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Abstract

Polydimethylsiloxane±zirconia nanocomposites have
been prepared by hydrolysis of diethoxydimethyl-
silane and zirconium n-propoxide in di�erent molar
ratios. Transparent, homogeneous and non-porous
xerogels have been obtained up to 70 mol% ZrO2

content. The starting xerogels have been pyrolyzed
under argon atmosphere up to 1400�C and the
structural evolution of samples treated at di�erent
temperatures has been followed by X-ray di�raction,
transmission electron microscopy, infrared and 29Si
solid state nuclear magnetic resonance spectroscopies,
thermal analyses and N2 sorption measurements.
The polymer-to-ceramic conversion leads to the
structural rearrangement of the siloxane component
with the production at 600�C of high surface area
materials with pore sizes below 3 nm. Samples are
amorphous up to 800�C. At 1000�C, the structural
evolution of the silicon moiety produces an amor-
phous oxycarbide phase whereas the primary crys-
tallisation of tetragonal zirconia takes place, with
crystallinity and crystallite sizes depending on the
ZrO2 content. At 1400�C, the silicon oxycarbide
phase generates a mixture of amorphous silica and
crystalline silicon carbide polymorphs. In this matrix,
tetragonal and monoclinic ZrO2 phases are present
with ZrO2 average crystallite dimensions never
exceeding 20 nm, for ZrO2 content �50mol%. The
tetragonal/monoclinic ratio as well as the crystallite
sizes appear strictly related to the chemical com-
position. # 1999 Elsevier Science Ltd. All rights
reserved
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1 Introduction

The sol±gel process is a well-known chemical route
to prepare oxide-based materials which can be
converted into glasses and ceramics by thermal
treatments.1 Moreover, the use of molecular pre-
cursors and the control of the synthesis conditions
make it possible to prepare homogeneous and pure
multicomponent systems.2±4

Over the last years, the sol±gel process has been
extensively employed for the preparation of hybrid
organic±inorganic materials, known as ormocers5,6

or ceramers,7,8 by modifying the oxide network
with the introduction of organic functions.
Organic±inorganic hybrid networks can be gener-
ated using several synthetic approaches by incor-
porating di�erent inorganic and organic groups with
variable structure.8 A popular synthesis technique is
based on the use of monomeric organoalkoxysilanes
as precursors for the sol±gel reactions.5,9,10 In this
case, the organic groups are introduced within the
inorganic network through the use of compounds
like R0nSi(OR)4ÿn (n=1,2), owing to the stability of
the Si±C bond with respect to hydrolysis.
Recently, this approach has been successfully

applied to the preparation of hybrid materials
whose inorganic counterpart is generated by tran-
sition metal alkoxides (TMA), the organic modi®er
being diethoxydimethylsilane (DEDMS).11±15 The
interaction of DEDMS with TMA, during the ®rst
stages of the hydrolysis process, leads to the for-
mation of intermediates containing heterometallic
Si±O±M bonds (M=Ti, Zr),16,17 ®nally yielding to
polysiloxanes. DEDMS±TMA derived xerogels
have been de®nitely described as composed of
polydimethylsiloxane chains cross-linked by oxide
particles, which should be nanometric in size
according to the transparency of samples and X-ray
absorption and SAXS results.11,14,17
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The siloxane±oxide systems are attractive for a
large variety of applications such as scratch resis-
tant or hydrophobic coatings18,19 and microporous
materials.20 Moreover, the siloxane-oxide xerogels
are expected to be good preceramic materials that
can be converted into oxycarbide glasses21±25 or
carbide composites26,27 by pyrolysis under reducing
atmosphere, owing to the high carbon load
retained in the gel network. Some preliminary
results have been presented on the pyrolytic con-
version of (CH3)2SiO±TiO2 xerogels leading to the
production at high temperature of silica and tita-
nium carbide based composites.28

The aim of this paper is to study the thermal
evolution and crystallisation of polydimethyl-
siloxane±zirconia nanocomposites prepared using
diethoxydimethylsilane and zirconium n-propoxide
in di�erent molar ratios. The structural evolution
of the xerogels will be followed during the pyrolysis
up to 1400�C under Ar atmosphere and the ®nal
ceramics will be characterised by spectroscopic
techniques, surface area measurements, X-ray dif-
fraction and electron microscopy.

