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INTRODUCTION

The melting of glass in a terrestrial environment involves an
obstarle to maintaining high purity levels due to contamination by con-
tainer walls, a problem which can be alleviated by containerless melting
in the space environment. The ultimate objective of the present research
program is to take advantage of the containerless melting of glasses in
space fur the preparation of ultrapure homogeneous glass for optical
waveguides. However, the homogenization of the glass using conventional
raw materials is normally achieved on earth either by the gravity induced
convection currents or by the mechanical stirring of the melt. Because
of the absence of gravity induced convection currents, the homogenization
of glass using conventional raw materials will be difficult in the space
environment.

Multicomponent, homogeneous, noncrystalline oxide gels can be
prepared by the sol-gel process and these gels are promising starting
materials for melting glasses in the space environment. The sol-gel pro-
cess referred to here is based on the polymerization reaction of alkoxy-
silane with other metal alkoxy compounds or suitable metal salts. Many
of the alkoxysilanes or other metal alkoxides are liquids and thus can be
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purified by distillation. The use of gels offers several advantages such
as high purity and lower melting times and temperatures. Hence, the pre-
sent research program aims at the utilization of the sol-gel process for

the preparation of multicomponent, ultrapure glass batches for subsequent
containerless melting of the batches in space to prepare glass blanks for
optical waveguides.

Prior to "space readiness", however, several critical control
points must be carefully evaluated on earth. Hence the present ground
based program comprises two major phases; Phase 1 and Phase 2.

Phase 1 involves the following activities:

e Selection of the best multicomponent glass system

suitable for optical waveguides.

e Choice of composition in a particular system.

e Preparation of gels in the chosen multicomponent

system (with reagent grade chemicals) by different
procedures.

e Thermal treatment of gels for removal of volatiles

and water,

e Characterization of gels,

o Melting of gels prepared by different procedures.

e Characterization of the resulting glasses in terms

of properties relevant to optical waveguide appli-
cations.

Phase 2, to be initiated in a follow-on effort, plans to concen-
trate on the following activities:

® Preparation of ultrapure gels by using ultrapure

chemicals and a Class 100 clean room.

® Melting of ultrapure gel pellets using both a

container and containerless melting.

e Characterization of glasses in terms of trace

level transition metal impurities and absorptive
losses.

Some of the activities of Phase 1 were performed during
1979 (JPL Contract 955361) and have been reported in the Final Report

BATTELLE — COLUMBUS
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to Jet Propulsion Laboratory, dated February 22, 1980. Further Phase 1
activities were performed in 1980 and are summarized in an Interim Report dated
January 15, 1981. The latter work consisted of the following activities:
(a) Preparation of gels in the alkali borosilicate
system by different procedures developed during
the initial period of the program.

(b) Evaluation of the physico-chemical nature of
gels prepared by different procedures.

(c) Investigations of the structure of glasses obtained

by the melting of gels prepared by different
procedures.

(d) Effects of the melting history (e.g., time and

temperature) on the structure of glasses
obtained from gels,

(e) Thermal treatment for the removal of hydroxyl

groups from gels.

In this Final Report, Phase 1 has been completed and represents
work carried out through July 31, 1981. In this period, emphasis was
placed on gel preparation procedures and compositions to show that
the physico-chemical nature of the gels are strongly influenced by the process
parameters.

SUMMARY

Qur primary objective is the utilization of the sol-gel process
for the preparation of multicomponent, ultrapure glass batches for subse-
quent containerless melting to prepare glass blanks for optical waveguides.
The objectives of the completed first phase of the work were as follows:

o Selection of a multicomponent glass system for

optical waveguide applications.

e Development of gel preparation procedures for

the chosen multicomponent system (with reagent
grade chemicals).
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o Thermal treatment of gels for removal of volatiles
and water,
e Characterization of gels.
o Melting of gels prepared by different procedures.
e Determination of water content of the resulting
glasses,
e Rayleigh scattering studies of the glasses pre-
pared by the melting of different gels.
e Comparison of the microstructures of the phase
separated glasses obtained from the gels prepared
by two different procedures.
The glass system chosey in the first task of the program was the Na20-
8203-51'02 system. The intrinsic attenuation of the glass was originally
of interest in the visible and near infrared region (0.80 to 0.9 um) of
wavelength. The alkaliborosilicate system was acceptable in this first
operatina wavelenqgth region. This glass system was investigated

for optical waveguide applications.(]) Consequently, some
properties of this system relevant to the optical waveguide application

were available. So, the soda borosilicate system is an ideal system for
the development and understanding of the gel preparation procedures and
also for the characterization of the gel-derived glasses because the
physico-chemical properties and structures of the glasses in this sustem
are available in the literature.

The results of this research project completed in July, 1981,
can be summarized as follows:

Gels of different compositions in the sodium borosilicate system
were vrepared by three different procedures using three different sources
of Na20. The influence of various process parameters (such as chemical
nature of the reactants, the pH of the medium, the concentration of water
and the reactants) on the gelling process were investigated. The results
show that the physico-chemical nature of gels and gel-monoliths are strongiy
influenced by the process parameters.

The removal of organics for the gel powders were related to the
gel preparation procedures and the rompositions of the gels. The different

BATTELLE — COLUMBUS
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time and temperature required for the removal of organics from the different
gels might be explained in terms of entrapping of the residual organics

in the pores which would depend on the naiure of the porosity and the rate
of closing of the pore during the thermal treatment cycle Th- difference
in the physico-chemical nature of the gels could be explained in terms of
the anticipated mechanics and kinetics of the gelling processes that take
place under the experimental conditions in each procedure used. Infrared
absorption spectra of the gels prepared by the different procedures indicate
some finite differences in the molecular structure of the gels. However,
the melting of gels at higher temperatures (>1200 C) results in near equi-
Tibrium in the melts for each of the gels. The microstructures of the

phase separated glasses obtained from the gels prepared by the different
procedures were found to be different. Most likelv, the difference is

due to the presence of different concentration of hydroxyl groups which
influence the phase separation. The hydroxyl groups from the porous gel
powders were reduced to a great extent by passing dry oxygen or reactive
gases through the porous gels at temperatures below the clt ing of the
pores. The hydroxyl content of glasses obtained by the meliing of gels
prepared by the different procedures were also found to be different.
Furthe- removal of hydroxyl groups was achieved by bubbling dry N2 through
the glass during melting. The hydroxyl content of the glasses after
bubbling with dry N2 was in the range nf 10 to 20 ppm. No further sys-
tematic investigation was carried out to get a minimum value. It may be
noted that the proper choice of temperature, time, and reactive gas

during the chemical treatment of the gel powders would further reduce

the hydroxyl content of the giass. The glass composition we used con-
tained a high concentration of 8203, and consequently, it required highly
controlled experimental conditions for the further reduction of hydroxyl
groups from these glasses. Rayleigh scattering studies of the glasses
obtained from the gels prepared by different procedures were made. The
results of these Rayleigh scattering measurements indicate that the homogeneity
of gel-derived glasses is much higher than that of the glass prepared by the
conventional technique. The results also indicate that there is a difference in

homogeneity of the glasses prepared by different gel preparation procedures.
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PART IA. GENERAL EXPERIMENTAL PROCEDURES FOR GEL-DERIVED GLASSES

The experimental procedures of the present work have been divided
into the following activities:

e Choice of composition.

o Preparation of gels.

¢ Thermal treatment of gels.

o Characterization of gels.

¢ Conversion of gels to glasses by melting.

¢ Characterization of glasses.

Choice of Composition

The objective of the initial work was to establish the procedures
required to prepare multicomponent glasses via the gel route and evaluate
phenomena 1ikely to be important in melting and characterization of glasses.
Three different compositions were chosen to study the various aspects of
the present investigation. The compusitions are given in Table 1.

Composition 1 lies outside the metastable liauid-liquid immis-
cibily zone of the ternary Na20-8203-51'02 system. It was selected to
establish the oel preparation prccedures and to investigate the removal
of hydroxyl groups frem the gels before melting, and subsequently from
the glass during melting. Moreover, it was presumed that the preparation
of gels with such high alkali content would encounter more difficulties
assuciated with non-uniform distribution of Na‘* ions.

Composition 2 was chosen for preparing glasses for the Rayleigh
Scattering studies. This composition was chosen because some previous
work(z) on Rayleigh Scattering has been done with this composition prepared
by conventional methods and, as such, it would be possible *o compare
the results of the gel-derivec glasses with those of the conventional
glasses.

BATYTELLE — COLUMBUS
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TABLE 1. COMPOSITION OF GLASSES

Composi{ion (Weight ;::ZZ:E;
No. SiO2 8203 Na20
] 60.0 15.0 25.0
2 55.0 25.0 2G.0
3 60.0 30.0 10.0
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Composition 3 which falls within the 1iquid-1iquid immiscibility
zone in the Nay0-B03-Si0p system was chosen to study the phase separation

behavior of gel-derived glasses.
The locations of the above compositions in the N320-8203-5102
ternary diagram is shown in Figure 1.

Preparation of Gels

The development of the gel preparation procedures has been
considered in terms of several factors which are important for fulfilling
the objectives of the present research program. The following factors
have been considered.

e Chemical nature of the s.arti..g compounds and

the purity attainable with the starting compounds.

e Homogeneity of the multicomponent solution and

the gelling process.

e Removal of volatile organic or inorganic com-

pounds by thermal treatment.

e Crystallinity of gels.

Starting Compounds

The following starting compounds have been used as sources of
different oxides in the different procedures.

Oxide Scurce
S1'02 Tetraethyl Orthosilicate
8203 Boric Acid
Trimethyl Borate
Na20 Sodium Methylate

Sodium Nitrate
Sodium Acetate

EATTELLE — COLUMBUS
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Note that the compounds that are commercially available
in ultrapure conditions are:

Tetraethyl Silicate

Boric Acid

Sodium Nitrate
Though trimethyl borate is not available on the market it can be,
in principle, purified to ultrapure condition by distillation.

Homogeneity of the Solution and the Gelling Process

Since the homogeneity of gels in terms of cation distribution
is an important objective of the present work, the preparation procedures
have been critically judged in terms of homogeneity. Thus, the stability
of the solution on addition of different constituents and the homogeneity
that could be achieved were considered.

The homogeneity and the stability of the solution are influenced
by various process parameters such as the nature of the reactants, the pH
of the medium, the concentration of the reactants, and the presence of
minor additives. A qualitative assessment of the above factors have
been made.

Removal of Qrganic Groups

The removal of residual organic groups from the gel by the low
temperature (<500 C) thermal treatments is a complex process and appears
to be also related to the gel preparation procedures. The primary concerns
were to prevent carbonization during the thermal treatments, and to have
an understanding of the relation between the gel preparation process and
the removal processing of the organic groups.

BATTELLE — COLUuMBUS
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Crys 31linity of Gels

The primary concern was to prepare gels without any crystallinity
and to examine the crystallinity, if any, developed after thermal treatments.

Gel Preparation Procedures

Gel preparation procedures based on two different approaches
hav:: been developed. The first approach consists of the reactions of
all or most of the reactants in nonaqueous solvents. Initially, all or
most of the reactants were allowed to mix and react with each other in
the presence of a catalyst. Subsequently, the gelation was initiated
by one of the following ways: {(a) adding a limited amount of water,
ind (b) by exposing the final solution to atmospheric moisture.

The second approach is based on the initial partial hydrolysis

f tetraethyl orthosilicate by the addition of a limited amount of water
end an acid catalyst before the addition of other constituents. Subsequently,
aqueous soluti~s of the other constituents were added for the reaction
and gelation.

The gel preparation procedures developed for the compositions
sele.ted for the present investigations are described separately for
each composition in a later section of this report.

Thermal Treatment of Gels

The main objective of the thermal creatment is to remove the
vola' le organic or inorganic compounds or groups (such as alcohols,
nitrates, hydroxyl groups and alkoxy groups) by volatilization and de-
composition, and thus to transform the gel to homogeneous non-crystalline
oxides. After the preparation, the gel may be visualized as a system
of solid character in which the macromolecules are dispersed in a solvent
and omehow constitute a coherent structure. Thus, it contains the
<olvent, the alcohols produced by the reaction, chemically bonded unreacted
residual alkoxy groups, and residual unreacted water. Hence, the following
phenomena might occur during the thermal treatment.

BATTELLE ~ COLUMBEBUS
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e Removal of solvents and the release of free alcohols
at a lower temperature.

e Hydrolysis of the chemically bonded alkoxy groups
with the atmospheric moisture or with the excess
water incorporated during the preparation of gel.

o Oxidation and removal of organic molecules as COZ
and HZO at a later stage of thermal treatment. The
presence of oxygen is beneficial at this stage.

e Formation of micropores with highly reactive surfaces

after the removal of solvents and residual organic
groups.

e Collapsing the pores to form a dense structure or
to form closed pores.

The main concern for the thermal treatment in the present work
is to develop a procedure which would secure the maintenance of gel purity.
Hence, a time-consuming thermal treatment procedure is not desirable.

To realize this objective various combinations of steps involving humidity
treatment, heating in steps and different rates of heating were used.

The thermal treatment procedures followed for removal of organics from

the gels of the compositions selected for the present investigation are
described separately for each composition.

Characterization of Gels

The physico-chemical nature of gels is controlled by the method
of preparation. Hence, attempts were made to characterize gels prepared
by different procedures to know the physico-chemical properties of the
gels after thermal treatments. The following aspects were examined.
Color.

Carbon content.
Crystallinity,
Specific surface areas.
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Conversion of Gels to Glasses by Melting

The melting of gels were done to achieve the following:

Time and temperature required to obtain glasses
free from melting defects.

Reduction of hydroxyl content of the glass.

Gels of one composition but prepared by different
procedures were melted in order to determine the
Rayleigh Scattering loss in relation to the method
of preparation and the heat treatment of the
glasses. Also, one glass sample was prepared by
conventional techniques using the same composition
for comparison.

Gels of one composition but prepared by different
procedures were melted to investigate tne phase
separation behavior of gel-derived glasses.

Characterization of Glasses

The glasses obtained from gels prepared by different

procedures were characterized with respect to the following aspects:

Melting defects (i.e., bubbles and particles)
Microstructures evaluated by Electron Microscopy and
Small Angle X-ray Scattering

Homogeneity evaluated by Light Scattering

(Raleigh Scattering)

Molecular Structures evaluated by

a. Infrared Spectroscopy

b. Raman Spectroscopy.

The Raman spectroscopic measurements were performed at the

Materials Research Laboratory of the Pennsylvania State University.
Small angle x-ray scattering was carried out at the Jet Propulsion
Laboratory, Pasadena, California. Rayleigh Scattering studies were
performed at the Vitreous State Laboratory of Catholic University of
America, Washington, D.C.
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PART IB. EXPERIMENTAL WORK ON AND RESULTS OF COMPOSITION 1

The experimental results of the present work have been divided
into the following activities:

o Choice of composition.

Gel preparation procedures.

Thermal treatment of gels.
Characterization of gels.

Conversion of gels to glasses by melting.
Characterization of glasses.

Choice of Composition

The objective of the initial work was to develop the gel prep-
aration procedures and to characterize glasses obtained from those gels.
A compositicon containing a high proportion of alkali oxide and being outside
the metastable liquid-liquid immiscibility zone was selected for the present
study. The composition was as follows (in weight percent)
5102:60; 8203: 15; Na20:25.

Gel Preparation Procedures

Several preparation procedures were developed during the initial
period (Final Progress Report, JPL Contract 955361)(3) of this program.
Three preparation procedures using three different sources of Na20 were
selected from the procedures developed earlier. However, some modifica-
tions of the procedures were made during the present work. The prepara-
tion procedures are described below.

Procedure 1-1. Starting Compounds: Tetraethyl Orthosilicate

Boric Acid
Sodium Methylate

BATTELLE — CoLuMBUS
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Tetraethyl orthosilicate was mixed with about 1/2 its volume of
anhydrous ethanol. The solution was heated to 40 C, and after 10 minutes
tetraethyl orthosilicate was partially hydrolised with a small proportion
of acidified water [2 mol H20/mo1 of Si(0C2H5)4]. The pH of the solution
was five after the addition of acidified water. A small volume of
acetylacetone (3 m1/100 ml of Si(0C2H5)4) was added after the addition of
acidified water. After stirring the solution for 1/2 hour, boric acid
dissolved in boiling methanol (30 g/100 m1) was added to the solution.
The pH of the solution was about six. After 1 hour, sodium methylate
dissolved in methanol was added to the mixture. The pH increased to
about 10. The solution was stirred for 45 minutes. After 45 minutes,

a mixture of water and ethanol (1:4 ratio) was added to the solution to
introduce more water for further hydroly<is and gelation. The amount of
water added was 5.8 mols per mol of Si(0C2H5)4. The solution gelled

within 5 minutes on addition of the alcohol water mixtures.
Procedure 1-11. Starting Compounds: Tetraethyl Orthosilicate

Boric Acid
Sodium Nitrate
Tetraethyl orthosilicate was mixed with about 1/2 its volume of
anhydrous ethanol. The solution was heated to approximately 40 C. After
5 minutes, a requisite amount of water acidified with dilute HC1 was added
for the partial hydrolysis of tetraethyl orthosilicate. After stirring
for 1/2 hour, boric acid dissolved in methanol (30 g/100 ml) was added
to the solution. The solution was stirred for about 1 hour. Finally, a
dilute aqueous solution of sodium nitrate was added to the mixture. The
total amount of water added with the sodium nitrate was several times the
amount of water required for the complete hydrolysis of tetraethyl ortho-
silicate. The proportion of water was 20 mols per mol of Si(0C2H5)4.
Procedure 1-1I1. Starting Compounds: Tetraethyl Orthosilicate
Trimethyl Borate
Sodium Acetate
Tetraethyl orthosilicate was mixed with 1/2 its volume of
anhydrous ethanol. The mixture was heated to 40 C, and was hydrolised
in excess water in the presence of an acid catalyst with a pH of approximately

BATTELLE — COLUMBL S
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2. The amount of water added was about 11 mols per mol of Si(0C2H5)4.

