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Abstract 

The structural evolution of type-VI porous sol-gel-derived optical glasses is described. The average pore radius of the 
glasses studied is 30 ,A, with an exceptionally narrow pore size distribution. These glasses are particularly suited to laser 
surface densification. Their properties make them also attractive as matrices for impregnation of second phases and as a 
substrate material for the production of fully dense optical lens elements and micro-optical devices. The properties of the 
matrices are reported for the as-dried state to densities approaching 2.2 g/cm 3, with thermal treatments from room 
temperature to 1060°C. The parameters of sintering for the gel-glass transformation are measured, and the phenomena 
occurring for three temperature ranges are evaluated. An activation energy of 65 + 9 kcal/mol for sintering with a structure 
factor n = 1.0 + 0.3 was found for the initial stage sintering of the material. 

1. Introduction 

A new generation of porous type-VI gel-silica 
glasses [1,2] has been developed which have im- 
proved optical and structural properties, as well as 
high production yields [3,4]. Monoliths with pore 
radii ranging from 16 to 30 A were produced. This 
paper describes the structural evolution as a function 
of thermal treatment for the 30 ~, gels only, which 
have had properties reported previously [3,4]. 

The motivation for developing this new genera- 
tion of gel-silica matrices, was the need for a porous 
pure silica-gel monolith suited for surface laser den- 
sification of optical channel waveguides [4], as well 
as for the impregnation of optically active organic 
molecules [5-7]. For these applications the require- 
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ments are high optical transparency, good surface 
quality, improved mechanical characteristics and in- 
creased pore volumes. All of these requirements 
have been achieved for this new generation of gels, 
when compared with previous systems [1,3]. A high 
degree of homogeneity of the pore structure allows 
the densification of these materials without chlorina- 
tion [2]. 

Changes in the physical properties and the struc- 
ture of the 30 ,~ gels with temperature were followed 
with dilatometry. Densification of the material was 
analyzed using a constant-heating-rate technique, in 
an attempt to reproduce the actual processing of the 
optical monoliths, and to overcome the limitations of 
isothermal analyses. The densification of the gels 
could be divided into three regions according to 
shrinkage rates, and the mechanisms taking place in 
each of the regions is outlined. For the highest 
processing temperatures classical sintering was found 
to occur, and the activation energy was calculated. 
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The results are compared with previous works on 
multicomponent sol-gel-derived glasses [8]. 

The densification of some alkoxide-derived sol- 
gel glass systems has been extensively studied by 
other authors [8], and the results generalized for any 
silica-based glass derived by the same method [8]. 
However, the densification of gels is directly related 
to the behavior of their viscosity with increasing 
temperature, which is strongly dependent on both the 
chemical composition and the water content of the 
glass [9-14]. As the chemical composition of a 
sol-gel-based silica glass is a major variable from 
system to system, the generalization of the results 
found for one type of system becomes a difficult 
task. 

2. Experimental 

Monoliths of the 30 A type-VI pure silica glasses 
were prepared from the acid catalysis of tetrameth- 
ylorthosilicate (TMOS), as described eadier [1,2]. 
Samples of the gel were densified in a box furnace at 
different temperatures and times in ambient air, be- 
ing subsequently analyzed for their pore structure by 
nitrogen adsorption, using a nitrogen adsorption/de- 
sorption system (Autosorb 6, quantachrome Corpo- 
ration). Helium pycnometry in a micropycnometer 
(Quantachrome) was performed for all samples to 
follow the evolution of the structural density of the 
silica network with temperature. UV-VIS analysis in 
a spectrometer (Perkin-Elmer Lambda 9) and (FFIR) 
analysis in a spectrometer (Nicolet 20 SXB) were 
done for all samples (triplicates were produced), and 
typical spectra are shown. Thermogravimetric analy- 
sis in a thermal analyzer system (DuPont 1090) and 
dilatometry in a dilatomer (Theta Dilatronic) were 
performed on dried gels in ambient air in conditions 
close to those used in the production of the densified 
monoliths themselves. Dilatometry was performed in 
helium and oxygen atmospheres. 

