14 to 0.6gcm™). containing
nearly 90% voids, which is an excellent non-
combustible thermal insulator (thermal conduc-
tivity is 0.06 to 0.17Jsec 'm 'K ~'at 20°C). It is
used for cold and hot insulation up to 400 to
500°C; however the high-silica cellular glass
“penosil” [30] may endure temperatures as high
as 1050°C. Some foam materials may be
produced directly from raw materials such as
low-melting clays by way of their simultaneous
sintering, melting and foaming [30].

3.3. Sintered glassware
Glass articles of complicated shape can
sometimes be more easily moulded from powder
by ceramic methods (pressing, slip casting etc.)
than by methods of glass technology [1, 31-34].
The articles, fired at temperatures above soften-
ing, have about the same properties as a parent
glass, however they are usually not transparent
due to retained porosity [1] and have lower
mechanical strength. Depending on the sintering
temperature, the articles may contain open
porosity or they may be vacuum-tight [34].
Porous glasses include fritted filters [1, 34], while
vacuum-tight articles, sintered at higher tem-
peratures, include smarts, mosaics, and tablets
for electronics. Some articles may be produced
by mixing powders of different glasses, which
allows alteration of the properties of the original
glasses. Table II, taken from the book by Rous
[34], shows how mixing of two glasses (used in
electronics) permits the changing of properties.
Properties of sintered glasses, such as dielec-
tric permittivity, dielectric loss (tan 9), electric
and heat conductivities, are strongly dependent
on the porosity which depends on the particle
size. Fig. 9, taken from Volf’s book [33], shows
the dependence of the closed porosity on the
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Figure 9 Porosity as a function of powder particle size for
several glasses (after Volf [33]).

particle size for several glasses. As the figure
shows, the smaller the particles the higher the
porosity. This somewhat paradoxical result can
probably be explained by dispersion around the
average size. As was shown by Shimohira ef al.
[25] (see Section 2), pores can grow around small
particles in an array of non-uniformly sized
grains forming larger voids. Increased porosity
results in significant decrease in the electric con-
ductivity; the dielectric permittivity and tan
are also reduced [34]. The porosity has the most
pronounced effect on the heat conductivity since
a reduction in the bulk density of only 15%
corresponds to a 25% reduction in the heat
conductivity (this effect occurs in cellular
glasses). Sintered glass crystallizes more rapidly
than the same glass in a bulk form due to the
higher surface area of the former [34] (see also
Section 3.5).

Seals of metal leads with sintered glass are
shown in Fig. 10 [34]. Glass cullet is pulverized
in ball mills in methanol with additions of

TABLE II Properties of mixed sintered glasses, after Rous [34]

Composition Sintering Linear shrinkage  Linear coefficient T,CO  T,-100 O)F Tan ¢
temperature (%) of thermal expansion at 10°Hz
O at 20 to 300°C and 20°C
cC)! x 107 x 10
™ 660 18 95.1 450 307 20
75%1 + 25%I11 720 20.8 85.2 475 287 31
50%1 + 50%II 790 21.3 74.0 526 281 38
25%1 + 75%11 800 20.3 63.9 570 253 50
It 800 17.3 58.1 595 203 80

*Glass containing BaO and Li,O.

t Temperature corresponding to 100 Qcm electrical resistivity.

1 Glass KS50.
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Figure 10 Articles prepared from sintered glasses. Leads are
made from molybdenum or lead (after Rous [34]).

NH,OH or an aqueous solution of LiNO;. For
proper placing of metal leads and subsequent
sintering, graphite moulds are used.

The lower heat conductivity of sintered glass
may require the use of a hotter flame for sealing
a detail to a glass bulb. To overcome this dis-
advantage, a ring of a bulk glass can be put into
the mould around the sintered glass so that the
ring will serve as an intermediate between the
sintered glass and the bulb [34].

Small sintered tablets with holes for metal
leads are pressed from a glass powder with par-
ticles sized below 300 um. Paraffin, nitrocellulose
solutions, or various resins are used as admix-
tures during pressing. The tablets are sintered in
conveyer kilns at 600 to 700° C. The metal used
is usually kovar, requiring that the linear coef-
ficient of thermal expansion of the glass should
be near 50 x 1077°C~'. The sealing of
previously sintered tablets with kovar which has
been etched and fired in hydrogen is conducted
in a reducing atmosphere (e.g. in a 3: 1 mixture
of N, and H,) with traces of oxygen or water
vapour. (These traces should provide a thin
layer of metal oxide on kovar.) Alternatively, the
metal can be previously oxidized, and then sin-
tering with glass can be done in a neutral atmos-
phere. Cobalt, chromium or nickel oxides mixed
with the glass powder enhance adhesions of
glass to metal.

Rous [34] stated that sintered glass has higher
themal endurance compared with its bulk
counterpart and can tolerate higher differences in
thermal expansion when sealed with metals. In
contrast with this, Volf [33] indicates that the

thermal endurance is mainly a function of
mechanical strength, thermal expansion and
modulus of elasticity. While the last two par-
ameters are the same for both bulk and sintered
glass, the strength is lower for the sintered glass,
and therefore its thermal endurance should be
lower. The change in the heat conductivity of
sintered glass compared with the bulk glass
makes the problem of the thermal endurance
even more complicated and dependent on the
kind of thermal shock. Taking into account the
lower strength of the sintered glass, we also
cannot understand why a higher level of thermal
expansion coefficient difference (i.e. higher
stress) [34] can be tolerated with sintered glass.

The described method is sometimes referred
to as a “Multiform™ method [33, 35], although
this designation was originally used only for
products made of fused silica of Vycor powder
(see Section 4).

Sintering allows the preparation of electro-
conductive glass—metal composites [34] which
can be sealed with other glasses. Sintered fused
silica powder containing 10% molybdenum can
be used as the current conductor which operates
through sintered chain-like molybdenum grains.
Thermal expansion of this composite is between
that of fused silica and that of tungsten, so it is
used as a transition glass for joining fused silica
with tungsten. However, the thermal shock
resistance of such joints is rather low.

Ground, formed and sintered Pyrex glass has
been used for the preparation of funnels, cru-
cibles, gas filters and other kinds of chemical
ware [36].

3.4. Sintered fused silica (quartz
ceramics)

Fused silica is one of the most valuable glasses:
it has a very low thermal expansion, and
therefore high thermal shock stability, good
dielectric properties, and high softening tem-
perature. However the very high viscosity of
molten silica requires high production tem-
peratures (1800 to 2000° C), and manufacture of
complex shapes is very difficult. Sintered fused
silica (often called “quartz ceramics although it
does not seem to be a very fortunate term) is a
material prepared by pulverizing fused silica
cullet, moulding by methods of ceramic tech-
nology, and sintering. In this way many complex
shapes can be prepared.
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The process was probably first developed by
Skaupy and Weissenberg, [37, 38], although they
formed articles from quartz sand rather than
fused silica particles; the articles were sintered—
melted at 1650 to 1680° C. In the last 20 years
sintered fused silica has been under intensive
study in several countries [39-50]. Extensive
reviews on quartz ceramics have been published
by Russian workers [42, 46].

The raw material for sintered fused silica is
finely milled powders of waste silica glass [42,
50]. The articles may be formed by different
methods, such as hot pressing [39], slip casting
[40, 42, 43, 50], spraying and thermoplastic tech-
nology [48]. The firing temperature is usually
around 1300° C, and this temperature coincides
with the crystallization temperatures of fused
silica. Crystallization is a highly undersirable
phenomenon because its product, cristobalite,
has a thermal expansion greatly different from
that of fused silica and undergoes a phase trans-
formation with a sharp change of volume at
230° C. Therefore formation of cristobalite in
amounts more than 5% results in mechanical
destruction of the product. In addition, this crys-
tallization arrests sintering. Fortunately, the rate
of crystallization of pure fused silica is low but it
strongly depends on impurities (see compilation
of these data by Mazurin et al. [51]): at 1300°C
in air it ranges from 0.01 to 0.1 pum min~' and in
bulk glass there is no crystallization in times as
long as 60 h [S1]. Even traces of alkali and alkali
earth ions drastically increase the rate of crystal
lization, as well as crystalline impurities from

grinding media; high surface area of the powder

also promotes crystallization. Therefore high
purity of a starting glassy material is very
important: it should contain not less than
99.6% SiO, [41]1 and be free from crystalline
admixtures.

Some impurities inhibit crystallization. Pri-
marily, for example, glass formers such as B,0,.
Small amounts of AI’* ions enhance crystalliz-
ation but larger amounts inhibit it. However the
amount of AP* necessary for the inhibition is
not quite well established and probably depends
on other impurities. Budnikov and Pivinskii [42]
determined this amount as low as 0.05wt%
ALQO,, but they cited data by Kainarskii and
Degtyareva who had established that the
presence of less than 1.5% Al O, enhances crys-
tallization. A study of the sintering and crystal-
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lization of fused silica was published by Taylor
et al. [45).

Properties of the sintered material are
strongly dependent on processing conditions,
which were reviewed in detail by Budnikov and
Pivinskii [42]. In the case of slip casting, the
higher the density of the original slip the higher
is the density of the resulting castings [43]. A
higher density was achieved by a two-stage
process when a quartz glass was dry-milled and
then blended and additionally milled with water.
It was shown that a coarse powder (particle size
< 60 um) showed greater thixotropy than a fine
powder (particle size < 20 um); the coarse pow-
der produced material with lower strength and
density. Pivinskii and Gorobetz [43] were able to
prepare a slip containing as high as 70 to
75 vol % solids which was cast in plaster moulds
and gave castings with a bulk density of 1.92 to
2.03 gem ™, porosity of 8.5 to 13%, and modu-
lus of rupture of 3 to 7.5MPa. The relatively
high strength of the unfired material was ex-
plained by the presence of silicic acid with out-
standing bonding properties. Sintering resulted
in 2.5 to 9% shrinkage and produced bodies with
an average modulus of rupture of 73 MPa, which
is almost as high as the values for bulk glasses.

Komarova [50] noted that castings with coarse
particles more readily crystallize than castings
with fine particles. This seems strange, because
crystallization usually begins from the surface
and should be greater in the case of a higher
surface area. This result can probably be
explained by more rapid sintering of fine pow-
ders with annihilation of the significant part of
the surface before the onset of crystallization.
Sintering at 1200 to 1300°C resulted in the
formation of not only cristobalite but quartz as
well, and the total amount of crystal phase in
one of the specimens was as high as 28 wt %. In
spite of this, its strength (modulus of rupture
40 MPa) was not lower than for a purely
amorphous specimen. This rather high strength
seems to be unexpected in view of the tendency
of high-cristobalite materials to crack.

Fleming [40] used colloidal silica as a binder
and dispersant for the wet grinding of coarse
silica to form a slip with 95% of particles less
than 50 um. He prepared hollow castings about
50kg in weight by conventional castings tech-
niques; the modified method allowed fabrication
of parts weighing more than 450kg.
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Figure 11 Crystallization of slip-cast fused silica (after
Fleming, [40]); Figs. 11 and 12 have been redrawn to adjust
them to the metric system.

Figs. 11 and 12 show the dependence of the
amount of cristobalite and the modulus of rup-
ture on the firing temperature and time [40]. As
seen from comparison of these figures, the
highest strength (40 to 45MPa) was shown by
specimens containing less than 5% cristobalite.
No quartz formation was described by Fleming
[40]. The tensile strength of the silica was of the
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Figure 12 Room-temperature modulus of rupture of slip-
cast fused silica as a function of time at different firing
temperatures (after Fleming [40]) (see note to Fig. 11).

same order of magnitude as the modulus of
rupture and increased with temperature. The
open porosity of the slip-cast fused silica
decreased to 7% during the 4 h firing at 1260° C.