After stirring for 1/2 hour, trimethyl borate was added and the mixture
was stirred for 45 minutes. Finally, a sodium acetate solution was
added rapidly to the solution with continuous stirring. The gelation
took place after 1/2 hour.

Thermal Treatment of Gels

The thermal treatment of gels was carried out to achieve the
following two objectives:

e The removal of organics.

o The removail of hydroxyl groups.

Treatment for the Removal of Organics From Gels

The thermal treatment procedure used for the removal of organics

consisted of heating in stebs and a slow rate of heating.
The thermal treatment procedure consisted of the following
steps:
(1) Drying in air under an infrared lamp (160 C) for
2 to 3 days.
(2) Drying in an air oven at approximately 150 C for
48 to 60 hours.
(3) Heating from 150 C to 600 C at the rate of 10 C/hour.
(4) Holding at 600 C for about 20 hours.
It was observed that the spraying of water during the initial
thermal treatment under the infrared lamp was beneficial for the removal

of organic groups during the firing cycle. Inftial thermal treatments of

"as prepared" gels in a humidity chamber were also beneficial for the
removal of organic aroups.

BATTELLE — COLUMBUS
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Treatment for the Removal of Hydroxyl

Groups From the Gels

The following steps were taken for the removal of hydroxyl
groups:
(1) Baking in an oven.
(2) Passing dry 02 through the porous gels at
elevated temperatures.
(3) Passing thionyl chloride (SOC12) vapor carried
by dry oxygen through the porous gels at
elevated temperatures.
(4) Passing carbon tetrachloride (CC14) vapors
carried by dry oxygen through porous gels at
elevated temperatures.
(5) Subsequent melting of the thionyl chloride
treated gels.
(6) Melting of dehydrated gels in a nitrogen atmosphere.
Experimentation involving dehydration procedures were designed
to remove as much water (hydroxyl aroups) as possible at low temperatures
before melting. Initial experimentation involving Composition 1 gel
powders utilized a horizontal tube furnace while passing either dry
oxygen only (dewpoint: -60 C), or dry oxygen bubbled through liquid
thionyl chloride vapors, for varying time periods. These procedures
reduced the OH content in the subsequently melted glasses, but thionyl
chloride treatment caused an extensive liquid-liquid immiscibility in
the melts.
Subsequently, the procedures were modified and a closed vertical
flow apparatus was used for dehydration. A diagram of this
system is shown in Figure 2. The vertical flow column was packed with
gel powder while dry oxygen or dry oxygen-carrying thionyl chloride or
carbon tetrachloride vapors was forced upward through the packed column.
This allowed for a more intimate contact between the gel powder and the
dry gases. The temperature within the furnace was raised at a rate of
50 C/hour to optimal dehydration temperatures (300 C for Procedure III

BATTELLE — COLUMSBUS
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powders, 200 C for Procedure I and III powders). Powders that were kept
at these temperatures, with the longest period of dry oxygen flow, pro-
duced glasses of the lowest OH content. As in the earlier experimentation,
gel powders treated with thionyl chloride vapor showed a definite 1iauid-
liquid immiscibility in the melts. The thionyl chloride treatment was
therefore discontinued. The gel powders treated with only dry oxygen or
dry oxygen carrying carbon tetrachloride vapors produced clear melts of
reduced OH content. Results of dehydration experimentation and hy¢
determination are recorded in Table 11 appearing iater in the report

Characterization of Gels

Color of Gels

The results of thermal treatments at various temperatures and
times and their effect on color are summarized in Table 2. It is evident
from the results that the removal of organics from gels is related
to the gel preparation procedure as well as to the thermal treatment pro-
cedures.

Carbon Content

The total carbon content of gels prepared by different pro-
cedures and heat treatment at 600 C for 40 hours was analyzed. The
results are given below:

Gel Preparation Total Carbon
Procedure Content {wt %)
1-1 0.1
1- 11 0.1
1-111 0.6

BATTELLE — COLUMBUS
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TABLE 2. COLOR OF GELS AFTER HEAT TREATMENT
Gel
Preparation
Procedure Heat Treatment Appearance
1-1 150 C for 48 hours Tan
1-1 150 C for 48 hours and Grey
600 C for 5 hours
1-1 150 C for 48 hours Grey
600 C for 40 hours
1-11 150 C for 48 hours White
150 C for 48 hours and White
600 C for 5 hours
150 C for 48 hours White
600 C for 40 hours
1-111 150 C for 48 hours Black
600 C for 40 hours
150 C for 48 hours Black with grey
600 C for 5 hours particles
150 C for 48 hours !
600 C for 40 hours
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Crystallinity

Gel samples after thermal treatments at 600 C for different
time periods were examined by x-ray powder pattern techniques. The results
are given in Table 3.

Surface Areas

The surface areas of qels prepared bv different procedures
were measured on a micrometric instrument over a range of temperatures
to get an idea about the chanae of surface area with temperature.

Two sets of experiments were performed to study the change of
surface area as a function of temperature. In the first series of ex-
periments, the surface areds were measured on a micrometric instrument
over a range of temperatures in situ. The gels were held at each
risirg temperature for 1/2 hour before the measurement of surface area.
The heating was done wh le the samples were under the micrometric in-
strumer . In this series of experiments, the fresh gel sample was heat
treated inside the micrometric instrument and was evacuated after the
heat treatment, and, subsequently, the surface area was measured. Con-
sequently, the surface was not exposed to the atmosphere after the heat
treatment and surface pores were cleaned under vacuum after the vola-
tilization of the solvents. Moreover, the time was short, so the time
may not have been long enough for reaching the equilibrium surface area
at that temperature, because at higher temperatures the formation of
pores as well as the closing of pores might occur simultaneously.

Results of the first set of experiments are shown in Table 4.

In the second series of experiments, the gels were heat treated
at different temperatures for different time periods in a furnace under
air atmosphere. The samples were then taken out, and stored in atmospheric
conditions. Subsequently, the surface -~ea of the heat treated gels were
meausred. Moreover, the period of heat treatment was longer than that of
the first set of experiments. Consequently, the heat treatment at higher
temperatures for longer time periods might have caused opening as well as
closing of the pores. Results of these experiments are shown in Table 5.

BATTELLE - COLUMBUS
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Gel
Preparation Thermal
Procedure Treatment Crystallinity
1-1 13 Hours Noncrystalline
at 500 C
1-1 24 Hours Noncrystalline
at 500 C
1-1 2 Hours Noncrystalline
at 600 C
1-1 40 Hours Noncrystalline
at 600 C
1-11 After Air Crystalline,
Dryup (Due to NaN03)
1-11 2 Hours Crystalline
at 500 C
i-11 2 Hours Crystalline
at 600 C
1-11 40 Hours Crystalline
at 600 C
1-111 13 Hours Noncrystalline
at 500 C
1-I11 24 Hours Noncrystalline
at 500 C
1-111 2 Hours Noncrystalline
at 600 C
1-111 40 Hours Noncrystalline
at 600 C
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TABLE 4. SURFACE AREAS OF GELS PREPARED BY DIFFERENT PROCEDURES
AFTER ONE-HALF HOUR HEAT TREATMENT AT DIFFERENT TEMPERATURES

Gel Temperature Surface
Preparation of AEea
Procedure Treatment mé/g
1-1 150 C 40.00
1-1 300 C 42.00
1-1 500 C ~0.00
1-11 150 C 6.00
1-11 300 C 6.00
1-11 400 C 6.00
1-11 500 C ~0.00
1-111 150 C 2.00
1-111 300 C 25.00
1-111 400 C 100.00

1-111 500 C 11.00
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TABLE 5. SURFACE AREAS OF GEL SAMPLES AFTER
DIFFERUNT THERMAL TREATMENTS
Heat Period of

Gel Treatment Heat Surface

Preparation Temperature Treatment Area
Procedure (C) (Hours) (m2/g)

1-1 200 2 15
1-1 200 4 22
1-1 250 2 15
1-1 250 4 13
1-1 250 6 15
1-1 300 2 14
1-1 300 4 15
1-1 300 6 6
1-11 200 2 30
1-11 200 4 33
1-11 275 2 33
1-11 275 4 34
1-11 275 6 21
1-11 350 2 ~0
1-11 350 4 1

1-11 350 6 0.37
1-111 200 2 40
1-111 200 6 5
1-111 300 2 38
1-111 300 4 46
1-111 400 2 49
1-111 400 4 50
400 6 42

1-111
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Conversion of Gels to Glasses by Melting

Gel powders were melted to address the following objectives.

® To study the molecular structure of gel-derived
glasses.

e To siudy the effect of process parameters of
melting on the removal of hydroxyl groups.

Melting of Gel Powders for Studying the Molecular
Structure of Gel-Derived Glasses

The gels prepared by different procedures were heat treated up
to 500 C to remove organic matters and were subsequently melted at 1000 C
to obtain clear glass by eliminating residual carbons. The results are
summarized in Tables 6, 7. and 8.

Melting of Gel Powders for Studying the
Removal of Hydroxyi Groups

Initially, Composition 1 gel powders having no dehydration
treatments were melted. These melts were used for comparison
after determination of OH content in the dehydrated melts. For this,
gel powders were placed in a platinum crucible and left for approximately
16 hours at 500 C. The temperature was then raised quickly to 1200 C
and held for 5 hours. After melting, clear glass patties were made by
pouring the melt onto a hot stainless steel plate and annealing for 1
hour at 580 C.

Dehydrated gel powders were treated at optimal dehydration
temperatures, then the temperature was raised to 500 C with continued
dry oxygen flow. These powders were kept at 500 C for approximately 16
hours, then raised to melting temperatures cuickly (with no dry oxygen
flow). Pouring and annealing procedures of these melts were the same as for
the others. Gel powders having thionyl chloride treatment showed a
liquid-1iquid immiscibility in the melts. Gel powders having only dry

BATTELLE — COLUMBUS
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TABLE 6. EFFECT OF TIME AND TEMPERATURE ON THE REMOVAL OF RESIDUAL
CARBON DURING THE MELTING OF GELS PREPARED BY PROCEDURE 1-1
Thermal
Treatment Melting Melting
Experiment Prior to Temperature Time
No. Melting () (Hours ) Appearance
(1) After 1000 2 Grey Colors,
Infrared Transparent
Drying Numerous
Bubbles
(2) After 1000 3 Colorless and
Infrared Transparent,
Drying Less Number
Bubbles
{3) After 1600 4 Colorless and
Infrared Transparent, much
Drying Less Bubbles
(4) After 1000 5 Highly
Infrared Transparent, Bubble
Drying Undetected
(5) After 1100 2 Quite Transparent
Infrared and Colorless, no
Drying Detectable Bubbles
(6) After 1100 3 Highly Transparent
Infrared Cclorless, no
Drying Bubbles
(7 After 1200 ] Transparent
Infrared Colorless, no
Drying Bubbles
(8) After 1200 2 Transparent
Infrared Colorless, no
Drying Bubbles
(9) After Thermal 1000 5 Transparent Glass
Treatment after 5 Hours
up to 500 C
(10) After Thermal 1100 3 Transparent Glass
Treatment
up to 500 C
() After Thermal 1200 2 Transparent Glass
Treatment
up to 500 C
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TABLE 7. EFFECT OF TIME AND TEMPERATURES ON THE REMOVAL OF RESIDUAL
CARBON DURING THE MELTING OF GELS PREPARED BY PROCEDURE 1-1I

Thermal ,
Treatment Melting Melting
Experiment Prior to Temperature Time
No. Melting (C) (Hours) Appearance
() Thermal 1000 1 Transparent
Treatment
up to 500 C
(2) Thermal 1000 2 Transparent
Treatment
up to 500 C
(3) Thermal 1000 4 Transparent
Treatment

up to 500 C
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TABLE 8. EFFECT OF TIME AND TEMPERATURE ON THE REMOVAL OF RESIDUAL
CARBON DURING THE MELTING OF GELS PREPARED BY PROCEDURE 1-I11
Thermal
Treatment Melting Melting
Experiment Prior to Temperature Time
No. Melting (C) {Hours) Appearance
(1) Thermal 1000 1 Transparent
Treatment ' with some
up to 500 C Black Residue
(2) Thermal 1000 2 Transparent
Treatment with some
up to 500 C Black Residue
(3) Thermal 1000 4 Transparent
Treatment
up to 500 C
(4) Thermal 1200 1 Transparent
Treatment with some
up to 500 C Residue
(5) Thermal 1200 2 More
Treatment Transparent
up to 500 C
(6) Therma} 1200 4 Transparent
Treatment
up to 500 C
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oxygen or dry oxygen-carrying carbon tetrachloride vapor during dehydration
produced clear melts with reduced OH content.
Further attempts at the removal of hydroxyl groups of Composition
1 gel glasses were made during the melting process. During the melting
process, a platinum crucible containing glass made from dehydrated gel
powders was placed in a furnace. The platinum crucible was covered with
an inverted high purity alumina crucible to isolate the gel glass from
atmospheric water and oxygen. Two tubes extended through the top of the
furnace, through the "bottom" of the inverted alumina crucible into the
isolated area. These tubes consisted of:
(1) A platinum tube reaching into the contents of
the platinum crucible, for bubbling dry
nitrogen (dewpoint ~-59 C) through the glass
during melting.
(2) An alumina tube reaching only inside the
isolated area for the passage of dry nitrogen
to produce a dry nitrogen atmosphere over the
melt.
In addition, a thermocouple was placed in this isolated area to monitor
the temperature near the melt. Before these melting procedures trok
place, the entire furnace set-up was heated to approximately 50U C to
remove surface absorbed water from the materials of the set-up
just described. The melting procedure was as follows: the furnace
was at room temperature during loading, for safety purpuses. The tem-
perature of the furnace was raised to 500 C in 1 hour. At this time,
both flows of dry nitrogen were started: i.e., flow through the contents
of the platinum crucible, and dry nitrogen flow above the melt. The
temperature was raised to 1300 C in approximately 3 hours. The dry
nitrogen flows continued at 1300 C for 4 hours. Finally, the tubes
were removed and glass patties were poured and annealed for 1 hour at
580 C. Transparent bubble-free glasses were obtained by this procedure.
The hydroxyl content of these glasses were far superior to the OH content
of the earlier gel glasses.

BATTELLE — COLUMBUS
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Characterization of Glasses

The molecular structure of glasses obtained from gels
prepared by different methods were investigated by Infrared Spectroscopy
and Raman Spectroscopy.

Infrared Spectroscopic Studies

The infrared spectra of the glasses were taken by the KBr
pellet technique; the results showing the change in the position of
the absorption band due to Si-0-Si stretching (v cm']) are given in
Table 9.

Raman Spectroscopic Studies

The Raman spectra of glass samples in the fiber form were mea-
sured in the 200-to-1300 cm ' region. This region contains the charac-
teristic vibrations of the glass structure. The Raman spectroscopic
measurement was done at the Materials Research Laboratory of the Pennsylivania
State University. The work was done by 7. Furukawa under the supervision
of Professor W. B. White. The melting history of glasses sent for the
Raman spectroscopy are given in Table 10.

The instrument used for the Raman spectroscopic studies was
an Spex lodel 1401. The excitation source was a 514.5 nm green line,

400-700 MW.

The resuits of the Raman spectroscopic studies can be summarized
as follows:

(1) A1l the glasses produce similar Raman spectra.

o A weak band at 1475 cm 13 B-0 stretching.

e A strong band at 1090 !
stretching. )

o A fairly sharp peak at 630 cm

; S1-0 (nonbridging)
]; may be due
to some boroxy group or borosilicate group.
) Samples 4 and 6 seem to have a slightly stronger
1090 cm ! band compared to the others, which in-
dicates more Si-0 nonbridging bonds.

LS

(
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TABLE 9. CHARACTERISTICS OF THE IR ABSORPTION BANDS DUE
TO Si-0-Si STRETCHING OF DIFFERENT GLASSES

Gel Melting Melting Position of Absorption

Preparation Temperature Time Band due to Si-0-Si

) Procedure (c) (Hours) Stretching (v cm-1)
1-1 1000 2 1000
1-1 1000 3 1000
1-1 1000 3 1000
1-1 1100 2 1000
' 1-1 1200 1 1000
! 1-1 1200 2 1000
1-1 1200 4 1020
1-1 1400 2 1080
1-111 1200 1 1020
1-111 1200 2 1040

1-111 1200 4 1040
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TABLE 10. MELTING HISTORIES OF THE SAMPLES FOR
THE RAMAN SPECTROSCOPIC STUDIES

Gel Melting Melting
Sample Preparation Temperature Time
No. Procedures (c) (Hours)
1 1-1 1200 2
2 1-1 1200 4
3 1-11 1000 2
4 1-11 1000 6
5 1-11 1200 1
6 1-11 1200 3-1/2
7 Conventional 1000 2
Glass Batch
8 Conventional 1200 6

Glass Batch
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(3) No bands due to H20 or OH were detected.
(4) A1l the mixtures luminesce in the red region.

Determination of Hydroxy! Content

Composition 1 glass samples were used for determining the hydroxyl
content. The glass samples were ground and polished to a thickness of
2 to 4 mm for taking infrared spectra. rhe influence of water as a
polishing fluid was compared to the glass samples polished with kerosene.
Infrared spectra was taken at room temperature and at 200 C to determine
the effect of heating the sample. It was observed that heating the
sample to 206 C showed no difference in the intensity of the spect: 2.