3. Physical characterization during densiflcation 

Dilatometry on 30 A gels densified at constant 
heating rates to approximately 1060°C reveals three 
densification regions (Fig. 1). The dilatometry curve 
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Fig. 1. Dilatometry curve of a 30 A porous silica glass, densified 
at a heating rate of 15°C/h in ambient air. The densification curve 
is divided into three regions, according to the densification rate. 

in Fig. 1 was obtained for a heating rate of 15°C/h, 
but the same features were observed for rates of 12 
and 21°C/h. A total linear shrinkage of -28.16% 
was observed, leading to a final bulk density close to 
2.1 g / c m  3. This corresponds to more than 95% 
densification at temperatures as low as 1060°C. 

The densification behavior shown in Fig. 1 is 
described as a first region of 'constant volume' from 
room temperature up to 300°C, a second region of 
'slow shrinkage' between 300 and 950°C and a third 
region of 'fast shrinkage' above 950°C. The total 
linear shrinkage achieved at the maximum tempera- 
ture of the densification schedule was of -28.54% 
for the sample densified at a heating rate of 12°C/h, 
and of -26.78% for the sample densified at a 
heating rate of 21°C/h. The faster the heating rate, 
the smaller is the total shrinkage. However, samples 
densified at heating rates faster than 21°C/h become 
distorted, owing to the thermal stresses induced, 
while heating rates slower than 12°C/h are impracti- 
cal. A heating rate of 15°C/h was chosen for the 
studies. 

The pore volume from ni.trogen adsorption analy- 
sis on samples of the 30 A porous silica matrices 
densified at different temperatures for various 
isothermal holding times (0-5 h) is shown in Fig. 2. 
The same trend observed for the linear expansion is 
observed for the structural properties of the matrices, 
e.g., a first slow 'decrease' followed by a fast de- 
crease in value for the higher temperatures. The 
surface area and the pore radius present curves simi- 
lar to the pore volume curve. These properties are 
more sensitive to the densification temperature than 
to the isothermal holding time. The nitrogen adsorp- 
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Fig. 2. Evolution of the pore volume of the 30 A porous silica 
glasses with temperature and time, as measured by nitrogen 
adsorption. 
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Fig. 4. Structural density of 30 ,~ porous silica glasses at different 
temperatures, measured by helium pycnometry. 

tion/desorption isotherms, and the pore size distri- 
butions of the 30 A porous silica matrices treated at 
different temperatures, presented in a previous work 
[3], show that the nature of the pores does not change 
with temperature, and according to de Boer [15,16] 
the porous network can be molded by cylindrical 
pores open at both ends. 

The pore radius distribution shown in Fig. 3 
becomes narrower as the temperature increases. The 
pore size distribution plays an important role both in 
the optical properties [17] and in the densification 
properties of the gel [18-20]. A narrow pore radius 
distribution produces a narrow optical loss due to 
low Rayleigh scattering, enabling the porous matrix 
to be used as an optical material. A narrow pore 
radius distribution also induces a faster densification 
[18,20]. The larger pores tend to shrink more slowly 
than the smaller pores, so that the larger pores are 
subjected to compressive stresses by the smaller 
pores, while the smaller pores are subjected to tensile 
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Fig. 3. Nitrogen adsorption pore size distribution of the 30 A 
porous silica glasses treated at different temperatures. 

stresses by the larger pores [20]. Therefore the densi- 
fication rates of both sets of pores are affected by the 
pore size distribution. 

Fig. 4 shows the evolution of the structural den- 
sity of the 30 ,~ type-VI gel-glasses with the treat- 
ment temperature, as measured by a helium pyc- 
nometer. The structural density of the gels increases 
about 6.4% from the as-dried sample to the sample 
treated at 950°C, with a maximum value of 2.37 
g / c m  3. The initial increase in the structural density 
(below 600°C) has a strong component due to the 
weight loss by the material during heating, as the 
thermogravimetric analysis (TGA) results suggest. A 
structural density of 2.27 g / c m  3 is larger than the 
melt glass density, which can be explained by a 
structure more free of defects, as is expected for a 
sol-gel-derived.glass [20]. Indices of refraction re- 
ported by Hench et al. [1] that are larger than the 
indices of fused silicas are consistent with this result. 
The maximum in the structural density at 950°C is a 
result of a maximum number of three-member tings 
of silicate tetrahedra measured by Raman spec- 
troscopy [2,31] together with the beginning of pore 
closure, when part of the porosity ceases being ac- 
cessible to the adsorbate molecules. 

