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Preparation of CaO-SiO, glasses by the

gel method
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The formation of CaO—Si0, glasses, which could not have been prepared with the con-
ventional glass-melting technique because of the presence of the stable liquid—liquid
immiscibility zone, was investigated by the gel method. The monolithic transparent
glasses of Ca0-9Si0, and Ca0-4Si0, composition were obtained by slowly heating to
800° C the transparent gels formed by hydrolysis with atmospheric moisture. In this
binary system, the promotion of hydrolysis by the addition of water was not so favour-
able, because it caused the precipitation of the hydrolysed product, i.e. Ca{(OH),, and
therefore the gels obtained were translucent or opague. The values of true density and
refractive index measured for the transparent glasses were comparable with those calcu-
lated from the corresponding compositions. Crystallization occured during heat-treatment
above 800° C and wollastonite was precipitated.

1. Introduction

The preparation of monolithic glasses, glass fibres,
pure fine powders and ceramic materials from
metal alcoholates or metal salts by the gel method
has recently been investigated by several researchers
[1-8]. Roy [9] has suggested that because of the
excess free energy of a gel compared to a glass of
the same composition, a gel may be converted to
a glass below the normal melting temperature of
that composition. Thus, it should be possible, in
principle, to convert dried gels into glasses at a
temperature substantially below the liquidus tem-
perature. This method is mainly based on the poly-
merization reaction (i.e. hydrolysis and polycon-
densation) of silicon alcoholate with other metal
alcoholates or suitable metal salts in the presence
of a limited amount of water to produce multi-
component inorganic gels probably with networks
like the following:

I l
—~S,i—0—1\,/I—O— or —-Sli—O—M—O——
where M is a metal atom, e.g. Ti, Zr, Al, B, etc.
The glasses obtained by this new method have the
same physical and chemical properties as the ana-
logous materials obtained by the conventional
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melting method, but have the advantage of a
higher homogeneity and the disadvantage of a
higher hydroxyl group content. This gel method
is particularly suitable for the preparation of
glasses having a very high melting temperature and
glasses of the compositions within the stable of
metastable liquid—liquid immiscibility region.
Indeed, relatively few glasses containing alkali or
alkali earth oxides were obtained by the gel method.
This study was undertaken for the purpose of pre-
paring CaO—Si0O, glasses which have not been
obtained by the conventional glass-melting tech-
nique, because of the presence of the stable liquid—
liquid immiscibility region in this system.

2. Experimental details

2.1. Materials

Silicon ethylate, Si(OEt)y, a commercially avail-
able reagent, was used as-received. Calcium ethylate,
Ca(OEt), , was obtained by reacting the appropriate
amount of high-purity calcium metal with ethanol.
Calcium nitrate was also used as a source of CaO.
Solvent was dried with molecular sieves 4A.

2.2. Preparation of CaO-SiO, glasses
The compositions of glasses in the binary system is
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Figure 1 Phase diagram of CaO—SiO, system showing the
positions of the compositions investigated. C and S
denote Ca0 and SiO, , respectively. *[10].

shown in Fig. 1, Tables I and II. Si(OEt), was
added to a stirred solution of Ca(OFEt), in 100 ml
dried ethanol under Ar gas. The mixture was
allowed to react under reflux for 4 h with constant
stirring. The colour of the solution changed from
light yellow to red—brown. The solution obtained
was gelatinized using the following two methods:
the first is based on gelation with the addition of
water and the other is based on gelation with
atmospheric moisture. In the former method, the
mixture solution was quickly hydrolysed and poly-
merized by the addition of a small amount of water
dissolved in ethanol. A translucent or opaque gel
was formed in several hours. In the latter method,
the mixture solution was slowly hydrolysed by
atmospheric moisture at room temperature. A
transparent or translucent gel was then formed in a

few days. The dehydration of the gels obtained by
both methods was accomplished by stepwise
heating in the following sequence: initially drying
at 100° C, then the gel was heated very slowly to
400° C and was kept at 400° C for 1 day for the
removal of residual alkoxy groups and then at 500,
600 and 700° C for 1 day respectively, and finally
at 800° C for 12 h.