2 Experimental

A solution of DEDMS (D), absolute ethanol and
acidi®ed water (pH =1; HCl) in 1:1:1 molar ratio
was allowed to react for three minutes before add-
ing the appropriate amounts of Zr(OPrn)4 (ZR), in
order to prepare DZRx sols with x=Zr/(Zr+Si)
molar ratio ranging from 10 to 70%. The homo-
geneous sols were cast in polypropylene vessels and
gave transparent gels which were dried in air at
25�C for 2 weeks before the thermal treatments.
The DZRx xerogels were heated under Ar at dif-
ferent temperatures up to 1400�C with a heating
rate of 1�Cminÿ1.
After the thermal treatments, the samples were

ground to powder in an agate mortar. Transmis-
sion electron microscopy (TEM) observations were
conducted at 120KeV with powder specimens
spread on a copper grid covered with an amor-
phous carbon ®lm. FTIR spectra were recorded in
transmission mode on KBr pellets using a Nicolet
5DXC spectrometer, collecting 64 scans in the
4000±400 cmÿ1 range, with 2 cmÿ1 resolution. 29Si
MAS NMR spectra were recorded on a Bruker
MSL 400 spectrometer with pulse width and delay
between pulses of 2�s and 60 s, respectively. Peaks
are labelled according to the conventional nota-
tion: M, D, T and Q refer to SiC4ÿxOx units with
x=1, 2, 3 and 4 respectively. N2 sorption experi-
ments were carried out at 77K on a Sorptomatic
1800-Carlo Erba instrument. Powdered samples
(350mg) were degassed overnight at 80�C before

analysis. The Kelvin equation was used for calcu-
lating the pore size distribution; surface area eva-
luation was obtained by the BET equation which
was linear in the interval 0.05�p/p0�0.33 with a
least-squares ®t of 0.998. Thermogravimetric and
di�erential thermal analyses (TGA and DTA) were
performed on a Netzsch STA 409 thermobalance
under 100 cc/minÿ1 Ar ¯ow and with 10�Cminÿ1

heating rate. XRD spectra were collected on a
Rigaku DMax di�ractometer in the Bragg-Bren-
tano con®guration, using Cu K� radiation and a
monochromator on the di�racted beam. A mod-
i®ed Rietveld method program29 was employed for
the quantitative phase analysis and the evaluation
of the average crystallite dimensions.

3 Results

3.1 FTIR spectroscopy
The evolution of the FTIR spectra is studied as a
function of the pyrolysis temperature. The main
peaks that will be discussed are summarized in
Table 1. Figure 1 presents the results obtained for
the DZR10 sample. As reported elsewhere,30 the
spectrum of the xerogel is characterised by the
presence of the Si±O vibrations, typical of D units
(1017 and 1096 cmÿ1), and of the signals due to the
methyl groups bonded to silicon (1263, 865 and
798 cmÿ1). For DZR10, this structural situation
appears unchanged up to 400�C whereas at 600�C
remarkable network modi®cations30 have already
taken place, resulting in the intensity reduction of
the Si±CH3 absorptions and the strong changes in
the Si±O stretching vibrations, now present as a
single band centred at 1030 cmÿ1. At 1000�C, the
absorptions due to C±H and Si±CH3 bonds dis-
appear and the spectrum shows a broad band at
1038 cmÿ1, indicative of a disordered silica based
network, and a peak at 473 cmÿ1 due to the Si±O±
Si absorption which presents a shoulder at
548 cmÿ1 attributed to the presence of a zirconia
phase. At 1400�C, the DZR10 spectrum is char-
acterised by intense and relatively sharp peaks due
to the Si±O bonds at 1094 and 457 cmÿ1 together
with the signal at 536 cmÿ1 due to an ordered ZrO2