Different binders have been used for prep-
aration of slip-cast fused silica, such as urea-
formaldehyde resin (0.2%) or ethyl silicates [42].
Savitskas and Matusevich [49] described slip
casting of a mixture of coarse and fine particles
bound with hydrolysed ethyl silicate in the
presence of small admixtures of HF. The cast-
ings, aided by vibration using a frequency of
60 Hz, were dried at room temperature at 60 to
120°C and fired at 1250°C for 2h. The com-
pression strength of the resulting material was as
high as 150 MPa; the density was 1.90gem ™ and
open porosity 12.4 to 15.3%.

Methods other than slip casting have been
used for the preparation of quartz ceramics.
Vasilos [39] described hot pressing which per-
mitted consolidation at temperatures as low as
1150 to 1200° C. He found that for this method
the effect of particle size on densification within
the range 5 to 300 um was small.

In the case of a very dense starting body (12 to
15% porosity), a quartz glass—ceramic with zero
apparent porosity can be prepared [42].

Hot casting with paraffin was also used [42,
48] but the density of the articles was lower than
in the case of slip casting [42]. The semi-dry
(cold) pressing at 80 to 120 MPa resulted in a
product with high apparent porosity (near 18%
after firing). The bulk density of the articles after
pressing and firing increased with increase in
pressure [42].

The atmosphere of sintering has an effect on
densification. Tomilov et al. [47] found that the
shrinkage increases with the humidity of air or
nitrogen. They showed a decrease in shrinkage
upon sintering in vacuum compared with sinter-
ing in air; this result contradicts the results of
other researchers. The atmosphere also affects
the rate of crystallization. Quartz glass has a
higher rate of crystallization in oxygen and in
water vapours than in dry nitrogen [42].

Gannon et al. [52] studied the dependence on
porosity of the mechanical, thermal and dielec-
tric properties of sintered fused silica prepared

by different methods. They showed that the

dielectric permittivity is dependent on porosity
alone and not on fabrication method. It increases
from 1.0 at about 13% of the theoretical
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density up to 3.7 at 100%. Other properties
depend on the method of preparation as well.
The bulk density varies with the variation in
coarse and fine fractions in an original powder.
The thermal conductivity increases with increase
in the bulk density, but a large discontinuity
exists between all slip-cast materials, very dense
hot-pressed silica (95% density, 1% cobalt
admixed) and 100% dense transparent (melted)
fused silica which exhibits the highest conduc-
tivity. The elastic modulus continuously
increases with increase in bulk density. In
general, the compressive strength also increases
with the bulk density, but also depends on the
fabrication mode.

Fleming [53] described the disappearance of
cristobalite in slip-cast fused silica as a result of
irradiation. The original samples were fired at
1370°C for 48h to ensure extensive crystal-
lization. They contained from 21 to 88% cris-
tobalite. After irradiation in a reactor for
340 MW days the amount of cristobalite was as
low as 3 to 8%. This irradiation did not have a
noticeable effect on mechanical strength.

Quartz ceramics have found rather wide
applications. They can be used for production of
free-standing insulators in high-temperature
nuclear reactors or for radomes, nose cones and
rocket nozzles [53]. For radome application,
slip-cast fused silica shows excellent thermal
shock resistance, light weight, ease of fabri-
cation at low cost, but poor rain erosion resist-
ance [54]; it can be used for rockets with speed
Mach 4 to 5.

3.5. Sintered glass—ceramics
The basic technology of glass—ceramics consists
of preparation of monolithic glass articles by the
usual means of glass technology and their sub-
sequent crystallization [55, 56]. However this
technology requires heavy investment and can
be justified only for large volume production.
On the other hand, production of glass—ceramics
by sintering of glass powders may be done using
the ordinary equipment of a ceramic factory and
is especially suitable for the manufacture of
small quantities of articles with complicated
shapes. This technology was developed in the
USA [57], the USSR [58, 59], Sweden [60] and
Israel [61].

The process involves the following steps: (a)
melting of glass and its quenching; (b) pulver-
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izing; (c) formation by means of ceramic tech-
nology (slip casting, pressing, extrusion etc.); (d)
firing for consolidation and crystallization.

There is a significant difference between glass
compositions suitable for conversion to glass—
ceramics by methods of conventional tech-
nology and compositions intended for sintering
[61]. The conventional technology is based on
glasses with heterogeneous volume crystal-
lization. The crystallization takes place at high
viscosities, preventing significant deformation of
glass articles. If such a glass is finely ground and
compacted again, every particle will crystallize
separately, resulting in an infinite increase in
viscosity. Therefore good sintering and high
strength of sintered bodies will be excluded.

Rabinovich [61] showed that glasses with sur-
face crystallization are more suitable for the
formation of glass—ceramics by sintering. In this
case sintering occurs simultaneously with crys-
tallization. In spite of the surface crystallization,
uniform volume crystallization is provided by
the small size of the separate particles. In this
way practically any glass can be transformed
into a glass—ceramic. If crystallization is too
slow (as in the case of an ordinary plate glass),
“seeding” by small amounts (0.1 to 1%) of the
same glass in a pre-crystallized state may accel-
erate and control crystallization and defor-
mation [61].

About 40 glasses based on the composition of
cordierite 2MgO-2A1,0,- 5810, were studied by
Rabinovich [61]. Some of them had TiO, as a
nucleating agent; all of these glasses crystallized
prematurely and showed poor sintering. Fig. 13
shows the compressive strength of pellets of
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Figure 13 Average compressive strength of pressed powder
pellets sintered to 1200° C for 2h as a function of average
shrinkage after sintering. Cordierite compositions with TiO,
(K10, K16, K23), with P,0, (K6, K18, K24), and without
any admixtures (K21, K22) (after Rabinovich [61]).



différent tested glasses as a function of the shrink-
age. Glass K18 containing no TiO, but with
4.5wt % P,0O, in its composition showed the
highest shrinkage, crystallization with nearly
80% cordierite in the crystal phase, and an aver-
age modulus of rupture of 150 MPa after firing
with soaking at 1100°C. It was shown that
cordierite in the pulverized glass forms signifi-
cantly more rapidly than in the same glass in a
monolithic state.

Giess et al. [62] also chose the cordierite com-
position with only glass-formers (B,O, and P,0Os)
added. They studied the sintering process of
pressed pellets and found pronounced ani-
sotropy of shrinkage as a result of the uniaxial
pressing. They found that Frenkel’s theory gives
a good approximation only to the initial stages
of sintering. However the authors [62] did not
take into account the interference of crystal-
lization in the sintering process, and did not
mention crystallization. Probably it did not
occur at the selected low sintering temperatures
of 800 to 860°C.

As seen from the cited literature [57-61], prac-
tically all work in the field of sintered glass—
ceramics has been done with compositions in the
cordierite region. This is due to the good dielec-
tric properties, low thermal expansion and good
thermal shock resistance of cordierite. Cordi-
erite formation in ceramics is limited by the
narrow temperature interval of sintering, which
is 1300 to 1400° C [63]. Crystallization of cordi-
erite from glass permits significant widening of
this temperature interval [59] and sintering—crys-
tallization at much lower temperatures (below
1100°C). The linear coefficient of thermal
expansion of the glass—ceramics thus produced
is (23 to 33) x 1077°C~' [61].

Schiller and Wiegmann [64] reported sintered
glass—ceramics in the BaO-Al,0,-Si0, system.

All this relates to glass—ceramic bodies which
should be sintered with little or no deformation.
Another kind of powdered glass—ceramics is
crystallized solder glasses considered in the next
section.

3.6. Solder glasses

Solder glasses are widely used in electronics for
vacuum-tight joints between glasses, ceramics
and metals at relatively low temperatures. In
fact, these glasses can be considered as a par-
ticular case of fritted glazes. Solder glasses in the

PbO-B,0,-Zn0 system were described by Dale
and Stanworth as early as 1949 [65]; extensive
reviews of glass solders have been published by
Broukal [66], Rabinovich [67] and Takamori
[68].

These glasses are usually prepared as powders
dispersed in organic binders. The pastes as
prepared are applied between the surfaces to be
joined, and (after drying) the firing cycle is
applied. During firing, spreading and sintering
of the powder provides the seal. As in any case
of a seal with glass, the matching of thermal
expansion of all materials involved is essential
for mechanical integrity of the seal. Certainly the
proper spreading of the glass solder should
occur at temperatures when other materials in
the seal are quite rigid.

Solder glasses (sometimes called glass cements
-and glass—ceramic cements) can be noncrystal-
lizable or crystallizable. Noncrystallizable
solders [65, 66, 67] remain glassy after the firing.
Naturally, any subsequent heating of the device
cannot exceed the softening temperature of the
solder which is significantly below the soldering
temperature. Fig. 14, taken from Dalton [69],
illustrates this statement. Good spreading and
sealing can be done at a viscosity of the glass
solder of 10° to 10°Nsecm 2; solder 7570 has
these viscosities near 500° C when the soldered
glass, No. 0080, has viscosity above 10"N
secm 2, i.e. it is yet quite rigid glass. After the
sealing the seal cannot be heated again above
near 300° C when the viscosity of the solder is
below 102N secm 2, otherwise deformation and
separation may occur. This is a disadvantage of
this kind of sealing. If, for example, noncrystal-
lizable solders are used for sealing the face and

\ \
| |
— — {— Strain Point
— 1+ Annealing Point

£

pad

3

z

g Softening Point

@

o

(%]

2 —— — —

Z\ Preferred

© Sealing_Zone : )

O =g = _—— ng Point —
.\_\

200 400 €00 800 1000 1200 1400

Temperature (°C)

Figure 14 Temperature dependence of viscosity of Corning
glass 0080 and solder glass 7570 (after Dalton [69]).
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Figure 15 Schematic graph of the temperature dependence of
viscosity of a crystallizing solder glass: (1) uncrystallized
glass, (A) soldering and crystallization zone, (2) viscosity
after melting the crystal phase (after Broukal [66]).

the cone of colour television picture tubes, this
property limits the temperature of the tube
evacuation and therefore its service life and
reliability.

Crystallizable solder glasses have been an
excellent reply to this difficuity. They permit
soldering in the same way as a noncrystallized
solder, but in the course of the spreading and
sealing they crystallize and form a glass—ceramic
seal. Viscosity increases indefinitely, to decrease
again only near the melting temperature of the
crystal phase (Fig. 15)[67, 70]. Therefore the seal
and the whole device can be reheated not only
above the original annealing zone of the solder
but even above the soldering temperature.

Crystallizable solder glasses are really a par-
ticular case of a sintered glass—ceramic. How-
ever, in the case of glass—ceramic articles
deformation should be avoided; in the case of
the solders it should be encouraged [67]. This
indicates a very delicate relationship between
sintering and crystallization. Crystallization
should not occur too early in order to permit free
flow and formation of a good seal. On the other
hand, the surface character of crystallization of
these glasses [71, 72] requires it to take place
before all boundaries between the particles have
disappeared. The spreading ability of these
glasses is a complicated characteristic deter-
mined mainly by viscosity and the crystallization
rate, rather than surface energies and the wetting
angle as in case of noncrystallizing solder glasses
[67, 71]. It was shown [71] that very small admix-
tures of the same glass in precrystallized form
drastically reduce spreading of a solder glass in
the PbO-B,0,-Zn0 system: in fact, addition of
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as little as 0.01% of the precrystallized glass
converts the solder glass into sintered glass—
ceramic, capable of crystallization almost with-
out deformation.