On the other hand, the reaction using Ca(NO,),
as a source of CaO was carried out as follows: the
mixture of Si(OEt), and Ca(NO,), in ethanol was
reacted at 70°C for 3 h and then the necessary
amount of water was added to the mixture under
stirring. A translucent or opaque gel was formed in
approximately a week. The heat treatment of gels
was carried out in a similar manner as above.

2.3. Measurement of the properties of gels
and glasses

Each product was characterized with X-ray diffrac-
tion for crystallinity, with the oil immersion tech-
nique for refractive index, with optical microscopy
and electron microscopy using double carbon rep-
licas for microstructure, with the Archimedes
method for true density, with TGA and DTA tech-
niques for thermal characteristics, and with the
infra-red technique.

2.4. Elemental analysis

Analysis for SiO, and CaQ was performed by the
standard gravimetric method and the chelate
method, respectively.

3. Results and discussion

3.1, The gelation process

The hydrolysis of metal alcoholates diluted with
ethanol was carried out using either the moisture
in the ambient atmosphere or water. Only a trans-
luscent or opaque gel was formed by the addition
of water, whereas a transparent or translucent stiff
gel was formed by using the atmospheric moisture.

TABLE I Batch composition and appearance of glasses obtained from the mixture of Si(CEt), and Ca(OE1),

Composition Metal Ca Si(OEt), H,0/Si(OEY), Appearance
(mol %) (€3] () (molar ratio)

Ca0-9S8i0, 0.352 16.46 0 transparent bulk
0.352 16.46 2 transparent bulk
0.352 16 .46 4 white, opaque bulk

Ca0-45i0, 0.685 14.27 0 transparent bulk
0.685 14.27 2 transtucent bulk
0.685 14.27 4 opaque bulk

2Ca0-38i0, 1.318 11.21 0 carbonized, grey bulk
1.318 11.21 2 transiucent bulk
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TABLE II Batch composition and appearance of glasses obtained from the mixture of Si(OEt), and Ca(NO,),

Composition Ca(NO,), Si(OEt), H,0/Si(OEt), Appearance

(®) (e (molar ratio)
Ca0-58i0, 3.18 20.01 6 translucent, powder
Ca0-485i0, 3.25 16.01 6 white opaque, powder
Ca0-38i0, 3.15 12.01 6 white opaque, powder

The degree of transparency of the resulting gels was
appreciably dependent on the humidity in the
atmosphere under hydrolysis, and therefore, in
very high humidity the gel became translucent.
The structure and properties of dry gels are sub-
stantially determined by the rate of dehydration
polymerization which occurs after the hydrolysis
of metal alcoholate. The greater the rate of de-
hydration polymerization, the more unreacted
ethoxy groups and water will be left in the dry gel.
The presence of bulky ethoxy groups in the result-
ant product also appears to be related to the struc-
tural disorder. Therefore, the larger porosity in the
bulk form of the gel was produced as a result of
the higher rate of dehydration polymerization,
which is due to the catalytic action of the hydroxyl
ions in the high calcium hydroxide content. If the
rate of dehydration polymerization is large, com-
pared to that of the hydrolysis reaction, the poly-
merization occurs as soon as the resultant ethoxy
silanol groups, Si(OH),(OFEt),_, approach each
other. When the dehydration polymerization pro-

ceeds to some extent, the gels will become too

rigid for further contraction due to either the de-
velopment of strong Si—O-Si bonds or contact of
the polymers at their non-reactive sites. But in the
case of the presence of alkali or alkali earth metal
ion, the contact of SiO, networks is inter-
fered with by the metal ions, and consequently the
shrinkage of the gel containing the metal ions is
much less, compared with the SiO, gel, and there-
fore this open structure containing many small
pores results in the gel. The gelation of the sol-
ution started from the surface and gradually devel-
oped into the bulk. The gel attains its final volume
while a certain amount of water, ethoxy groups
and solvent are still left within it. The monolithic
gels obtained by both methods usually cracked
into a few pieces in a week at room temperature.
In this binary system, the promotion of the hydro-
lysis with the addition of water to the mixture of
alcoholates was not so favourable, because as
calcium ethylate is much faster to hydrolyse than
silicon ethylate, it resulted in more preferential
precipitation of the hydrolysed product, i.e.