phase.31 The intensity of the peak at 811 cmÿ1 is
quite remarkable; it corresponds to the super-
position of the broad signal due to silica and the
sharp Si±C stretching in an ordered SiC phase, as
con®rmed by a comparison with a commercial
polycrystalline SiC sample.
The evolution of the DZR20 and DZR30 spectra

versus temperature is quite similar to the one pre-
sented for DZR10. On the contrary, signi®cant
structural di�erences are shown by DZR50 (Fig. 2),
starting from the xerogel state. The overlapping of
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at least four peaks (1044, 1018, 980 and 933 cmÿ1)
accounts for the Si±O and Si±OH absorptions
together with the probable presence of Si±O±Zr
bonds32,33 in the xerogel. At 600�C, the pyrolysis
process results in a more disordered network than
the one shown by DZR10 at the same temperature
whereas, at 1000�C, only slight di�erences can be
found between the two samples. At 1400�C, the
main peak at 1092 cmÿ1 is due to the silica phase.
The Si±C absorption is less intense than in the case
of DZR10 and shifted towards lower frequencies
(796 cmÿ1) and the absorptions related to zirconia
at 742, 588 and 494 cmÿ1 are better de®ned.
Speci®c features are exhibited by the spectra of

the DZR70 sample treated at di�erent tempera-
tures (Fig. 3). At room temperature, the signal due
to the Si±CH3 stretching is present at 1258 cmÿ1,
showing a low-frequency shift compared with
reported results for DZRx with x�50. The Si±O
stretching vibrations appear at surprisingly low
frequency (974 cmÿ1) and the signals due to the Zr±
O bonds are clearly visible at 608 and 453 cmÿ1,

with an overlap with the Si±O±Si vibration for the
latter one. The pyrolysis process leads at higher
temperature to the formation of a well de®ned
ZrO2 network34 together with a disordered silica
counterpart.
A comparison between the DZRx FTIR spectra

recorded on samples pyrolysed at 1400�C points
out the progressive inversion in intensity of the Si±
O (1090 cmÿ1) and Si±C (800 cmÿ1) peaks (Fig. 4).
As the ZrO2 content increases, the relative amount
of the SiC phase decreases and the Si±C stretching
shifts towards a lower frequency, from 811 cmÿ1

for DZR10 to 796 cmÿ1 for DZR50. This could be
an indication of di�erences in the nature of the SiC
domains.

3.2 Thermal analyses and porosity
The weight losses, calculated from the TG curves
carried out under Ar ¯ow, are reported in Fig. 5 as
a function of the ZrO2 content. Two di�erent steps
are present in the TG curves and their intensity
depends on the gel chemical composition. The ®rst

Table 1. FTIR adsorption frequencies for selected peaks

DZRx, x Si±CH3, cm
ÿ1 (gel) Si-O, cmÿ1 (gel) Si±O, cmÿ1 (T, �C) Zr±O, cmÿ1 (1400�C)

10 1263 1096 1030 (600) 536
1017 1038 (1000)

1095 (1400)
50 1260 1044 1016 (600) 742

1018a 1085 (1000) 588
980a 1090 (1400) 494c

933a

70 1258 974b 1022 (600) 736
1078 (1000) 581
1074 (1400) 497c

aContribution of Si±O±Zr and Si±OH bonds.
bProbable contribution of Si±O±Zr bonds.
cOverlapped with Si±O±Si absorption.

Fig. 1. Evolution with temperature of the FTIR spectra of the
DZR10 samples.

