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Synthesis of Si0O, glass fibres from
Si(OC,H;),~H,0-C,H,OH-HCI solutions through
sol-gel method
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Department of Industrial Chemistry, Faculty of Engineering, Mie University, Tsu, Mie 514,
Japan

Various factors affecting the spinnability of the Si(OC,H;),~H,0-C,H;OH-HCI solutions
have been investigated in order to find appropriate experimental conditions for making gel-
derived SiO, glass fibres. The molar ratios of H,0, C,H;OH and HCI to Si(OC,H;), were
changed in the range from 0.5 to 10.0, 0.5 to 7.0 and 0.001 to 0.1, respectively. The solutions
were reacted at 30 and 80° C. It has been reconfirmed that the most important factor determin-
ing the spinnability of the solution in the course of the hydrolysis reaction is the molar ratio of
water to Si(OC,Hg), in the solution. The rise of the reaction temperature led to the remarkable
shortening of the time required for drawing fibres. The increase of the amount of HCI
decreased the upper limit of the H,0/Si(OC,Hg), molar ratio range where the spinnability is
found as well as reaction temperature. The solutions with a H,0/Si(OC,H;), ratio larger than
2.0 gave often fibres having a circular cross-section, while other solutions gave fibres with a
non-circular one. The tensile strength of the gel-derived SiQ, glass fibres was also reported.

1. Introduction

The sol-gel method for making oxide glasses from
metal alkoxides through their hydrolysis and polycon-
densation, and gelling has been developing as one of
the new glass making techniques since 1971. This

method has been applied to many oxide systems to.

obtain glasses at relatively low temperatures near glass
transition temperatures by many investigators. Con-
ventional and new glasses which could not be made
easily by the conventional melting technique because
of a too high melting temperature and tendency toward
phase separation or rapid crystallization during cool-
ing have been successfully made [1].

The present authors have shown that for hydrolysis
and gelling of the Si(OC,H;),-~H,0-C,H;,OH-HCl
solutions to obtain SiO, glass fibres or the bulk SiO,
glass, careful adjustment of the composition of the
starting solution is quite important [2]. They have
noticed that the amount of water added for hydrolysis
has to be most carefully controlled depending on
which form of SiO, glass, i.e., fibres, sheets or bulk is
aimed. Namely, the solutions in which the molar ratio
of water to Si(OC,Hj,), is smaller than about 4.0 while
the molar ratio of HCl added as a reaction catalyst is
kept at 0.01 to 0.03, give viscous sols in the course of
hydrolysis and polycondensation reactions. Fibrous
gels can be drawn from such solutions and then con-
verted to SiO, glass fibres by heating to 800 to 1000° C.
On the other hand, the addition of a relatively large
amount of water results in a bulk gel which can be
converted to the bulk SiO, glass.

The formation of the primarily linear siloxane poly-
mers, which is believed indispensable for fibre draw-
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ing, in the region of small water content and the
formation of three-dimensional network siloxane
polymers at a region of higher water content were
confirmed on the basis of the relation between the
molecular weight M, and the intrinsic viscosity [#] of
growing polymers in the respective sols [3]. Moreover,
it has been reported that the shape of the cross-section
of fibres is circular, eliptical or more complex, depend-
ing on the reaction condition [4]. The water content
also seemed the important factor controlling the shape
of the cross-section of fibres.

However, so far, no systematic research on the
effect of the HCl/Si(OC,H;), molar ratio on the
properties of the solution or sol has been con-
ducted yet. In the present study, a further investi-
gation of factors affecting the spinnability of the
Si(OC,H,),~H,0-C,H,OH-HClI solutions and the
shape of the cross-section of the resultant fibres,
especially the effect of the HCl content on those
properties was conducted, in order to find the appro-
priate condition for drawing fibres with a controlled
shape of cross-section from the solutions within a time
as short as possible. The tensile strength of the SiO,
glass fibres thus made is also reported.

2. Experimental details

2.1. Preparation of starting
Si(OC,H;),~H,0-C,H;O0H-HCI
solutions

Tetraethoxy-orthosilicate, Si(OC,Hs), (hereafter,

abbreviated to TEOS), was supplied by Nippon

Colcoat Co. (Tokyo) and Wako Chemicals Co.

