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Abstract

Hybrid materials have been obtained using a given concentration of tetraethylorthosilicate (TEOS) and polydimethylsiloxane (PDMS). Different
size and shape monolithic samples have been achieved by using containers of both different evaporation areas and heights. The hybrid materials
have been pyrolyzed under nitrogen atmosphere to yield porous silicon oxycarbide glasses, consisting of interconnected spherical particles and a
continuous open-pore channel. The texture of the glasses shows a gradient particle size distribution (PtSD) from the top (2.88 .m) to the bottom
(7.83 wm) of the samples. This gradient in the particle size leads also to a gradient distribution of porosities in the oxycarbide glasses. Thus, pore
sizes increases from 6 pwm at the top evaporation face to 13 wm at the bottom of the samples, and porosities in the corresponding regions decrease
from 77% to 63%, respectively.

The gradient distribution has been assigned to a gradient concentration of PDMS in the hybrid preceramic material as determined by the
elemental analysis. The carbon concentration (free and covalently bonded carbon) in the hybrid materials increases with the sample thickness or
height. However, the lower concentration of PDMS molecules found at the bottom of the hybrid samples leads, after pyrolysis, to higher values
of retained carbon and pore sizes in the SiOC glasses. An interesting finding is that the gradient PDMS distribution also provokes a gradient

nanodomain size of the segregated free carbon as a form of graphite, typical in SiOC glasses.

© 2008 Elsevier Ltd. All rights reserved.

Keywords: Sol-gel process; SiOC; Gradient; Porosity; Evaporation

1. Introduction

The processing of silicon oxycarbide glasses through the
pyrolysis of hybrid materials has been established as a novel
route to prepare new advanced ceramics. Hybrid materials can
be sol-gel processed by using silicon-modified alkoxides. Dif-
ferent silicon alkoxides such as TEOS (tetraethyl ortosilicate),
TREOS (triethoxy silane), MTREOS (methyl triethoxysilane)
or MDES (methyl diethoxy silane), can be used.!~> Polysilox-
anes, used themselves or mixed with silicon alkoxides may be
also used as starting materials for obtaining SiOC glasses.*> In
all cases, the hybrid material must be pyrolysed at about 1100 °C
in inert atmosphere. During this pyrolytic process different
reactions occur being those of redistribution and mineraliza-
tion reactions the most important.-® Redistribution involves the
exchange of Si—C/Si—O, Si—H/Si—O or Si—O/Si—O bonds. The
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exchange of Si—H/Si—O bonds takes place at temperatures of
about 300—400 °C and the exchange of Si—C/Si—O bonds occurs
near 500-700 °C.”7 At higher temperatures (800—1000 °C), min-
eralization reactions take place leading to the final inorganic
material or SiOC glass. This silicon oxycarbide glass finally
consists of Si—-C and Si—O bonds whose chemical composi-
tion can be expressed as SiOyCs—_y + yCfree, Where Si0,Caq—y
describes the composition of the “pure” silicon oxycarbide
glass and yCpee describes the presence of free carbon in the
material.*

In general, redistribution reactions significantly modify the
initial siloxane units of the hybrid material and lead to an escape
of volatile silanes or siloxanes. On the other hand, mineralization
reactions lead to the removal of methane and hydrogen from the
material. In the low temperature range (300-700 °C) porosity is
developed and an increase of the specific surface area is found.
However, at higher temperatures (800—1100 °C) such porosity
is reduced due to a shrinkage process and a reduction of the
surface area is then observed. The development of such transient
porosity during the pyrolysis process is a well known effect
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observed for all the polymer-derived and hybrid-derived silicon
oxycarbide glasses.®3-10