Compositions of solder glasses are quite
diverse. For sealing at 400 to 500° C glasses in
the PbO-B,0,-ZnO system are used; the
ZnO-Al,0Si0, crystallized glasses provide
sealing at 700 to 800° C, while for 1000° C sealing,
crystallized glasses in the Li,O-MgO-Al,O—
Si0, system were described [73]. Naturally, the
values of the thermal expansion of all these
glasses vary between quite wide limits.

4. Sintering of premelted
chemically treated glasses

Practically the only example of this glass is a
group of Corning glasses with the common trade
mark Vycor. We consider this type of glass as
one of the most elegant inventions in glass tech-
nology of this century, the honour of which
belongs to Hood and Nordberg [73]. The scheme
of this process, as based on published infor-
mation [30, 33, 74], is given in Fig. 16. A glass of
quite different composition to that of pure silica,
taken from the Na,0-B,0+S8i0, system (with
small additions of other components), is melted
at 1450 to.1500° C. It is then moulded and heat-
treated at 500 to 700°C in order to form a
phase-separated interconnected structure. One
of the phases is almost pure silica; and the other
is an Na,O- B,0; glass which can be leached by

BATCH
PREPARATION

GLASS MELTING
1450- 1500°C

FORMATION

PHASE SEPARATION
500~ 700°C

SURFACE
TREATMENT
LEACHING IN HC1

WASHING
DRYING

SINTERING
A
900-1000°C

Figure 16 Process chart for the manufacture of Vycor glass.
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Figure 17 Liquid-liquid immiscibility in the Na,0-B,0,-Si0,
system (after Haller et al. [79]). Point P is added by the
author. '

hydrochloric acid. After washing and drying a
so-called high- silica ““thirsty” glass [33] appears,
so named because its high surface area is highly
hygroscopic. This “thirsty” glass may be used as
a virus filter because of its favourable pore size
distribution. Sintering at the relatively low tem-
peratures of 900 to 1000° C leads to shrinkage,
annihilation of porosity (with conservation of
the original shape of an article), and formation
of a monolithic transparent glass body contain-
ing as much as 96 wt % SiO,, 3% B,0;, 0.4%
(R,0; + RO,) (chiefly AL,O; and ZrO,),and
traces of Na,O and As,O, [74].

Phase separation is a common occurrence
among silicate glasses and melts [75-78]. How-
ever, phase separation in the Na,0-B,0,-SiO,
glass has a rare combination of two features
which have made preparation of Vycor possible.

Figure 18 Glass of composition (wt %) 67.4 SiO,, 25.7 B,0;,
6.9 Na,O after 3h at 700° C. The silica-rich phase forming an
interconnected structure appears to be raised and smooth;
the alkali borate-rich phase has a rough surface. White scale
bar = 1 um. (After Elmer et al. [80].)

One of them is the formation of a phase which
can be selectively leached by an HCI solution,
while the other phase remains unreacted. The
second feature involves the mutual distribution
of the phases which permits the leaching to
occur. It is evident that if a soluble phase
appears as droplets inside an insoluble matrix, it
cannot be leached. Fig. 17 shows a diagram of
liquid-liquid immiscibility in the Na,O-B,0;
Si0, system [79]. It contains three regions of
immiscibility. Region 11 is a basis for two phase-
separated glasses, Vycor (Point 13 on the dia-
gram) and Pyrex (Point P), but they belong to
different parts of this region. Pyrex forms B,0,-
rich drops (about 5nm in diameter [18]) in an
Si0O,-enriched matrix. This increases the chemi-
cal durability of the matrix, and hence that of
the whole glass. In contrast with this, the inter-
connected structure (Fig. 18) [80] of the Vycor-
precursor glass is open for leaching of a sodium
borate constituent, The optimum region of com-
positions for Vycor was determined [33] to be, in

“wt %, Si0, 55to 70; Na,0 10 — 0.1 x (Si0Q, —

55); B,O; the balance (30 to 21.5). Small
additions of Al,O; (up to 4%) make the glass
more stable against devitrification at sintering.

Sintering of the leached porous glass was
studied by Elmer [74]. The glass specimens were
sintered in dry air (dew point of —~ 43° C). Fig. 19
shows that although the glass undergoes a
steady contraction from room temperature to
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900° C (Fig. 19a), there is practically no change
in the BET surface area up to 900° C (Fig. 19b).
Above 900° C rapid sintering takes place, and at
1000° C the porous structure is essentially con-
solidated into a clear, impervious glass [74].
The properties of Vycor are rather similar to
those of fused silica: the linear coefficient of
thermal expansion at 20 to 300°C is
8 x 1077°C~!, the maximum working tem-
perature is 800° C (1000° C for fused silica), the
refractive index is 1.458 and the density is 2.18
[33]. Tubes, flat glass, crucibles and other shapes

can be prepared according to the Vycor technol-

ogy.

The slowest process in the preparation of
Vycor is leaching. Practically this is a very time-
consuming process if the wall thickness is more
than 3 mm [33]. For this case Greene [35] offered
a method of formation of articles from pow-
dered fused silica mixed with dried leach frac-
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circles: (a) shrinkage (b) change in the BET surface area
(after Elmer [74]).

tions of Vycor. The sintered glass is leached and
sintered again. This method originally received
the name “Multiform”, and it allows the
production of thicker articles with properties
similar to that of Vycor. Waste of Vycor-precur-
sor glass also may be utilized in this process [34].
It is really an intermediate process between two
methods of preparation of glass by sintering (see
Fig. 1).

Kitaigorodskii [81] mixed fine powdered fused
silica with a borosilicate glass. The partially sin-
tered and leached glass was resintered at
1200° C.

When we consider Vycor as the only example
of chemically treated and sintered glass, we are
referring to its technological and commercial
success. However, apparently a similar type of
a phase separation structure suitable for leaching
and sintering can be obtained in other systems.
Rabinovich et al. [82, 83] studied metastable
liquid immiscibility in phosphate—silicate sys-
tems, and they discovered a wide region of
immiscibility in the Na,O-P,0+Si0O, system.
Several glasses could be leached to form a high-
silica skeleton, but only one could be sintered in
a bulk glass without crystallization. The com-
position of a parent glass was 3Na,O-7P,0; -
10Si0, (33.75wt % Si0,, 55.8% P,O; and
70.95% Na,0). The resulting glass contained
91wt % Si0,, 8.3% P,0; and 0.5% Na,O.
After sintering at 1100° C it had a bulk density of
2.11 gem 3 (92% of the theoretical density) and a
linear coefficient of thermal expansion of



16 x 1077°C~". Substitution of SrO for Na,O
resulted in an increased SiO, content in the
matrix up to 95wt %, but this glass could not be
sintered because of strong crystallization. Prob-
ably the introduction of Al O;, as in the case of
Vycor compositions, could reduce the tendency
of these glasses to crystallization and improve
sintering,

Res et al. [84, 85] prepared porous glass and
glass—ceramic materials on a non-silicate basis.
Substitution of CeO,*xNb,O; (x = 1 to 7) for
SiO, in the Na,0-B,0+Si0, system resulted in
glasses where a sodium borate-rich phase was
formed after heat treatment at 650 to 800°C
[84]. After melting in a Pt/Rh crucible this phase
could be leached in boiling distilled water,
forming porous crystalline material with
Ce,0,-3Nb,0O; (perovskite-type) as a main crys-
tal phase. Melting in alumina crucibles
produced almost crystal-free porous glasses. The
BET surface area of these materials ranged
between 11 and 217 m*g~' [84]. Other materials
were prepared on the Na,0-B,0, basis with
La,0,;, Y,0;, ZrO,, ThO, and HfO,. The
leached specimens were sintered at 1520° C for
30min [85]. However, practically none of the
properties of these materials have been reported
except chemical durability for the last group. It
is therefore difficult to judge the practical appli-
cability of these materials.

In principle it is not necessary to have a con-
tinuous matrix remaining after phase separation
and leaching. If the leached phase forms a matrix,
then the leaching will result in the formation of
a powdered compact. There is no reason why
such a compact cannot be sintered. In fact, simi-
lar compacts formed from colloidal gels or by
different deposition techniques and described in
Section 6 were successfully sintered. However, in
the presence of small amounts of Na,O, which
strongly accelerates crystallization of high-silica
glasses [86], the rate of crystallization may be
dependent on the geometry of the surfaces.
Apparently this happened in several cases
described by Rabinovich et al. [82, 83] where
high-silica leached compacts, very similar in
their composition to the “thirsty” glasses, could
not be sintered without crystallization.

5. Sintering simultaneously with
melting
Here we mean sintering at temperatures not very

much above the liquidus for articles whose
shapes were determined before the heating. We
are including here sintering of high-viscosity
glass powders and sintering of crystal powders
with the help of low-melted glasses; this process
is realized in many ceramic processes, but the
resulting material is not glass. Some gel-derived
glasses considered in Section 6 can be taken to
the liquidus temperature to melt crystals formed
during sintering. However, the only practical
group of materials in this section is raw glazes.

5.1. Raw glazes

Fritting, i.e. preliminary melting and pulverizing
of the glazes, may be necessary if a glaze con-
tains water-soluble ingredients such as borax or
soluble lead compounds [26]. Melting converts
these into silicates insoluble in water and allows
the preparation of an aqueous slip. Lead silicates
should also be insoluble in gastric juices. If there
are no soluble materials in the original batch
fritting is not neccessary. In this case wet-mixed
raw materials which form a slip can be applied
directly to a ceramic body (by dipping or
spraying) and fired with the formation of a thin
glass layer, transparent or opaque, colourless or
coloured. This type of glaze was used in ancient
time, e.g., in Nebuchadnezzar’s palace, and is
still used mainly for sanitary ware and construc-
tion materials and tiles.

A batch of raw glaze is a mixture of crystalline
raw materials and water, although fritted glaze
can also be added. In contrast with a fritted
glaze or a solder glass, which can form a coating
below the liquidus, a raw glaze should be heated
to full melting, homogenization and refining
from bubbles. However, because a thin layer of
the glaze is easily permeable to gases and
because glazes usually have a relatively low vis-
cosity even at the liquidus temperature, signifi-
cant superheating is not necessary. For more
detailed knowledge of raw and fritted glazes the
reader is referred to the comprehensive book by
Parmellee [26].

6. Glasses sintered without melting
6.1. Sol—gel processes

At the meeting of the Materials Research
Society in Albuquerque in February 1984,
Uhlmann er al. [87] presented a lecture which
was entitled “The Ceramist as Chemist —
Opportunities for New Materials”. This title is
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remarkable. In fact, ceramic and glass science
always has been a part of chemistry, and cera-
mists are certainly chemists. However, in the
majority of traditional ceramic processes the
basic chemical reactions happen at high tem-
peratures, sometimes depriving a ceramist from
direct observation and the ability to interfere
with an already programmed process. Not
rarely, the direct chemical activity of a ceramist
is limited to choosing appropriate materials
which will react in a furnace.

The emergence of the sol-gel branch of glass
and, more wi@ely, the entire ceramic technology
has completely changed this situation. It has
returned a ceramic scientist to probing tubes, to
the mixing of solutions, to pH measurements,
and requires knowledge in inorganic, organic,
colloidal and physical chemistry. The assort-
ment of chemicals on the laboratory shelf of a
ceramist has begun to be similar to that at a
typical chemical laboratory. This alone makes
the sol-gel route a gift to the scientist beyond
industrial applications which, we hope, await
this technology.

In 1969 Roy [88], in a short note, drew atten-
tion to the possibility of preparing very homo-
geneous glasses and ceramics by the sol-gel
method due to mixing on a molecular level.
Dislich [89] was probably the first who prepared
glass from a gel.