(Osaka). TEOS was diluted in a glass beaker with
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anhydrous or 95% pure C,H;OH (EtOH). Half of the
alcohol was used for this and another half was used to
dilute the water and acid. The mixed solution of
EtOH-H,0-HCl was added dropwise to the above
TEOS-EtOH solution using a glass buret under
vigorous stirring at room temperature (20 to 25°C).
The rate of addition was slow so as to avoid the
formation of flocculent or colloidal SiO, particles due
to a too rapid hydrolysis reaction. Usually, it took 1.5
to 2.5h to complete the preparation of the TEOS—
H,0-EtOH-HCI solution of a desired composition.

62.5 g of TEOS was used. The amount of water was
varied from 0.5 to 10.0 in the molar ratio to TEOS (the
H,0O/TEOS ratio). The molar ratio of EtOH to TEOS
(the EtOH/TEOS ratio) ranged from 0.5 to 7.0. The
molar ratio of HCI (the HCI/TEOS ratio) added as a
reaction catalyst was varied in the range from 0.001 to
0.1. The volume of the resultant mixed solution was in
the range from 80 to 200cm’. The 25 to 35 solutions
with different compositions were prepared and used in
the experiments.

2.2. Hydrolysis of the solutions

The alkoxide solutions thus prepared were kept open
in the ambient atmosphere at 30 or 80° C to be sub-
jected to the hydrolysis and polycondensation reac-
tions. In the case of the reaction at 80°C, the mixed
solution was heated in the polyethylene glycol bath
with gentle stirring until the reaction was completed or
the solution had solidified into a gelly mass.

2.3. Fibre drawing, gelation time and fibre
cross-section

The spinnability of the solution was checked by
immersing a glass rod of about § mm in diameter into
the alkoxide solution and then pulling it up quickly by
hand in the course of the hydrolysis and polycon-
densation reactions. The gelation time ¢, was defined
as a time when on declining the container no more
fluidity of the sol was observed. The cross-section of
the drawn fibres was observed under the optical
microscope with a magnification of x 100.

2.4. Measurement of the tensile strength of
the SiO, fibres

The drawn gel fibres were converted to SiO, glass
fibres by heating to 500 or 800° C. A single fibre was
mounted with the organic adhesive onto a thin rec-
tangular paper of 15Smm x 30mm in size having a
square hole of 10mm x 10mm in size at its centre.
The paper was fixed between the heads of a machine
for measuring tensile strength, then the paper was cut
off at the both sides of the hole. The fracture strength
of the fibre was measured with a strain rate of
10mmmin~' to obtain the tensile strength.

3. Results

3.1. The effect of the amount of HCI on the
miscibility in the solutions

Fig. 1 shows the mutual solubility of each component

contained in the TEOS—H,0-EtOH~-HCI solution at

room temperature. When no HCl is added, the misci-

bility region is quite limited. The initial addition of
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Figure 1 Variation of miscibility region in the TEOS-H,0-
EtOH-HCI solution with the HCl/TEOS molar ratio.

HCI, that is, the addition of a small amount of 0.001
in the HCI/TEOS ratio, considerably enlarges the
miscibility region. It is also seen in Fig. 1 that a HCl/
TEOS ratio larger than 0.01 is not effective in further
enlarging the miscibility region. The miscibility region
remained almost unchanged at the higher temperature
of 80°C.

3.2. Spinnability of the solution

Fig. 2 shows the relation between fibre drawing
behaviour and the composition of the TEOS—H,0-
EtOH — HCI solution with the HCI/TEOS ratio of
0.01 at 80° C. Four characteristic composition regions,
i.e., Areas A, B, C and D, are observed in the figure.
The solutions with compositions in Area A showed
remarkable spinnability in the course of hydrolysis
reaction. The solutions in Area B gelled into elastic
bulk masses without exhibiting spinnability. As
previously mentioned [5], in Area C solutions did
not gel practically, remaining in a low viscosity state
for a much longer time compared to other solutions,
except for those in Area D where the components are
not miscible. It was noticed that Region A in which a
solution becomes spinnable is divided by two lines
corresponding to H,O/TEOS ratios of 1.5 to 1.7 and
5.0, respectively. Fibre drawing became difficult as the