Fig. 2. Evolution with temperature of the FTIR spectra of the
DZR50 samples.
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weight loss (W1) is found below 400�C and increases
with the ZrO2 content. The second weight loss
(W2), which takes place in the 400±900�C tem-
perature range, decreases with increasing the ZrO2

content. Similar behaviour is observed for the total
weight loss (Wtot). Slightly di�erent temperature
ranges, corresponding to W1 (25±300�C) and W2

(300±600�C) are found in the case of DZR70.
The DTA curves of DZRx samples with x�50

show only one intense and broad endothermic
e�ect in the 25±300�C range. The DZR70 DTA
curve shows also this e�ect centred at 142�C, as
well as an exothermic peak at 877�C which does not
correspond to any weight change in the TG curve.
The evolutions of the DZR10, DZR30 and

DZR70 speci®c surface area as a function of the
pyrolysis temperature are compared in Fig. 6. The
DZRx samples with x�50 are almost fully dense to
N2 adsorption in the xerogel state and display a
relevant increase of the speci®c surface area at
600�C (630m2 gÿ1 for DZR10) with a progressive
collapse of porosity with further heating.30 It is

noteworthy that DZR10 maintains a speci®c sur-
face area of 198m2 gÿ1 at 1000�C. On the contrary,
the DZR70 speci®c surface area remains quite
constant throughout the whole pyrolysis process
and never exceeds 15m2 gÿ1. The increase in spe-
ci®c surface area at intermediate temperatures for
the DZRx (x�50) is mainly due to the formation
of mesopores, as illustrated by the typical pore size
distribution shown in Fig. 7.

3.3 29Si MAS NMR spectroscopy
Solid state NMR spectroscopy is a useful tool to
characterise the local environment of atoms in the
solid state and has been used here to identify the
various Si sites in the DZRx samples treated at
high temperature. The 29Si MAS NMR spectra
obtained on the DZR20 sample, pyrolysed at 1000
and 1400�C, are presented in Fig. 8. At 1000�C
peaks at ÿ23, ÿ66 and ÿ100 ppm are found corre-
sponding to D, T and Q units in an oxycarbide
phase. The low chemical shift of the Q units is
quite remarkable, since this peak is usually found
around ÿ110 ppm in silicon oxycarbide glasses.22

At 1400�C, the spectrum shows three sharp peaks

Fig. 4. Evolution versus %Zr of the relative intensities of Si±C
and Si±O peaks and of the Si±C band position at 1400�C.

Fig. 3. Evolution with temperature of the FTIR spectra of the
DZR70 samples.

Fig. 5. Weight losses calculated from TG analyses on various
DZRx samples.

Fig. 6. Surface area evolution with pyrolysis temperature:
comparison between DZR10, DZR30 and DZR70.
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at ÿ15.8, ÿ19.7 and ÿ24.1 ppm, attributed to the
presence of well organised � and � SiC phases, as
well as a broad signal at ÿ109 ppm due to amor-
phous silica. For this sample, the amount of Q
units, calculated by a pro®le ®tting procedure, is 46
mol% at 1400�C. The results obtained on DZR30
at 1000�C are quite similar, whereas at 1400�C a
residual oxycarbide phase is still present and the
silica amount (50 mol%) increases at the expense
of the SiC phases.

3.4 X-ray di�raction
All the samples treated up to 800�C display an
amorphous structure, as revealed by the XRD
patterns. At 1000�C, the onset of crystallisation is
observed, as shown in Fig. 9. Owing to the signi®cant
peak broadening, it is very di�cult to ascertain whe-
ther cubic (c), tetragonal (t) or both zirconia poly-
morphs are present. On the other hand, both
tetragonal (t) andmonoclinic (m) zirconia phases are

detected in the samples treated at 1400�C (Fig. 10).
The crystallite dimensions and m/(m+t) ZrO2

ratios, calculated using a modi®ed Rietveld
method,29 are reported in Table 2. It is noteworthy
that the lowest value (�25%) of monoclinic phase
content is for the DZR30 sample. Weak haloes
centred at 2��20�, assigned to the presence of
amorphous SiO2, are also visible in all samples.
The presence of SiC polymorphs can not be safely
ascertained owing to the superposition with more
intense zirconia re¯ections.