Fig. 5 shows IR reflectance spectra of 30 ,~ 
type-VI porous glasses densified at different temper- 
atures, as measured by a FTIR microspectrometer. 
For the samples densified at higher temperatures, the 
position of the peak maximum, PP, is shifted to 
higher values. The maximum value of PP at 1123.3 
cm -1 is attributed to the Si-O-Si  asymmetric 
stretching vibrational mode [21]. The shift in the 
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Fig. 5. Frill spectra of 30 A porous silica glasses at different 
temperatures, showing the Si-O-Si stretching vibration absorp- 
tion peak. 

peak to higher wave numbers with an increase in 
processing temperature is a measure of  the densifica- 
tion of  the material [4,22]. Chia et al. have reported a 
PP at 1122 cm -~ for a fully dense pure commercial 
optical silica [23]. A PP at 1123.3 cm -1 for the 30 ,~ 
type-VI matrices indicates that, at least at its surface, 
this material reaches a density higher than the melt 
glass density, confirming the results from the helium 
pycnometer. U V - V I S  spectra show absorption bands 
for the sample treated at 1050°C, which indicate that 
chemical water in the form of silanol groups, S i -OH,  
is present in the system. 

Fig. 6 shows the result of  a TGA performed on a 
30 A type-VI porous glass initially as dried, at a 
constant heating rate of  18°C/h.  The TGA curve can 
be roughly divided into four stages. In stage 1 there 
is a sharp decrease in the weight of the sample when 
it is heated from room temperature up to about 
150°C, accounting for a weight loss of  approximately 
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Fig. 6. Weight loss of a 30 A porous silica glass heated at 
0.3°C/rain in ambient air, measured by TGA. 

8.75%. Stage 2 comprises a very slow weight loss 
between 150 and 350°C, with a weight loss around 
0.25%. Stage 3 occurs between 350 and 600°C, with 
a weight loss of  2.25%. Stage 4 occurs from 600°C 
up to 1060°C and corresponds to a very slow weight 
loss of  about 0.75%. 

Stage 1 corresponds to the loss of  physical water 
[24]. The weight loss in stages 2, 3 and 4 is associ- 
ated both with the removal of  the organic groups by 
oxidation and with evaporation of  water formed from 
polycondensation reactions [8]. The shape of  the 
curve suggests though that stages 2 and 4 correspond 
mainly to polycondensation, as they present similar 
weight loss rates. Stage 3 consists of  a combination 
of  elimination of  organic groups and polycondensa- 
tion. Table 1 shows the weight loss, the weight loss 
rate, the estimated water loss and the percentage of  
the siloxane bonds on the sample formed by poly- 

Table 1 
Siloxane bonds formed during densification of a 30 .~ porous silica glass 

Weight loss stage Weight loss (%) Weight loss r a t e  Estimated a water loss Formed -~-Si-O-Si =- 
(× 10 -3 %/°C) (× 10 -a mol/g) bonds (%) b 

1 8.75 58.330 4.86 _ c 
2 0.25 1.250 0.14 0.079 
3 2.25 9.000 1.25 d 0.720 
4 0.75 1.875 0.41 0.237 
Total 12.00 - 6.66 1.036 

a Calculated from the sample weight. 
b Calculated from the average number of TMOS molecules initially present on the sample and from the water loss in the stage. 
c The water loss in this stage is associated with physical water. 
d AS a portion of the organic groups eliminated in stage 3 are bonded to silicon tetrahedra terminations, they are approximated by lost water, 
in order to calculate the number of siloxane bonds formed. 
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condensation during densification as calculated from 
the water loss in each stage. As a portion of the 
organic groups eliminated in stage 3 is bonded to 
silicon tetrahedra terminations, they are approxi- 
mated by lost water, in order to calculate the number 
of siloxane bonds formed. The samples are dried 
prior to densification in the range of temperatures of 
stage 1, thus the water lost corresponds to physical 
water (the weight loss seen in the curve in this stage 
is the water that the sample adsorbs inside the TGA 
furnace). Therefore, a maximum of 1.036% of poly- 
condensation is estimated to occur during densifica- 
tion. 