The Lambert-Beer Equation was used to calculate the hydroxy]
content of the glasses. Absorbance values were determined from the
infrared spectra using the baseline method. The extinction coefficient
was taken from the work of Pearson et al (4), who determined the extinction
coefficient due to hydroxyl groups at 2.73 um in the alkali-borosiiicate
glass of the composition: 5102:45; 8203:35; Na20:20 (mole percent).

This extinction coefficient is the only one available for cur use in
hydroxyl determination. Taking into account the dersity of Compcsition 1
glass (2.27 g/cm3), the hydroxyl contents in ppm were calculated. These
results are reported in Table 11.

Phase Separation With Thionyl Chloride Treatment

The melting of thionyl chloride vapor treated gels resulted
in the separation into two liquids - a highly fluid top layer and a
highly viscous bottom layer. The top layer became completely white and
opagque unon cooling, the bottom layer remained transparent. The distri-
bution of silicon, sodium, sulfur, and chlorine in the two layers were
determined by the EDAX technique. The results showed that the top layer
had a high proportion of sodium and sulfur and traces of chlorine. The
bottom layer had mostly silicon and a small amount of chlorine. It is
evident that sodium ions and sulfur, present as sulfate ions, partitioned
into the top layer which was practically devoid of silica. Whereas, the

BATTELLE — COLUMESBUS
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bottom layer was devoid of sodium ions and had silica as its major con-
stituent. The determination of the distribution of boron was not possible
with this technique because of its low atomic wei?ht.
A large liquid-liquid immiscibility gap 5) exists in the system
5102—Na20-Na2504 at 1200 C. Presumably, thionyl chloride during the
dehydration treatment reacts with the sodium ions and residual water to
form sodium sulfate which causes the liguid-1iouid separation during
melting. The presence of a large proportion of sulfur and sodium in
the top fluid layer substantiate the explanation suggested.

BAYTELLE — COLUMBUS
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PART IT. GEL-DERIVED GLASSES FOR RAYLEIGH SCATTERING
STUDIES (EXPERIMENTAL RESULTS)

The experimental results of the present work or Rayleigh °
Scattering studies have been divided into the following activities.
Choice of composition.

Choice of starting compounds.

Preparation of gels.

Thermal treatment of gels.

Characterization of gels.

Melting of gels and conversion to glasses.
Preparation of glass by conventional method
(for comparison).

Preparation of glass samples for Rayleigh Scattering.
e Rayleigh Scattering studies.

Cnoice of Composition

The following composition was selected for the Rayleigh
Scattering studies: 5102:55; 8203:25; Na20:20 (weight percent). This
composition, de§ignated as Composition 2, was selected because some
previous work 2) on Rayleigh Scattering had been done with this compo-
sition prepared by the conventional technique. Thus, we were in a
position to compare the results of the gel-derived glasses with those of
conventional glasses.

Starting Compounds

The following starting compounds were used as sources of
Jifferent oxides in the different procedures. Reagent grade chemicals
were used for the present investigation.

BATTELLE — COLUMBULUS
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Oxide Source
5102 Tetraethyl Orthosilicate
8203 Boric Acid
Trimethyl Borate
Na20 Sodium Methylate

Sodium Nitrate
Sodium Acetate

Gel Preparation Procedures

Gel preparations by three procedures using three
different sources of Na20 were based on the procedures developed earlier.
However, some modifications of the procedures were made to achieve more
homogeneity in the gels and also to remove a maximum amount of organics
during initial heat treatment (<500 C). The preparation procedures are
described below.

Procedure 2-1. Starting Compounds: Tetraethyl Orthosilicate

Boric Acid
Sodium Methylate

Tetraethyl orthosilicate was mixed with three times its volume
of anhydrous ethanol. The solution was stirred for approximately 5
minutes and then a small amount of IN. HCL [0.0002 mole HC1/mo}
Si(OC2H5)4] was added followed by the addition of acetyl acetone
[5 m1/100 m Si(OC2H5)4]. The solution was partially
hydrolyzed for a period of about 1 hour by stirring the solution con-
tinuously. The pH of the solution was 3.6. The solution was cooled to
room temperature, boric acid dissolved in boiling methanol (30 g/100 ml)
was added, and stirring was continued for about 2 hours. The pH of the
solution was 3.6. To this mixture sodium methylate and/as anhydrous methanol
(1:1 by volume) was added. The pH increased to about 10. The solution was
stirred for about 45 minutes and then a requisite amount of anhydrous
ethanol was added to obtain a concentration of approximately 40 grams silica
per liter of the solution. After the addition of anhydrous
ethanol the solution was stirred for a further period of about 1/2 hour.

The solution gelled in 3 hours.

BATTELLE — COLUMBUS
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Procedure 2-1I1. Starting Compounds: Tetraethyl Orthosilicate

Boric Acid
Sodium Nitrate
Tetraethyl orthosilicate was mixed with three times its volume

of anhydrous ethanol. The solution was stirred for approximately 5
minutes and then approximately 0.5 mol water [per mol Si(0C2H5)4]
acidified with HC1 [0.0004 mole HC1/mol Si(0C2H5)4] was added for
partial hydrolysis of tetraethyl orthosilicate. The solution was heated
to approximately 40 C and stirring was continued for about 1 hour. The pH
of the solution was 2.8. Boric acid dissolved in anhydrous methanol
(approximately 30 g/100 m1) was added to the partially hydrolyzed
tetraethyl orthosilicate, and Stirring was continued for 1 hour. The pH
of the solution was 2.4. Finally, a dilute aqueous solution of sodium
nitrate (approximately 17 g/100 ml1) was added to the mixture and stirring was
continued for 3 hours. The concentration of the solution was approximately
70 grams silica per liter. The pH was 3.2. The solution was stowly
evaporated at approximately 40 C to gel in 3 days.

Procedure 2-1I1. Starting Compounds: Tetraethyl Orthosilicate
Trimethyl Borate
Sodium Acetate
Tetraethyl orthosilicate was mixed with three times its volume
of anhydrous ethanol. The solution was stirred for about 5 minutes and
then one molar ratic of water acidified with concentrated HC1 [0.02 mol
HC1/mole Si(OC2H5)4] was added for partial hydrolysis of tetraethy]l
orthosilicate. The solution was heated to approximately 40 C and stirred
for about 1 hour. The pH was 0.2. The solution was cooled to room temperature

and a reauisite amount of trimethvl borate was added and the mixture was stirred

for another 3 hours. The pH was 0.4. Finally, a buffer solution of

0.5M sodium acetate (prepared by dissolving crystalline sodium acetate

in water to which acetic anhydride had been added) was added and the solution
was stirred tor 2 to 3 minutes. The concentration of the solution was

approximately 45 grams silica per liter and the pH was 5.5. The solution
gelled in about 1 hour.
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Thermal Treatment of Gels

The behavior of Composition 1 gels towards thermal treatment
indicate that the re -1 of organics from the gels is related to the
gel preparation procedure as well as to the thermal treatment procedures.
Because the glass composition chosen for Rayleigh Scattering studies was
different and some modifications were made in the gel preparation pro-
cedures, it was considered necessary to examine the behavior of gels so
produced towards thermal treatment. Besides, some modifications were
made in thermal treatment procedures to achieve the maximum removal of
organics. The thermal treatment procedures used for the removal of
organics consisted of humidity treatment, heating in steps and a slow
rate of heating. The thermal treatment procedures consisted of different
combinations of the following steps:

(1) Humidity treatment at 70 C and RH 95 percent

for 12 hours and 24 hours.

(2) Drying in air under infrared lamp (approxi-
mately 60 C) for 2 to 3 days.

(3) Drying in a microwave oven.

(4) Heating up to 500 C at the rate of 100 C/hour
and holding at 500 C for 12 hours; making a
total heat treatment of 17 hours.

(5) Heating up to 500 C in steps and holding at
500 C for 4 hours, making a total heat treat-
ment of 48 hours.

(6) Heating up to 500 C in steps and holding at
500 C for 8 hours (making a total heat treat-
ment of 96 hours) in the presence of 02.

.7) Heating up to 500 C in steps with occasional
moistening of the samples with water from
time to time. This heating schedule covered
a total period of approximately 200 hours.
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The results of thermal treatment are summarized in Tables 12,
It was observed that:

The us2 of microwave oven drying as a step

in the heat treatment procedure was not

helpful for the removal of organics.

Humidity treatment was beneficial for removing
organics from the gel prepared by Procedure ¢-i.
However, the same effect was not apparently
evident in Gels prepared by Procedure

2-111.

Heat treatment for longer periods in the
presence of oxygen was beneficial, but not

very effective for complete removal of organics.
Occasional spraying of the samples with water
was found to be mere beneficial for removing
organics from the gel. However, complete removal
of organics was not achieved with this procedure.

Characterizaticn of Gels

Gel powders were characterized after the
thermal treatments. The following aspects of the physico-chemical
nature of the gels were examined.

Color of Gels

The results of thermal treatments at various temperatures and
times are summarized in Tables 12, 13, and 14. It is evident from the
results that the removal of organics from the gels is related to the gel
preparation procedure as well as the thermal treatment procedures.
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RESULTS OF THERMA! TREATMENT OF GELS FOR
REMOVAL OF ORGA::ICS

Gel Preparation

Procedure

Heat Treatment

Appearance

2-1

2-1

2-111

2-111

2-111

Humidity treatment/12 hours,

IR dry/2 days,

Heated to 500 C/48 hours
heating schedule

Humidity treatment/24 hours,

IR dry/2 days,

Heated to 500 C/48 hours
heating schedule

IR dry/2 days,
Heated to 500 C/48 hours
heating schedule

IR dry/2 days,

Humidity treatment/12 hours,

Microwave oven drying,

Heated to 500 C/17 hours
heating schedule

IR dry/2 days,

Humidity treatment/12 hours,

Microwave oven drying,

Heated to 500 C/48 hours
heating schedule

Humidity treatment/12 hours,

Microwave oven drying,

Heated to 500 C/17 hours
heating schedule

Whitish grey, some
black particles

Mixture of white,
whitish grey and
greyish black
particles

Mixture of grey and
black particles

Black

Black

Black
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INITIAL HEAT TREATMENT OF COMPOSITION 2

GELS IN PRESENCE OF OXYGEN

Gel
Preparation
Procedure

Heat Treatment
Schedule

Appearance

2-1

2-1

2-111

2-111

Humidity treatments/12 hrs

IR dry/2 days.
Heated to 500 C/96 hrs
heating schedule.

Humidity treatment/24 hrs
IR dry/2 days.

Heated to 500 C/96 hrs
heating schedule.

Humidity treatment/24 hrs
Heated to 500 C/96 hrs
heating schedule.

Humidity treatment/12 hrs
IR dry/2 days.

Heated to 500 C/96 hrs
heating schedule.

IR dry/2 days.
Heated to 500 C/96 hrs
heating schedule.

Mixture of white,
whitish grey and
black particles.

Mixture of white,
greyish white
and some black
particles.

Mixture of white,
whitish grey
and some black
particles.

Mixture of grey and
black particles.

Mixture of grey and
black particles.

PRECEDING PAGE BLANK NOT FILMED
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TABLE 14. INITIAL HEAT TREATMENT OF COMPOSITION 2 GELS
WITH OCCASIONAL MOISTENING WITH WATER

Gel
Preparation
Procedure Heating Schedule Appearance
2-1 Humidity treatment/24 hrs Dirty white
IR day/2 days. particles.
Heating upto 500 C/
~200 hrs heating schedule.
2-1 Humidity treatment/12 hrs Dirty white
IR dry/2 days. particles.
Heating upto 500 C/
~200 hrs heating schedule.
2-111 IR dry/2 days. Mixture of dirty
Heating upto 500 C/ white, grey, and
200 hrs heating schedule. a few blact
particles.
2-111 Humidity treatment/12 hrs A mixture of dirty

IR dry/2 days.
Heating upto 500 C/

200 hrs heating schedule.

white, grey, and
a few black
particles.
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Thermogravimetric Analysis

Thermogravimetric analyses were done on IR dried samples pre-
pared by Procedures 2-1, 2-1I, and 2-11I under air atmosphere up to 500 C.
The rate of heating was maintained at 10 C/hour. The sample prepared
by Procedure I showed a total loss of about 14 percent. The 10ss was
complete at about 350 C. The sample prepared by Procedure II showed
a total loss of about 18 percent and the loss was complete at about 400 C.
The sample prepared by Procedure IlI, however, showed a continuous loss
in weight up to the heating maximum (i.e., 500 C) and the total loss up
to 500 C was found to be 22 percent.

Melting of Gels and Conversion to Glasses

The gel powders obtained after initial heat treatment .p to
500 C were meited in a vertical-type furnace at different temperatures
and times. The results of these melting experiments with gels obtained
after two different heat treatment schedules have been summarized in
Tables 15 and 16. Based on the results of melting experiments, efforts
were directed towards the preparation of glass samples involving the
least amount of hcat treatment, and the lowest melting temperatures
and times. One batch was melted in a fused silica crucible in order
to avoid contamination due tu the dissolution of platinum. Results of
this work are shown in Table 17.

Preparation of Glass Samples

Glass samples melted in crucibles were core-drilled using a
3/4 inch drill and annealed for an additional 2 hours at 580 C. AN
samples used for Rayleigh Scattering studies were polished in kerosene
to a path length of 1 cm.
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TABLE 15. MELTING OF GELS DRIED BY 48 HOURS HEATING SCHEDULE
(HEAT TREATMENTS WERE DONE UNDER AMBIENT ATMOSPHERE)

Gel Soaking
Preparation Temperature Time
Procedure (c) (Hours) Appearance
2-1 800 4 Shows sign of melting, black
1000 4 Black melt
100C 8 Black particles in the melt
1000 24 Some arey particles in the melt
1200 2 Some grey tinge in the other-
wise clear melt
1200 4 Clear melt
2-111 800 4 Shows sign of melting, black
1000 4 Black melt
1000 8 Black particles in the melt
1000 24 Black particles in the melt
1200 2 Some grey particles in the
melt, otherwise clear melt
1200 4 Clear melt
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TABLE 16. MELTING OF GELS DRIED BY 200 HOURS HEATING SCHEDULE
(HEAT TREATMENTS WERE DONE UNDER AMBIENT ATMOSPHERE)

. Gel Soaking

: Preparation Temperature Time

| Procedure (c) (Hours) Appearance

|

1 2-11 1000 4 Black particles in the melt
1000 8 Black particies in the melt
1000 24 Black particles in the melt
1200 2 Some grey particles
1200 4 Cl’ r melt

2-111 1000 4 Black particles in the melt

1000 8 Black particles in the melt
1000 24 Black particles in the melt
1200 2 Some grey particles
1200 4 Clear melt
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TABLE 17. MELTING DATA OF COMPOSITION 2 GEL GLASSES TO
BE USED FOR RAYLEIGH SCATTERING STUDIES

Gel Gel Powder
Preparation Thermal Melting Appearance
Procedure Treatments Procedures of Melt
I IR dry, 48 hrs 1200 C-5 hrs Grayish-black, no
150 C-48 hrs uncovered bubbles
I 70 C, RH 95%-24 hrs 1200 C-4 hrs Black, no bubbles
IR dry, 48 hrs covered
heating schedule 1
I 70 C, RH 95%-24 hrs 1300 C-4 hrs . Clear, slight bluish
IR dry, 48 hrs uncovered tint, no bubbles
heating schedule 1
I1 IR dry, 48 hrs 1000 C-2 hrs Clear, many small
uncovered bubbles
11 IR dry, 48 hrs 1100 C-2 hrs* Clear, no bubbles
uncovered
11 IR dry, 48 hrs 1000 C-2 hrs Clear, few small
1100 C-2 hrs bubbles
uncovered
I1 IR dry, 48 hrs 1000 C-2 hrs* Clear, no bubbles
150 C-48 hrs uncovered
Il IR drv. 48 hrs 1200 C-4 hrs Clear, few bubbles
heating schedule 1 covered
Il IR drv. 48 hrs 1000 C-1 hr* Clear, bubbles
150 C-48 hrs
Conventional IR dry, 49 hrs 1200 C-4 hrs Clear, no bubbles
batch heating schedule 1 covered

*Melted in a fused silica crucible.
IR = Infrared.
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Raleigh Scattering Experiments

Glass samples to be used in Rayleigh Scattering studies were
sent to the Vitreous Sate Laboratory of the Catholic University of
America in Washington, D.C. for investigation. The thermal history of
the samples sent for Rayleigh Scattering studies are shown in Table 18.
Three of the glasses were made by the sol-gel technique and the fourth
was made by the conventional technique described previously.

The purpose of the examination was to determine the relative
levels of Rayleigh Scattering in these glasses and to correlate these
results with the method of preparation of each sample. An approximate
Rayleigh Scattering attenuation ccefficient was also determined for the
glasses by making a comparison of the absolute scattering intensity found
in these glasses with a standardized fused silica reference.

The method of makina the scattering measurements was that
criginally suggested for glasses by Rich and Pinnow(G) and used by
Schroeder, et a1(7) to examine a number of optical glasses. In brief,
that method is to measure the Landau-Placzek ratio, RLP’ for the samples.
RLP is defined as IR/ZIB where IR and IB are the Rayleigh and
Brillouin intensities respectively. In making the measurement the
sample is illuminated bv a focused laser beam and the 1ight scattered
at 90° is collected by a collimating lens. The light is spectrum
analyzed by a Fabry Perot.
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TABLE 18. THERMAL HISTORY QF THE SAMPLES SENT TO NAVAL RESEARCH

LABORATORY FOR RAYLEIGH SCATTERING STUDIES

Gel
Sample Preparation Thermal Treatment Melting
Number Procedure of Gels Procedures
1 2-1 Humidity treatment at 70 C 1300 C/4 hrs
and RH-95%/24 hrs (uncovered)
IR dry/48 hrs, Annealed at
Heated to 500 C/48 his 580 C/2 hrs
heating schedule
2 2-11 IR dry/48 hrs 1000 C/2 hrs*
150 (/48 brs (uncovered)
Annealed at
580 C/2 hrs
3 2-11 Humidity treatment at 70 C 1200 C/4 hrs
and RH-95%/12 hrs (covered)
IR dry/48 hrs Annealed at
Heated to 500 C/48 hrs 580 C/2 hrs
heating schedule
4 Conventional IR dry/48 hrs 1200 C/4 hrs
Batch Heated to 500 C/48 hrs (covered)
heating schedule Mnealed at
580 C/2 hrs

* Melted in a fused silica crucible.
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PART III. GEL-DERIVED GLASSES FOR STUDYING PHASE SEPARATION
BEHAVIOR (EXPERIMENTAL RESULTS)

Composition 3: 5102:60; 8203:30; Na20:10 (weight percent)
was chosen because the liquid-liquid immiscibility temperature had been
determined by Haller et a1(8), and the composition is well within the
liquid-liquid immiscibility zone. Gel preparation was based on
Procedures 3-1 and 3-11. The gel preparation procedures are briefly described

below.