3.5 Transmission electron microscopy
TEM observations were conducted on a number of
powders to follow their microstructural evolution
as a function of the annealing temperature.
Fully amorphous structures were found in the

samples treated at temperatures �800�C, in agree-
ment with the XRD results. The morphology of the
DZR30 sample treated at 600�C is shown by the
micrograph in Fig. 11, featuring spherical amor-
phous domains with an estimated diameter of
4 nm. Pores homogeneously distributed and with
size ranging from 1 to 2 nm are also visible.
Figure 12 shows the bright ®eld image of the

DZR50 sample treated at 800�C and the corre-
sponding di�raction pattern showing a typical
amorphous halo. The microstructure of this sample
appears to be more dense, not showing any longer
the pores detected at lower temperatures. During
the observations a partial crystallisation of the
sample could be induced by deliberately increasing
the electron beam intensity. At 1000�C, crystalline
re¯ections were detected and crystalline particles
from 2nm up to about 30 nm were observed, as
shown in Fig. 13. In agreement with the XRD
data, the electron di�raction patterns con®rmed
the main crystalline phase to be tetragonal ZrO2.
At 1400�C, crystallisation proceeds further and

Fig. 7. Pore size distribution of DZR10 heat treated at 800�C
calculated from N2 sorption data.

Fig. 8. 29Si MAS NMR spectra of DZR20 heat treated at
1000 and 1400�C.

Fig. 9. XRD patterns of DZRx samples heat treated at
1000�C.
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di�raction patterns due to monoclinic and tetra-
gonal ZrO2 phases are observed. The micro-
structure of the DZR50 sample treated at such
temperature is shown by the TEM micrograph in
Fig. 14, featuring ZrO2 crystallites larger than
those observed at 1000�C.
TEM observations, not reported herewith, were

also carried out on DZR10 and DZR70 samples
after heat treatments at temperatures in the 800±
1400�C temperature range. Results regarding phase
and crystallite size evolutions do agree in all cases
with the XRD results.

4 Discussion

For ZrO2 content up to 30mol%, the sol±gel pro-
cessing of DEDMS/Zr(OPrn)4 mixtures makes it
possible to produce transparent, monolithic and
compliant xerogels, which remain monolithic even
after pyrolysis up to 1400�C. On the contrary, the
hydrolysis-condensation process of DZR50 and
DZR70 generates brittle and powdered samples.
This can be related to di�erences in the gel struc-
ture that was found to depend strongly on the Zr
content in previous studies.15,30 For x�30, the gel
can be viewed as a nanocomposite made of long,
¯exible and mobile polydimethylsiloxane chains

crosslinked by zirconia particles, whereas for
x >30, the closer proximity of the oxide particles
might lead to the formation of short and con-
strained polysiloxane units.
The pyrolysis process can be divided into two

main stages: for T�800�C, the polymer-to-cera-
mics transformation occurs with loss of volatile
species (Fig. 5) while for T>800�C, the amorphous
inorganic composites will undergo crystallisation.

4.1 The pyrolysis process up to 800�C
For DZRx (x�50), the TG analyses show that the
weight losses are completed at about 900�C, and
that the total weight loss amplitude (Wtot) decrea-
ses versus Zr content (Fig. 5). The characterisation
of DZRx pyrolysis by coupled TG±GC±MS under
He atmosphere,30 has shown that these weight los-
ses are mainly due to evolution of siloxane oligo-
mers: these species form out of redistribution
reactions of Si±O/Si±O and Si±C/Si±O bonds
occuring between siloxane units, and their struc-
ture will thus strongly depend from the nature of
the Si moieties in the various composites. The pre-
sence of long polysiloxane chains in DZrx (x�30)
will give rise to higher molecular weight species
(and thus higher weight losses) than in the case of
DZrx (x>30) for which the siloxane and zirconia
species are more interconnected.

Table 2. Crystallite dimensions and m-ZrO2 content in DZRx
samples

Sample Crystallite dimensions (nm) m/(m+t) ZrO2

m-ZrO2 t-ZrO2 (vol%)

DZR10 10.3�0.4 12.6�0.1 41.1
DZR20 7.3�0.1 18.2�0.2 34.8
DZR30 6.6�0.2 17.8�0.2 26.1
DZR50 7.4�0.2 19.4�0.2 28.9
DZR70 13.8�0.2 31�3 95.8

Fig. 10. XRD patterns of DZRx samples heat treated at
1400�C.