Porosity in silicon oxycarbide glasses has different effects
according to their application. When high mechanical strength
and chemical durability are needed, pore-free or dense silicon
oxycarbide materials must be achieved.'? However, for high sur-
face area silicon oxycarbide glasses, such as foams or catalytic
supports, high porosities in both micro and mesopore ranges
are needed.!"!? Different studies have demonstrated that sili-
con oxycarbide glasses have unique high temperature properties
specially their mechanical strength and chemical durability.*!3
At the same time, it is also well known that pyrolysis condi-
tions also have a strong effect on the reactions of converting the
hybrid material into a silicon oxycarbide glass.'*"'¢ Different
relative amounts of silicon carbide, silicon oxide, and silicon
oxycarbides can be developed depending on the structure of the
starting hybrid material and the pyrolysis path. The porosity of
these materials depends mainly on the type and network struc-
ture of the cross-linked hybrid precursor and on the conditions
of pyrolysis, especially on the final temperature. The purpose of
this work is to study the effect of the hybrid precursor size on
the porosity of the final silicon oxycarbide glasses obtained.

Sol-gel-derived organically modified silicates (Ormosils)
can be prepared from tetraethoxysilane (TEOS) and silanol
terminated poly(dimethylsiloxane) (PDMS). These hybrid

Table 1
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materials have been pyrolysed in inert atmosphere at tem-
peratures higher than 1000 °C to produce silicon oxycarbide
glasses.>'"!® The main advantage of these materials is the
ease of producing bulk oxycarbide samples and their ability to
develop a wide range of porous structures, depending on the syn-
thesis conditions, catalyst type, amount of solvent, TEOS/PDMS
molar ratio, chain length of polymer or type of reinforcing
filler.!%-19-20 It has also been found that for TEOS/PDMS pyrol-
ysed materials their nanostructure-microhardness relationships
are related to the variations of the average pore size.’ In such
studies, it has been supposed that porosity is homogeneously dis-
tributed in the silicon oxycarbide glass. This hypothesis might
be possible for low dimension samples even though it has been
observed that pores are normally located in the core of the
material.'?

In this work, we have studied the distribution of pore sizes
as a function of the sample dimension. Different shape and
volume of SiOC monolithic samples, prepared from different
height or thickness hybrid materials, have been obtained. The
highest sample (approximately 76 mm) has been analyzed after
being cut into slices (sample H) whereas the whole monolith
has been analyzed for the rest of the samples (samples S, M
and L). Material characterization was carried out by using mer-
cury porosimetry, Raman spectroscopy, field-emission scanning
electron microscopy (FE-SEM) and carbon content analysis.

Geometric parameters of containers used for obtaining the SiOC glasses with different conformation: evaporation areas (mm?), volume filled (cm?) and sample

height (mm, in parenthesis)

Container Shape and dimension Evaporation Filling volume, in cm? (SiOC Sample name
(length x depth x height) area (mm?) thickness, in mm, height) (SiOC glass)*
150 x 55 (height x diameter) [ H-7, H-42
H L 24 150
(76
H-13, H-53
H-20, H-64
H-34, H-76
A/
90 x 90 x 60 H 100 (8) S-8
S 81
/Y
200 (20) S-20
/1
160 x 80 x 30 100 (3) M-3
d——
M 128
200 (8) M-8
300 (12) M-12
240 % 90 x 50 [ 100 (2) L2
L 216
200 (4) L4
300 (7) L-7
600 (14) L-14

2 The number attached to the letter identifying the conforming container and therefore, the shape of the SiOC glass denotes the thickness of the sample, except for
sample H in which it accounts for the height at which every slice has been cut respect to the bottom of the sample.
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2. Experimental procedure

2.1. Synthesis of hybrid materials and silicon oxycarbide
glasses

Hybrid (preceramic) materials were obtained by sol—gel reac-
tion between TEOS (Merck) and PDMS (1700 g mol~!, ABCR)
in a weight ratio of 60/40, H, O, isopropanol (iPrOH, Merck) and
HCI. The molar ratios H,O/TEOS, HCI/TEOS and iPrOH/TEOS
were 3, 0.3 and 6, respectively. A solution containing the H,O,
HCI and (1/2) iPrOH was rapidly added to the solution with
TEOS/PDMS/(1/2)iPrOH. After 20 min of reflux, the sol was
poured into plastic containers of different dimensions. The sol
samples were gelled at room temperature in the closed contain-
ers (as it is shown in Table 1) and the exuded liquid was removed
each 24 h. When no more liquid was exuded the resulting gels
were dried at 50 and 100 °C until no further weight loss was
observed. The hybrid materials were pyrolyzed at 1100 °C under
flowing nitrogen (150 cm® min~!) at a heating rate of 5 °C min !
and 2 h holding at the maximum temperature. Finally, the sam-
ples were cooled down to room temperature at 10 °C min~!. All
pyrolyzed samples retained the shape of the hybrid monolith
without evidence of crack development.