TEOS
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Figure 2 Fibre drawing behaviour of TEOS-H,0-EtOH-HCl
solutions with a HCl/TEOS molar ratio of 0.01 at 80°C. In Area A
(0), solutions exhibit spinnability, in B (O), solutions gel without
showing spinnability and in C (a), solutions are not practically
gelling. Area D (*) 1s the immiscibility region.
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Figure 3 Change of the border between spinnability (A) and non-spinnability (B not spinnable or C not gelling) with the HCl/TEOS ratio
(a) at 30°C, and (b) at 80°C. HCI/TEOS; (- - - -) 0.001, (<—) 0.01, (—) 0.1.

composition of the solution approached the border
between Areas A and B.

Figs. 3a and b show the ¢omposition region in
which a solution exhibits spinnability in the course of
hydrolysis for different HCI/TEOS ratios. Area A, the
spinnability region is limited by lines showing con-
stant H,O/TEOS ratios, irrespective of the HCl con-
tent and the reaction temperature. Only exceptions
can be shown by solutions with the HCI/TEOS ratio
of 0.001 at low EtOH content. There is Area C where
the solution does not gel practically for all the HCl/
TEOS ratios at 80° C and for the HCI/TEOS ratio of
0.001 at 30° C. The occurrence of Area C reduces the
region of compositions where the spinnability appears.

It is seen from Figs. 3a and b, that the water con-
tents or H,O/TEOS ratios corresponding to the bor-
ders between Areas A and B, and A and C are
decreased as the HC1/TEOS ratio is increased. The
H,O/TEOS ratio limiting the spinnability is smaller at
80° C than at 30°C for respective HCI contents. In
other words, increasing the reaction temperature from
30 to 80°C gives rise to a decrease in the area of
compositions where the spinnability appears.

3.3. Gelation time of Si(OC,Hg),~
H,0-C,H;OH-HCI solutions

The gelation times ¢, for 80° C of the solutions with the

HCI/TEOS ratio of 0.01 is shown in Fig. 4a. The thick

solid lines in the figure representing the contours of ¢,

TEOS
80°C
HCL/TEOS
=0.01

H0 50
(a)

have been drawn on the basis of the ¢, values of 35
solutions. The ¢, of those solutions for 30° C is shown
in Fig. 4b. Figs. 5a and b show the ¢, values of the
solutions with the HCI/TEOS ratio of 0.1 for 80 and
30°C, respectively. In Figs. 6a and b, ¢, of the sol-
utions with different HCI/TEOS ratios for 80 and
30° C are plotted against the H,O/TEOS ratio with the
EtOH/TEOS ratio being kept at 2.0, and against the
EtOH/TEOS ratio with a constant H,O/TEOS ratio
of 2.0, respectively.

It is seen, at first, that the gelation time ¢, of the
solution changes with variables such as the com-
position of the solution and the reaction temperature.
Among those variables, the effect of the reaction tem-
perature on ¢, is the most remarkable. The rise in the
reaction temperature from 30 to 80° C resulted in 50 to
100 times shorter ¢, than that at 30° C. However, the
change of the gelation time with the solution com-
position is rather complex.

3.4. Cross-section of drawn fibres

The drawn fibres have cross-sections of different
shapes such as circle, ellipsoid, dumb-bell and more
complex ones, as illustrated in Fig. 7. Fig. 8 shows the
result of observation on the cross-section of fibres
drawn from the solution with the HCl/TEOS ratio of
0.1 reacted at 80°C. The closed circle in the figure
indicates that more than about two thirds of fibres
drawn from the corresponding solution have a

TEQS
30°C
HCI/TEOS
=0.01

(b)

Figure 4 Change of gelation time ¢, of the TEOS—H,0-EtOH—-HCl solutions with the HCl/TEOS ‘ratio of 0.01 with the solution composition

(a) at 80°C, and (b) at 30°C.
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circular cross-section. Figs. 9a and b show the com-
position ranges, in which the probability of obtaining
fibres with a circular cross-section is large, for the
solutions of different HCI/TEOS ratios reacted at 30
and 80° C, respectively. No solutions with the HCIl/
TEOS ratio of 0.001 kept at 30° C, and those with the
HCI/TEOS ratio of 0.05 reacted at 80° C gave fibres
with a circular cross-section. Although fibres with a
circular cross-section are obtained in different com-
position ranges for different HCI/TEOS ratios and
reaction temperatures, it can be remarked that the
composition in which the fibre has a circular cross-
section is limited to the range where the H,O/TEOS
ratio is larger than 2.0.