Gel Preparation Procedures

Procedure 3-1

Starting Chemicals: Tetraethyl Orthosilicate
Boric Acid
Sodium Methylate
The sequence of the steps used for the preparation of the gel was as
follows:
(1) Mixing of Si(OCsz)4 with CZHSOH'
(2) Partial hydrolysis with acidified water at
40 C. Tne molar ratio of water to
Si(0C2H5)4 was 0.2.
(3) Addition of boric acid dissolved in methanol.
Addition of sodium methylate diluted with
methanol.
(5) Addition of water-ethanol mixture to initiate
gelation. The molar ratio of water to
Si(OC2H5)4 at the end was 3.5. The gelation
occurred rapidly.

Procedure 3-11

Starting Chemicals: Tetraethyl Orthosilicate
Boric Acid
Sodium Nitrate
The sequence of the steps used for the preparation of gels was as follows.
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(1) Mixing of Si(OCsz)4 with CZHSOH'

(2) Partial hydrolysis with acidified H20 at 40 C.
The molar ratio of water to Si(OCzHS)4 was 0.4.

(3) Addition of boric acid dissolved in methanol.

(4) Addition of sodium nitrate dissolved in excess
water. The molar ratio of water to Si(0C2H5)2
was 5.2. ‘

(5) Gelation achieved overnight,

Drying and Melting

The gels were dried under an infrared lamp for 48 hours, and
were placed in an oven at approximately 150 C for several days. The gel
powders prepared by Procedure 3-1 were heated slowly to 350 C and held
there for 5 hours. The temperature was then raised to 500 C and held
there for approximately 16 hours. The gel powders were then heated
quickly to 1200 C and held at that temperature for 6 hours. A bubble-
free glass patty was poured and annealed at 580 C for 1 hour. The gel
powders prepared by Procedure 3-1I were dried for 48 hours under an infrared
lamp and placed in an oven at approximately 150 C for several days. A
clear bubble-free glass patty was poured and annealed at 580 C for 1 hour.

Microstructural Studies

The glass samples obtained by the melting of Composition 3 gel
powders and conventional glass batches were sent to the Jet Propulsion
aboratory for small angle x-ray scattering studies of phase saparation
behavior,
The microstructures of the glasses were also observed by SEM.
The micrographs of the various samples after different heat treatments
are shown in Figures 3 through 8.
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SCANNING ELECTRON MICROGRAPH OF THE GLASS
OBTAINED FROM THE GEL PREPARED BY
PROCEDURE 3-1 WITHOUT ANY HEAT TREATMENT
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SCANNING ELECTRON MICROGRAPH OF TH® GLASS
OBTAINED FROM THE GEL PREPARED BY
PROCEDURE 3-I1 AFTER HEAT TREATMENT AT
600 C FOR 4 HOURS
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FIGURE 5. SCANNING ELECTRON MICROGRAPH OF THE GLASS
o BTAINED FROM THE GEL PREPARED BY
PROCEDURE 3-11 WITHOUT ANY HEAT TREATMENT




FIGURE 6. SCANNING ELECTRON MICROGRAPH OF THE GLASS
OBTAINED FROM THE GEL PREPARED BY
PROCEDURE 3-II AFTER HEAT TREATMENT AT
600 C FOR 4 HOURS
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FIGURE 8. SCANNING ELECTRON MICROGRAPH OF THE GLASS
PREPARED FROM THE CONVENTIONAL BATCH
AFTER HEAT TREATMENT AT 600 C FOR 4 HOURS
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DISCUSSION OF TOTAL PROGRAM

Preparation of Gels

The formation of the condensed polysilicates and subsequent
gelation is the result of a complex sequence of hydrolysis and con-
densation reactions. The complexity increases in a system with com-
ponents having different reactivity and solubility. Gelling is cen-
trolled by process parameters such as chemical nature of alkoxides
and other reactants, molecular ratio of water to alkoxides, the presence
of catalysts and pH of the medium, temperature, concentration of
reactants, and the nature of solvents.

In this multicomponent system having reactants of markedly
different chemical nature, it is extremely difficult to change the process
parameters independently of each other(g). Moreover, the addition of
aqueous solution such as sodium nitrate and sodium acetate which are
insoluble in alcohol should be considered in the context of the liquid-
liquid immiscibility existing in the Si(OCzH5)4, C2H50H, and H20 system.
The possibility of segregating water-soluble phases under certain experi-
mental conditions should be investigated. To homogeneously incorporate
a high proportion of Na* ions (which is not a network former) into a
gel structure is complex and difficult.

In Procedure I, all reactants are soluble in alcohols and it
is presumed that a hcmogeneous solution of the molecular species was
obtained at the final stage. However, the sequence of reactions may be
postulated as follows: in acid medium, the hydronium ion attacks the
polar = Si—OC2H5 bond and forms = Si-OH groups. However, in this type
of nucleophilic displacement reactions the reactivity decreases as more
groups on the silicon atom are displaced. The polysilicate is formed
through condensation of silanol groups; SiOH; or silanol and alkoxy
groups (= Si-OCaHs). The further attack of = Si-0C2H5 bond in the poly-
siloxane by H20 might also be hindered by the steric effect of ethoxy
groups. The hydrolysis of ethylsilicate is thus controlled by the
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electronic and steric effects developed during hydrolysis. Hence the
formation of low-molecular-weight molecules takes place under mild con-
ditions of hydrolysis at room temperatures and with a small proportion
of H20. Recent work of Peace, et al(]o) on the hydrolysis alkoxysilanes

suggests that the polymers at the initial stage of hydrolysis might have a
ring structure--perhaps a dimer with two connected rings each containing
four silicon atoms. Boric acid itself or methyl borate B(OCH3)3 which
could form by the reaction of methanol with boric acid can react with
silanol or alkoxy groups and form Si-0-B = bonds in the following way:

| I
4By —— - Si-0-B-0-Si-+4,0 (1)

2 = Si-OH + H
I
OH
= Si-OR + HO-B = — = Si-0-B = + ROH (2)
= Si-0H + CHy0 - B= — = Si-0-B = + CHOH (3)

An advantage of the addition of boric acid is that a certain
amount of water is liberated during the reaction of H3BO3 either with
silanol groups or with alcohols,and this water produced in situ could
effectively induce further hydrolysis without addition of free H20.

After subsequent addition of scdium methoxide solution, the pH of the
solution increases above 9, and consequently the mechanism and kinetics
of hydrolysis and polycondensation changes. Moreover, sodium methoxide
being highly susceptible to hydrolysis (e.g., NaOCH3 + H20 — NaOH +
CH30H) produces OH groups which enhance the polycondensation and growth
of the polymeric particles. Subsequently, the solution absorbs suffi-
cient water from the atmosphere or when free water is added, the gelation
occurs rapidly. The observed increased gelling rate with increased
proportion of water at the initial stage of hydrolysis suggest that any
free water remaining before adding sodium methoxide causes the gereration
of hydroxyl groups which enhance the gelation. The decreased gelling
time with increased NaOCH3 and with increased humidity also indicates

the hydrolytic reaction of the NaOCH3 and the catalytic activity of OH
groups. The incorporation of Na* ions into the gel structures might
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take place as fo1lows(8): NaOH generated by the hydrolysis of NaOCH, might
react with Si-0c2H5 group to produce SiCNa. Sodium methgxide having

strong ionic character might undergo ion exchange with H ion of silanol
groups at high pH and may produce SiONa. A secondary reaction forming
tetra-coordinated boron of the type Na[B(OCH3)4] might take place when

free or partially hydrolyzed B(OCH3)3 reacts with NaOCHB.

In Procedure II, the initial reactions of tetraethoxysilane
with boric acid are anticipated to be similar to those described for
Procedure I. However, the addition of higher proportion of water and
of acids would 1.ad to more complete hydrolysis of ethoxysilane. The
polymer molecules contain less unreacted ethoxy groups, and the solution
shows little tendency to gelation. Sodium nitrate additions, unlike
NaOCH3 or sodium acetate, 4o not increase the pH. Consequently, the
gelling time is long. Sodium nitrate, not being reactive to other
reactants and being insoluble in alcohols, segregates in the aqueous
phase and precipates as NaNO3 as the gels dry, as evidenced by the x-ray
diffraction results. The heat treatment at 500 C or above decomposes
the nitrate and reactive Na20 forms; thus, the crystallinity decreases
with the heat treatment. However, excess water and the low gelation
rate are beneficial for hydrolyzing alkoxy groups and subsequent removal
of organics.

In Procedure 111, the initial stage of the hydrolytic reactions
in the presence of a high proportion of water and acid is similar to that of
Procedure 11. Consequently, the hydrolysis is more complete and the
solution being at low pH (<2) shows less tendency to gel.
sodium acetate solution is added, the gelation occurs due to the
high concentration of OH ions present in sodium acetate solution; the pH
of the solution increases to higher gelling rate region and gelation
occurs rapidly.

The surface areas of gels produced from the low pH solution is
large because, in strongly acid medium, the polymeric particles cannot
grow; consequently,gels produced from submicron particles have higher
surface areas. The significant difference in the surface areas of the
oz1s prepared by the different procedures can be interpreted in terms
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of the effect of pH on the size of the particles. When the gela*’'~n is
done with solution of low pH (<2) the particle sizes are smaller, and, con-
sequently, the pore sizes are finer. The incorporation of Na+ ions

into the gel structure might occur either by the reaction of NaOH pro-
duced by the hydro]ysis of sodium acetate with Si- 002H5 group or by the
exchange of H ions of the s11ano] groups with Na fons of acetate
solution. But a portion of Na ions might remain in the water phase and
could produce a nonuniform distribution of Na+ jons in the gels.

The results of the infrared and Raman spectroscopic studies of
alasses made from the different gels and having different meiting
histories (e.g., time and temperature of melting) indicate that the
molecular structures of the glasses made from the gels prepared by
different procedures and melted at lower temperatures (<1000 C) are
not identical. However, the melting at higher temperatures (1100-1200 C)
appears to be sufficient to give an equilibrium melt for each gel.
Studies on glasses melted at lower temperatures (e.g., 70(-1000) may
throw some 1ight on the process of approaching an equilibrium melt.

Removal of Organics From Gels

The "as prepared" gels may be considered as a solid character
in which macromolecules are dispersed in a solvent and somehow constitute
a coherent structure. Thus, it contains the structural skeleton of the
silicate network; unreacted alkoxy groups chemically bonded to the sili-
cate network; free solvents, like alcohols and water; and alcohols and
water absorbed to the silicate structure. Hence, the removal of these
organic compounds and also inorganic radicals, such as nitrates, is a
complex phenomenon and is related to the structure and morphology of
the gels which in turn is related to the chemical nature of the gel pre-
cursors used in the gel preparation procedures as well as the thermo-
chemical nature of the gel precursors.

The thermal treatment of gels containing alcohols/ethers/water
would normally involve volatilization of these constituents ot all
temperatures with the maximum rate of vaporization near their boiling
points. This phenomenon is, however, related to the balance between
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the rate of diffusion of the solvents/water from inside the gel structure
to the surface of the gel and the rate of evaporation of solvents/water
from the gel surface to the surrounding atmosprere at the equilibrium
temperatura. The dynamic nature of the heat treatment procedure establishes
an imbalance between the above two rates and, as a result, evaporation

of solvents/water may continue to take place at temperatures beyond their
boiling ranges. Besides, if the solvents/water are chemically bound or
chemisorbed to the gel stru..ure,evaporation temperatures would be higher.
Moreover, during the thermal treatment the initial densification of the

gel structure takes place resulting in the formation of increasing number
of closed pores. The presence of solvents (e.g., alcohols, ethers, etc.)
in the closed pores make them inaccessible to the surrounding atmosphere
even at considerably higher temperatures. Therefore, a: somewhat higher
temperatures thermochemical reactions of the organic solvents present in
the closed pores and organic radicals (ronnected to the gel structure)

may take place resulting in the formation of carbon. Also, the thermo-
chemical nature of the gel precursors either alone or in combination may
result in tne deposition of carbon due to incomplete hydrolysis and poly-
merization (hydrolytic polycondensation). It is to be noted that pyrolyses
of alcohols, aliphatic ethers, acetic acid and ester give gaseous mixtures
of approximately the same composition (methane, ethane, ethylene, acetylene
carbon monoxide, etc.). During pyrolysis of ethylene and acetylene the
residue [CH2 =], [HC =] are considered to be formed by direst rupture of
the carbon-to-carbon bonds. These residues may become dehydrogenated
further into carbon. The problems associated with the deposition of carbon
during initial thermal treatment of gels are:

o The complete removz1 of carbon needs higher

melting temperature and longer soaking time.

o Complete removal of bubbles (from gel-derived

glass) needs longer soaking time.

It would therefore appear that the conversion of gel into glass
at lower temperature essentially depends upon the successful removal of
organics during preliminary heat treatment or drying of gels. Proper
selection of heating rate and the furnace atmosphere are to be considered
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for the thermal treatment of gels. In the present investigation the
behavior of the gels towards thermal treatments were studied with gels
prepared by two different procedures, Procedure I and III. The thermal
treatment consisted of humidity treatments, heating in steps, slow rate
of heating and moistening the gel during heating under different furnace
atmospheres. The results of the present work indicate that the thermal
treatment of gels in a humidity chamber just after preparation has
beneficial effect on the removal of organics. This suggests that the
hydrolysis and increased polymerization can take place in the solid
phase. The water vapors react with the unreacted ethoxy groups during
the humidity treatment and causes polycondensation. In gereral, humidity
treatment was more beneficial for removing organics in the gels prepared
by Procedure I than those prepared by Procedure IIl. This mav be

due to the fact that the gel prepared by Procedure III has smaller pore
sizes and/or larger number of closed pores.

It is to be noted that it was possibie to achieve complete
removal of organics in the gels prepared by Procedure II during
preliminary heat tr itment up t0 500 C even without humidity treatment.
This may be due to one or all of the following factors:

¢ Less number of closed pores.

¢ Comparatively large pore sizes,

e The decomposition of sodium nitrate creates/

develops an oxidizing environment inside the
gel structure and, as a result, dehydrogenation
or thermal cracking of organic molecules or
radicals are prevented.

It is to be mentioned that although prolonged humidification
of freshly prepared gel followed by soaking the gel with water at
elevated temperatures was found to b- the most effective w.thod of
removing the organics, it was not fu.. effective in removing the
organics completely. Therefore, the presence or formation of closed
pores appears to be the single most important factor which makes the
complete removal of organics from gels a difficult task.
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1 Groups From Gels

The hydroxyl concentration in a glass is determined by:

The water content of the raw material.

The sintering properties of the starting materials.
The H20 partial pressure of the surrounding gas
during melting.

The H2 partial pressure of the surrounding gas
during melting.

The thermal history of the glass.

Hence, the hydroxyl content in the starting material needs to be reduced

by thermal treatment. The following steps were taken for the removal
of hydroxyl groups from gel powders of Composition 1.

Baking in an oven.

Passing dry 02 through the porous gels at elevated
temperature.

Passing thionyl chloride (SOC]Z) vapor carried by
dry oxygen through the porous gels at elevated
temperatures.

Passing carbon tetrachloride (CC14) vapors carried
by dry oxygen through the porous gels at elevated
temperatures.

Subsequent mel*ing of the thionyl chloride treated/
carbon tetrachloride treated gels in air atmosphere.
Melting of dehydrated gels in nitrogen atmosphere.

The results of the present investigation indicate that:

The water content of the glasses obtained from

two different gels differ -ignificantly.

The hydroxy. content could be reduced at Tower

deh dration temperature by passing dry oxygen

through a vertical column packed with gel powders.

Usa of thionyl chloride for reducing hydroxyl

groups at lower temperatures results in liquid-liquid
pha.e separation. A large liquid-liquid immiscibility
zone exists in the system SiOZ-NaZOZ-Na2504 at 1200 C.

(5)
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Presumably, during the dehydration treatment thionyl
chloride reacts with sodium ion and residual water
to form sodium sulfate which causes liquid-liquid
separation during melting.

o The presence of a large proportion of sulfur and
sodium in the top fluid layer substantiate the ex-
planation suggested. The use of thionyl chloride
may not, therefore, be advisable in this system.

® The use of carbon-tetrachloride during dehydration
treatment did not cause liquid-liquid separation
during melting and was, at the same time, effective
in reducing the hydroxyl groups in the glass.

e Melting of dehydrated gels in dry nitrogen atmosphere was found to
be very effective in reducing the hydroxyl groups.

CONCLUS TONS

The following conclusions can be drawn from the results of the
present work:

® All three compositions in the soda-borosilicate system
can be prepared by three different
procedures using three different sources
of Naz0.

e Gels produced by Procedure I and Procedure 111
are noncrystalline, and remain so after thermal
treatment at 600 C for 40 hours, whereas gels
prepared by Procedure Il using NaNO3 are crystalline
due to the presence of residual sodium nitrate.