4. Densification mechanisms 

4.1. Region I 

The first region of densification shown in Fig. 1 
and described as a constant volume region, instead of 
having a constant volume as may appear, actually 
shows a 1000 ppm positive expansion experienced 
by the dried 30 A monolith, as can be seen by an 
enlargement of the scales. 

The material undergoes a positive expansion from 
room temperature to about 200°C, followed by a 
contraction, still in region I, crossing the axis with 0 
ppm expansion at 285°C. The expansion takes place 
where most of the physical water is being evapo- 
rated. It was observed [2] that the adsorption of water 
into the porous sol-gel silica dilates the gel struc- 
ture. The evaporation or desorption of this water 
should consequently lead to a contraction of the gel 
structure. This was predicted by West et al. [25] 
using quantum molecular orbital calculations to study 
the adsorption of a water molecule onto a fourfold 
silica ring. 

Despite what may appear, the results of this work 
do not contradict West et al.'s predictions. The pres- 
ence of adsorbed water in the gel at the beginning of 
the densifieation implies a larger average neighbor 
Si-Si distance in the material, when compared with 
a porous glass without any adsorbed water. The 
silicon atoms can be seen in this case trapped in a 
wider potential well. Heating the sample in this 
wider potential well causes the material to undergo a 
larger thermal dilation than it would if no water were 

present, as is the case of a fully densified sol-gel-de- 
rived silica. The coefficient of thermal expansion 
(CTE) of the silica structure of gels processed at low 
temperatures is quite high owing to the presence of 
physisorbed water. The dilation in the beginning of 
the heating schedule also indicates that densification 
mechanisms for the sol-gel-derived porous silica are 
not very pronounced in this temperature range. 

4.2. Region H 

Region II of densification begins at about 300°C, 
with other densification mechanisms starting to take 
place more effectively, and the shrinkage rate in- 
creasing. The weight loss in this region is attributed 
both to removal of water due to the polycondensa- 
tion reaction and to oxidation of the organic groups 
present in the material [8]. A linear shrinkage of 
approximately 8% occurs during this region, from a 
total linear shrinkage of around 28% at the end of 
the densification process. 

The oxidation of the organic groups cannot be 
associated with any shrinkage, as it occurs between 
350 and 600°C, causing a relatively large increase in 
the rate of weight loss (Fig. 6) with no correspondent 
increase in the shrinkage rate (Fig. 1). Consequently, 
the most probable shrinkage mechanisms in this 
region are structural relaxation, the polycondensation 
reaction and classical sintering mechanisms, where 
structural units rearrange to minimize the surface 
area. 

The contribution of the structural densification to 
the linear shrinkage of the 30 ,A gel-silica samples is 
calculated from the structural density curve (Fig. 4). 
At the end of Region II, where the structural density 
reaches its maximum value, the structural densifica- 
tion accounts for 2% of the 8% shrinkage in this 
region (Fig. 7). This is the total contribution of 
structural densification to the densification process. 
The datapoints above 950°C on the expansion calcu- 
lated from the structural density values in Fig. 7 
cannot be considered, as one cannot separate the 
masking effect of the pore closure, as explained 
earlier in this text. 

The polycondensation reaction apparently does 
not promote any appreciable shrinkage during the 
densification of the dried porous gel. Table 1 shows 
the number of siloxane bonds formed during each of 
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the four weight loss stages, as a percentage of the 
total number of possible siloxane bonds. For the 
calculation of the total number of possible siloxane 
bonds, all terminations of the TMOS molecules ini- 
tiaUy present in the mixture were considered to form 
= S i - O - S i - .  Some contraction could also be caused 
by dehydration of the silica surface, with a resulting 
increase in surface energy, but complete dehydration 
would only cause a 0.13% shrinkage through this 
mechanism [20]. 