Fig. 11. Bright ®eld image of the DZR30 sample heat treated
at 600�C.
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These di�erences in weight losses are a�ecting
the microstructures of the various samples as
shown from the porosity measurements (Fig. 6).
The porosity of DZRx xerogels is very low. For
x�50, the signi®cant evolution of gaseous species
during the pyrolysis generates intermediates char-
acterised by high speci®c surface area. At 600±
800�C, the speci®c surface area decreases with Zr
content, according to the weight losses trends (W2

and Wtot) shown in Figure 5. The highest surface
area value at 600�C is presented by DZR10 with
630m2 gÿ1. The production of mesoporous materi-
als in this temperature range is con®rmed by both
TEM and N2 sorption results (Figs 11 and 7). The
speci®c surface area then reduces above 800�C and
further heating at 1400�C leads to almost dense

materials. A di�erent behavior is observed for
DZR70: this sample displays a low surface area
throughout the whole pyrolysis process, as a con-
sequence of a di�erent pyrolysis pathway. Indeed,
the weight change is already ®nished at 600�C and
is characterised by the lowest weight loss above
300�C. This thermal behaviour is most likely rela-
ted to the formation of a highly interconnected
network between the D silicon units and the zirco-
nia counterpart in the gel. This structural organi-
sation accounts for the low frequency shift
observed for the Si±O stretching vibrations in the
DZR70 xerogel spectrum (Figure 3), which is
probably determined by the contribution of Si±O±Zr

Fig. 12. Bright ®eld image and corresponding selected area
di�raction of the DZR50 sample heat treated at 800�C.

Fig. 13. Bright ®eld image and selected area di�raction pat-
tern of the DZR50 sample heat treated at 1000�C.
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absorptions. In such crosslinked structure, the sili-
con derived moiety will not easily undergo redis-
tribution reactions, but just decompose to
transform in low molecular weight volatiles or
segregate as free carbon.

4.2 The phase evolution between 800 and 1400�C
The DZRx samples are all amorphous up to 800�C
from XRD and TEM analyses. At 1000�C, crys-
talline features attributed to the presence of tetra-
gonal zirconia are present in both X-ray and
electron di�raction patterns, according to the gen-
eral behaviour observed for sol±gel derived zirco-
nia.35 The crystalline re¯ections are comparatively
weak for the DZRx samples with lower Zr content
(Fig. 9), whereas DZR70 is characterised by more
intense and sharper di�raction peaks. Accordingly,
a well de®ned crystallisation peak at 870�C is pre-
sent in the DTA curve for the DZR70. It is note-
worthy that, even in the xerogel state, the infrared
spectrum of DZR70 shows a more organised zir-
conium environment as compared to the features
exhibited by other DZRx samples. This behavior is
conserved throughout the whole thermal process. In
the infrared spectrum of DZR70 heated at 1400�C
(Fig. 3), the characteristic bands due to a crystalline
ZrO2 polymorph could be well detected. At 1400�C,
the predominant crystalline phase in DZR70 is
monoclinic ZrO2, according to TEM and XRD
results. The DZRx samples with x�50, are char-
acterised at 1400�C by the presence of a prevailing
tetragonal phase, featuring increasing average crys-

tallite dimensions with increasing zirconium con-
tent. The maximum estimated crystallite size for
the DZR50 is 19 nm. The formation of a stable t-
ZrO2 phase, in the absence of stabilisation with
divalent or trivalent cations, requires that the crys-
tallite mean size stays below 30 nm, approxi-
mately.36 Therefore, in the DZR70, the preferential
martensitic transformation from tetragonal to
monoclinic phase should take place because of
crystallite size exceeding this value (Table 2).
The silicon-based matrix undergoes an important

structural rearrangement during the pyrolysis pro-
cess up to 800�C. As shown by 29Si MAS NMR
(Fig. 8), the thermal evolution leads at 1000�C to
the formation of D, T and Q units in a silicon
oxycarbide phase. The low chemical shift presented
by the Q units at 1000�C is quite remarkable.
According to reported results for amorphous SiO2±
ZrO2 mixtures prepared to obtain zircon37 and
SiO2±ZrO2 gels prepared by a non-hydrolytic
route,38 the peak at ÿ100 ppm, attributed to the Q
units, should account for the presence of Si±O±Zr
bonds.
The presence at high temperature of hetero-