There are two significantly different kinds of
sol-gel technology: (a) hydrolysis and poly-
merization of alkoxides, and (b) sintering of
colloidal gels.

6.1.1. Alkoxide methods

This group of methods has been developed in
works by Brinker [8, 9, 90-92], Dislich (8, 9, 89],
Klein [8, 9, 93], Sakka [7-9, 94, 95], Yoldas [9,
96-99], Zarzycki [8, 9, 100-103] and others [8, 9].
It was recently reviewed by Sakka [7]; the collec-
tion of proceedings of two international work-
shops on glasses from gels have been published
[8, 9], and several other conferences dealt exclus-
ively or in noticeable degree with this problem
[104, 105].

Of course, heating at relatively high tem-
peratures to complete glass preparation is
involved in this process as well as in traditional
ceramic processes. However, a significant
novelty of the alkoxide sol-gel methods is the
formation of a three-dimensional glass network
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from solutions at room or slightly elevated tem-
peratures.

6.1.1.1. Gel formation and structure. Metal
alkoxides are compounds M(OR),, where M is a
metal and R is an alkyl group [7]; e.g. tetraecthyl
orthosilicate (TEOS), Si(OC,Hs),. The prep-
aration and properties of metal alkoxides are
described by Bradley er al. [106]. In its most
simplified form, the process for TEOS (as an
example of alkoxides) can be described by two
equations for hydrolysis (Equation 5) and poly-
merzation (Equations 6 and 6a):

Si(OC,H,), + 4H,0 = Si(OH),

+ 4C,H.OH (5)
and
Si(OH), — SiO, + 2H,0 ©)
or
H H
0 0
HO—Sl.i——OH + HO—'|i—OH
o o
H H
o 0
+ ... HO—%—O— Ii——OH + nH,0
o 0
| ! (6a)

The second reaction results, as a rule, in the
formation of a gel body. Careful drying will
yield, in principle, a monolithic high-porosity
body which can be sintered at relatively low
temperatures (900 to 1400° C) to produce glass,
which otherwise could be done by conventional
melting at much higher temperatures (up to
2000° C for fused silica).

In reality, however, the process is much more
complex. First, alkoxides and water are immis-
cible at room temperature and significant
additions of an alcohol as a common solvent are
necessary. (Recently, Tarasevich [107] reported
the mixing of an alkoxide and water and
hydrolysis without alcohol, using ultrasound.)
Sccond, both reactions are not completely
separated in time, but to a significant degree they
take place simultaneously. Relatively slow



hydrolysis of TEOS results in the formation of
intermediate chain structures, especially when
less than 4 mol H,O are mixed with 1 mol TEOS
[98]. Third, the structure of the product is
strongly influenced by either acid or base cata-
lysts and by temperature. Fourth, the drying of
a structure with very high surface area (100 to
1000m”g ') and pores with diameter 1 to 7 nm
is very difficult, and leads to mechanical break-
ing of the gel body if special techniques of drying
are not applied. Fifth, preparation of multi-
component glasses from a mixture of alkoxides
of different metals is complicated by the different
rates of hydrolysis of different alkoxides. Sixth,
sintering of a high surface area glass body at
below the liquidus temperature may be
accompanied by its crystallization.

Reaction 6 or 6a is given in a rather simplified
form, because it does not take into consideration
the different chemical compositions of the silica
surface, and this could not be neglected at sur-
face areas as high as 100 to 1000m”g ', depend-
ing on the conditions of preparation. The sur-
face chemistry of silica has been extensively
reviewed by Iler [108]. The siloxane (SiOSi) sur-
face of silica contains residual valences which
react with water at room temperature forming
silanol (SiOH) groups. According to the review
by Belyakova et al. [109], the concentration of
the silanol groups on the surface does not
depend on the nature of the underlying silica and
is equal about 11 + 1umolm~2, or 6.60H
groups per nm’. It is easy to calculate that for
silica with a surface area of 800m?g~! every
mole of silica will contain as many as
3.2 x 10” OH groups, such a silica would have
the approximate formula SiO,,(OH),.; the
general expression for high surface area silica is
SiO,_,(OH),,. Correspondingly, Reaction 6
should be written

Si(OH), — Si0, (OH),, + (2 — WH,0
(6b)

The value of # is a function of the surface area
which is strongly dependent on all variables of
the process. Krol and van Lierop [110] showed
that heat treatment of the gel results in a signifi-
cant reduction of the amount of (OH) groups
per unit area of the surface, even before signifi-
cant sintering takes place.

The structure of a formed gel and its surface
area are strong functions of pH. If an acid is

used as a catalyst, and even in the case of sub-
sequent partial neutralization of the acid by
NH,OH up to pH 7.80, random polymer mol-
ecules without a distinct surface are formed, as
shown by Brinker et al. [90]. Yoldas [98] gave a
detailed consideration of different polymer con-
figurations of these molecules. Their polym-
erization throughout the volume results in the
formation of a continuous silicon—oxygen net-
work and gelation. (We call such a gel a “net-
work™ gel as opposed to the colloidal gels con-
sidered below.)

The last statement ignores end members of
the network. However, this network grows not
in a vacuum but inside a water—alcohol solution.
Water (and alcohol) and silica are mutually
insoluble on the macroscale; hence phase sep-
aration between the newly formed silica and
water—alcohol is unavoidable. Therefore a two-
phase structure is formed. Because water is con-
sumed during the hydrolysis and then again
released at polymerization (see Reactions 5 and
6 it should remain in the immediate neighbour-
hood of the network. This leads to the formation
of a porous structure, where the water-alcohol
solution is accommodated in pores of diameter 1
to 3nm with total surface area of 500 to
1000m*g~". Partial phase separation on a
macroscale can also sometimes occur; Partlow
and Yoldas [111] described many gels (not only
in the silica system) which after formation
appeared to be immersed in the liquid. We
observed several times some excess of a liquid
above the well-formed gel.

Two analogies come to mind for qualitative
description of this microphase-separated struc-
ture. One is a structure of undried leached
borosilicate glass, i.e. Vycor-precursor glass.
After drying, both materials are able to absorb
water actively (in the case of unsintered Vycor
the name “thirsty” glass describes this ability).
However, as we found by studying the pore
structures of ‘‘thirsty” Vycor and an acid-
catalysed silica gel by nitrogen absorption and
mercury porosimetry, Vycor exhibits a much
lower BET surface area of 153 m?g ! (as against
802m’g~" in one of the gels) and very uniform
pore sizes with a diameter of 3.8 nm [112]. The
gel shows a much wider pore size distribution
with the majority of pores near 2 nm in diameter,
but some porosity could be found even in the 10
to 100 nm range.
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Figure 20 (a) The model of Warren and Biscoe [113] for
Na,0-Si0, glass; (b) its modification to describe the struc-
ture of an acid-catalysed pure silica gel [112]. Water and
alcohol molecules in the pores are not shown.

The second analogy, on the atomic scale, is
with the structure of a Na,0-SiO, glass as
proposed by B. E. Warren and Biscoe [113]
(Fig. 20a). It is clear that the oxygen ions in the
silanol bonds are non-bridging oxygens, and the
electrostatic role of protons is similar to that of
the Na* ions in Na,0-S8i0, glasses. However
there is no geometrical similarity, because the
protons of the OH groups are located inside the
electron shell of the oxygen ions; the sizes of O*~
and OH™ ions are practically the same.
Therefore the place of sodium ions is taken by
pores (Fig. 20b) hosting water and alcohol mole-
cules, hydrogen-bonded to the silanol groups.
Of course, the analogy is only qualitative
because the diameter of the pores (about 2 nm)
is an order of magnitude larger than the dia-
meter of the Na™ ions (about 0.2 nm). The water
molecule has a diameter of 0.31 nm (the ethyl
alcohol molecule has a diameter of 0.46 nm).
The 2nm pore can host only a few water and
alcohol molecules in its cross-section, and allows
little freedom for structural rearrangement. This
probably explains results by W. W. Warren et
al. [114] and Golding et al. [115] who did not
observe water crystallization in the silica gel
even at liquid nitrogen temperature.

If the water used for hydrolysis has a high pH
(above 8, adjusted with NH,OH), the lack of
protons available to form the silanol bonds
requires a reduction in the surface area. This
results in a complete change of the structure of
phase separation with the water—alcohol solu-
tion serving as a host to inclusions of silica
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particles. The precipitation of powder therefore
occurs during the hydrolysis—polymerization
reactions [116]. The surface area of 100 to
500m’g~" depends on other processing con-
ditions, and it increases with an increase of the
amount of water added to the solution [112].
Powders with relatively large particles tend to
precipitate, while smaller particles can form a
colloidal gel similar to that described in Section
6.1.2.

6.1.1.2. Drying and sintering. The largest part of
the volume and mass of a freshly prepared gel is
liquid, ie. water-alcohol solution. If, for
example, 4 mol water and 4 mol ethyl alcohol are
used for the hydrolysis of 1mol TEOS, the
resulting gel will contain 1 mol silica, 2mol H,0
and 8 mol C,H,OH, i.e. 13wt% or 5vol % of
silica and 87wt % or 95vol % of liquid. The
removal of such an amount of liquid from the 2
to 7nm pores of a “network” gel is the main
problem in the preparation of large pieces (at
least several centimetres in size) of a sintered
gel-derived glass. A very large surface tension
developing during the liquid removal by conven-
tional drying forces the network to collapse [117]
with the formation of small fragments. Very
slow controlled drying yielded relatively small gel
pieces [93, 118] which could be sintered in glass,
but this method seems to be impractical. The
problem of the drying of alkoxide gels has been
solved by the technique of hypercritical evacu-
ation in an autoclave [117, 119].

Henning and Svensson [117] described
preparation of gel windows of 19.5cm x
19.5cm x 3cm in size (before sintering) from
Dynasil M Si(OCH,),, methanol, water and
NH,OH as a catalyst. The mixed sol was poured
into stainless steel moulds coated with a thin
Teflon film. After formation, the gel was covered
by a layer of methanol to avoid evaporation and
was then washed twice in methanol (during 10
days) to reduce the amount of water to 4%.
Then the gel was put in the autoclave and meth-
anol was added and taken to the critical point
(240° C, 7.97 MPa for pure methanol). The tem-
perature and pressure programme are shown in
Fig. 21. The whole process took 48h. After
reaching the hypercritical conditions and equi-
libration, the methanol vapour was evacuated at
constant temperature with a constant pressure
gradient of 0.56 MPah~'. During the cooling
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Figure 21 The autoclave cycle for gel drying. The phases of
the cycle are (1) heating, (2) equilibrium, (3) vapour outlet,
(4) cooling (after Henning and Svensson [117]).

the remaining methanol vapours were flushed
out by air.

A similar process has been described by
Prassas et al. [119]. The main difference is that,
in most cases, gelation took place not prior to
evacuation, but during the heating in the auto-
clave. Therefore the formation of porous struc-
ture took place during the approach to the criti-
cal conditions. A high heating rate was more
favourable for successful preparation of mono-
lithic gels, becuse low rates resulted in gelation at
lower temperature, far from the critical con-
ditions. The same authors [119] also reported
that gels formed before the hypercritical evacu-
ation could be successfully dried.

Sintering of a dry alkoxide gel is a relatively
simple process. It can be completed at 800 to
1200° C [7]. One complication is residual carbon
in gels — up to 3.4% in the work of Henning and
Svensson [117] — because some methoxy groups
remain unreacted [119]. However, they can be
oxidized by heating in air or oxygen up to 500°C
[117]. No details of sintering are given in these
studies {117, 119].