The total polycondensation estimated to occur for 
all densification after drying is about 1.036%. Thus, 
99% of the polycondensation has already occurred 
by the end of the drying heat treatment of the gel, 
below 200°C, and is responsible for all the shrinkage 
of the gel up to the end of the drying schedule, 
which is around 14%. This leaves the total contribu- 
tion of the polycondensation reaction during densifi- 
cation to be only a very small shrinkage of 0.15%. 
The polycondensation during densification can be 
followed by the evolution of the FTIR 1122 cm -1 
asymmetric -=Si -O-Si -  stretching vibration peak 
position with temperature (Fig. 5) which changes 
very little in region II. 

Therefore, sintering has to be the mechanism by 
which at least 6% of the 8% linear shrinkage in 
region II occurs. The reason for sintering mecha- 
nisms acting at such low temperatures for pure silica 
is the decrease in the material's viscosity due to the 
presence of hydroxyls, as reported by other authors 
[9,11]. Fig. 8 shows dilatometry curves for samples 
of the 30 A sol-gel-derived pure silica densified 
under identical heating schedules, in different atmo- 
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Fig. 7. Expansion of a 30 .~ porous silica glass as calculated from 
the structural density data, superimposed to the dilatometry curve 
from Fig. 1. 
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Fig. 8. Dilatometry curve of 30 .~ porous silica glasses deusified 
at a heating rate of 15°C/h in three different atmospheres. The 
difference in shrinkage caused by the absence of water molecules 
in the helium and oxygen atmospheres is outlined. 

spheres. Ambient air in this case represents a relative 
humidity of 55-70%, by contrast with a relative 
humidity of 0% in the helium and oxygen atmo- 
spheres. The - 3 0  000 ppm linear shrinkage depicted 
corresponds to a 3% shrinkage undoubtedly related 
to the presence of water in the system, and conse- 
quently to a decrease in the viscosity of the material. 
Low-temperature sintering still occurs in the helium 
and oxygen atmospheres, because of the water ini- 
tially present in the system. However, the tempera- 
ture required for full density is increased and the rate 
of sintering is decreased in the water-free environ- 
ments. 

4.3. Region Ill 

Around 950°C region III starts (Fig. 1), as indi- 
cated by an abrupt increase in the shrinkage rate of 
the material, with practically no associated weight 
loss. A 20% linear shrinkage occurs in this region, 
corresponding to 3 / 4  of the total shrinkage of the 
gel. The absence of any significant weight loss (Fig. 
6) or increase in the structural density of the material 
in this region (Fig. 4), implies that sintering is 
oCCUrring. 

Constant-heating-rate techniques were used to 
model the sintering behavior of the 30 ,~ porous 
silica matrices in this region. Isothermal studies can 
not be related to the initial portion of the sintering 
reaction, because the most rapid shrinkage takes 
place while thermal equilibrium is being established 
[26]. Further, the rapid initial heating necessary for 
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isothermal studies generates high internal stresses, 
which often lead to cracking. A constant heating rate 
is also a better approximation of industrial process- 
ing, and the conclusions from such studies can be 
related to the properties of a glass densified by a 
practical thermal treatment. 

Young and co-workers [26,27] studied the kinetics 
of initial-stage sintering through constant-heating-rate 
experiments for the two-sphere geometry and the 
sintering mechanisms of viscous flow, volume diffu- 
sion and boundary diffusion. Bannister [28] studied 
how the geometry of a particular system affects the 
parameters of initial stage sintering equations. An 
equation that describes constant-heating-rate sinter- 
ing regardless of a prior knowledge of the geometry 
of the system or of the sintering mechanism was 
developed by Woolfrey and Bannister [29], which 
gives the non-isothermal shrinkage rate as a function 
of Q, the activation energy of the rate-controlling 
mechanism, and n, a geometry factor 

(Al/lo)n+l= K°RT2(n+ I) ( ~ T  ) aQ exp , (1) 

where a = dT/dt, the heating rate, is kept constant, 
Q and n are taken as constants with time at a given 
temperature, and considering Q >> RT as is typical 
for sintering. 