Ca(OH),, during hydrolysis and, therefore, in-
homogeneities occured. But the tendency toward
the preferential precipitation of the calcium
hydroxide was mostly avoided by the hydrolysis
using atmospheric moisture and the homogeneity
of the structure seemed to be preserved in the glass
from the optical microscope observations, In
general, it is desirable that the alcoholates used
have a relatively compatible reaction rate in order
to obtain a homogeneous gel. In contrast with the
case of Ca(OEt),, only a fluffy, low-density gel
powder was obtained from the solution containing
calcium nitrate. In the gels dried at 100° C, which
were  formed  from  the  mixture of
Si(OEt),/Ca(NO3), molar ratio <4, a small
amount of Ca(NO;),-nH,0 (n=0, 1, 2) was de-
tected by X-ray diffraction. A major drawback in
the use of these dried gels obtained from the metal
nitrate is that the nitrate is usually crystallized
during dehydration, thereby destroying the homo-
geneity achieved by stirring. It seems that the ions
are very mobile in the gel during dehydration
because of its large H,O content.

It is well known [11, 12] that the silanol group
(—SiOH) of the hydrated silica gel surface is
weakly acidic, and therefore when the gel is mixed
with an aqueous electrolyte there is some cation
exchange as follows:

M™ + m(—SiOH) = M(0Si—) ™ + mH*

where M is the metal. The reaction is reversible in
an acidic solution [12], but in the alkaline solution
the reaction appeared to proceed to some extent.

3.2. Effects of heating on the gels

The reddish brown, transparent gels obtained by
the hydrolysis with atmospheric moisture became
bright yellow at 300°C, and then light grey at
500° C, but the greyish white colour disappeared
on heating above 500° C and changed to colourless,
transparent glasses at 800° C. On heat treatment
from 300 to 500° C, the gels cracked more exten-
sively into small pieces (5 to 10 mm rectangular).
The maximum size of glasses obtained by the heat
treatment to 800°C is approximately 10mm x
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Figure 2 Photograph of the Ca0-4Si0, glass (=2mm
thick) obtained by heat treatment to 800° C.

8 mm X 2mm, as shown in Fig. 2. The gels con-
taining more than 40% CaO were changed into
black powder when heated above 500° C. This is
due to the high carboneceous residue content in
the gel obtained in the very basic solution, i.e. the
high calcium hydroxide content. On the other
hand, the gels obtained by hydrolysis with the
addition of water did not become grey on heating
at 500°C, suggesting that the organic groups
and/or ethanol were not contained in the gels, and
these gels changed to translucent or opaque glasses
at 800°C. The translucent or opaque glasses
obtained became transparent when impregnated
with ethanol or water, as shown in Fig. 3.

This can probably be explained by the fact that
many small pores were present in the bulk glass
and the difference between refractive index of
glass and that of the air in the pores was decreased
with the replacement of the air by a medium
having a higher refractive index than air. A trace
amount of white products, that seemed to be
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calcium carbonate from the presence of the absorp-
tion of CO3” vibration at the frequencies of 1400
to 1450 cm™! in infra-red spectra, was formed on
the surface of the glasses, because of the presence
of CO, in the atmosphere. However, the product
was not identified by X-ray diffraction because of
the small amount present. The gel must be heated
much more gradually in order to obtain the mono-
lithic glass, and close control of the atmospheric
conditions, i.e. humidity, carbon dioxide in the
atmosphere, the vapour pressure of alcohol, etc.,
is necessary to assure complete glass formation.
The transparency of the glasses was dependent on
the clarity of the gels, that is, the structure of gels.
The transparent glass was obtained only from the
transparent gel. Generally, crystallization occurred
on heat treatment above $00° C and wollastonite
(CaSi0;) was precipitated. The glasses had no
organic groups, but still contained trace amounts
of OH groups. On the other hand, only an amorph-
ous oxide powder was obtained from the gel
containing calcium nitrate by heat treatment above

600° C. However, crystallization occurred above
800°C.