¢ The removal of organic groups during the thermal
treatment below 500 C is related to gel preparation
procedures, ambient atmosphere such as humidity and
oxygen potential, and the rate of heating. The carbon
content of the fired gel can vary from 0.1 percent
to 0.6 percent by weight depending on the preparation
procedure.
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The rate of removal of carbon from the glass during
the melting depends on the gel preparation pro-
cedures and thermal treatment before melting. The
removal of carbon from the gel prepared by Procedure
IT is most rapid, whereas the removal is most sluggish
with the gel prepared by Procedure III.

The rates of removal of carbon and the bubbles were
also a function of temperature and time of melting
in an air atmosphere.

Molecular structures of the glasses melted at lower
temperatures (<1000 C) are not identical; however,
the melting at higher temperatures 1100-1200 C
appears to give an equilibrium melt from the different
gels.

Gel preparation procedures can be improved to get
higher homogeneity.

Microstructures of glasses obtained from

gels prepared by different procedures are

different.

The water content of glasses obtained from the

two different gels differs significantly.

The dehydration treatment reduces the hydroxy]l
content of the glass.

The removal of hydroxyl groups from gel powders by
the treatment with thionyl chloride vapor causes
phase separation in the glass during melting. The
reason for this phase separation is most likely due
to the formation of sodium sulfate during the thionyl
chloride treatment. Hence, the thionyl chloride
treatment procedure should be critically analyzed
before further continuation.

The vertical column for dehydration is more effective
than the horizontal set-up usec previously for the
dehydration treatment.

BATTELLE — COLUMBUS
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Bubbling dry nitrogen (dewpoint approximately -59 C)
through the melt greatly reduces the hydroxyl content
of the glass.

Procedure II gel powders can be used to produce

glass samples for Rayleigh scattering by employing
less thermal treatments and lower melting tempera-
tures and times.

Glass samples for Rayleigh Scattering can be prepared
by melting in a fused silica crucible at 1000 C for

1 hour if appropriate procedures are followed.
Results of Rayleigh Scattering studies indicate that
the homogeneity of glasses prepared by the gel technique
1s much better than that of glasses made by the con-
ventional technique.
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Experimental Details of Gel Preparation Procedures
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Gel Preparation Procedures for Composition 1:

$102:60, B203:15. NapC:25 (weight percent)

Gel Preparation Procedure 1-1

The sequence of steps used for the preparation of the gel was as follows:

1. Tetraethyl orthosilicate was mixed with half its volume of anhydrous
ethanol and stirred for about five minutes.

2. The solution was heated to 40 C and hydrolyzed with 0.23 mol water

per mol Si(0CoHg5)4 aciuified with 0.0004 mol HC1 per mol Si(0CoHg)g. A
small amount of acetylacetone (3 m1/100 ml Si(0CpHg)4) was added after the
addition of acidified water. The solution was stirred at 40 C for a half
hour after the addition of water. The pH of the solution was 5.

3. Boric acid dissolved in boiling anhydrous methanol (30 g/100 ml1) was
added to the above solution at 40 and stirred for ~ 1 hour. The pH of the
solution was 6 at this stage.

4. A solution of sodium methylate (prepared by mixing commercially available
30 percent NaoCH3 in methanol with half its volume of anhydrous methanol)
was added to the above solution at 40 C and stirred for 45 minutes. The
pH of the solution was about 10.

5. Finally, a mixture of water and ethanol (i:4 ratio) was added to the
solution. The amount of water added was 5.8 mols per mol (Si(0CpHs)s.

The solution gelled within five minutes on addition of the alcohol water
mixtures.

Gel Preparation Procedure 1-11

The sequence of steps used for the gel preparation was as follows:

1. Tetraethyl orthosilicate, Si(0CpHg)q was mixed with nalf its volume of
anhydrous ethanol and stirred for about five minutes.

2. The solution was heated to approximately 40 C and hydrolyzed with

0.5 mol water per mol Si(0CyHg)s acidified with 0.0004 mol HCY per mol
(Si{0CpHg)g. The solution was stirred for a half hour at about 40 C

after the addition of water.

BATTERLLE — COLUMBUS

- o - o o g %% =



k.i |

A-3

3. Boric acid dissolved in boiling anhydrous methanol (30 g/100 ml1) was
added to the solution at 40 C and stirred for about 1 hour. The pH of the
solution was about 5.

4. Finally, an aqueous solution of sodium nitrate (» 18 g/100 ml) was
added to the mixture. The proportion of water was 20 mols per mol
Si(0CoH5)4. The solution was then evaporated till gelation took place.

Gel Preparation Procedure 1-11I

The sequence of steps used for the gel preparation was as follows:

1. Tetraethyl orthosilicate was mixed with half its volume of anhydrous
ethanol and stirred for about five minutes.

2. The solution was heated to 40 C and hydrolyzed with 11 (eleven) mols
of water per mol Si(0CpHg)g4 in the presence of die nitric acid. The pH
of the solution was about 2 during hydrolysis. The solution was stirred
for half hour at 40 C after the addition of water.

3. Trimethyl corate was added to the mixture at 40 C and stirred for

45 minutes.

4., Finally, one molar aqueous solution of sodium acetate was added to
the above solution and stirred for 45 minutes. The pH of the solution
was 6. Gelation took place after 30 minutes.

Gel Preparation Procedures for Composition 2;
$i02:55, Bp03:25, Nag0:20 (weight percent)

Gel Preparation Procedure 2-1

The sequence of steps used for the preparation of the gel was as follows:

1. Tetraethyl orthosilicaie was mixed with three times its volume of
anhydrous ethanol and stirred for about five minutes.

2. The solution was heated to 40 C. A swmall amount of HC1 [0.0002 mol/
mol Si(0CoHg)4] was added; followed by the addition acetylacetone

[5 m1/100 ml Si(0CoHg)4]. The solution was stirred for about 1 hour at

SBATTELLE — COLUMBUS
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40° C for partial hydrolysis of Si(0CoHg)s. The pH of the solution was
3.6. The solution was cooled to ambient temperature.

3. Boric acid dissolved in boiling anhydrous methanol (30 g/100 ml1) was
added and stirring was continued for about 2 hours. The pH of the
solution was 3.6.

4. A solution of sodium methylate (prepared by mixing commercially
available 30 percent NaOCH3 in methanol with an equal volume of
anhydrous methanol) was added and stirred for 45 minutes. The pH of the
solution was about 10.

5. Finally, a requisite amount of anhydrous ethanol was added to obtain
a concentrataion of approximately 40 g silica per liter of the solution.
After addition of anhydrous ethanol the solution was stirred for a
further period of 30 minutes. The solution gelled in 3 hours.

Gel Preparation Procedure 2-11

The sequence of steps used for the preparation of the gel was as follows:

1. Tetraethyl orthosilicate was mixed with three times its volume of
anhydrous ethanol and stirred for about 5 minutes.

2. The solution was heated to 40 C. Approximately 0.5 mol water per

mol Si(0CoHg)g acidified with 0.0004 mol HC1 per mol Si(0CoHg)g4 was added.
The solution was stirred for about one hour at 40 C for partial hydrolysis
of Si(0CoHg)g. The pH of the solution was 2.8.

3. Boric acid dissolved in boiling anhydrous methanol (approximately

30 g/100 m1) was added to the partially hydrolyzed tetraethyl orthosili-
cate and stirring continued for 1 hour at 40 C. The pH of the solution
was 2.4.

4. Finally, a dilute aqueous solution of sodium nitrate (approximately

17 g/100 m1) was added to the mixture and stirring was continued for

3 hours. The pH was 3.2. The solution was left at ~ 40 C for about

3 days to form the gel.
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Gel Preparation Procedure 2-111

The sequence of steps used for the preparation of the gel was as follows:

1. Tetraethyl orthosilicate was mixed with three times its volume of
anhydrous ethanol and was stirred for about 5 minutes. The solution was
heated to 40 C and partially hydrolyzed with one mol of water per mol
Si(0CoHs5)4 acidified with 0.02 mol HC1 per mol Si(0C2H5)4_ The solution
was stirred for 1 hour at 40 C. The pH of the solution was 0.2.

2. The solution was cooled to room temperature and the requisite amount
of trimethyl borate was added. The mixture was stirred for 3 hours at
room temperature. The pH of the solution was 0.4.

3. Finally, a buffer solution of 0.5M Sodium Acetate (prepared by
dissolving Crystalline Sodium Acetate in water to which acetic anlydide
was added) was added and the solution stirred for 2 to 3 minutes. The
pH was 5.5. The solution gelled in about 1 hour.

Gel Preparation Procedures for Composition 3

$iJ7.55, B03:25, Na0:20 (weight percent)

Gel Preparation Procedure 3-1

The sequence of steps used for the preparation ¢f the gel was as follows:

1. Tetraethyl Orthosilicate Si(0CyHg)s was mixed with half its volume of
anhydrous ethanol and stirred for about 5 minutes.

2. The solution was heated to 40 C and hydrolyzed with 0.2 mol of water
per mol Si(0CzHg)4 acidified with 0.0004 mol HC1 per mol Si(0CpHg)g4. The
solution was stirred at 40 C for a period of 45 minutes. A small volume
of acetylacetone [2 m1/100 m1 Si(0CpHg)s] was added after the addition of
acidified water.

3. Boric acid dissolved in boiling anhydrous methanol (30 g H3B803/100 m
Melhavol) was added t o the partially hydrolyzed Si(0CpHg)4 solution at
40 C and stirred for 20 minutes. The pH of the solution was 4.5. The

solution was cooled to ambient temperature.
BATTELLE — COLUMBUS
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3. A solution of sodium methylate (prepared by mixing commercially
available 30 percent sodium methylate in methanol with an equal volume
of anhydrous methanol) was added to the above solution and stirred. The
pH of the solution was 6.

4. Finally, 3.3 mols Hy0/mol Si(0C2Hg)g was added in the form of
alcoholic solution. The solution was prepared by mixing water and
alsohol in equal volumes. The molar ratio of water to Si(0C2Hg)a at
the end was 3.5. The gelation occurred rapidly.

Gel Preparation Procedure 3-II

The sequence of steps used for the preparation of the gel was as follows:

1. Tetraethyl Orthosilicate, Si(0CzHs5)4 was mixed with half its volume
of an..ydrous ethanol and stirred for about 5 minutes.

2. The solution was heated to 40 C and hydrolyzed with 0.4 mol water
per mol Si(0CoHg)4 acidified with 0.0002 mol HC! per mol Si(OCoHejga.

The solution was stirred at 40 C for half hour. The pH of the solution
was about 4.

3. Boric acid dissolved in boiling anhydrous methanol (22 g H3B03/100 ml
methanol) was added to the partially hydrolyzed Si(0CoHg)4 solution at
40 C and stirred for a half hour. The pH of the solution was 4.

4. 13.5 percent aqueous solution of NaNO3 was added to the above
solution and stirred. The molar ratio of water to Si(0CoHg)g4 was 5.2

at this stage. The solution was heated to 75 C with continuous stirring.
Gelation took place in 2-1/2 hours.
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[ The scientific and technological signii.cance and importance [
of the sol-gel processes are avaluated, Two methods for "
preparing jels in the silicate systems are descrided. The B
firs: method is based on gelling colloidal silica sol; the s
[ second mezhod, on the polymeriszation of alkoxysilane with o8
' sectal slkoxides or mecal salta to produce multicomponent * L
aoncrystalline inorganic gels with netvork structuras. The .
. physico~cheni:al principles of gelling processas are discussed .
; in terms - ' srious process parameters. The comnversion of gel . A
to glass ‘s described. The structures, microstructures, phase ' o
separatics and crystallization behavior of gels and gel-derived
glasses ave discussed in relation to the methods of gel pre-
paration. The advantages associated with the processss are .
exacined 1ad evaluated. Various applications in glass technology g
are suggesced.

Lo | .

INTRODUCTION

In recent —sars, sc_-gel processes for glass wuking have gained scientific and
technological :impor:zince. There are two methods for preparing ?Cll in silicace
§lass svstens. One 14 Sased on che gelation of silica h;drosol 1=3) | the other
is based or the pol:=erization reaction of alkoxysilane(2,3,4-10),

Esrlier resesr:™ inv; ved gels as starcing ascerisls for the silicace phase
cquuxbr?g:_ gg'..diu =+) and the deposition of thin nomcrystal.ine oxide -
costings'“re¢), In Teienc vesrs, two aspects of the scl-gel process have stizu- 3
lated research on t-¢ preparation of glasses vis the gel rouce. First is the

formation of noncryssalline transparent “glass-like" matérials in the aulti~

component systex=s be.ow the glass transition cemperature(3-17, Second is zthg

preparation of aigh.r homogeneous glasses using gels as starting matesials(2.3.8),

Noreover, the phase separstion, nuclestion and crystallization characteriscic.

of the glasses made ‘rom !o%s ”o merkedly differsnt from those of glass made

from s mixture of oxidas'dBe1d},

jaene S —— I L. R Lo

These aspects nave s:iencific and technological significance and importance ;
The formation of trazsparent noncrystslline materisls by chemical polymeric: . n
#t temperature below the glass transition temperature raises the quescion »het. or
these r-cerials shc.ld be Lermed “"glass” or not, decsuss the ASTM defini.ion ¢
slass .4 8= "irorgani: product of fusion" excludes these types of uoncrysta, ‘7.
saterials. Hcwever,.che 20lecular structure and the mjcrostructure of these
“glass-like" materials prepared bv this route in ml:tcmm: systems appest

to be different frc= the glass prepared from the oxide melt'®’. Because the
structures >f che gei-derived materisls depend on the thernodynamics aad kinetics
of the pol:me~izati:- reactions that take place in the so0l and gsl stats .t low o
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temperatures, whereas the s:T.it.ves =¥ the glass prepared from the mel: depend
on the thermcdynamics and niceti s ¢ the reactions of oxide mixtures in sol:ten
ané supercoclec statc.

The prime techacliogical imp:tiar:: ¢ the scl-gel process is thlt it ope:s uT
possibility cf preparing hecs tJus, "igh temperature "glasses” ané “glass-
ceramics” a8t low temperatuTe,inii Atz aaré 0 prepare by meiting of oxide zire
tures. These giasses ave TizZ D pritare by melting oxides because of (a) the
high melting texmgeratures, :i- : & itrorg tendendy C crrstallize vhen oool
through the teTpersiure hav .= crrstallization rate. The scl-ge. pr:ces:
is particularly suizacle f:¢ 2 Zeposizion gnd fider fadricarion. EHerce.
the deposition of Ligh=sem;er a.-.e Ciide clatings on substirates &t lowW e
tures, and rthe fabricat:
of potenzial techaclogical i=

az

TETDeTature glass anc glass-ceramic JiteT: ar:

Ir. thi vy, the following #sz=cts : he sol-gel processes sve critically
reviews’ .. ciscussed: Prezara:zaon ¥ Gels, Conversion of Gel Glass.
Microstructure and Structur: of els and Gel-Derived Glasses, Auantages, an:
Applications.

it
R

PREPARATION OF GELS

Gelation of Silica Evdrosol

Method I is based on the ;::inci:les oI colloid science. The esser: .al resture
is to disperse the metal ce.pounis into their elementary units in an aqueous
sclvent. This dispersec prise, :ul’c‘ "scl”, 1s then converted into a rigic
"gel” by destabilization pricess. UDurting gelation, the overall medium beconmes
viscous and is then solidifZed == a ccherent network of particles(24). This is
distinctly different from precizZtation. Figure 1 indicates the process for
preparing glass in the sili:ate svystez by this methold.

semovas or
vou
oar
stuanon ™y
_ DENSIICATION
DENSIICATION .

o SIICA SOL

COUOLAL [ — L —
¢ HOMOGENTOUS | somee | ULTICOMSONENT | 00 | meacTme uass

SRICATES bty Siene A
o AMORPHOUS coLomaL WONCRYETALLINE NORCATITALLNE I auats

snxca PN CEhamcs
o mgTaL SALYS

FIGURE 1. SOL-GEL PR{ZISS TOR GLASS MAKING--FIRST METHOD

The gelling process of sili:a, +=icr is the main constituent of silicate gel
systems can be represented as I:liows:

P
E
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Potymerizet —

Silicic Add FT=——== Polysilicic Acid === Network of Particles
oM o\]
S(OH)g HO Sfi—O—T oM (Gal)
(monomer) 0 oH| n
Sol

The gelling process consists o ages: polvmerizaticn of monmomer (silicic
acid) to form particles, growi: cles anc linting of rartizies togerter
into brancheé chains, thern ner nEIlY evienc througnout the Liguicd
mediun, thickening it to gel. However, the conéitions leading o the Scrmatieon
and growth of the particles are differen: {ron those leading to &geregation or
gelation. The factors influen:ing :t-e geiling process are: pE ¢f the =edic= and
the presence of & cstalys:, el:zitrelrres and cosgulants, particle size and zon-
centration, temperaturell-..

ine role of pH is extremel: i=r:rta=: ir the rate of gelling of silics sdol. In
certain pH regions, the sci is Zairl: stable. The geliing rate ¢ pure silica
80l is meximum around pH $. HKowever, the addition of setal salts, wvhich

recuces the overall net repuleion effect, enhances the gelling and cosgclation.
The metal fons in the +3 and —- oxicatior states anc cf nuclear anc rare esrch
ccmpounds may behave diffeventi: ag cthev_tend te form a condense form of s=all
pelymeric cations in aguecus sziutions{<-). For exaz;le, 2 crclic tetzamer of
2irconium (Zr,(OH)g(k 0)5)6* (.2a) which forms dnitiaily in a concentrazed sci
condenges further to form iarger (~100A) poivnuclear 1ons(13) | These types of
polynuclear species might reac:, unéer proper experizental conditions, with the
colloidal sflica to form cozplex metal silicate species. Hence, the criticsl
step in Method I is to prepare & stable, homogeneous, mulricomponent scl, wihich
could destabilize to a homogenecus rigid gel. Konijnendijk, et al, have
reported(2) the preparation of homogeneous glasses in alkali-bozg;iltcnte systenm
prepared via this gel route. Mukheriee, Zarzycki, anc Traverse prepared homo-
geneous glass in rare earth silicate systes via this gel route. Also

Shoup has :cported the fadricarion of monolithic porous silica gel articies,
and has subsequently consolidated them to :ransparent silica bodies at 1400 to
1720 C.