A plot of (lnAl/l o) versus 1/T gives a straight 
line of slope s = -Q/ (n  + 1)R, calculated to be 
s = 16.39 × 103, for a range of linear shrinkage be- 
tween 9.8 and 14.3%. The calculations were per- 
formed for a heating rate of 15°C/h, between 975 
and 1013°C, corresponding to the range in region III 
in which the plot behaves linearly, consistent with 
the initial-stage sintering. Between 950 and 975°C, 
the porous silica is actually undergoing a transition 
from region II to region III. 

The activation energy of the process responsible 
for sintering can be calculated by the Dorn method 
[29]. This non-isothermal technique calculates the 
effect on the shrinkage rate of a small step change in 
temperature, approximated here by a change dT. The 
activation energy of the process is given by [29] 

Q ~ ( T ~ - T e ]  

where V 1 is the shrinkage rate at the initial tempera- 
ture, T 1 (K), V 2 is the shrinkage rate at the final 
temperature after the change, T 2 (K), and R is the 
gas constant. 

A plot of the linear shrinkage of a 30 ,~ porous 
silica matrix densified at a heating rate of 15°C/h 
versus time, between 975 and 1013°C, was fitted to a 
polynomial of the second degree with all correlation 
coefficients above 0.99. The first derivative of this 
polynomial led to a function that describes the 
shrinkage rate as a function of time. As the heating 
rate is a constant V, and consequently Q, could be 
calculated for each temperature. 

The values of the activation energy, Q, as calcu- 
lated from Eq. (2), and of n, as calculated from the 
substitution of the value of Q in Eq. (1), presented 
large variations because of fluctuations in the heating 
rate observed during the process. The average geom.- 
etry factor for this initial sintering stage of the 30 A 
porous gel-silicas was found to be n = 1.0 5: 0.3, 
with an activation energy, Q = 65 5:9 kcal/mol. For 
n = 0.7, the lower limit of the calculated average, the 
densification geometry could correspond to the sin- 
tering by viscous flow of a cylindrical array, as 
proposed by Scherer [8,30]. 

The activation energy around 65 kcal/mol is 
close to half of the value measured by Hetherington 
et al. [9] for the viscous flow of a silica glass with 
0.12 wt% water. Based on isothermal studies, Scherer 
et al. [12] found an activation energy for viscous 
sintering of a silica-based multicomponent sol-gel- 
derived glass of 122 kcal/mol. In the same study, 
Scherer et al. also found activation energies as low 
as 26 kcal/mol for the same system, only consider- 
ing data from the initial portion of the isothermal 
holds. The low values were due to the influence of 
the variation of OH content in the gels with tempera- 
ture. 

An activation energy of 65 kcal/mol for the 
initial sintering of the 30 A porous silica glasses 
indicates that viscous flow is taking place at this 
early sintering stage, along with dehydroxylation 
[31]. The geometry of the system may be represented 
by the cylindrical array model described by Scherer, 
as indicated by the measured value of the geometry 
factor, n. These results may be employed empirically 
to predict the behavior of a particular gel during 
densification. The reasonable values found validate 
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the use of constant-heating-rate methods for the anal- 
ysis of the sintering process of pure silica gels, 
enabling an easy extrapolation for industrial process- 
ing. 

5. Conclusions 

Densification of sol-gel-derived 30 A porous sil- 
ica matrices can be divided into three distinct re- 
gions, according to the shrinkage rate and the rate of 
weight loss in constant heating rate experiments. 
Region I extends from room temperature to 300°C, 
and presents a linear expansion of about 0.1% asso- 
ciated with an increased CTE of the pure silica 
network in the presence of physical water, followed 
by a contraction of the same amount related to the 
loss of physically adsorbed water molecules. Region 
II occurs between 300 and 950°C, with an overall 
linear shrinkage of approximately 8%, 2% of which 
is related to the skeletal densification of the material, 
0.15% being caused by polycondensation. Sintering 
mechanisms enhanced by the presence of water 
molecules are responsible for the remaining contrac- 
tion. Region Ill was observed to occur between 950 
and 1060°C, with a linear shrinkage of about 20% 
caused by sintering. The initial sintering, modeled by 
constant-heating-rate experiments, was found to oc- 
cur with an apparent activation energy of approxi- 
mately 65 kcal/mol associated with viscous flow 
and dehydroxylation. 
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