3.3. The properties and microstructure of
glasses

The true density and refractive index of the glasses
are shown in Table III. As the glasses having the
compositions in the immiscibility region could not
have been prepared by conventional glass-melting
method, theoretical density and refractive index of
the glasses obtained by this method were calculated
by using Huggins and Sun’s equation [13]. The
values of true density and refractive index measured
for transparent glasses were comparable with those
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Figure 3 Specimen heated at 800° C (=2 2 mm thick). Specimen on right impregnated with water.
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TABLE III Density and refractive index of the glasses prepared from alcoholates by the heat treatment at 800° C

Composition Analysis (wt %) Density (10% kgm™?) Refractive index
Si0, Ca0 Found Calc Found Calc
Found Calc Found Calc
Ca0-9Si0, 87.4 90.6 124 9.4 2.44 2.33 1.504 1.489
(2.39)* (1.502)*
Ca0-48i0, 78.8 81.1 21.1 189 2.51 248 1.527 1.524
(2.52)* (1.533)*

* The values in parentheses were calculated from analytical composition.

calculated from the analytical compositions,
although the latter were slightly different from the
batch compositions because of the evaporation of
Si(OFt), during the gelation. The small-angle
X-ray scattering was observed in the materials
obtained by heat treatment below 600° C, but was
hardly observed above 700° C. The gels were found
to vitrify into transparent or translucent glasses at
800°C. A typical transmission electron micro-
graph of the CaO—-SiO, glasses is shown in Fig. 4.
The microstructure of the glass showed that small
pores (< 60A) and large circular depressions
(=5004A), in which small droplets existed, were
observed in the glass. It appears that the large
circular depressions represented cross-sections of
the calcium-rich phase that are less resistant to
etching. It is considered that this observation may
probably be due to the glass phase separation. A
systematic experimental and theoretical investi-
gation has been undertaken of the two-phase
region that is known to exist at high temperatures
in the silica-rich portion of the CaO-SiO, system,
and it has been found by Tewhey and Hess [14]
that immiscible CaO—Si0, melts that have been
quenched from 1700° C or above, consisted of a

Figure 4 Electron micrograph of the replicated surface of
the Ca0-48Si0, glass.

clear siliceous phase and a white opaque calcium-
rich phase containing droplets partially composed
of crystobalite. It appears that the results obtained
in this work are somewhat different from those
reported for glasses produced by the melting
method. Therefore, further results on the phase
separation of glasses obtained by the gel method
will be presented later in detail.

3.4. Infra-red spectra

Infra-red spectra gave some important information
on the structural and compositional change in the
heating process. The spectra of the samples corre-
sponding to 20 wt% Ca—80 wt% SiO, glasses are
shown in Fig. 5. The absorption peak around
870 cm™!, attributed to the Si—OH vibration,
decreased in intensity with increasing temperature
and disappeared above 500°C. No absorption
attributable to the alkoxy groups was found. The
absorption band around 1100 cm™, attributed to
the Si—O vibration in the SiO4 tetrahedron, shifted
slightly to Iower frequencies as the temperature in-
creased to around 400°C, but shifted to higher
frequencies as the temperature was raised above
400° C, suggesting that the Si—O bonds in tetra-
hedra were strengthened.