3.5. Tensile strength of drawn fibres

The fibres were drawn from the solutions with the
H,O/TEOS ratio of 2.0, the EtOH/TEOS ratio of 1.0
and the HCI/TEOS ratio of 0.03 reacted at room
temperature (about 25°C) and heated to 500 and

TEOS

30°C
HCl/TE
=01

(b)
Figure 5 Change of gelation time ¢, of the TEOS-H,0-EtOH-HClI solutions with the HCI/TEOS ratio of 0.1 with the solution composition
{a) at 80°C and (b) at 30°C.

800° C for measurements of tensile strength. Most of
the fibres had non-circular cross-sections but some
(about one fourth) of the fibres had a circular cross-
section. Results are shown in Figs. 10a and b, where
tensile strength is plotted against the cross-sectional
area. For comparison, the previously reported tensile
strengths of the fused silica fibre [6] is given in the
figure. It is seen that the tensile strength of the present
fibre changes as a function of the cross-sectional area,
as well known. The present fibres show the strengths
as high as the gel-derived fibres obtained by LaCourse
[7], but the strengths are still lower than those of the
fused silica fibres even at small cross-sectional areas.
No significant difference in the tensile strength
between fibres with the circular cross-sections and
non-circular ones has been noticed.

4. Discussion
Factors affecting the spinnability, gelation time or time
required for the Si(OC,H;),~H,0-C,H,OH-HCI

Figure 6 (a) Gelation time ¢, of the TEOS
solutions of the EtOH/TEOS ratio of 2.0
as a function of the H,O/TEOS ratio for
different HCI/TEOS ratios. (b) Gelation
time ¢, of the TEOS solutions of the H,0/
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Figure 7 Schematic shapes of the cross-section of gel-derived SiO,
glass fibres.

solutions to attain the spinnability and the shape of
the cross-section of the fibres have been investigated.
Results are summarized as follows.

1. The spinnability occurred in the solutions in the
course of hydrolysis and polycondensation reactions
over a certain composition region at both reaction
temperatures of 30 and 80°C for all the HCl/TEOS
ratios used. Moreover, it was concluded that whether
the solution shows spinnability or not is determined
mainly by the H,O/TEOS ratio. However, an increase
of the HCI/TEOS ratio and reaction temperature
caused the shift of the spinnability-non spinnability
border toward smaller H,O/TEOS ratios.

2. The time required for the solutions to gel was
remarkably reduced by increasing the reaction tem-
perature. At 80°C, the fibres could be drawn from
solutions within a few hours, while it took several days
to draw fibres at 30° C. The gelation behaviour was
rather complex in the present study and its systematic
change with the solution composition was not
observed.

3. Fibres with different cross-sections were
produced. A circular cross-section was possessed by
fibres drawn from the solutions in some restricted
composition ranges in which the H,O/TEOS ratio is
larger than 2.0.

4, No significant difference in tensile strength
between fibres with circular cross-sections and non-
circular ones was observed.

Those results connected with the experimental con-
ditions will be discussed below.