Fig. 22 shows the conversion of silica gel to
glass for acid and ammonia-catalysed gels [120].
As could be expected, the spherical particles of
the ammonia-catalysed gels with larger pores
require higher sintering temperatures. The sin-
tering of the “network™ gel (HCl-catalysed) is
similar to sintering of the “thirsty” Vycor glass.

6.1.1.3. Multicomponent alkoxide gels and
glasses. Numerous multicomponent gel-derived

(g cm?)

Bulk density

200 400 600 800 1000 1200
Temperature (°C)

Figure 22 Change in bulk density during sintering of silica
gels to glass as a function of temperature for (1) HCl and (2)
NH,OH-catalysed gels (after Nogami and Moriya [120]).

glasses and glass-ceramics have been prepared; a
partial list of them is given in Table III. In an
earlier period some of the gels were either melted
[101] or sintered by hot pressing [102, 103] to
prepare monolithic pieces of glass.

Source materials for the addition of other
oxides to silica are not necessarily alkoxides; some
salts can be used as well (see Table III). In the
case of a mixture of different alkoxides (dis-
solved in alcohols — some of them, such as
NaOC,H;, are powders) the problem is the dif-
ferent rates of their hydrolysis. TEOS is a rela-
tively slowly hydrolysing alkoxide. Therefore,
before admixing other alkoxides (e.g. of
titanium, aluminium, boron, phosphorus, zir-
conium or germanium), partial hydrolysis of
TEOS must often be conducted [122]. For this
purpose 1 mol H,0 is used per 1 mol TEOS and
the mixture is held at 50 to 60° C for 1 day. After
this other alkoxides and water, sufficient for
complete reaction, are added. This results in the
formation of a continuous Si—O network modi-
fied by other cations (such as sodium, potassium
or caesium) and/or comprising other cations
(such as boron, aluminium or titanium), similar
to that in a melted glass, but with high porosity.
Such a gel, when dried, can be sintered to a glass.

A very interesting question is the comparison
of the structure of glasses prepared by the gel
method with that of glasses of the same com-
position melted from ordinary batches. There
are several works showing significant differences
in behaviour of these glasses [101, 136, 142-148].
The difference in rates of crystallization of
sintered and melted glasses can be explained by
the fact that sintering below the liquidus can be
viewed as a latent period of crystallization even
if visible crystallization does not occur. When
this glass is again heated to the crystallization
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TABLE 111 Multicomponent glasses prepared by the alkoxide gel methods

Glass system

Main source materials*

Authors

Notes

Binary glasses

Si0,-B,0,,

Si0,-AlL0,

Si0,-P,0;

72mol % Si0,-GeO,

Si0,—20 to 35vol %)
GeO,

$i0,-TiO,

Si0,~(7 and 48 wt %)ZrO,
Si0, (1 to 40 mol %)Na,0

Ca0-4 Si0,, Ca0-9 Si0,

Si0,~(1, 5, 10wt %)SrO

Si0, (5 to 40wt %)Fe, 0,

Ternary Glasses

Si0,~(5 to 30 wt%)La, 0,
80 to 85wt % SiO,,

10 La,0,, 5 to 10 AL, O,

80 to 94wt % SiO,,

5to 10 La,0;, 1 to 10 ZrO,

60 to 76 wt % SiO,, 17 to
33 Zr0,, 7 Na,0
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TEOS, Si(OCH,),, B(OCH,),,
(NH,),B,0, -4H,0

sec-A{OC,H,),

H,PO,, P,0;, (NH,),HPO,, P(OCH;),

Ge(OCsHyy),

Si(OCH,),, Ge(OC, H;), (produced from
GeCl,)

TEOS, SiO(OCH,),,
Ti(OC, Hy),, Ti(Oi-C;Hy),

Zr(OC3H, ),

TEOS, Si(OCH,),, NaOCH,

Ca(OC,Hy), (from Ca + ethanol reaction)

Sr(NO;),

Fe(OC,H;),

Method I: Silica hydrosol Ludox AS,
La(NO,),, AI(NO,), -9 H,0, Zr0OC], -8 H,0
Method II: TEOS, Si(OCH,),, La(NO;);,
Al0i-C, H,),, AOCH,);, ZrOCl, -8H,0

Zx(OC,H,),, NaOCH,

Yoldas [99],
Decottignies et al.

[102], Jabra et af {103},

Antonova and
D’yakova [121],

Woignier ef al. [122]

Yoldas [96, 99], Sakka
and Kamiya, Negami
and Moriya [7], Krol
and van Lierop {110]

Thomas [123, 124],

Jabra et al. [103),

Woignier et al. [122]

Fleming {125]

Schlichting and
Neumann [126]

Jabra et al. [103],

Sakka, Kamiya et al.
[7, 94], Yoldas {127],
Yamane et al [128]
Gonzalez-Oliver et al.

[129]

Kamiya et al. [7, 95}

Puyane et al. [130],
Prassas et al. {131,

132)

Hayashi and Saito

{133]

Yamane and Kojima

134}

Guglielmi and Principi

[135]

Mukherjee ez al. {101,
136], Decottignies et

al. [102]

Kamiya et al. [7, 95]

(a) In [102, 103]
glasses were
sintered by hot-
pressing

See Note (a)

(b) Glass films

See note (a)

(c) Glass fibres

(d) Homo-
geneous glasses
were prepared
which could not
be prepared by
melting due to
phase separ-
ation at 3 to
30wt % SrO.

(e) Gels were
melted to yield
glasses in {101];
see also Note

(@

See note (¢)

Continued



TABLE 111 Continued

Glass system

Main source materials*

Authors Notes

$i0,-B,0,-P, O;

Si0,~-MgO-AlL, O,,
Al,0;/MgO mol ratio 0.5,
0.71, 1.3 with or without
additions of TiO, (up to
10wt %) and Li,O

(5.5wt %)

40 to 80 mol % SiO,,
4 to 64 Al,O,, 4 to 64 CaO

$i0,-Ti0,~Zr0,

(73.5 to 74.25wt %) SiO,,
(0.5 to 8.25) CaO, (17.75 to
25.25) Na,O

55wt % Si0,, 25 B,0,, 20
Na, O

Multicomponent glasses

66wt % SiO,, 18 B0,
7 AL,O;, 3 BaO, 6 Na,0

86.9wt % Si0,, 5.9 B,0,,
2.5 AL O,, 3.9 Na, 0,
0.7K,0

61.4wt % Si0,, 21.6
AL,0,, 6.8 P,0;, 3.8 Li,0,
1.4 MgO, 0.5 Na,0, 2.6
TiO,, 1.9 ZrO,

62wt % Si0;, 21.9 AL, O,,
2.8 Li,0, 1.1 MgO,

1.8 TiO,, 1.8 Z10,,

6.2 ZnO, 1.6 BaO,

0.5 Ca0, 0.4 X,0

75wt % Si0,, 16.5 ALO,,
47 Li,0, 1.8 TiO,,
1.5 ZrO,, 0.5 Na, Ot

Non-Silicate Oxide Glasses
P,0,—Na,O

B,0,—(14.2 and 17.9 wt %)
Li,O

Si(OCH,);, B(OCH;);, P(OCH;);

AI(OC,H,),, (CH,CO0),Mg-4H,0,
(CH,COO)Li-2H, 0, Ti(OC, Hy),

sec-Al(OC, H,);, Ca(NO,),
Ti(OC,Hy),, Zt(NO;), - 5H,0

Ca(OC,H;),, Na(OC; Hy)

H,BO,, B(OCH,),, NaOCH,

B(OCH,;);, A(OC,H;),, Ba(OC, H;s),,

S{OCH,),, H; BO,, Sec-Al{OC,H, ),
NaOCH,, KOC, H,

Not given

Not given

PO(OC, H;),, NaOCH,
n-B(OC, H,),, LiOCH,

Woignier et al. [122]

Héland et al. [137] (f) Glass—
cerarics

Pancrazi et al. [138]

Zhu Chongshen et al.

[139]

Yoldas [98]

Mukherjee [140]

Brinker and Mukher-

jee [92, 141]

Dislich {89] (g) glass—

ceramic films,
nucleation tem-
perature of
680° C, crystal-
lization tem-
perature 830°C

Yoldas [98] (h) glass—

ceramic com-
position

Gottardi [142]
Weinberg, et al. [143]

*When Si(OC,H;), (TEOS) is the only source of SiO; in a gel, it is omitted from this column.

+We corrected this composition, which is given in [98] with obvious misprints.
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temperature it will crystallize more rapidly than
a piece of the melted glass.

Mukbherjee and co-workers [101, 136] observed
a difference in the crystallization of gel-derived
and batch glasses in the SiO,~La,0, system even
after these glasses were remelted. In part this can
be explained by different amounts of alkali
impurities drastically enhancing crystallization
(one of the source materials for gel, Ludox, has
these impurities) or by a different OH content,
which is usually higher in gel glasses. Weinberg
and Neilson [145-148]) even found different
liquidus temperatures in gel and batch glasses
(both remelted) of the same composition in the
Na,0-5i0, system. They explained this dif-
ference by a different OH content (0.009% in the
gel glass compared with 0.005% in the batch
glass). We doubt whether this low OH content
could account for the change in the liquidus
temperature. Studying lithium borate glasses,
Weinberg et al. {143] did not detect any
difference in the behaviour (including crystal-
lization) between gel-sintered, gel-remelted
and batch-melted glasses of the same com-
position when the gels were thoroughly dehy-
drated.

6.1.2. Colloidal gels
Shoup and Wein [149, 150] prepared porous gel
bodies from mixtures of sodium or potassium
silicate (8.3wt % K,O and 20.8% SiO,) and
colloidal silica sol Ludox containing
~40wt % SiO,. The mixture of these two
materials with formamide was gelled and then
leached in weak acid solutions or NH,NO; sol-
utions to reduce the alkali content to < 0.02%.
The sol showed 13 to 25% linear shrinkage
during gelation. The gel consisted of spherical
particles of 30 to 180 nm in diameter. The aver-
age pore diameter of the gel decreased with an
increase in the amount of Ludox, and could be
in the range 10 to 350 nm. Every one of these gels
possessed a relatively narrow pore size distri-
bution. As seen, pores in this kind of gel are one
or two orders of magnitude larger than those in
alkoxide gels. Such structures are capable of
withstanding capillary forces at drying. In this
way relatively large articles could be formed and
sintered to a transparent glass.

Rabinovich et al. [151-157] developed a
method of preparation of high-silica glass
(96 to 100wt % SiO,, 0 to 4% B,0,) from
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‘between 300 and 900°C. This

commercial silica Cab-0-Sil (Cabot Corpor-
ation) prepared by reacting SiCl, in a flame.
The material has a BET surface area of
230m’g ' and a low impurity level [151, 152].
When dispersed in water or aqueous soltution of
H,BO;, this material forms a sol of pH 2.7. (It
was difficult to disperse more than 68 g of the
silica in 100 g H,0.) When poured into a stop-
pered silica tube this sol gelled in 1 to 2h and
was able to maintain its shape without a mould.
The gelation was reversible and, if the gel was
mixed again prior to drying, it returned to the
sol state. Drying resulted in fracture similarly to
that with alkoxide gels.

To produce large gel articles without fracture
the so-called ““double” processing was invented
152, 155]. The first sol was dried and formed
relatively dense pieces (note that the original
Cab-0-Sil is a fine fluffy powder) still with the
unchanged surface area, which remained prac-
tically the same even if the pieces were heated at
secondary
material, when redispersed again in a high-shear
device (e.g. a blender), again formed a sol and a
gel which could now be easily dried without
breaking. Porous tubes up to 40cm long and
3.8cm diameter and rods of various sizes could
be prepared.