The solutions were gelled in four different containers, rep-
resented in Table 1 as H (high), S (small), M (medium) and L
(large), to allow the evaluation of the effect of different evapo-
ration surface areas on the porosity of the final SiOC samples.
The occurrence of a compositional gradient from the core to the
surface of the sample was studied by means of the length/section
ratio for specimen). On the other hand, the effect of the different
volume/surface ratio of the materials was studied by differ-
ent volume filling of the containers S, M and L. As it will be
discussed along the text, both heights (i.e. thickness) and evapo-
ration surface areas are factors that determine the pore diameter
and porosity of silicon oxycarbide glasses.

Table 1 reports on the different samples prepared in terms
of evaporation area and volume of sol poured into the con-
tainers, as well as the thickness or height obtained for each
corresponding SiOC glass. Obviously, higher filling volumes
of solution result in higher (or thicker) SiOC samples. Anal-
ogously, the same volume of solution filling different type of
container results in different thickness of SiOC material. Thus,
samples S-8, M-3 and L-2 are produced from the same amount of
solution but bigger surface container, this is, with bigger evap-
oration areas, respectively, and therefore the thickness of the
samples decreases from S to L.

Thus, as pointed out in Table 1, type H specimens refers to
those samples on a cylindrical container with 24 mm? of evap-
oration area filled with 150 cm? of solution. The 76 mm height
SiOC monolith was cut in near 7 mm slices, distant from the bot-
tom of the specimen, the number of mm indicated in the label.
Container S (81 mm? of evaporation area) was filled with 2 dif-
ferent volume of solution (100 and 200 cm?) which yield two
SiOC materials of 8 and 20 mm thick, respectively. Similarly,
three and four specimens of M and L type containers, respec-
tively, were produced by increasing volumes of solution filling
the containers.

Bulk SiOC glass materials from containers S, M and L were
studied as obtained, whereas the individual discs were analyzed
for type H specimen. In all cases the analyzed material was taken
from the center of each sample.

2.2. Sample characterization

Hybrid and silicon oxycarbide materials were character-
ized by microstructural, structural and textural techniques. The
microstructural analysis was carried out using a field emis-
sion scanning electron microscope (FE-SEM, Hitachi 4700)
operating at 20keV. Pore size distributions (PSDs) of the sil-
icon oxycarbide glasses were determined by means of mercury
porosimetry, using an Autopore II 9215 (Micromeritics Corp.).
The maximum hydraulic pressure applied was 200 MPa. All
samples were previously degassed at room temperature in order
to remove any adsorbed liquid in the sample porosity. The total
carbon content of the pyrolyzed materials was determined using
an elemental analyzer (LECO Model CS-200). It must be empha-
sized that the total carbon content corresponds to the sum of both
free and covalently bonded carbon existing in the silicon oxy-
carbide glasses. Finally, Raman spectroscopy was carried out
by a Renishaw inVia spectrophotometer with a 514 nm wave-
length laser. Raman spectra were obtained from the average of
10 scans from 100 to 3500 cm™! using silicon as calibration
source.

3. Results
3.1. Raman spectroscopy

Raman spectra of all prepared SiOC show two peaks char-
acteristic of containing carbon materials.? These bands, located
around 1340cm~! (D band) and 1600cm~! (G band) corre-
spond to disordered or defects (CSPZ—CSP3 stretching mode) and
ordered (Csp2—Csp2 bonds) graphite structures and allows the
characterization of the size of the graphite nanodomain existing
in the SiOC structure as it will be shown below.?!