4.1. Relation between the spinnability of the
solution and the experimental condition

As to the hydrolysis and polycondensation reactions

of TEOS, it is easily assumed that other variables than

TEOS

30°C
HCL/ TEQS
= 0.1

H,0 20 40 60 80 EtOH

Figure 8 Relation of shape of the cross-section of drawn fibres with
composition of the TEOS solution: (®) more than two thirds of
drawn fibres have a circular cross-section, (O) fibres with non-
circular cross-sections.
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the molar ratios of the constituents in solutions rela-
tive to the amount of the alkoxide has to be taken into
account. In the present work, the amount of TEOS
was kept constant and the molar ratios of H,0, EtOH
and HCI to TEOS were systematically changed. The
volume of the starting solution, accordingly, the con-
centration of TEOS expressed by wt % of SiO, and the
concentration of hydrogen ion expressed as the pH
value of the solution are different from composition to
composition of the solution. The latter two variables
may also affect the hydrolysis and polycondensation
reactions. In order to give an aid for the understand-
ing of the results obtained in the present work, change
of the TEOS concentration represented as wt % of
SiO, with the solution composition is shown in
Fig. 11, and that of pH value of the solutions with the
HCI/TEOS ratio of 0.1 in Fig. 12, The trend of pH
change with composition should be similar in the
solutions with the HCI/TEOS ratios of 0.001, 0.005
and 0.01, although absolute pH values are different
from those given in Fig. 12. By comparing Fig. 3a
with Figs. 11 and 12, it can be stated that the border
lines for spinnability of the solution correspond neither
with a SiO, concentration contour nor with a pH
contour, but they correspond with lines indicating
constant H,O/TEOS ratios. This should also be valid
for a reaction temperature of 80°C. Namely, it is
reconfirmed that the most important factor control-
ling the spinnability of the TEOS solution is the molar
ratio of water to the alkoxide, although the ultimate
H,O/TEOS ratio limiting the spinnability varies with
the HCI/TEOS ratio and reaction temperature.

It has been believed that the inclusion of primarily
linear polymers is required for the solution to exhibit
spinnability. Previously, the formation of linear
siloxane polymers in solutions with small H,O/TEOS
ratios was assumed and this was revealed in a way
described below. The relation between the molecular
weight Mn and the intrinsic viscosity [5] of the
siloxane polymers indicated that linear polymers were
formed in the solutions with H,O/TEOS ratios of 1.0
and 2.0, and polymers having some degree of branch-
ing or cross-linking were formed in the solutions with
the H,O/TEOS ratio larger than 5.0 [3]. The increase
of the degree of branching or cross-linking in the
siloxane polymers formed in the course of hydrolysis
and polycondensation reactions of TEOS may corre-
spond to the increasing difficulty in drawing fibres
with increasing the H,O/TEOS ratio.

The increase in the reaction temperature gives rise
to an increased reaction rate, which, is reflected on the
decrease in the gelation time, and may promote the
formation of the cross-linking, resulting in the shift of
the border for spinnability toward low H,O/TEOS
ratios. The shift of the boundary with the HCl/TEOS
ratio in the same manner as that with reaction tem-
perature is considered to be associated with the
increasing formation of the cross-linking.

4.2, Gelation time of the Si(OC,H;), solution
In the term ““gelation”, the hydrolysis of TEOS to
form silicic acid, the polycondensation or growth of
polymers with Si—O-Si linkages and aggregation or
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Figure 9 Composition regions of the solutions giving fibres more than two thirds of which have a circular cross-section (a) at 30°C, and (b)

at 80°C.

cross-linking of the polymers are involved. The gel-
ation behaviour of the solution is a sequential and/or
parallel progress of those elementary reactions. In
general, the reaction temperature, and the concen-
trations of TEOS and water affect the hydrolysis and
polycondensation in a direct manner [8]. However, the
concentration of hydrogen ions or pH values of the
solution affect the gelation alternatively. It is well
known that the gelation time of the silicic acid sol-
ution shows a maximum at pH of 1.0 to 2.0 [9]. As
already mentioned, the present work was aimed at
finding out the appropriate experimental conditions
for drawing SiO, fibres from the TEOS solution and
then the concentrations of TEOS and H* (pH value)
is not kept constant but varied with the solution com-
position as shown in Figs. 11 nd 12. Therefore, the
gelation behaviour of the present solutions is too com-
plex to discuss quantitatively on the basis of the kinetics
or reaction mechanisms reported so far. Further
investigations are needed in order to explain this.