An extensive study of gels by the method of
mercury porosimetry coupled with an
agglomerate study with a Coulter counter [152]
and by infrared spectroscopy [154] revealed the
details of gel formation. Every spherical col-
loidal silica particle (about 13nm in diameter)
has silanol groups on its surface, or they formed
by reaction of the superficial siloxane groups
with water. Wood et al. [154] found that these
groups adsorb H,0O molecules by hydrogen
bonding during dispersion. These particles are
able to move freely in the liquid phase, However,
on standing, the suspended particles may associ-
ate through spontanteously formed hydrogen
bonds between silanol groups on one particle
and siloxane groups on another. Thus the rigid
network is formed. This initial process can be
visualized as in Fig. 23 [154].

When the initial particles are joined, neck
growth occurs around the contact point as
described by Iler [108]. Silica is dissolved from
the exterior of the particles and deposited in the
neck region. Joining of other particles causes the
formation of chains and eventually a three-
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Figure 23 Structural diagram of atomic-level changes during gelation of a colloidal (Cab-0-Sil) sol. Dots represent hydrogen
bonds, and curved lines represent micelle surfaces (after Wood et al. [154]).

dimensional structure. The sol hardens to a gel
[152].

Redispersion results in a partial destruction of
the necks, and the fluidity is restored. However
not all the necks are destroyed, and the new sol
consists of aggregates. The structure of the
second gel can be represented as in Fig. 24 [152].
The relatively large pores between the aggre-
gates provide convenient paths for water
removal, and this gel can be easily dried. The
scheme of Fig. 24 was confirmed by electron
microscope study and by mercury porosimetry
[152]. The latter method showed a two-mode
pore size distribution curve: one maximum in
the region 1 to 8 um (inter-aggregate pores) and
the second one in the region 13 to 20 nm (intra-
aggregate pores).

The overall scheme of preparation of trans-
parent high-silica is shown in Fig. 25 [152]; the
detailed study of sintering of these glasses has

Figure 24 Schematic drawing of the microstructure of twice-
dispersed colloidal silica (after Rabinovich ez al. [152]).

been described [153]. The dynamic sintering
results are shown in Fig. 26. The isothermal
shrinkage data were also studied and Fig. 27
demonstrates their fit with Scherer’s model [21],
described in Section 2. As seen, reasonably good
fits were obtained up to g/g, = 0.5; after that the
fit was poor. Apparently Scherer’s assumption
[21] that the structure of a colloid before
sintering is approximated by an array of glass
cylinders is not quite true for the combination
of aggregates shown in Fig. 24. Calculated

FUMED SILICA
SUSPEND IN WATER

HEAT TREAT TO 150°C

A-MATERIAL

HEAT TREAT {1 HOUR AT
l’ 300°C TO 950°C E-MATERIAL

BLEND IN WATER
(OR AQUEOUS SOLUTION
OF H3B03)

CAST SOL IN MOULD

REMOVE FROM MOULD

[DRY AT 20°C TO 10°C

EE - MATERIAL

SINTER NEAR 1450°C

FINISHED GLASS

Figure 25 Process chart for the preparation of transparent
glass from colloidal gels (after Rabinovich et al. [152]).
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Figure 26 Density of gel-derived glasses as a function of
temperature for 400° Ch~' heating in air (after Johnson ez al.
[153]). (O) SiO,; (0) 97 wt % SiO,, 3% B,0,.

activation energies of viscous flows for sintered
gel-derived  glasses  were 598 kJ mol™!
(100% SiO,) and 460kJmol™' (3% B,0,),
which are close to values for commercial silica
glasses. However, values of the viscosity cal-
culated from the sintering data were high by
more than one order of magnitude [152].
Pieces of these glasses were sintered to essen-
tially bubble-free glasses in the atmosphere with
Cl, added (to dehydrate glass) at 1450 to 1550°C
during 15 min (heating rate ~400°Ch~"). How-
ever these glasses had some bubbles and other
defects, apparently due to large pores [153]. In a
later work Rabinovich et al. [156] reported that
a new (unspecified) method for the second dis-

1.0

persion resulted in reduction of the larger pore
sizes, and provided defect-free glasses by
sintering at as low as 1260 to 1300°C. Dehy-
dration by chlorine resulted in an OH level
below 1 ppm. Tubes up to 25cm long with 2.3/
1.7 cm outside/inside diameter were produced by
this method (Fig. 28). Properties of these gel-
derived glasses were similar to those of comm-
ercial silica [151, 152], although the modulus of
rupture was somewhat lower if fire polishing had
not been applied.

Scherer and Loung [158] reported the prep-
aration of colloidal gels from silica particles 60
to 100nm in diameter (surface area 27 to
45m* g~ ") produced by flame oxidation of SiCl, .
The particles were dispersed in organic liquids
such as chloroform or n-decanol with the
additions of amines or ammonia. Because much
larger particles were taken than in work by
Rabinovich et al. [151-157], double processing
was not necessary (it is difficult to gel such rela-
tively large particles in aqueous solutions). The
dried gels were sintered at 1450° C in an He/Cl,
atmosphere. A glass rod of 1.3cm in diameter
and 7 cm long was prepared by this method; the
OH content was below 1 ppm. The process of
sintering could be well described by Scherer’s
model [21].

Sacks and Tseng [159, 160] described the
preparation and sintering of silica glass from
powder compact. The powders were prepared by
hydrolysis of TEOS in the presence of ammonia
— amethod similar to that used by Shimohira et
al. [25] (see Section 2). The resulting particles
[159, 160] were relatively large and uniform in
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data for gel-derived SiO, to sintering
model [22] (after Johnson et al. [153]).



Figure 28 Colloidal silica gel tubes (a)
before and (b) after sintering. Glass
tubes are fire-polished, except the bot-
tom one, the left end of which is coated
with glycerine to remove surface haze
(after Rabinovich et al. [156]).

size (0.2 to 0.6 um depending on conditions of
preparation) with a surface area near 7.5m*g™".
The highly ordered compacts were prepared by
precipitation of the powders and then sintered in
the range from 900 to 1050° C. The process of
sintering was found to conform to the models of
Mackenzie and Shuttleworth [11] and of Scherer
[21]. However, only small (0.8 cm diameter and
0.08cm thick) translucent rather than trans-
parent specimens could be prepared by this
method [159, 160} at 1000° C. The use of higher

sintering temperatures resulted in devitrifi-
cation.

Table IV outlines the main differences
between alkoxide network and colloidal gels.
One of the main problems with colloidal gels is
the introduction of components other than sil-
ica. It is relatively easy with alkoxides, but much
more difficult with colloidal silica. As was shown
above, B,O, can easily be introduced by using an
H,BO, solution [151-153]. Some success was
reported by Rabinovich er al. [157] with other
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TABLE IV Comparison of alkoxide network gels and

colloidal gels

Alkoxide network gels

Colloidal gels

Gelation is a result of
chemical reaction and is
irreversible

Glass-like network is
formed during gelation at
room or slightly elevated
temperature

Porous structure of the
unsintered dried gel
resembles that of a

Gelation is a result of
hydrogen-bond formation
between colloidal particles
and a liquid and is
reversible (thixotropy)

Continuous glass network
is formed only at sintering

Porous structure is defined
by random packing of
spheres and shapeless

non-sintered “thirsty” glass
(Vycor)

aggregates

glass formers such as P,O; and GeO,. However
AlLO,, TiO,, ZrO, and their compounds form
crystalline or easily crystallizing oxides and
provoke crystallization of glass during sintering
below the liquidus. Meissner and Stookey [161]
patented the preparation of gels from colloidal
solutions with soluble silicate (of sodium and
potassium) and their successful sintering into
glass.

Mazdiyasni [162] described methods of
chemical synthesis of single- and mixed-phase
oxide ceramics. If every particle has the same
multicomponent composition, then colloidal
methods can be applied to the preparation of
complex glasses. However, pores in colloids are
usually larger than in alkoxide network gels. This
results in higher sintering temperatures (e.g.
1300° C for colloidal SiO, compared with about
1000° C for alkoxide SiO,) which takes a glass
into the active crystallization range. Pure silica
glass has one of the lowest rates of crystal-
lization, and it is not easy to find an addition to
this glass (in a high-silica region) which will not
cause crystallization, even when it is present as a
part of the silicon-oxygen network. One of the
few exceptions is probably Al,O;: glasses in the
Al,0,-Si0, system with Al,O; < 5wt % do not
crystallize up to 1400° C [7].

6.1.3. Application of gel-derived glasses
Except for the relatively old and established
application of alkoxide gels to thin films depo-
sition [7, 89], we do not yet know any industrial
application of the sol-gel processes. However,
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the intensity of research in this area and the
promise of the methods are so high that this
statement may become obsolete even before this
review is published. The advantages of sol-gel
processes are: (a) preparation of glasses at tem-
peratures significantly below the conventional
melting temperatures (compare 1000 to 1450°C
for silica glass prepared by different gel methods
with 1800 to 2000° C for fused silica); (b) rela-
tively simple equipment and low capital invest-
ment due to the absence of glass melting
kilns — this also provides the possibility to
produce glasses of different compositions in the
same equipment and easy switching of com-
positions; (¢) very high homogeneity of glass [88]
because the mixing takes place in solution; (d)
the use of purified reagents and the absence of
contact with a container in the melted state
provides a high purity of the resulting glass
(some reservations relating to this statement will
be considered below); (e) the possibility of
producing unique glasses which cannot be
produced by melting due to crystallization or
phase separation (e.g. SrO-SiO, glasses, see
Table III [134]), or simply because melting tem-
peratures are too high. However, it remains to
be seen how large the fabricated articles can be
when made by a sol-gel process.

Several applications are widely discussed in
the literature. Henning and Svensson [117] used
their method of monolithic gel preparation in an
autoclave to produce Cerenkov radiators with a
refractive index of 1.01 to 1.06; aerogels
prepared by them (see Section 6.1.1.2) had just
this range of indices due to high porosity. How-
ever, this was a rather limited application for
scientific purposes.

Recently a short note appeared [163] that
“researchers at Lawrence Berkeley Laboratory
in California have begun a project to see if trans-
parent, microporous materials, called aerogels,
can be used to build insulating windows”. They
intend to explore supercritical drying to prepare
windows 2.54 cm thick with an insulation value
equal to 7.62cm of fibre-glass batting.

One of the most interesting applications of the
sol-gel process is the production of fibres,
especially of optical fibres. Susa et al. [164] dem-
onstrated the feasibility of this approach. They
prepared an alkoxide-derived silica rod, slowly
dried it and sintered it at 1200 to 1300° C. This
rod was used as the core material in optical fibre



preparation. The rod was put in a tube and a
boron-doped silica glass cladding was deposited
by chemical vapour deposition (apparently by
the MCVD method, see Section 6.2.1 below). The
transmission loss of the optical fibre drawn from
this preform was 6dBkm™' at a wavelength of
0.85 um.

Rabinovich et al. [156] reported an optical
fibre prepared by the MCVD process with the
colloidal (Cab-o0-Sil) gel-derived silica glass tube
(25cm long, 2.3/1.7 cm outside/inside diameter)
used as a substrate. The tube was fire-polished in
an atmosphere of helium and Freon 12, and an
Si0,-P,0,-F cladding and an SiO,~GeO, core
were deposited. The tube was collapsed and the
fibre was drawn with 150 um total diameter and
a core of 8.6 um; the refractive index difference
was An = 0.0045. This fibre showed a minimum
loss of 0.7dBkm™' at 1.15um, but the light-
guiding part of the fibre was not gel glass. A
gel-derived silica rod with silicone polymer clad-
ding gave a loss of 50dBkm™', but no special
precautions had been taken to ensure high
purity of the glass. (A recent, more advanced fibre
with a gel-derived tube serving partially as an
outer cladding is described in Section 6.2.1.)