The spectra reported in Fig. 1 denote the high symmetry of
both D and G peaks with a slightly higher intensity of the D peak
respect to the G one for the S, M and L samples. However, for
the H oxycarbide glasses it is observed that the intensities of the
D and G bands are a function of the sample slice, i.e. the height
at which the sample has been cut respect to the evaporation
face. Thus, for low and medium height samples, H-7 to H-42,
the D band is the highest, as it occurs in Fig. 1(a). However,
for samples whose height is more than 42 mm the G band is
more intense than the D one. This result evidences the structural
changes that take place in the samples according to the distance
to the evaporation face.

3.2. FE-SEM

The microstructure of the SiOC glasses has been studied
thought the analysis of the fracture surface by FE-SEM, as it
is shown in Fig. 2. In order to use the same criteria for all
samples, the FE-SEM analysis has been carried out always on
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Fig. 1. Raman spectra of SiOC glasses: (a) specimens from S, M and L containers
and (b) slice specimens from container H.

the center of each fractured sample. The porous microstruc-
ture of SiOC glasses is made of large aggregated spherical
particles which form a continuous material. Porosity is due
to the interstices that exist between the particles. The same
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microstructure has been also observed for most hybrid materials
synthesized from the TEOS-PDMS system through the sol—gel
process”’zz'23 and, as well for their derivates SiOC materials.>18
In this Fig. 2, a slightly bigger particle size is observed for the
samples with the lower height. This result is associated here
to the presence of different concentrations of PDMS on the
bottom or top of the samples, as it will be further discuss in
next sections. Since the initial PDMS concentration was the
same for all the materials, such different PDMS concentration
between the top and the bottom surfaces or between different
thickness specimens must be due to an asymmetric or gradient
distribution of PDMS molecules during the gelling of the spec-
imen as it was already observed in silica-polysiloxane hybrid
materials.?*

A further analysis of the gradient pore microstructure was
developed by the study of the particle size distributions (PtSD).
Thus, for each sample at least 220 particles were studied by
an image analyzer, assuming spherical form. Fig. 3 shows the
PtSD of each SiOC glass. The different plots evidence the strong
dependence of the particle size with the height or thickness of
the samples. The plots evidence the decrease of the particle size
with the increase of the sample volume. In the case of sam-
ple H the decrease of the particle size is also directly related
to the proximity of the slice to the evaporation face, thus, the
biggest pores are found in the bottom slice and they decrease
in dimension with the proximity to the evaporation face. For
specimens types S, M and L, those samples thinner than 10 mm
exhibit a bimodal PtSD with an average particle size in the range
between 6 and 9 wm. However, thicker samples present a similar
particle size of about 3.7 wm for all type of samples. Thus, the
increase of the thickness of the preceramic hybrid results in a

Fig. 2. FE-SEM micrographs for thick or higher heights SiOC glasses. Space bar for inside micrographs is 10 pm.
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Fig. 3. Particle size distributions (PtSD) of the different height (sample H) and thickness (samples S, M and L) SiOC glasses.

decrease of the particle size in the oxycarbide materials. This
result shows the remarkable fact of an asymmetrical or, better, a
gradient pore size and porosity distributions through the sample,
as a function of the distance of the aggregates to the evaporation

surface.

Pore Volume (cm’ g” pm™)

3.3. Pore size distributions (PSDs)

Accordingly to the findings of last section, Fig. 4 shows the
differential pore volume of the SiOC materials as a function of
their pore diameter. PSDs of samples H are upward shifted with
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Fig. 4. Pore size distributions (PSD) of different height and thickness SiOC glasses.
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the only purpose of offering a clearer view. The general trend for
SiOC glasses prepared in containers S, M and L exhibits a broad
PSD with pores between 5 and 30 pm for samples thinner than
10-12 mm. However, when the samples are thicker than 12 mm
both narrower PSDs and smaller pores appear. Therefore, the
pore size decreases with the increase of the filling volume inde-
pendently on the shape of the container. On the other hand, the
PSDs corresponding to specimens H, show that the gradient dis-
tribution of pore sizes is also found within the same sample if it is
sufficiently high. Analogously to the behaviours of specimens
S, M and L, the narrowest distributions of pores and smallest
pore sizes in sample H are found in the slice at the evaporation
face (top sample, H-76) and much wider PSDs and greater mean
pore size are exhibited at the bottom (H-7).