Polymerization of Alkoxysilanes and etal Alkides

Method II is based on the polymerization (hydrolytic polycondensation) of
alkoxysilane with other netal s koxices or with suitable metal saits tc produce
multicomponent noncrystaliine :ttansparent "glass-like” gels with & network like
§1-0-M~0-Si~- where M is a metal. atox, such as Al, Ti, or B. A partial hvdrolysis
of alkoxvsilane introduces the active functional groups which react with other
reactants to form a polvmeric s:lutica which furcther polymerizes with time and
increased temperature to fors a rigic gel.

In the polymerization process ¢! organic coapounds(}'). wvhen the pelvfuncticnal
moaomers undergo nonlinear concensation snd forr a gel, the gel pcint is defined
as the stage in the course ¢f ;:lymerization when the concentrate transforms
suddenly frogm & viscous licuid o an elastic gel. At the gel point, the geners-
tior of the infinite network ci=mences abraptiy and gel polymerizatior increases
rapidly with further condezsatiza. As the degree of pclymerization increases

.
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beyon’ the gel poirt, the relative proportions c¢f “scl" and “gel™ have varied
continiously, the larger =ile.Jlis it tne 80) deing progressively incorporated
into the gel.

(18) R : .
Mukher jee neasured ine .Cange oI viscosity with tizme of a solution prepared
by reacting & mixture of §1 T-ETe_ AM(OC_Yg), B(OCH3)3. Ba(OCaKyi~ anc NsGCH;.
A sharp rise of viscosil™ ves Jtserveld at the gel point and #n abrupt gelation
indjcating the generaticn .0 the infinite neltwor. occurred. Presumably, the
polvmerization reacticns of alb o rsilane r@ Tetal alkoxides under certain
conditions might be¢ based - i°¢ pelation process mentioned above.

A schematic ciagran oF T e DTl le ostown i- Tiylve 2.

AeMOvVAL OF
VOLATILIS
anO riNAL
GELAYION AL OEMBIPICATION
DENSIFICATION
WGHOLITNG
Pony Yoarme! SOROLE
o ALRORVERANE HOMOOEREOUS | aonaanesven | MUATICOMBONINT] uer o -y ]
* METAL ALRORIOR S0LUTON
v
. iy NouCATETALML il ase
POWDEN

FIGURE 2. SQL=GIL *RCIISS TOR GLASS MAKING=-~SECOND METHOD

An overall reaction of the Z:rzatior of gel irn & multicomponent systen way be
represented as follows (R is the alkyl group):

X SHOR)4 + y BIOR)y + 2 NeOR— 81, B, Nop (ORlgx o 3y + 2 (Solution)
+ N0 o 0~Ne OH oR
— | i ' | { .
{Partial hydrolysis -lsi-0o-8-8 0-8-0-8 -| (Soution—sg)
and Polycondensation) L | ! [
OR O Na oN
L = e o
[0 I oM
-H20 | | i !
Hesting -8 -0-8-0~-8 - 0-8
—e ] | |
o 2N O
| | * g

The gelling process is conit-ile: v the following main factors: chemical nature
of alkoxides and other rea.:ants, raiic of water tc alkonides, pH of the mediuz
and the presence ¢f a .ata. $I, Te~zerature, concentration of the resctants, anc
nature of solvents., The B:Tsnillgy 'pore diamezer and pore volume) as well as
the structures of gel powdess arc je moncliths are stronglv influenced by the

.
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gel preparation procedure.

The tole of pH and the raric cf water to alkoxides sre extremely iamportant in
controlling the hvdrolv: is srd polrcondensation rates. The physicochemical
nsture of the gel 1s contro:led dv that of the inter=eciates which forx during
the hydrolytic polvcondensatisn reactions of slicxvsilanes and metal alkoxides.
Moreover, & knowledge of the :atalrtic or fnhibitive actions of acid or bases
and other compounds is requires for better contrel oI the process. The rsge of
pH and the ratio of water to ilkcxides have been irvestigated by Yoldas(l .
Yanane(10) | and Sakka and Ka=:+a{207 prirsrily ir sizgle component systems, such
as sluminux salkcxides, sx(oc;Es)L. and S1(0CR43s4. The results show that the
norphology, the composition oI the gel, and the densification rate are strongly
inflvenced by the pH and the ratic of vater tc alkexide.

Dif:erences in properties of jels prepared by cifferent procedures may be artri-
buted to the kinetics of the zclymerization reacticms that take place under
different experimentsl condi:ions. TFor the alkoxysilanes, the mechanism and the
rates of hvdrolysis and polycendensation are differeat in different pR regions.
In scid solutions, the rate ci hvdrelysis is proportional to the concentration of
acid, ethoxysilane, and water. In bdasic solutions, the rate is proporzional to
the concentration of base anc ethoxvsilane. In streagly acid solutions, the
hvdralysis reaction is rapicd, tne gelation tendency is lowi vhereas in alkaline
nediun, the condensstion of SiOH groups take place =:re rapidly, The nydrclygi;
rate decreases sharply with increasing molecular size of the alkyl groups(l‘--l).

It way be anticipated that for preparing gel meonolizhs, a rapid hvdrolvsis and
polycondensation is undesirable because they vwill lead to rapid growth of polymer,
and will trap Si-OH or Si-OR groups within the interior of large, three-dimen-
sional molecules where they would not further condease because of steric
hindrance.

The picture becomes more coxplex in & multicomponer: system because the hydrolysis
rate of wetal alkoxides M(OR),, where M is Al, Ti, Ir, etc., is much higher than
that for alkoxysilanes. In & multicomponent systez, the water addition sequence
should also be considered in terms of the sensitivity of the different alkoxides

to hydrolysis.

Some preparation procedures involving large excess cf water should be considered
in terms of a two-solvent colioid system where almest completely hydrolyzed
polymeric species having reduced chemical reastivitr are produced. Noreover, in
the presence of excess water, some M-0 bonds and M-C=Si-bonds that are highly
susceptible to hydrolysis and ionic reactions may undergo hydrolysis and resction.
and inhomogeneity might develop due to the segregaticn of phases in tvo .sclvents.

CONVERSION CF GEL TO GLASS

Gel can be converted to glass in severai ways: (a) conversion of gel particulate
or cast monoliths to "glass" at temperatures below Ig, (b) conversion of gel
particulates to glass or glass-cerszics by sintering (with or without pressure)
at temperatures above Tg, but well below melting te=peratures, (c) conversion of
gel particulates to glass by fusion.

The first conversion route is based on the chemical polymerization process at low
temperatures. An initial major shrinkege of the cas- sol/solution occurs at
temperatures below 100 C due zo polvcondensation sad subsequent contractfon of
the gc% 9gtvork. Two pleces of glass-like gel-monciiths prepared by the present
suthor(22}, {n slkaliborosilicate systez, are showr in Figure 3. The dif . ence
in transparency is due to the difference in the gel pPreparation procec..e.

3.
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| FIGURE 3. GEl MONOLITHS DRIED BELOW 100 C IX ALKALI-BOROSILICATE SYSTEM

The conversicn of gel moncliths te silica glass below Tg has deen invescigated br
several workers. Sakks and Rami-al3f reperted that the gel to glass zransiticon
starts above 800 C and the cospletre densification takes place at 2100C C.

Yamane, et 21100 grudged the densification of silica gels prepared bv twe pro-
cedures. The densification rate and the organics removal were not the same in
both cases. The final densification took place st 1070 C. Recentlv, BErinker
and Mukherjee(23) produced gels in & multicomponent systes (Si02, Ba0j, Ala03,
Nas), BaQ) by twe different procedures and investigated the gel-to-glass conver-
sion. The densificatior rate, and the removal of organic groups were dependent
on the gel preparation procedures.

Hence, cthe densification rate, and the final densification temperatures are
significantly influenced by the merphelogy, compeosition, and chemical reactivity
of the gel. These properties are controlled by the preparation procedures.

The I?hthtl!‘ of glasses and glass-ceramics by hot pressing gels has been reported
by Dislich(?', McCarthy, et all=*), and by Decottignies, et a1(25,26) uno also
reported that the sintering procass during het oressing follows the densification
wodel based on viscous f{low. The structure ¢f the gel evolves prograssively .
towvard that of glass with lcss cf water and porosity.

Gel particulates, after the removal of organics and water, can be fused to glass
either by conventional melting or by using concentrated heat. Concentrated heat
is detrimental tco making hoccgenecus glass from conventional glass bat:: because
of the difficulty of attaining homogeneity, whereas s homogeneous glass can be
obtained by melting nu}{{rc:penen: gels by concentrated heat., Mukher)ee,
Zarzvcki, and Traverse'’' desonstrated this concept by melting gels in a sclar

furnace.
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MICROSTRUCTURES AXND STRUCTURES OF GELS AND GEL-DERIVED GLASSES

Mukherjee, Zarzycki, and Trl“lrl!(]) reported that the microstructure of phase
separated glass prepared frc- oxide mixtures differs from that of gel-derived
glass in terms of uniforrity and discribution of parricle sizes. Thev observed
that the rates of nucleatior and crystallization of glasses made from the gels
were much higher than those —ade from the mixture of oxides and concluded that
the uniform cation distribution, gel structure, and che residual hvdroxvl groups
contribute to these properties.

Weinberg and Kcilnon{lsl observed that the miscibility temperature of a glass
composition in the socdiur silicacte system is elevated vhen the glass is prepared
via the gel route. They attributed the origin of this effect tc the enhanced
water content in the gel-derived glass. Work of Mukherjee and Zarzycki(B) fndi-
cates that the microstrucsure as well as the thermal history of the gel also
contribute to the structure and microstructure of the glasses. They observed
that the gel prepared fro= the gelation of silica sol (Method I) crystallized
faster than that prepared by the polvmerization of alkoxvsilane (Method II). The
gel made by the prlvmerization of alkoxysilane is a glass-like noncrvstalline
solid with a much .igher resistance to crystallization. When thermally aged
=500 C), a noncrvstalline submicron size La*-rich phase (20 A size) dispersed in
the silica network is develeped. Phalippou, Zarzycki and Lalane(27) determined
apparent activation energy of crystallizaticn of pure silica gel prepared by two
methods. The arparent energy of activation for crystallization of gel prepared
by Method II is much higher than that of gel prepared by Method I.

Recently, the au:hcr‘n) has studied the preparation of gels in alkaliborosilicate
systems by different procedures based on the polymerization of alkoxvsilane
(Method II). The infrared spectra of the gels, prepared by two different pro-
cedures are shown in ‘gure 4. The first procedure consists of the following
steps: (1) mixing tetraethyl orthosilicate with anhydrous ethanol, (ii) adding
boric acid dissclved in methanol, (ii1i) adding sodium methylate, (iv) initiating
gelation by adding less than the theoretical water required for the complete
hydrolysis. The second procedure consists of the following steps: (i) mixing
tetraethyl orthosilicate with anhydrous ethancl, (ii) deliberate initial partial
hydrolysis of ethyl silicate in the presence of an acid catalyst, (iii) adding
trimethyl borate, (iv) further partial hydrolysis of alkoxides, (v) adding an
aqueous solutior of sodium acetate.

It is evident from the figure that the position and the festures of the absorption
band (resulting from 5i-0 bond stretching) are not the same in both the gels.

The peak position of the gel prepared by the first procedure is at 1000 cz~l
whereas the peak position obtained with gel prepared by the second procedure is

at 1060 ca~l, The peak position did not shift by any thermal treatment steps (up
to 500 C). The humidity treatment which had an effect on both the hydrolysis

and the removal of chemically bonded alkoxy groups did mot chift the peak
position.

In vitreous silica, the absorption band resulting from 5i-0 bond stretching is at
110C ca~1l. The S1-0 stretching vibration of polysiloxanes containing 5i=0
linkage gives rise to the absorption band in the region of 1010 cm~! to 1030 em~l.
The position of the peak depends on the nature of the polvmers. There are some
differences between cyclic and open-chain compounds. For the cyclic compounds,
the position of absorpticn peak shifts with increased ring size. In trimer
compounds, the band appears at 58}8 co~l while in the higher ring, it falls in
the range of 1076 to 1056 ce”1(29). Mogt likely, the differences in the peak
positions are due to the structural differences in the polymer, the nature of
vhich is controlled by the gel preparation procedure.

Lo il Lo e
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FIGURE 4. INFRARED SPECTRA OF GELS
(N0. 1)=--FROCEDURE 1

(¥0. 2)--PROCEDURE 2
(NC. 3)--PROCEDURE . AFTIR THERMAL

TREATMENT U? TC 500 C
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It is extremely difficult tc introduce Ti ions into the silicate network as Si-O-
Ti (fourfold coordinmation), Ti ions separate in the form of droplers of Ti0:
(sixfold coordination) whiz: crrstallizes and increases th: therzal exparsion
coefficient. The low or zero trermsl expansion coefficient of the glasses in the
$107-T107 sysces ts atcrib.-ed to the fourfold coordination of Ti** 1ozs(30).
Mukherjee31) prepared gels in the T103-5107 system of different :ompositicns

(up to 50 wtl Ti07) by twe different procedures, based on the polyzerization of
tetracrhoxy silane with tizaniuz n-butoxide. Ir the first procedure, the poly-
conde:.ation was effected =~ exposing the sclution to atmospheric moisture with-
out deliberate addition of water. In the second procedure, the gelaticn was done
rapidly by adding ammoniacal wazer. The physical nature and microstructure of
the gels were markedly differen:. In the first procedure, transparent glass-like .
gel vas obtained, where ir che second procedure a white powdery gel was obtained.
The microstructures of the gels are shown in Figure 5., The gels after drying at
100 C were examined by X-ra- diifraction. No crystallinity was observed with any
composition (up to 50 wti Ti072).

The infrared spectra of g:ls prepared by two procedures are shown in Figure 6.
The presence of absorpiior zanc 2t 960.ce~) indicates that Ti ions are in the
fourfold coordination staz¢ - . Note that the half width of the abscrption banc
of the gel prepared by the siccni procedure is puch smaller thar that cf the gel
prepared by the first zroiezure. This may be due to the change in the =clecular
structure.




A-16 ORIGINAL PAGE id
OF POOR QUALITY
£.7. Mizher‘ee ' fol-Gel Processes LBs

| oo |

18CO 1800 1400 1200 000 400 SO0 400
Wave Number (em |

FIGURE 6. INFRARED SPECTRA OF GELS
IX THE 140,-510; SYSTEM.
(1a)--PROCEDURE 1

(1b)--PROCEDURE 2, T10,, 10%

(2) --PROCEDURE 1, T103, 25%

FIGURE 5. ELECTROX MICROGRA*HS oF
GELS IN THE T10;-540; SYSTE!:

(a) PROCEDURE 1, Ti0;, 10%

(b) PROCEDURE 2, T103, 10
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Hence, it is evident that :he s:l-ge. process leacs tc the preparation of glasnes
wvhich are hard to prepare “ecause it s extremelr difficult to introduze cercal:
cations into the silicate -etwer: as glass formers by the peliing process.

ADVANTAGES

Several advantages are ass::iate: wiih the preparaticn of glasses via the gel
route. They mav be summarized a5 fcilows: (a) particulate as well as ~enclithiz |
glass-1ike transparent =atevials Zar >e formed without melzing; () distrdbusien

of cations are in a =olecular s_ale, unique and vmifore microstructures carn be

obtained in the ligquié=liz..2 {==ig::*ildiry zone; ’c) fncerporatics of tertaln

cations in a particular cc:rdinazicn state can be achieved; (d) sultable for

making ultrapure glasses “e:ause =a-=~ alkoxides are liquids wnich can be purifies

by discillacion: (e) Righl» flenidle for depositing "glass” coctings at low

temperatures; (i) both the =acr:isicyi: homogenei:y and submicroscopic hemogeneis™

of glass prevared by the s:l-gel prciess zre considerably bester; and (g) homo-

geneous glass can be obtained a: lover melting ve=peratures and in shorier

melting times(3),

APPLICATIONS

Present commercial applicazions of the sol-gel process, except the coatings on
glass, are scmevhat rare. However, various applicaticns that are cf pitential
importance are as follows: (a) =onciithic glass blocks vithout melting, (b)
coatings: optical, protective, cieie::iric, antireflective, at low-temperatures,
(c) high-temperature and high-s:reng:h glass and glass-ceramic fibers, (d) ;
starting materials for making highly homogeneous ultrapure glasses (e.§., opuical 2
glass, laser glass, glass for ortical compunications), (e) high-temperature '
glasses containing components that voiatize at high temperatures, (f) bigh-
temperature glass frits at lov teaperatures, (g) homogeneous, ultrapur., multi-
component batch for glass processing in space, (h) hollow shells for 1. -
fusion targets, (i) insulasing glass ~r glass-cersmics foams/fibers, (j) bonding
sgents for refractory materials, and (k) low expansion glass.

|
{
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ABETRACT

The containerless me_ting of high-purity multicomponent
homogeneou 1 gels And gei-zonol:ths offers & unigque approacn
to making ultrapure mult.=ompchent sptical glassas in the
reduced gravity environmest cf space. Procedures for pre- ,
paring and characterizing gels ané gel-derived glasses in - q
the Ma,0-8,0,-8i0, systes are desczibed. Preparation is '
based 3n the po:y‘ninuon reacticns of alkoxysilane with :
trimethyl borate or boric aciZ and a suitable sodium com-
pound. The chemistry of =w gelling process is discussed
in ¢t of pr P ters and the ge. compositions.
The physicochemical nature of gels prepared by three dif-
farent procedures were found =2 be significantly different.
Infrared absorption specira indicets finite differences in
the molecular structures of the different gels. The melt-
ing of the gel powders ani the transformation of porous
gel-moncliths to transpazent “qlass”™ without melting are 4
described.