metallic bonds between zirconium and silicon
atoms should lead to a strong matrix e�ect on the
crystallisation of the zirconia polymorphs. Di�er-
ences between structural arrangements between the
ZrO2 particles and the siloxane moiety in DZRx
gels have already been pointed out and related to
di�erent pyrolysis pathways below 800�C.30 A
highly interconnected network between D units
and ZrO2 based particles has been proposed in the
case of DZR70. Consequently, these di�erences in
DZRx matrices should have di�erent in¯uences on
the t-ZrO2!m-ZrO2 martensitic transformation39

resulting in the observed di�erent crystallisation
pathways.
The gel chemical composition plays a major role

also in determining the pyrolysis products of the
silicon counterpart. The infrared spectra at 1400�C
point out that a decreasing amount of silicon carbide
phase is obtained with increasing Zr content. This
result is in good agreement with the quantitative
analysis of silicon units obtained from NMR spec-
tra at 1400�C. In comparison with the DZR20
sample which is characterised by well organised �
and � SiC and amorphous silica, the DZR30 dis-
plays a residual amorphous oxycarbide phase and
an increased amount of silica. These results suggest
a more di�cult separation of pure silicon carbide
with increasing Zr content. The NMR spectra
show well organised SiC phases. Unfortunately,
XRD and TEM results can not provide direct
indications for the presence of SiC polymorphs, as
silicon carbide and zirconia re¯ections strongly
overlap. However, preliminary quantitative phase

Fig. 14. Bright ®eld image of the DZR50 sample heat treated
at 1400�C.
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calculations from XRD spectra (R. Ceccato and L.
Lutterotti, unpublished results) are in good agree-
ment with the quantitative evaluation obtained
from NMR in the case of DZR20 and DZR30 and
indicate the decrease of the SiC amount with
increasing Zr content. The inhibition of SiC crys-
tallisation can be ascribed to the preferential loss of
carbon due to the Si±C bond breaking observed
during the pyrolysis of DZRx samples with higher
Zr content. As a matter of fact, methane evolution
was observed to increase with increasing Zr con-
tent,30 and it was the predominant species to evolve
during the DZR50 pyrolysis process.30 Moreover,
taking into account the presence of a residual
amorphous oxycarbide phase in the DZR30 at
1400�C, the occurrence of an increasing amor-
phous SiCxO4ÿx structure with increasing ZrO2

content can be inferred.

5 Conclusions

Polydimethylsiloxane±zirconia nanocomposites
with di�erent ZrO2 contents were prepared by a
sol±gel route. Thermoanalytical investigations were
conducted to identify the temperature ranges for
the main transformations and reactions. The
microstructural changes induced by thermal treat-
ments, carried out from 400 to 1400�C, were fol-
lowed with several experimental techniques.
At 600±800�C, the pyrolysis process generates

highly porous amorphous materials characterised
by the formation of mesopores and speci®c surface
area as high as 630m2 gÿ1, in the case of DZR10.
The remarkable porosity observed at high tem-
perature, particularly in the case of DZR10, makes
these matrices suitable for such applications as
adsorbents, sensors and catalyst supports.
The ceramisation process of the poly-

dimethylsiloxane±zirconia gels leads at 1000�C to
the formation of Si±C±O/ZrO2 nanocomposites
composed of amorphous silicon oxycarbide matrix
featuring ®nely dispersed t-ZrO2 crystallites.
At higher temperature, i.e. 1400�C, the mono-

clinic polymorph is also observed, though its
amount stays well below the amount of tetragonal
phase for ZrO2 content �50 mol%. Indications for
the presence of � and � SiC phases after treatments
at 1400�C come from solid state NMR analyses.
The formation of the silicon carbide phase appears
more di�cult for increasing Zr contents in the gel.
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