It is interesting to compare this method [156]
with that of Scherer and Loung [158], although
no gel-derived fibre was described in the latter
paper. Both methods provide glasses of compar-
able purity with the same very low OH content.
Scherer and Loung used gelation of colloidal
silica of relatively low surface area, which
allowed them to avoid “double processing” for
the preparation of uncracked bodies. This seems
to be advantageous. However their liquids
(decanol and chloroform) are much more
expensive than the deionized or distilled water
used by Rabinovich er al. [152]. Besides,
chloroform is a dangerous substance and a
cancer suspect [165]; this alone may introduce
significant cost additions to provide safety, and
may offset the potential economical advantage
of the simpler processing.

Harmer ez al. [166] described another method
of optical fibre fabrication from gels. An
alkoxide solution is introduced into a vertical
silica tube and drains out slowly, leaving a thin
film inside. After gelation, drying and curing
during 30 min, the next layer is applied. They
compared this process with the successive layer
deposition in the MCVD process. In this way

they fabricated 0.5km of fibre with an 8%
GeO,-doped core with a loss of 22dBkm™" at
0.85 um. The high loss was attributed to tran-
sition metal impurities in the Ge(OC,Hjy),.

The same authors [166) provided some pre-
liminary calculations of production cost for
100000 km per year of a 50/125 um fibre with
TiO, used as a dopant. They compare these
calculations with similar calculations for the
VAD process (described in Section 6.2.1). The
production cost estimate (not including testing,
sorting and packaging) is 12 compared with
52 US$ per km of the fibre for VAD. Harmer et
al. [166] did not take into account that it is more
difficult to provide a high degree of purity in any
gel process than in any vapour deposition
process. The steps necessary to provide this
purity can significantly add to the cost.

Other kinds of glass fibres also can be
produced by gel methods. Sakka [7] wrote that
when 1 to 2mol H,O per 1 mol of an alokoxide
are used, acid catalysed gels can exhibit spinna-
bility during their polymerization. Both Sakka
et al.[7] and LaCourse e al. [167, 168] described
fibres from such gels which could be sintered to
glass fibres. However, the strength of these fibres
is significantly lower than that of fibres drawn
from a melt [168].

Glass tubes and other bulk glass materials can
be produced by gel methods. We think that
colloidal gel processes for pure silica or high
silica glasses [149-161] may eventually replace
the more complicated Vycor process (see Section
4,

6.2. Deposition from the vapour phase
for optical fibre fabrication

6.2.1. General description

The concept of the transmission of messages by
light is not new. “And what I watched for is a
beacon fire, a flash of flame to bring the word
from Troy, word that the town has fallen,” tells
a watchman in Aeschylus’ “Agamemnon.” Of
course, he expected not a real “word” but a
signal, the meaning of which was prearranged.
Yet it took until 1880 when A. G. Bell invented
the photophone [4] for speech to be transmitted
by light. Bell used the sun as a light source and
the atmosphere as the transmission medium;
both are unreliable. The invention of the laser in
the late 1950s rekindled the interest in com-
munication by light, but a reliable transmission
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medium was needed. Fibre optics based on glass
were proposed by Kao and Hockham in 1966
[169], and by 1970 low losses were reported by
Kapron et al. [170]. In the 1980s, lightwave
transmission systems are a reality.

A review of the whole concept was given by
Pearson et al. [4]; MacChesney [171] and Schultz
[5, 6] recently reviewed the state of the art in
optical fibre fabrication. Several books have
been published on this subject [172, 173]. A
detailed review of this complex problem is out-
side the scope of this paper. We shall briefly recall
the concept and the main technological prin-
ciples, and then consider publications dealing
with the sintering of optical fibre preforms.

A lightwave communication system consists
of three major components [4]: light source,
transmission medium, and the receiver con-
taining a photodetector. A fibre lightguide is
used as a transmission medium. Fig. 29 illus-
trates how light is transmitted by total internal
reflection. The cladding has a lower refractive
index than the core in a lightguide structure.
Three types of the fibre are single-mode, multi-
mode step index, and multimode graded index
[4]. The condition for single-mode operation [4]
is )

—Z‘f (nAn)'? < 2.41 7

where a is a core radius, 4 the wavelength, » the
core refractive index and An the difference in
refractive indices between core and cladding.
For A = 0.8um, n = 1.47 (fused silica) and
An = 0.01, the maximum core diameter is 2a =
3.5 um. At larger cores the fibre transmits lights
like a multimode.

A major property of interest in these glass
fibres is the optical attenuation, which is
measured in dBkm™'. For long-distance com-
munications the loss should be below 5dBkm ™'
[4]. Intrinsically, attenuation in glasses is caused
by absorption due to electronic transitions and
molecular vibrations, and Rayleigh scattering
due to density and concentration fluctuations.
These phenomena are at a minimum in the near
infrared region of the spectrum. However,
extrinsic sources of optical attenuation such as
scattering due to inhomogeneities and absorp-
tion primarily due to impurities of transition
metals and water must be tightly controlled.

Lossy jacket

Figure 29 Light from a point source collected and guided by
a glass fibre lightguide (after Pearson ef al. [4]).

Early research on optical fibre preparation
used technology similar to that for continuously
fabricated strands of fibres [1, 4] except that
double-crucible techniques were employed [4].
Various ways of preparing ultra-high purity
multicomponent glasses were tried, and signifi-
cant but insufficient progress in reduction of the
attenuation was reported (down to 12dBkm™").
However, the real breakthrough occurred when
flame hydrolysis and chemical vapour depo-
sition processes were used. Their emergence
coincided with the conclusion that high-silica
compositions rather than multicomponent
glasses were the materials of choice because they
showed very low optical attenuation in the near
infrared region of the spectrum [4, 169].

The very high temperature for melting silica
required new methods for its preparation. At the
same time it became clear that liquid silicon
tetrachloride (SiCl,) is a desirable raw material,
because it is much more volatile than transition
metal halide impurities; it can therefore be
vapour entrained and then hydrolysed or
oxidized in the vapour phase, yielding very pure
fine amorphous silica particles [171]. Hyde [174]
showed that these particles (soot) can be vitrified
to bubble-free glass at temperatures below the
liquidus.

Fig. 30, derived from reviews by MacChesney
[171] and Schultz [5], shows the three main
processes currently used worldwide to produce
optical fibres. In Corning’s Outside Vapour
Phase Oxidation (OVPO) process* (Fig. 30a),
SiCl, mixed with dopants (e.g. GeCly) is hydro-
lysed in a gas—oxygen burner to produce a stream
of fine particles. These particles are deposited
on a rotating mandrel. When a sufficiently

*Schultz [5] calls this process Outside Vapour Deposition (OVD).
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Figure 30 Processing scheme for the preparation of optical
fibres: (a) OVPO process developed at Corning Glass Works
(after Schuitz [5]); (b) MCVD process of AT & T Bell Lab-
oratories; (¢) VAD process developed in Japan. (b) and (c)
are after MacChesney [171].

thick layer is formed, another layer with a
composition to yield a lower refractive index
glass is deposited. The mandrel is then removed,
and the porous preform is sintered to a glass
blank which, in its turn, is drawn to produce a
fibre. During the sintering, but prior to pore
closure, a chlorine treatment results in the
reduction of OH contamination to less than
0.1 ppm [5, 6]. The characteristics of fibres thus
produced are presented in Table V.

The Chemical Vapour Deposition (CVD)
method consisted of the direct deposition of a
thin glassy layer on the inside wall of a quartz
tube as a result of heterogeneous reaction of

SiH,, GeH, etc. with O, or CO, near the tube’s
wall [171]. However, the method was limited to
low deposition rates. Attempts to increase the
rate of supply of the reagents resulted in hom-
ogeneous reactions with formation of particles
which were incorporated into the glass layer and
produced. defects.

A modification of this method called Modi-
fied Chemical Vapour Deposition (MCVD)
proved to be a great technical and commercial
success. The method, described in Fig. 30b, was
invented by MacChesney et al. [171, 175-179] at
Bell Laboratories. The reagents are chlorides,
such as SiCl, and GeCl,, and they pre-
dominantly react homogeneously with oxygen in
the gas phase to produce silica or doped SiO,
particles. These particles are deposited on the
tube walls by thermophoresis and are sub-
sequently vitrified by sintering. In the MCVD
process, first the cladding material and then the
core is deposited. An external torch travelling
along the length of the rotating tube provides the
thermal energy to sinter each deposited layer (at
1600 to 1900°C). Upon completion of the
deposition, the tube is collapsed by heating to
higher temperatures to form a glass preform
(blank) from which the fibre is drawn.

Over the past decade the MCVD process has
been perfected to become a large-scale manufac-
turing process. Because the reaction takes place
inside the closed tube, clean-room conditions are
unnecessary to maintain high purity. The
thermophoretic mechanism of particle depo-
sition has been established [179]. Its math-
ematical modelling (by Walker et al. [180])
predicted the deposition efficiency in terms of
process variables. The radio-frequency plasma
MCVD process [181] achieves very high depo-
sition rates by maximizing these phenomena.
The rate of the deposition in the MCVD process
has been increased from about 0.2gmin~! in
1974 to 2.3gmin~" in 1982, while the plasma
method achieved the rate of 6gmin~' in 1983
[182, 183].

The third major lightguide fabrication
method (Fig. 30c) is Vapour-phase Axial
Deposition (VAD), first reported by 1zawa e al.
[184, 185]. It is somewhat similar to OVPO,
because it is an outside soot process. However
the soot is deposited on the end of a rotating
mandrel, thus eliminating the central hole. The
porous preform can be pulled up through a ring
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TABLE V Examples of optical fibres prepared by the OVPO (OVD) method, after Schultz [5]

Example A B C
Numerical aperature 0.2 0.3 0.3
Core diameter (um) 50 100 100
Fibre diameter (um) 125 140 140
Core glass system GeO,-P,0,-8i0, Ge0,-B,0,-8i0, Ge0,-8i0,
Clad glass system Si0, B,0;-Si0, B,0,-5i0,
Attenuation (dB km™')

820 nm 2.5 4.0 4.0
1200 nm 0.6 2.0 1.5
1300 nm 0.7 3.0 1.5
1500 nm 0.8 - 2.0
1600 nm ' 0.3 - 25

ppm OH <0.1 <0.1 <0.1
Bandwidth (MHz km) > 1000 > 200 >20

heater in which sintering of the previously
deposited material takes place in the presence of
Cl,, while deposition continues at the bottom.
The process can be monitored and controlled
using feedback from a TV camera. Lightguides
of excellent performance have been achieved
with this process, and it has the potential for
operation in a continuous mode.