INTRODUCTION 1

The poseibility of coatainerless melting of glass in the reduced gravity
enviromment of space will operz & wnique approach to preparing ultrapure glass
or malts free from contaminstion from comtainars. Consequently, the optical .
and electrical properties of the melt which are strongly influenced by trace ,_
impurities can be of superior quality. Nowever, because of the absance of
gravity-induced convection currents, homogeniszing glass during melting of
conventional raw materiais will be difficult in the space environment. HNomo~
genecus, glase-liks, gels and gel-monoliths prepared by the polymsrisation
reaction of alkoxysilane with other metal alhoxides and/or with suitable metal
salts!17) can be used as the batck materials for the containerless mslting
of glasses in the reducef gravity eaviromment in space. This appreoach could
lesd to a process Zor the praparation of ultrapure optical glasses.

In the present work, three procedures for the preparation of gels i= the '
multicomponent Ma30-3;0,-5:0; system are investigated. The physico- :
chamical nature of gels asd gel-derived glasses has been characterised. :
Attespts are made to undecstand the physicochemical propertiass of the gels in &
ralation to the chemistry of =he gelling process. The transformation of
different gels and gel lizas to gl s by malting and by dansifying
monolithic gels are invertigated.

EXPERIMENTAL WORL AND RESTLTS

S e o e L L

The starting batch cozposizion of the glasses investigatel are give: in
Table I. The glass trans.tic- temperatures of the sase compesitions prepared i
by the malting conventiona. bazches are 520 C and 600 C for Compos.tion ' and ]
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Compoaition 2, respectively. Composition 1 having high Maz0 content lies
avay from the metastable liquid-liquid ismiscibility sena.

Composition 2 lies irside the metastable liquid-liquid immiscibility zone
and was chosen for investigating the liguid-liquid se=-paparation behavior
of gel-derived ylasses which is discussed eleevherell],

TABLE 1
Compositions of Gels

Weight percent ——liol percent
Composition l:o, lzo, Ha zc lt(‘:a l’ﬂ: -,o
1 (1] 15 23 1.7 13.30 un
2 [ 1] 12 4 5.9 10.52 1.98
ati { 1]

The following starting chemicals ware used as sources of different oxides:
tetrasthoxyosilana (liqu.d), methanclic sclution of boric acid, trimethyl
borate (liquid), sethanolic solution of sod!um methoxide, aquecus rolution of
sodium nitrate, and squeous solution of sodium acetate. Three procedures
using thres sources of Ma 0 were developed and investigated. Sels of Compo-
sition 1 in particulate forms were prepared by all three procedurss. Gels of
Composition 2 were prepared by Procedurs I and III 4in particalate and in
monolithic forms.

W starting compounds were tetrasthoxysilane, boric acid,
and " e + Ga)s were synthesised in nonaquecus solvents. The gen=
eral procedure comsisted of the following stepe:

(1) Pixing tetrsethoxysilane with three times its volume of anhydrous
ethanol at 40 €

(44) Partial hydrolysis of tetrasthomysilane (a) by sxposing the solutiom
containing acid cat=!yst (ECl) to the ambient atmosphere and stirring at 40 C
for about 1 hour or (b} by adding a small proportion of water acidifjed with
BC1 and stirzing for 10 to 15 minutus at 40 C. The proportion of water that
oould be added wvas in the range 0.1 to €0.] mol per mol of 85i(0Cylg),.

The concentration of BC1l was in the range .002 to .0004 mol per mol of

BA(0CyNg) 4
lﬂl’l Adding NyB0oy dissolved in hot anhydrous methamol (30 ¢/10C ml)
udm:ﬂunul!.urlhm.mulmm.ulm’liul.

(iv) Adding methanolic solution of jodium methoxide, s transparent solu~
tion is produced if the proportion of acidified water sdded during partieal
hydrolysis was sufficiently low. The final solution was in the pk range 9 td
10. The sclutior wag stirred for 2 to ) hours at room temperature.

(v) The final solution was diluted with anhydrous ethanol to a concentra-
tion about 40 g metal oxide per liter and wai left exposed to the ambient
atmogpheare for gelation.

The gelling time of the solution decressed (a) with increased Me,0
concentration, (D) with increased metal oxide concentration, (e) wi
increased proportion of water and scid added during the ..itial hydrolysis,

(d) with increased humidity of the ambient atmosphere during the final gelling
- stage.

' The gelling time of the solution (40 g/liter) of Composition 1 was in the
range 1 to ) hours, vhereas the gelling li.» of the solution of same concentra~
4 tion of Composition 2 was about 16 hours.
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To prepare ge.-monoliths of Composition 2, the final solution after dlle~
tion with anhydrous ethanol was poured into a glass or preferably plastic
container and allowsd to form gel in the amcient atmosphere. Transparen:
gel=monoliths thus weze driel w.der carefully controlled conditions at room

temperature.
re 1. The stariing compounds ware “etrasthomysilane, doriv acid,
and sodius nitrate. Sodium uitrate, being insolubdle in alcshols. «ar + Y 1 as

8 wery dilute egreous soluticn at the final stage cf the reactiom- ™2 jan=
eral procedurs consisted of the foliowing steps:

(1) Mixing tetrasthoxysilare with taree tiZes its volume A - "un
ethanol at 40 C

(11) Parzial hydrolysis or B.!0CaHgiy with acidified weter ot &C ©
for about 1 hour. The proportion of water was avound 0.5 =.1 per =0l of
BL(OCyHg ), ard the HC. acid concentratien was in the -3¢ C.0004 o
v+0006 mol par mol ef Bi/0C,lk ). The solution pll was in the range J to 4.

(444) Mcing mathanslic ic aci¢ and stirring for about 1 hoar at 40 C

(4v) A4ding agueocus sodium nitrate solution to the mix:zure and stirring
for about ) hours. The asount of water situi v th sodium nitrate was suffi-
cliently high so that no precipitation of sodiv. . ‘trate occurred after mixing
with the alcoholic reaction mixture. The pM of the final solution 1'as around
3.5. The total amount of water at this stage w.y around 20 sols per mol of
B4(0CaHg) 4+

The concentration of the solution was approximataly 70 ¢ metal oxide per
liter. The gelation occurred as solution was mainta'‘ned at 40 C for 2 to 3
days.

The gelling time decreaced with increased pA of the final solution which
was controlled by the concentration of acid added during initial hydrolysis
and by the concentration of the firzl solution after the addition of W
solution. The pll can also be increased by adding a weak base at the £
stage.

Procedure 1II. ‘e starti:« cowounds were tetresthoxysilune, trisethyl
borate, and sodium soetate. An squecur solution of sodiwm acetate was added
at the final stage of the resction. .. genaral procedure consgistad of the
folloving stepe:

(4) Mixing tetrsethoxysilans with three times its volume of anhpdrous
ethancl at 40 C for 10 minutes

(44) Partial hydrolysis with acidified watar at 40 C for about 3¢ min-
utes. The propertion of water was 1 mol per mol of Bi(OCylg)y. The
concentration of acid was 0.02 mol per mol of Bi/CU.jNglg. The solutien
pi was iround 0.2.

(444) Mading trimethyl borate ard stirring for about 3 hours

(iv) Adding an aguedus #3lurisa cf svdiwe acotate cidified with acztic
acid. The solution was stirred and was left foo yeletion. The total water in
the final solution was related to the Ma,C ~ontent of tha composition and
the concentration of sodiuc acetate solution. The total seount of water for
Cemponition | was in the rangs 30 to 60 mols per mos of B4'OCylg)4,
wvhareas the total asount of watsr for Composition 2 was '3 Low as 1.§ moin par
mol of B4(0CyNg),- The finsi solution pil was in the range 4 to 6. 'The
gelling time decreased (a) with increased Ma,0 concentration, (b with
incrersed concentration of sodium scetats solution, () with decreomed acidity
of the solwtior before the addition of s>dium scetate. The ¢:ilinr tize of
the solution (40 g metal oxide per liter) of Composition * wms 30 .o 60 mine
utes. That {-r sclutions of same concentratiuns of Composition i «~as % 10 12
hours.

The gel-monoliths of Composition 2 were prepared by porring the £ .1 wcle=
tien into a closed container which was laft 'or gelation. Gele-monolichs ware
dried carefully te avoid erscking.
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Shermal treatsent ané characterization of gels

Thermal treat=ent :rocesures for the removal c¢f croanicst and velat:les
consisted of heating steps At & low rate { 1 C/houri up to 5CI C. The
first soaking terpderaz:ce after initial drying at 60 C for abcut 2 days vas
150 C to remove adsore? water and solvents. The second soaking temperature
was 350 C where ccmburz.or of the organic groups occurs. An endotherm:c peak
at arourd 150 C and ar excthermic peak at around 25C C obtained with the ZTA
curves indicate these r-encmena. The Organics removal rate can be i-creased
by taking further stezr 3ui: as the thermel treatment of gels in a hurad:oey
chanber at around 70 C, 2r an cxygen atrosphere during the thermal trasatnent.

The remcval Tate .5 re.ated to the Jel preparaticn procedure as well as
the gel composition. The restlis suggest that different orgaric remosal cates
from oels prepare fro- the same composition but by 2ifferent procedures coulld
be related to (1) the z1en:czal nature of the residual crganics (2) the nature
and gize of pores ir the gels, and (3) the rate of pore closure a: tenpera-
tures beiow 500 C.

The surface arveas :f the gel particles and gel-nonoliths were measures by
argon adsorption using a Micrometrics instrument (Model 2205). The surface
areas of Composition ! gel particles were measured through a range of te=pera-
tures holding in the :instrument at each for 1/2 hour before the reastrement.
The surfsce areas of ge.-mcnholiths of Compositiorn 2 were measured after
thermal treatment at d:fferent temperatures in a furnace ir air. The results
are shown in Table II. It is evident from the results that the surface areas
are strongly influenceZ by the prepsration procedures and by the thermal
treatment.

TABLE I
Surface srsas of gels and gel-monoliths

Thermal treatment
Gel preparation Nolding time Molding temp. Surface are:
procedure Composition {hr) () (m2/gm)

Gel particulates

1 1 1/2 150 H
b ¢ 1 1/2 300 42
1 1 1/2 500 0
111 1 1/2 300 25
111 1 1/2 400 100
II: 1 1/2 500 11
Gel-monoliths
1 2 96 150 38
1 2 4 350 301
I 2 4 500 253
I 2 /4 750 3
111 2 4 500 442

X~ray diffraction powder patterns of gels of Composition 1 were taken
after <hermal treatmen: at different temperatures up to 600 C. The results

C - o~



oy e————

1

b

the gels prepered by Procedure I and Procedure III were noacrystalline and
that mo crystaliinicy develaped oo thermal treztment at temperatures ap to 60¢
C. The maximus tharrmal ireati=ent at 600 C wes 40 hours. Ths gels prepared by
Procedure I were crystailins 4ue 0 the presance of XaNDy. lowever, the
crystailinity dssressed < .tk increased tharmal tresataent time at 500 o 600 C.
Gel-moncl:zins of Coxpose <+ pregpazed by Procedure I and Procedute 1I2

vere noncrrstalline «fter shiszil treatwents A% teaperatures € 500 . Maxam
hest treatmen~ 4 5C2 O wit - "ours. Irystailinity develsped sfrer “eat trolce
aent at temperitures abovg Ul £ ¢uring the gi:-to-glass transiormation stase.

Conversion =f gels 0 glass

Melzi~g cf gels. The gels =f Jomposition i after the tr.irmel treazment 23
500 C were meized ai temperatures at and above 100C T tc odiain ciesr giass
atter elimanating residual carbers. <Carbor reiention in ihe gels deperded oz
the gel prénaration procedure and thermal treatment. Subsequent eliminatior
of carbor Src> the glass wes & fun:iion of tine, temperature, and aminens
atmosphere {i.¢.. oxvgen potentiai; of melting. Time ané temperature requiced
for obtaining visually ccloriess and transparent glasses >¢ Composition 1 are
given in Tabie II1X. It is evadent that Tesidus’ carbo: was eliminated most
rapidly frow Procedure I1 gels and most sluggishly froe Procedure I gels.

TABLE 1II
Etfect of time and temparature on carbos removal during the selting of g¢els of
Composition 1

Gel preparstion Melting tempearatures Melting time

—procedure 1€) thre Appearance

I 1000 2 Trangsparent, grey
colors

I 1000 3 Trangparent, color-
less

b 4 1100 2 fransparent, color-
less

1 1200 1 fransparent, color-
less

11 1000 1 Transparent, color-
less

111 1000 1 Transparent, grey to
black

111 1000 4 NOTe transparent,
greyish

111 1200 2 Traasparent, nearly
cclorless

IIX 1200 L} Transparent, color-
less

Densification of gel-monoliths. Morous gel-monoliths of Composition i
prepared dy Procecduce ! were heat treated 2t Zifferent temperatures after the
removal of organics at 500 C. The sanples were axaained ané x-ray 4iffraction
patterns were tiken to detect the crystalliinity developed. The results of the
experiments are shown in 7abie IV. The physica’ sppearance of a glass~like
gel-monolizh obtained after densificstion at 700 C for 1/2 hour is shown in

Pigure ! (page 10).
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TABLE 1V
Thersal treatzwnts for =he porous gel menoliths of composition 2

Gel . Terzal Neat
preparation history treataent Physical
procedure Sample 'C) (hr) (C) (hr) appsarance Crystallainaty
I (1) 15¢ 72 500 4 Transparent, Woncrystalline
5C =1/ porous
1 (2) 15¢ 72 600 1/8 Transparent, Noncrystalline
I8¢ -4 open porogity
S0( < axists
1 (3) 15¢ 72 600 1/2 Transparent, Woncrystalline
IS¢ 1-1/4 open porosity
50¢ 4 exists
I (&) 15t 72 650 1/4 Transparent woncrystalline
Isc -t/ and densified
S0t 4
1 (s} 15¢ 72 €50 1/2 Transparent Noncrystalline
3s5c 1-1/4 and densified
500 4
1 (6) 150 72 00 1/2 Transparent Noncrystalline
35C 1-1/4 and densified
500 4 (see Pig. 1)
b (£2] 150 72 750 1/2 Transparent Crystallinity
380 1-1/4 and densified detected
500 4 f=quarts
b4 {8) 150 72 750 2 Completely Crystalline,
350 1-1/4 white and _a=-crystobalite
500 4 opaque
I 9) 150 mn 800 1/4 Completely a-crystobalite
350 1-1/4 wvhite and
S0C 4 opague
1 {10) 150 72 850 1/4 Completely a~crystobalite
35¢C 1-v/4 vhite and ’
500 4 opagque
II1 (1) Slowly 00 C 4 Transparent, Noncrystalline
heated to porous
$00 C
11X (12) Slovly 700 1/2  Transpsrent Crystallinity
heated to with slight detected,
50 C opacity S-quarts
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DISCUSSIOR

The formation of tne condensed polysilicates and subsequent gelation of
tetraethoxysilane is the result of a complex seguence of nvirolysis and
condensatior reactions. The coaplexity increases in a syster with cogponents
having different reactivity ané eclubility. Gelling is controlled by the
process paraseters such as chemical nature of alkoxides and other reactants,
molecular ratio of water to alkoxildes, the presence of cstalysts and pH of the
medium, temperature, csncentration of reactants, and nature of solvents. (€]

In this multicomponent system havirng reactants of markedly different
chemical nature, it is extremely diffacult to change the process parameters
indspendently of sach other. Moreover, the addition of agqueous solution such
as sodium nitrace and sodium acetate whicl. are insoluble in alcohol should be
ccnsidered in the context of the liquid-liguid immiscidility(?’ existing in
the SilOCyHg!e, CoHgOH, and M0 system. The possibility of segre-
gating wvater-soluble phases under certair experimental conditions should be
investigated. Tc homogeneously :ncorporate & high proportion of Ma* jons
{which is not & network former) into a gel structure is compiex and difficult.