These results are in accordance with the SiOC particle size
observed in the micrographs from Fig. 2. In summary, thicker
(i.e. higher) samples posses both smaller particles and pore sizes
than those of thinner specimens.

4. Discussion

The above results have shown that gradient functional dis-
tributions of both particle and pore sizes are found in silicon
oxycarbide samples if their longitudinal dimensions (thick-
ness or heights) are sufficient. This conclusion has also been
found by Chevalier et al.* for thin layers of porous hybrid
TEOS-polysiloxane materials. However, they found a different
microstructure only at the bottom and top of the layer sug-
gesting that the bottom was enriched in silica and the top in
polysiloxane. At the same time, they observed a denser (non-
porous) layer close to the top surface, which agrees our finding
of smaller pore dimensions on the evaporation slice (Fig. 4). The
asymmetrical polysiloxane distribution leads to gradient pore
sizes and surface areas in the hybrid materials and, therefore, in
their corresponding pyrolyzed materials, the silicon oxycarbide
glasses.

Fig. Sa represents the mean pore size for all the studied sam-
ples. The linear fitting of every set of data leads to the same
value of the intercept around 14 wm for the mean pore diam-
eter, independently of their different conformation parameters.
Thus, a SiOC glass, made from the same TEOS/PDMS compo-
sition, with a low thickness (i.e. a thick coating or thick film)
would have a maximum pore size of about 14 wm. However, the
increase of thickness results in a decrease of pore size, showing
aminimum value of 6 wm for the thicker specimen. On the other
hand, the decrease of the evaporation area results in a decrease of
the fitting slope, and therefore in a decrease of the gradient. This
result must be related to the syneresis process during gelling of
the preceramic hybrid. Therefore, the highest evaporation face is
translated in a faster syneresis. This process leads to a more rapid
removal of alcohol, H>O and non-bonded PDMS molecules and,
consequently to a lower gelling time, that finally is reflected in
a higher variation of the pore diameter.

On the other hand, Fig. 5b shows the porosity of the stud-
ied oxycarbide materials. Thinner specimens show a porosity
value close to 63%, which increases with the sample thickness,
up to 20 mm, where porosity reaches 77%. Specimens thicker
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Fig. 5. Evolution of (a) average pore size and (b) porosity in SiOC glasses.

than 20 mm asymptotically approach 80% of porosity. The same
change occurred at a sample thickness close to 20 mm is also
observed in the PSDs of Fig. 5a. On the other hand, it is impor-
tant to notice and remark that the dimension of the evaporation
area has a minimum influence on the porosity of the silicon
oxycarbide glasses, as it is shown in Fig. 5b.

The observed behaviour of the PtSDs, PSDs, pore sizes
and porosities of SiOC glasses of different thickness must be
related to the silica/polymer distribution in the core of the
corresponding hybrid samples during the gelling occurrence.
Mackenzie and co-workers observed a wide distribution of
porosities and PSDs when changing HCI/TEOS, PDMS/TEOS
and H,O/TEOS ratios in TEOS—PDMS hybrid materials.!7-23-26
In their works they used 2°Si NMR spectroscopy and assigned
the observed microstructures to different velocities of self-
condensation of TEOS and/or polycondensation TEOS-PDMS
reactions. Guo et al.>3 also observed these microstructures and
analyzed the nanometer and micrometer scales of the hybrid
materials by using SAXS and SEM. The nanometer scaled
showed a crossover from compact structures (primary particles)
to mass-fractals, with the primary particles close to 3 nm, while
the mass-fractals decreased from 10 to 5 nm with the increase
of the PDMS concentration. Nevertheless, such increase of
PDMS did not modify the primary particle size and mass-fractal
aggregate sizes, but only produced an increase of the pore size
observed by SEM.