All three methods are compared in Table VI,
compiled by Nagel et al. [179]. The loss is
shown for multimode fibres only. Losses as low
as 0.16dBkm™' have been achieved in single-
mode fibres [186]. In a recent experiment [187]
light was transmitted error-free at 420 MB sec™'
in such a fibre over distances of 203 km. This

compares with a typical repeater spacing for
modern coaxial cable systems of 9km [171].
All three methods use GeO, and P,0, dopants
to increase the refractive index, and B,0, to
decrease the index. Recently fluorine doping to
decrease the refractive index has become import-
ant [188, 189]. As mentioned in Section 6.1.3,
tubes were fabricated by a colloidal (Cab-o0-Sil)
gel method used in conjunction with the MCVD
process (MacChesney et al. [190]). Fluorinated
and dehydrated colloidal gel substrate tubes
were prepared to match the refractive index of
fluorosilicate claddings. This eliminated leaky-
mode effects and reduced the amount of
deposited cladding required by at least a factor

TABLE VI Comparison of optical fibres produced by different methods, after Nagel et al. [179]

Parameter OVPO MCVD VAD
Standard Plasma
Numerical aperture (NA):
typical 0.2 0.23 0.23 0.2
maximum reported 0.3 0.38 - 0.32
Deposition rate (g min~'):
typical 1.5 to 0.35t0 0.5 3.5 0.3t0 0.5
2
maximum reported 4 1.3 5.0 2
Efficiency (%) 50 50 80 60
Maximum blank length reported (km) 40 40 >20 100
Best multimode results for fibre 0.21 0.23 0.2 0.21
with NA;
loss (dB km™') at
0.82 um 2.5 2.6 2.8 2.5
1.3 um 0.7 0.45 0.7 0.42
1.5 to 1.6 yum 0.8 0.35 0.5 0.31
Bandwidth (GHz km) >3 5 - 6.5
Min. OH(ppb) 10 3 10 1
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Figure 31 Micrograph (top views) showing consolidation of a GeO,-B,0,-Si0, layer at progressive locations of the MCVD
tube in the axial direction: (a) 0sec, 700° C; (b) 1sec, 1200° C; (c) 2sec, 1600° C; (d) 3 sec, 1600° C. The temperature gradient
in the tube was about 300° Cem™!; helium was admixed with O, (after Walker et al. [191]).

of four. The ratio diameters of the deposited
cladding to core was 4.5. The core was of a
GeO0,-Si0, composition, and the silica cladding
was doped with fluorine. The light field travelled
in the deposited core and cladding, but leaky-
mode losses from tunnelling to the higher-index
outer cladding (the substrate tube) were preven-
ted. The single-mode fibre prepared using such a
tube exhibited a minimum loss of 0.28 dBkm™'
at 1.55 um. A similar fibre prepared with a com-
mercial silica tube (not depressed index) showed
a minimum loss of 3dBkm™' at 0.95 um, with
greatly increased loss at longer wavelengths.

6.2.2. Sintering of porous preforms

Several workers [21-23, 191-193] have examined
the sintering step in optical fibre preforms
prepared by the three methods. Walker et al.
[191] studied sequential positions along an
MCVD tube. A sample was prepared by simul-
taneously turning off the torch and reagent flow
during the middle of the torch’s travel under
normal MCVD conditions. The reagents (SiCl,,
GeCl,, BCl,) were delivered by a flow of oxygen

of 1100 to 3002cm’min~', with or without
helium admixed (500 cm®min™").

Some electron micrographs of the layers at
different temperatures are presented in Fig. 31.
As seen, the initial stages of consolidation pro-
ceeded via neck formation and growth, then
smooth bridges formed and grew more slowly to
form a pore-free glass. It was shown that the
presence of helium increased the consolidation
rate, but no qualitative effect of it on the sinter-
ing was observed. The closed pores were irregu-
lar in shape, indicating that diffusion of gas out
of the closed pores was faster than the transport
of glass during pore shrinkage. In the next
experiment a very low density layer was
deposited on the top of a very dense thin layer.
In this case the layer next to the gas stream
happened to be SiO,- poor, and thus of lower
viscosity; it therefore sintered more rapidly than
the SiO,-rich layer next to the tube wall. This
resulted in the entrapment of a layer of pores
beneath 10um of the pore-free glass. With
further heating these pores continued to shrink
and disappear (Fig. 32), confirming that dif-
fusion of gas through the glass is faster than the
flow of glass.

Consolidation of these GeO,-B,0,-SiO,

Figure 32 Micrographs (edge views), illustrating that diffusion of gas is faster than mass transport of glass: (a) 1 sec, 900° C;

(b) 2sec, 1600° C; (c) 3sec, 1600°C (after Walker et al. [191]).
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layers proceeded both axially (due to progressive
heat treatment) and radially (due to a com-
position gradient). The composition next to the
wall had the highest content of GeO, and hence
the lowest viscosity. Consolidation of pure silica
layers proceeded uniformly across the layer due
to the lack of a composition gradient [191]. The
theory of sintering of MCVD layers based on
Frenkel’s theory [10] (see Section 2) was devel-
oped by Walker et al. [191] and showed good
agreement with experiment. The consolidation
rate was experimentally and theoretically shown
to be extremely sensitive to thermal conductivity
of the gas and concentration of dopants, the
latter through its effect on the viscosity of the
material being sintered.

It was shown [191] that bubble formation can
occur during collapse of the MCVD preform as
a result of incomplete consolidation or excessive
deposition temperature. Walker et al. [191]
established that a critical temperature exists
which determines whether the gas flux is in or
out of a pore. Above this temperature the closed
pore will become a growing bubble. This tem-
perature is determined by equilibrium in the
reaction GeO, = GeO(g) + 1 O,(g); GeO gas
is assumed to fill the growing bubbles. Such
bubble growth can be avoided as long as the
proper time—temperature programme is chosen,
showing that there is no fundamental limit to the
thickness of an MCVD layer which can be suc-
cessfully sintered.

Yan et al. [192] studied the sintering of soot
similar to that of OVPO boules. It was shown
that the microstructure of porous material is
similar to that of MCVD. The soot consisted of
Si0, and B,0, particles, prepared by flame

hydrolysis of SiCl, and BCl,. This soot was
deposited on an aluminium mandrel 1.74cm in
diameter; the oxide layer was about 30 cm long
and 0.5cm thick. This is a significantly higher
thickness than layers sintered in the MCVD
process. The composition of the layer included
6wt % B,0;. The oxide shell removed from the
mandrel was sintered in a flow of helium. Each
specimen was preheated to 800°C for 10 min,
and then moved into the hot zone for sintering.

The sintering kinetics of the porous material is
shown in Fig. 33. The sintering is negligible
below 1000° C, then the rate rapidly increases
with temperature. The sintering data are
described well by the theoretical models of
Frenkel [10], Mackenzie and Shuttleworth [11]
and Scherer [21-23] exemplified by Figs. 3 and 5.
This model (see Equation 4 in Section 2) allows
calculation of the viscosity. Yan et al. [192],
performing such a calculation, found that the
values were consistent with the published vis-
cosity data for the borosilicate system. For the
glass under study, with 6wt % B,0O;, depen-
dence of the viscosity on temperature had the
Arrhenius form and could be expressed as
(Nsecm™) = 1.49exp [215 (kJ)/RT]. Yan et al.
[192] predicted the necessary temperature
adjustment required to maintain the same
sintering conditions when the B,0, content is
changed. It was shown that increasing the B,0;
content reduces the bubble formation
phenomenon. The authors [192] maintain
that their predictions should be valid for the
MCVD process as well. Scherer and Bachman
[21-23] also studied the sintering of OVPO
preforms (these papers are reviewed in Section
2).
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Sintering in the VAD process was studied by
Sudo et al. [193]. The significant differences from
the MCVD process are: (a) in VAD the sintering
at 1500 to 1600° C is not followed by a collapse
step at higher temperatures; (b) the atmosphere
during sintering can be separated from the
atmosphere during deposition and thus can con-
tain pure helium without oxygen; (c) the thick-
ness of a sintered material is much larger. Sudo
et al. [193] studied the sintering of a cylindrical
porous preform 6cm in diameter and 27 cm in
length with a bulk density of 0.3 gem ™. After
sintering the diameter was reduced to 2.5cm.
The preform was prepared by flame hydrolysis
of SiCl,, GeCl, and POCI,. The temperature
gradient at the hot zone region was 140°Ccm ™',
and the pulling speed through the furnace was
0.4cmmin'".

Fig. 34 shows the process of sintering in a
helium atmosphere; the scheme illustrates the
positions in the preform from which the speci-
mens for the micrographs were taken. A pro-
gressive sintering to a transparent glass is
shown. In contrast, sintering in argon resulted in
pore expansion after a closed-spherical pore
state was reached, similar to that in Fig. 34d.

Sudo et al. [193] developed a theory describing
the final stage of sintering and bubble forma-
tion. While Walker ez al. [191] considered the
critical temperature for bubble growing in the
conditions of changing temperature of the
MCVD process (collapse after sintering), Sudo
et al. [193] were concerned with the critical pore
diameter for constant sintering temperatures.
The critical diameter d, determines whether the
pore will shrink (d < d.) or expand (d > d,)
with temperature increase. The theory for cal-
culation of ¢, was developed. For a temperature
of 1600K,

d, = — 0.545 x 107

+ (0.297x 1076 + 2.09 x 10* K/CL)"?
(®)

where K = DS is the gas permeability in glass,
D is the diffusion coefficient of the gas in the
glass, S is the solubility of the gas in the glass,
C = AT/At is the rate of temperature increase
and L is the glass wall thickness. From operating
conditions C = 1Ksec™", L is estimated as

0.1cm, K(He) = 8.32 x 1077 and K(Ar) =
227 x 10" "cm’cm 'sec'atm~' K~'. From
these values d(He) = 500 um, while d(Ar) =
= 0.6um. This clearly favours the use of a
helium atmosphere for sintering, although
bubble-free preform could be produced in argon
as well when lower values of C were used. The
analysis for mixed gas atmospheres given by
Sudo et al. [193] is important for dehydration of
the VAD preforms in the presence of SOCL
[194]. Oxygen, bubbled through liquid SOCI,
and saturated with it, was introduced to the
consolidation furnace together with helium gas.
The final OH content was below 0.5 ppm, and
the fibre produced from this preform showed a
loss of 0.62dBkm ! at 1.61 um.

As seen, all three main processes for optical
fibre preparation have a lot in common: all
require dehydration by Cl, or chlorine-contain-
ing compounds; all obey Frenkel’s theory for the
initial stages of sintering; and all require control
of the sintering atmosphere and conditions to
achieve a bubble-free glass. As discussed, these
results were utilized by workers [153, 157] who
consolidated gel-derived porous structures to a
transparent glass.

Optical fibre science and manufacture rep-
resent the highest achievements in glass science
and technology, where such parameters as
optical attenuation and strength are close to
theoretical values. Steady progress in fibre per-
formance and process improvements have
resulted in large-scale manufacture at low cost.
These achievements have resulted in lightwave
communication systems, using glass fibre light-
guides as the transmission media, being rapidly
implemented in the United States and through-
out the world.

7. Summary

In traditional glass-making, melting procedures
were inseparable from glass formation. The pur-
pose of this review was to demonstrate that in
today’s technology sintering techniques are
increasingly being used in glass manufacture.
These techniques comprise traditional ceramic
methods applied mainly to premelted glass pow-
ders. However, entirely new methods of glass
preparation have also emerged which are unlike
any previously known: sol-gel methods, and

*This value is given erroneously by Sudo ef al. [193] as 4 cm min ™~ '; the correct value has been communicated to the present

author by Dr S. Sudo.
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(f)

Figure 34 Sintering of a VAD preform in helium: (a) initial pore state; (b) open pore state; (c) closed pore state; (d)
closed-spherical pore state; (e) bubble-free transparent glass. The diagram (f) illustrates positions in the preform correspond-
ing to pictures (a) to (e); a dashed line shows the specimen dimensions (the lower diameter of the preform is 6 cm. After Sudo

et al. [193].

chemical vapour oxidation and hydrolysis
deposition. The sol-gel route of glass and cer-
amic preparation is blossoming as a science but
is still in its infancy as technology. In contrast,
optical fibre fabrication is a well-established

4292

technology which has been developed, and in
some aspects perfected, as never before relative
to other branches of glass technology. All this
may require the rewriting of glass technology
textbooks with stronger emphasis on sintering



processes as equal partners with glass melting
processes.
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