In Procedure 1, all reactants are soluble in alcohols and it is presumed
that a homogeneous solution of the molecular species vas obtained at the final
stage. BRowevaer, the saquence of resctions may be postulated as follows: In
acid medium, the hydroniue ion attacks the polar = $i-0CyHg bond and forms
=$i-08 groupsi{19). mowever, in this type of nucleophilic displacement
reactiong the rejctivity decreases as more groups on the silicon atom are
displaced. The polysilicate is formed through condensation of silanol groups:
8i08; or silanol and alkoxy groups (ESi-OCyHg),- The further attack of
ZE $1-0Cyiig bond in the polysiloxane by HyC might also be hindered by the
steric effect of ethoxy groups. Thus, hydrolysis of ethylsilicate is con-
trolled Dy the slectronic and steric effects developed duting hydrolysis.
Bance under mild condtions of hydrolysis at room temperatures and with a small
proportion of Hy0, the fornation of low-molecular-weight molecules takes
place. Recent work of Peace, et all?!] on the hydrolysis of alkoxysilanes
suggests that the polymers at the initial stage of hydrolysis might have ring
structure—perhaps & dimer with two connected rings each containing four sili-
con atoms. Boric acid itself or sethyl borate B(OCH3)3 which could form
by the reaction of methanol with boric acidi12], can'react with silancl or
alkoxy groups and form = $i-0-B = bonds in the following way: (9]

| |
2 = 51-08 + B3B0y — - ?*'O'T@Ti”?lﬁ —
o

o
S §i-OR 4 HO~B = — =51 0-B = + ROH —— (2)
= S4-O8 4 CH30 - B a——= = Si=0-B = + CH30H 3)

An advantage of the addition of boric acid is thst certain amount of water
is liberated during the reaction of H3BOy either with silanol groups or
with alcohols and this water produced in situ could effectively induce further
hydrolysis without addizion of free N;0. After subsequent addition of
sodium methoxide solution, the pB of the solution increases above 9, and
conuq\nnu’r the mechanism and kinetics of hydrolysis and polycondensation
changes.!10] mMoreover, sodium methoxide being highly susceptable to hydro-
lysis (e.g., MaOCH; + B0 ——= MaOR + CH30H) produces OH groups which
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enhance the polycondersat:on and growth of the polymeric particles. 10,
Subsequently, the sclusiior ebsorbs sufficient wates Zrom the atmosphere oY
whes free water :s addei, the gelation occurs rapidly. The chserved i sreaszed
gelling rate w:th increased proport:or of water at the initial stage ~¢
hydrolysis s:igges: %nat any free wvater remainina befcre adding sciixr
methoxade cause Zne ganerztion cf hvédroxy. icng which enhance the gelaiion.
The decveased gelling time with increased NadClH; and with :ncreased hum:d:ey
also in¢icates the nycrolyric reactior sf the NaOlh; &nd tre catalytic
activity of Q4 groups. Tae incovporsiion of Na¥ ions into the gel

structures might take phce as follows: NaCR generated by the hydrolvsis cf
NaOCH3 might react wath = 5:-0CYg grour to produce =s:08:9!.

Sodium methoxide havinc s:rong :0n:c¢ character Right undergoc :on emchange with
H* jon of silanol oroups a- high pH and mav produce = CiCNa. A seconlary
reaction forming tetra-coordinazted boron of the type Na (B{OClj)4! magnt

take p-ace when free cr partialily hydrelvzed 5(0CH3); reacts with

l‘lms

In Procodure I1, =he :imaitial reasticnz of tetraethoxysilane with torac
acid are anticipate2 to be similar t= those described for Proceduwre I.
However, the addition of ragher proporiion of water and of acids would lead =
more camplete hydrolysis of eshoxys:lane. The polymer molecules conta.n less
unreacted ethoxy groups, and the soiution shows littie tendency to gelatiorn.
Sodium nitrate add:ticns, unlike NaOCE; or sodium acetate, do not increase
the pH. Consequently, the geliing time i3 iong. Sodiux naitrate, be:rng ne:=
reactive to other resctants and being insoluble ir asicohols. segreqates in the
aquecus phase and precipates as NaNOj as the gels dry, as evidenced by the
x-ray diffraction results. The heat treatment at 500 C or above decorposes
the nitrat: and reactive Naj 0 forms thus, the crystallinaty decreases with
the heat treatment. However, excess water and the low gelation rate are
beneficial for hydroivaing alkoxy groups and subsequent removal of organics.

In Procedure III, the initial stage of the hydrolytic reactions an
presence of high proportion of water and acid is samilar to that of Procedure
I1. Consequently, the hydrolysis 1s more complete and the solution being at
lovw pH (<2) shows less tendency to form gels. When sodium acetate sciution is
added, the gelation occurs due to introducing high concentration of OH ions
present in sodiux acetate solution: the pH of the solution increases to higher
gelling rate :eqion[“’I and gelation occurs rapidly. The surface areas of
gels produced from the low pH golution 1is llrge because, in strongly acid
medium, the polymerac particles ceannot grow- Ny, consequently gels produced
from submicron particles have higher surface a~eas.

The significant difference in the surface areds of the gels prepared by
the different procedures (Table IV can be interpreted in terms of the effect
of pE on the size of the particles. Wher the gelaticn is done wath solution
of low pH {<2) the particie gizes are snaller, consequently, the pore s:zes
are finer. The incorporation of Na* 1ons ainto the gel structure might occur
erther by the reaction of NaOH produced by the hydrolysis of sodium acetate -
wath :—:s;-oc;n; group or by the exchange of H* ions of the silanol
groups with Ra* icns of acetate soluzion!15!, But, a portion of ua*
ions might remain in water phase and could produce a nonuniform 4digeribution
of Na* jons in the gels.

The infrared absorption spectra of Composation ) gels prepared by
different procedures 2nd after thermal treatments at different temperatures
were taken by the KBr pellet technique. using Digilad FIS14 spectrophotometer
and are shown in Figure 2. It is evaident from the figure that the position
and the features of the absorption bands resulting from Si-O bond sire~ching
are not the same in all the gels. The peak positions were not shiftei by
thermai treaziment steps up to 500 C or by the humidity treatment that had
affected boil nydrclys:s and removal of chemically bonded alkoxy groups.
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The difference . the nature of the molecuylar structure of the ge.s as
depicted in the infrared spe-tra, might have been originated due to (a) the
difference in the stiruc:ural :ncorporation of Na* ions witn the Dolymeric
species of the gels, or ':) t-e difference in the milecular structures of the
networks p.oducsed luring the hydrolytic polvecajensation
procassills 16, 70, T-e effecis cf dafferent thermal treatments above 500
C on the change in molecular reructures of the gels have not beer stul:ied.
However, the infrarel ani Raman spectira of glassec rmage frox the 2:ffere=s
aels of Composition 1 ind.cite that the meltinz 2t higher terperaturaes ‘Y100
to 1230 C; appears tc be safficient to give an equalidbrium melt for each gel.

The prelimindry vesilts of the denszificaticn studies of the gel-acnol:ths
of Composition 2 {(see TaSle IV shows that the porous gei-monoliths can be
densified to transparent “glass® by heat trestient st temperatures ahsve the
glass-transition temperatares. The results show that the Fels have a stroag
tendency to crystallize at higher temperatures. However, the gels cf
Composition 1 prepared b Procedure ! and Procedure II 4o not crystall:ze on
Leat treaiment at temperatures adove T, for a prolonged period (fnr exazple,
40 hours at 600 C). The basac reason for the crystallization of gels of
Composition 2 is not understood yet. The hsat treatment of gels in the
Le303-5i0; system shows 2 szralar crystallizing tenaency.i'8) 1t 1s
reportcd by several workersi'®: 20i enac the silica gels and amorphous
silica powders and silica glass crystall:ize in presence of sodium or potassiun
salts i1n the 8C0 =c 25C 2 range. It is suggested!19. 20) thar adsorbec
cations entered the latzice at elevated tenperatures causing the S5i-0-S3
bridges to rupture, thereby collapsing the structure and lowering the
densification temperatures. The crystallization of gels of Composition 2 is
presusably due to the high reactivity of the mobile Ra* ions on the less
tight gel structure and subsequent rupture of the Si~O-Si bonds. The high
hydroxyl contants might alsc enhance crystallization.(2'] The absence of
crystallization tendency in Composition 1 gels may be a compositional effect.
A viscous low melting alkali borosilicate glassy phase might form at lower
temperatures. Na* ions being structurally incorporated into this glassy
phase becomes less reactive and mobile, consequently, the stability of the
gels toward crystallization above Tg is prolonged.

CONCLUSIONS

Gels and gel-monoliths of different compositions in the “‘20-‘203'Si°
system csn be prepared by three different procedures. The physieochomxcni
nature of the gels prapared by the different procedure are significantly
different. The chemistry of the gelling process is controlled by the various
process parameters and by the composition of the gels in a particular system.
Molecular structures of gels having Composition 1 (wr %) SiO; 60, B30,

15, Naj0 25 prepared by d.fferent processes are not identical, However, the
melting of the gels at 1100 to 120¢ C is sutfirient to give equilibrium in the
melts from the different gels. Gel-monoliths having a composition (wt W)

Si0 84, 3203 12, Nay0 4 can he transformed into transparent "glass®

by heat treatment at temperatures above Tge But the gel has a strong
tendency to crystallige during gel-to-"glass" transformation. The rupture of
$1i=0-8i bonds by highly mobile Ma* ions in the less dense gel structure

night be the reason for the crystallization of silica phase.
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Abstract. - Gels and gel-monoliths in the sodium borosilicate system were prepored
by the hydrolytic poiycondensation of alkoxysiione with trimethy| borate or boric ocid
ond a suitable sodium compound. Three different procedures using three different
sources of Na20 were developed. Crystallinity of different gel-powders ond gel-
monoliths of two compositions were examined ofter thermal trectment ot different
temperotures above the glass transition “empei gture(Tq). Results indicate that the
stability of the gels toward crystollizotion during gel-t5-"gless" tronsformation
oround T depends on the composition, previous thermal history, and time and
1emperofgure of heat tregtment. The resuits are expiained in terms of gel structures
ond the noture ond roie of sodium ions in gel structures.

|. Introduction. - In recent years, the preporation of noncrystalline silicate gels and gel-
monoliths and their subsequent conversion to glosses and glass-ceramics by sintering or by
melting have been reported by severol researchers {1, 2, 3, 4, 51 Research octivities ond
their scientific ond technological importance have been critically reviewed by Mukherjee [€]
ond by Sokka and Kamiya[7).

The stability of the gels or gel-derived glosses toward crystallization (i.e., the kinetics of the
ordering process during gei-to-glass tronsormc.tion), depends on the ngture of the noncrystall-
inity of the gel structure. The formotion of o noncrystolline phase by rapidly quenching
molten or evaporoted solids is not unusuol becouse the kinetic forces (e.g., the rate of
quenching of meit or vapor ond high viscosity of melts) piay o major role in preventing the
crystollization.

The key element in developing noncrystallinity may result from chemicol polymerization
conditions which con produce certain stabie disordered polymeric molecular configurations.
Kinetic foctors such as the cooling rate or viscosity do not appear to be the mojor force in
the formation of inorganic gels from solutions. Hence, the kinetics of the ordering process
for the gels ond gel-derived glasses appeors to be different from those of the vitreous solids
produced from the melts [3, 8, 9, 10, t1, 12} The effects of minor components ond impurities
on the kinetics of crystallizotion of gels are also found to be different from those observed
with the giasses obtoined by the fusion of molten oxides [9, 13, 14, 1S, 16}

The abjectives of the present work were to (o) prapare gels and gel-monoliths in the Na20-
B203-5i072 system by different gel preparation procedures; (b) investigate the stability of the
gels toward crystollization during gel-to=glass conversion ot temperatures oround Tg ond (c)
investigate the effects of chemical leaching of sodium ions from the porous gels on the
erystallization rate during gel-to~glass conversion.
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2. Experimental Work and Results. - The batch comdositions of the gels investigoted ore
given in Table |. The (g of the giasses of the scme compositions prepared by melting con-
ventional batches are sfo C for Composition ! and 600 C for Composition 2.

Toble I: Compesition of Gels.

Weight Pereent Mol Pereent

Composition 80, 8503 - hag0 $0; 80,5 N
1 80 1§ 25 61.78 13.30 2490
2 “ 12 4 8552 1052 385

3. Ge! Prepargtion Procedures. Three procedures using three sources of Nay0 were
developec ang investigoted. Gels of Composition | were prepared in particulate forms. Gels
of Composition 2 were prepared in particulcte ond i~ monolithic forms. Starting chemicols
for each procedure are given in Table 2, Each procedure followed o five step routine: mix
silicon compound with ethonol, partial hydrolysis with ocidified H?0, odd boron compound,
adjust pH, and geliotion. See Reference 16 for procedurai detarls.

Table 2: Starting Chemiccls for Gel Preparction.

Procedurs 1 Procedure Procedure |1t
Si{ORI4 (hquid) where R = CoHg, CH3 S(OCoHgly (haug) S1{0OCoMg)4 lliquid)
H3B03 in methanol H3805 in meznano! B(OCH3) (hquid)
NaOCH3 1n methsnol NeNO3 in sxcess weter Sodium scetste 1n water
Sotvent  Ethanol Solven:. Water and ethano! Solvent. Water and ethanol

Thermal history and heat treatment for Composition | gels ond Composition 2 gel-monoliths
ore indicated in Table 3. Crystallization was monitored by the differential thermal onolysis
{DTA) and X-ray powder diffrocton techngives. Experimental results are shown in Tabie 3.
All gels prepared by Procedures | ond |1l were noncrystaliine; Procedure il gels were
crystalline. No exothermic peak indicating crystallization was observed in the DTA curves
for Composition ! gels. DTA curves for Composition 2 gel samples shown in Figure | display
exothermic peoks around 80O C due to cristobalite.

The physical appecrunce of heat treated monoliths ot different stoges of tronsformation is
shown in Figure 2.

To determine the infivence of leaching on crystallization behavior, the gel-monoliths were
leoched with SN HCI for different periods and subsequently heat treoted ot 700 C.
Crystallinity and physical appeoronce were compared with those obtained with the unleached
samples. The results, given in Tabie &4, show that chemical leoching reduced the
crystallizotion rate significontly. Somples crystallizing on heat treatment at 700 C, when
leoched, showed no crystallization, even at 750 C.

Discussion. - The chemistry of the gelling process ond its relation to process parometers ond
compositions are discussed eisewhere [I6} Gels prepared by Procedures | and |il were non-
crystalline ond remained noncrystal line on thermol treatment up to 500 C. The gels prepared
by Procedure Il were crystalline after drying ot room tempercture. in Procedure [i, sodium
nitrate (not as reoctive as sodium methoxide or sodium ocetate and insolubie in alcohol)
segregates and remains in oqueous phase of wet gels but precipotes as NaNQO3 as the gels dry.
The heot tregtment at 500 C or above decomposes the nitrate, forming reactive Na20 which
reacts with the polysilicic ocid species to form a vitreous phase. Thus, erystallinity
decreases with heat tregtment.
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Fig. I: DTA curves of geis after drying in (2) tronsluent weokly crystallized monolith,
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The rezults of the crystallization studies of the gels ot temperatures higher than T, con be
summarized os follows: (o) Composition | gels hove procticolly no tendency toword crystolli-
zation on heat treatment above 500 C; the gel-to-glcss conversion con be achieved easily
without crystallization, (b) Composition 2 gel-monoi:ths have a strong crystallizorion
tendency during gel-to-glass conversion. Class is formed on appropriote thermal treotment
above 600 C, (c) crystallization rate of Composition 2 gels is controlled by the time and
temperature both of heat treotment gbove Tg and of oging treatment at jower temperatures
(e.g., 150 C), ond (d) the concentroticn of leachadble socium ions has o strong influence on ».e
crystallization rote,

Note that the glass of Composition 2 prepared by cooling molten oxide is much more stabie
toward crystallization thon the porous gel-monoliths of the same composition. Several
researchers [13, 14, 15, 17] report that rela.ively smcl! quontities of odsorbed olkali ions on
silico gel, armorphous silica powder, and silica gless-powders con cause crystallization at
lower temperatures. It is suggested [9, 13, 17] that adsorbed cations enter the lattice and
cause the Si-0-5i bri iges to rupture, thereby coilapsing the texture aond lowering the
crystall:zation tempercotures. The crystollization of gels of Composition 2 is presumably due
to the high reoctivity of the mobile Na* ions on the iess compact gel structure ond,
subsequent, rupture of the 5i-0-Si bonds. Hence, the mobility, (i.e., the structural state or
environment) of Na* ions in the gel structure may be an important parameter controlling the
crystallization rate. The reason for the improved stadility toward crystallizotion after
prolonged low-temperature oging might be the formotion of more Si-0-Si bridges and

Table &4: Infloence of Leoching on the Crystollization of
Composition 2 Procedure | Porous Gels.

Thermal
Hntory Leashing Memt Phyncel
[ (% Trestment Tresment Crovmilimry Appesssnce
180 16
Partislly erystallized,

350 1.5 None 700 12 belite Ovaimcent to opague
$00 4 B-cryite
$00 4 Ditute HC1, 1/2 he t RY 700 17} Noneryruliine Compietely transperent, coloriess
500 4 Drivte KO, 1/2 hr st RY 780 I} Noncrystallime Dirto
500 4 Diiute HCI, 16 hr ot RT 700 12 Nancryssline -




it Lok

Tz’

) [ SmeA.

R A |

18
- A-36 ORIGINAL PAGE
OF POOR QUALMTY

compaction of gel structure ot lower temperatyres. The work of Brinker ond Mukherjee [I8)
on the densification of gel-monoliths prepared 5v s.milar procedures shows the evidencr of
densification ot lower temperagtures.

The greot reduction in the crystallization tendency of the porous gels on chemicol leaching
can be explained os follows. Presumably, there cre two kinds of No* ions in the gel structure.
The leaching tregtment removes one kind of Ne¢* 1ons thot are highly mobile like odsorbed
ions and con enhance the crystallization rotes. The residual No* ions ofter leaching might be
less mobile ond less effective in inducing the crystailization. The absence of crystallizetion
tendency in Composition | gels may be a compositional effect; in this system g viscous, low-
melting soda boresilicate glassy phase mignt form ot lower temperatures. Na* ions being
structurally incorporated into this glassy phase become less reoctive ond mobile,
conseguently, the stability of the geis toward crystalization above Tg is prolonged.

4. Conclusions. The crystallization kinetics of the gels and gel m ~oliths during the gel-to-
gloss conversion are controlled by the composition, the inw-tempe: ature aging, and heat-
treat ~* conditions obove Tq. Porous gel-monolithes con be tronsformed into tronsperent
noncT ystalline "glass” without meiting by @prop+iote heat tregtment gbove Tq. The removali
of Na~ ions by chemical leaching reduces the crvstollization rote. The rupture of Si-0-Si
bonds by highly mobile No* ions in the jess dense gel structure might be the reason for the
crystallization of silico phose.
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