In our work, the determination of a gradient PDMS concen-
tration in the obtained hybrids was evaluated through the carbon
analysis in both, hybrid and glass materials (Fig. 6). As far as the
carbon of the samples is only due to PDMS, the results exposed in
Fig. 7 point out the inhomogeneous distribution of PDMS in the
whole hybrid monolith. The gradient concentration of PDMS
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Fig. 6. Carbon content on preceramic hybrids and SiOC glasses.

in the hybrid samples is also dependent on the thickness and
evaporation area of each specimen. Fig. 6 shows that for a given
hybrid sample height, the carbon concentration increases in the
order H<S <M <L, i.e. which correspond to the order of the
evaporation areas of the samples. This result indicates that the
removal of non-bonded PDMS molecules or cyclic polysilox-
anes is easier for samples with higher evaporation surface areas.
Therefore, both shape and size of the hybrid leads to specific
concentrations of carbon in the material and hence to specific
pore sizes.

The results of Fig. 6 also evidence the higher amount of
carbon, i.e. more PDMS molecules, in thicker specimens. This
enrichment in elastomer on the top surface of hybrid materials is
similar to that reported by Chevalier et al.2* by studies of material
fracture. Chevalier found that the surface has a thin layer of dense
(non-porous) material, which varies considerably from place to
place within the sample. The explanation proposed by Guo et
al.>3 assumed a great extension of the polycondensation reac-
tion between PDMS and TEOS (hydrolyzed) molecules. Thus,
the higher PDMS concentration produces a higher polyconden-

Graphite nanodomain size (nm)

0

0 1|0 2i0 3‘0 4I0 5‘0 6IO 7‘0 80
Sample Thickness (mm)
(Sample Height for H)

Fig. 7. Graphite nanodomain sizes of SiOC glasses.

sation which finally results in a lower pore size, as it is shown
in Fig. 5a. Chevalier et al.?* described also the film bottom face
as consisting only in silicon and oxygen atoms with no traces
of carbon. In our studies, the presence of carbon founded also
in the thinnest specimens is due to the fact of having monolithic
samples of 2 mm of minimum thickness, while as the data from
Chevalier refers to thin membranes (layer).

On the other hand, the carbon content of the SiOC glasses
(Fig. 6) follows the opposite trend as the preceramic hybrids.
The samples exhibit a continuous decrease of the carbon content
of the silicon oxycarbide glasses from the bottom surface to the
top of the sample. A similar result has been obtained by Rouxel
et al.>” who found a decrease of the carbon content of silicon
oxycarbide glasses from the surface to the center of the sample,
and that such decrease appeared also when different oxycarbide
precursors are used. Now, in this work, the carbon content fall on
the same line for all the specimens and depends only on the sam-
ple thickness but not on the evaporation surface area. This result
indicates that the carbon concentration remaining in the silicon
oxycarbide glass is directly related to the PDMS/TEOS ratio,
as Sorarll proposed.” The question arises to the understanding
why a higher concentration of carbon in the preceramic mate-
rial leads to a lower concentration in the SiOC glass? Since the
thickest preceramic samples exhibit higher carbon content and
lower pore sizes, analogous data would be expected in the cor-
responding SiOC glasses as the low pore size would restrict the
diffusion of PDMS molecules to escape from the material. How-
ever, the founded results behave the opposite. The analysis of
this fact has its bases in the Raman spectra presented in Fig. 1.

According to Knight and White, from Raman spectra of
graphite like materials one could derive the in-plane crystallite
size of the graphitic nanodomains, L,, from the relative intensi-
ties of the D (1310cm™") and G (1600 cm™!) bands following
the formula®®:

L,(nm) =44 <IG>

Ip

The evolution trend of the L, values obtained from the gaus-
sian deconvolution of the presented Raman spectra is shown in
Fig. 7. Graphite nanodomain sizes in the range between 2.04
and 2.45 nm are found for the SiOC glasses from S, M, L con-
tainers. Nanodomain size for the type H glasses are founded to
be between 2.33 and 6.35 nm. Thus, the graphite nanodomain
continuously increases with the increase of the sample thickness.