3.5. Thermal properties

DTA and TGA curves of the dried gel corre-
sponding to Ca0-+48Si0, glass are shown in Fig. 6.
In the DTA curve of the gel obtained from the
alcoholates, an endothermic peak was observed, in
the range 100 to 150° C, which could be atrributed
to an oxidation involving the solvent or to the
oxidation of residual organic groups in the gel, was
observed in the range 220 to 300° C. The higher
contents of CaO in the composition of the gel
caused the greater exothermic peak in DTA curves
because of the oxidation of residual organic groups.
In addition, in the TGA curve a weight loss was
observed in the range of room temperature to

1975



L | i 1 1 i 1 I S S TR N ! ; ]
1700 1500 1300 1100 900 700 500
Wave Number (cm™')

Figure 5 Infra-red spectra of the specimens obtained by heating the CaQ-48i0, gel at various temperatures.

400° C. This is probably due to the evaporation of
the adsorbed water and solvent, by-products and
unpolymerized or small chain-length polymers of
silicon ethylate. In the DTA curve (Fig. 6) of the
Ca0-48i0, glass obtained by very slowly heating
the corresponding gel to 800°C, only an exo-
thermic peak was observed near 900° C, which
could be attributed to the crystallization of
wollastonite. On the other hand, in the DTA curve
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Figure 6 DTA and TGA curves of the dried gel corre-
sponding to the CaO-48i0, glass, and DTA curve of the
Ca0-48i0, glass obtained by very slowly heating the gel
to 800° C: (a) gel; (b) glass.
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of the gel, corresponding to the Ca0Q+4Si0O, glass,
obtained from calcium nitrate and silicon ethylate,
two endothermic peaks were observed in the
ranges 100 to 200° C and 570 to 700° C as shown
in Fig. 7. The former peak resulted mainly from
the evaporation of the adsorbed water and the re-
moval of the water contained in Ca(NOj3),-nH,O
compounds whereas the latter peak resulted prob-
ably from the loss of H,O incorporated into the
gel structure and from the melting and decompo-
sition of nitrate (pure Ca(NO,), melts at 561°C
and the absorption peak of the NOJ group around
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Figure 7DTA and TGA curves of the dried gel

(Ca0-4Si0,) obtained from a mixture of Si(OEt), and
Ca(NO,), .



1370cm™!  disappeared above 700°C). The
thermal expansion coefficient of the Ca0-48Si0O,
glass obtained from alcoholates has been measured
on a bar Smm long, The expansion, «, is almost
linear up to 600° C, averaging 1.2 x 1076 °C ™1,

4. Conclusions

The formation of CaO-Si0, glasses of composi-
tions within the stable liquid—liquid immiscibility
region was investigated by the gel method.

(1) The mixture of calcium ethylate and silicon
ethylate was hydrolysed either by the addition of
water or by atmospheric moisture. In the former
method, a translucent or opaque gel was formed in
several hours, whereas in the latter method a trans-
parent or translucent gel was formed in a few days.
The degree of transparency of the resulting gel was
dependent on the humidity in the ambient
atmosphere. In this binary system, the promotion
of the hydrolysis by the addition of water was not
so favourable, because it caused the precipitation
of the hydrolysed product.

(2) The monolithic transparent glasses of
Ca0-95i0, and Ca0-4Si0, composition were
obtained by slowly heating the clear gel formed by
the hydrolysis with atmospheric moisture to
800° C. Only porous opaque or translucent glasses
were obtained from the gel formed by the addition
of water. The gel of the composition containing
more than 40% CaO was changed into black
powder when heated above 500° C.

(3) The values of true density and refractive
index for the glasses were comparable with those
calculated from the corresponding compositions.
In transmission electron microscopy, many small
pores (=60 A diameter) were observed. But small-
angle X-ray scattering was hardly observed in the
specimens heat-treated above 700° C.

(4) In general, crystallization occured on heat
treatment above 800°C and wollastonite was
precipitated.

(5) In contrast with the alcoholate mixture,
only a fluffy low-density oxide powder was
obtained from the mixture of calcium nitrate and
silicon alcoholate.
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