4.3. Relationship between the cross-section
of fibres and the experimental condition
As to the cross-section of fibres drawn from the sol-
ution with the HCI/TEOS ratio of 0.01 reacted at
80° C, the authors suggested that the small volume
change of the gel fibres occurring during the solidifi-
cation process leads to the circular cross-section [4].
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Since the solution is kept open to air during the
hydrolysis and gelling processes in the present study,
some part of the starting solution, especially EtOH
and H,O are lost by vaporization, causing the decrease
of the solution volume. This shows that the smaller
decrease in volume of the solution is encountered at
the shorter gelation time as reported previously. The
fibres are usually drawn (if possible) at relative times
t/t, of 0.8 to 0.9 (where ¢, is the gelation time). The
fibres drawn from the solutions which gel quickly,
therefore, show a small volume shrinkage during sol-
idification relative to those from solutions gelling
slowly. This explanation may also be valid to the
solutions with the HCI/TEOS ratios of 0.001 and 0.1,
since the fibres having circular cross-sections are
obtained from the solutions which have compositions
in the area for spinnability and have the shortest
gelling times. If only the rapid gelling is required for
the formation of the circular cross-section one could
not obtain fibres with a circular cross-section at 30°C
at all, because gelling of all the solutions is quite slow.
The fact that fibres can have a circular cross-section
on reacting at 30° C suggests that not shorter gelling
time but smaller volume change on gelling is an essen-
tial requirement for fibres with a circular cross-
section.

The type of the polymers formed in the course of
reaction may be another factor affecting the volume
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800 °C

oo
-

[o2]
T

Tensile strength {102 MNmM™2)
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Figure 10 Tensile strength of gel-derived SiO, fibres heated (a) to 500° C, and (b) to 800° C plotted against cross-sectional area. (®) Fibres
with a circular cross-section, (O) fibres with non-circular cross-sections and (————— ) fused silica glass fibres.
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Figure 11 Concentration of TEOS represented by wt % of SiO, of
the solutions used in the experiment.

change of the solution on gelling. The occurrence of
the circular cross-section for the solutions with the
H,O/TEOS ratios larger than 2.0 may .support the
above assumption. The hypothetical volume change
of the solution on gelling is shown in Fig. 13 for the
solutions containing linear polymers and cross-linked
polymers. It is apparent that the volume shrinkage of
the latter solution is smaller than the former because
of a larger steric hindrance against the latter solution
to shrink. Here, further investigation on the type of
siloxane polymers produced in the TEOS-H,O-
EtOH--HCI solutions under different experimental
conditions may be needed to confirm the above
scheme.

4.4. Tensile strength of sol—gel derived SiO,
glass fibres

The increase of the tensile strength of the gel-derived
Si0, glass fibres with decreasing diameter or cross-
sectional area should be ascribed to the decrease in the
number of the surface cracks or flaws as found in
conventional glass fibres made by the melting method.
On heating the gel fibres to 500 or 800° C, their tensile
strength increased to a great extent. However, the
ultimate tensile strength of the heated fibres at a diam-
eter of 20 to 30 um was still lower than that of fused
silica glass fibres. In making the gel-derived glass
fibres, the volatile matters such as water, alcohols and
other organic groups remaining in the gel fibres are
removed by heating, at the same time the gel structure
becomes dense and stiff. Accordingly, the difficulty in
removing the volatile matters from the gel should be

TEOS

Figure 12 pH-values of the TEOS—-H,0-EtOH-HCI solutions
with the HCI/TEOS ratio of 0.1.
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Figure 13 Schematic volume change on gelling of the solutions
containing linear siloxane polymers and cross-linked siloxane
polymers.

increased as the heating temperature is raised. The
forced escape of these volatile matters out of the sol-
idifying gel or glass at high temperature may leave
some defects such as cracks and flaws on the surface.
Those defects may lower the tensile strength. If the
gel-derived SiO, fibres heated to 800° C were etched by
an aqueous HF solution to remove the defective sur-
face layer, the increase in their tensile strength could
be seen as in the case of the conventional glass fibres.

As mentioned in the previous section, no significant
difference was seen in the tensile strength between
glass fibres with circular cross-section and non-
circular ones. It can be said, therefore, that there
should be no problem if the gel-derived fibres are used
in reinforcing other materials such as organic plastics
and concrete, and as fire-resistant materials.
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