This result together with those deducted from Figs. 5a and 6
concludes the gradient distribution of PDMS in the preceramic
materials according to their higher molecular weights. Accord-
ing to Rouxel et al.2” the carbon heterogeneous distribution is
due to the processing of the samples. Such gradient distribu-
tion is not so noticeable in thin monoliths as a major amount of
PDMS molecules can be dragged along with solvent during dry-
ing process. Nevertheless, the PDMS rich regions provoke the
appearance of high pore diameters in the pyrolyzed materials.
We postulate that, during pyrolysis, the TEOS molecules sur-
rounding the PDMS favour the carbon retention in the pyrolyzed
materials. Thus, thin SiOC samples exhibits higher carbon
content and lower graphite nanodomains due to the smaller abun-
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dance of PDMS. Moreover, a gradient on the PDMS molecular
weight would induce the appearance of pores possessing a size
directly related to it. In that way, redistribution reactions, faster
for PDMS of low molecular weight, would produce a further
growing of the graphite nanodomains. However, the more PDMS
concentration in the preceramic material, the higher the graphite
nanodomain sizes.

In summary, the obtained silicon oxycarbide glasses present
a gradient of both, pore sizes and carbon concentration, from
the bottom to the top sides of the sample and this carbon gra-
dient does not depend either on the size of the container nor
on their evaporation area. This heterogeneous distribution of
carbon gives also a gradient on the graphite nanodomain sizes
which present the opposite trend: as the carbon content decreases
the graphite nanodomain increases. Accordingly to Rouxel et
al.%” the increase of the carbon content results in an increase of
free-carbon content, and, consequently, the turbostratic graphite
domains. The presence of a higher carbon content is responsible
for the more normal indentation patterns observed by Rouxel et
al.?’ for float glass as well as silicon oxycarbide glasses. This
behaviour is suggested to be due to the covalently bonded carbon
atoms which decrease the mobility of the residual vitreous silica
network at the molecular scale. However, another suggestion
can be made in accordance with the size of the graphite nan-
odomains, which can act as network modifiers like sodium and
calcium in float glass giving the above mentioned normal inden-
tation behaviour. As the carbon content decreases the graphite
nanodomain increases and they may be separated from the glass
structure as a new phase reach in carbon where the whole phase
would be a high reach silica phase (such as vitreous silica) with
its corresponding anomalous indentation behaviour.

5. Conclusions

This work has pointed out that SiOC materials prepared
from monolithic hybrids of PDMS and TEOS exhibit a gradi-
ent distributions of porosity, particle size, carbon content and
graphite nanodomain size. These gradient distributions have
been assigned to a gradient concentration of PDMS in the hybrid
or preceramic material. The higher concentration of PDMS
molecules is found at the top of the preceramic material and
leads to lower pore sizes in the pyrolyzed silicon oxycarbide
glasses.

The obtained silicon oxycarbide glasses consist of intercon-
nected spherical particles where a continuous open-pore channel
structure is formed. It has been found that the sample particle
size increases from 2.88 to 7.83 wm by increasing the distance
from the evaporation surface in thick samples (approximately
76 mm). However, thinner and, at the same time, higher evapo-
ration surface area samples present values for the particle size
in the range between 2.97 and 6.15 mm.

For thick samples, the pore size decreases from 13 to 6 um
and porosity increases from 63% to 77%, with the increase of the
sample thickness. However, even though pore size continuously
decreases with the increase of the sample thickness, porosity
values asymptotically approach 80% for samples thicker than
15-30 mm. At such dimension the PSDs of the SiOC glass shows

a bimodal pore distribution with well-separated pores of 9 and
11 wm. The final pore size of the silicon oxycarbide glass is
indirectly dependent on the evaporation surface area of the con-
forming container, thus, as the evaporation area increases, the
pore size decreases. This conclusion is related to the PDMS dis-
tribution in the hybrids. On the other hand, it has been found
that porosity is mainly dependent of the container but not on the
evaporation surface.

The presence of a gradient distribution on PDMS molecules
led also to different graphite nanodomain sizes of the free car-
bon and the SiOC glasss exhibited a gradient nanodomain size
distribution. The nanodomain size of graphite increases with the
thickness of the sample from 2.04 to 6.35 nm.
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