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A synthetic route to silicon-based composite ceramics that employs organosilicon polymer/metal oxide

precursors is described. The precursor materials were obtained by dispersing metal oxides in the

poly[(silylene)diacetylenes] 1. Subsequent pyrolysis of the dispersions above 1400 ³C under various experimental

conditions afforded b-SiC-based metal carbides and metal nitrides, metal silicides and Si3N4-based composites

of de®ned compositions, in high ceramic yields. Under atmospheres of argon or of nitrogen, the precursor-to-

ceramic conversion involved two critical transformations: i) the thermal cross-linking of 1 leading to an

irreversible encapsulation of the oxide particle inside the polymeric matrix and ii) the carbothermal reduction of

the oxide constituents by the carbon resulting from the degradation of polymer 1 to produce either the ®nal

carbide or the ®nal nitride under the pyrolysis conditions. Moreover, it is shown that the encapsulation of the

oxide particles inside a reactive matrix led to the formation of particle-tailored micro-scale reactors in which

the reduction process took place with high ef®ciency.

1. Introduction

Because of their high melting points, hardness and chemical
resistance at high temperatures, metal carbides and nitrides are
two of the most important families of engineering ceramics.1 As
a consequence, formation of novel ceramic materials from
polymers consisting of a structural element which is desired in
the ®nal product has attracted much attention.2±17 This
chemical route had proved to be superior to the conventional
powder technology because of the high purity of its precursor
materials, the lower processing temperatures and its versatility
in plastic shaping technologies.5,18 Moreover preceramic
polymers have been successfully used either as powdered
ceramic binders19,20 or as reactants toward embedded metal or
metal oxide particles.3,21±27 The latter examples had proved to
be excellent alternative routes for the synthesis of composite
ceramics which are known to exhibit signi®cantly improved
mechanical properties (hardness, toughness, sinterability) when
compared to the isolated phases, allowing their potential use in
cutting tools, abrasives or high-temperature structural applica-
tions.25±33

In previous works,34±37 we described a novel class of
organosilicon linear polymers incorporating diacetylenic
units such as poly[(silylene)diacetylenes] 1. 1 are organosoluble
linear polymers which are synthesized in high yields by
polycondensation of a dichlorosilane with 1,4-dilithio-buta-
diyne in THF (Scheme 1).37 When pyrolyzed at 1400 ³C under
an argon ¯ow, 1 led to black residues in high char yields with
compositions depending upon the nature of the substituents at
the silicon atoms (Table 1); all the silicon present in the
organosilyl groups of the starting polymers is found in the
ceramic as SiC. On the other hand, when pyrolyzed under
ammonia, they led to Si3N4 whiskers.35 The exothermic cross-

linking of the diacetylenic units38,39 which occurs in the solid
state at 200 ³C overcomes depolymerization processes and
explains the high ceramic yield obtained with such poly-
mers.36,40

In earlier preliminary communications,21,23 we reported that
b-SiC/metal carbide (or nitride) can be obtained in high yields
by means of a potentially general polymer-precursor route22

using dispersions of a metal oxide in polymers 1. The metal
oxide : 1 ratio was adjusted in such a way that the carbothermal
consumption of the excess of carbon by the oxide provides pure
b-SiC/metal carbide (or nitride) ceramics of de®ned composi-
tions. Quite recently, we have demonstrated that b-SiC/MC
(M~Ti, Nb and Ta) nanocomposite ceramics are obtained
from the pyrolysis under argon of precursors consisting of
interpenetrating networks of polymer 1a and of polymeric
metal oxide generated by an in situ precipitation of the
corresponding metal alkoxide.41

We report herein full details of our work and the potential of
this method to prepare a wide range of silicon-based ceramic
composite materials.

Scheme 1 Synthesis of polymers 1.
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2. Experimental

2.1. General

In the text, dispersions of type A will refer to precursors in
which the starting metal oxide leads to a metal carbide upon
pyrolysis under an inert atmosphere, whereas in dispersions of
type B, the metal oxide leads to a metal silicide.

The characteristics of the metal oxides used in this work are
given in Table 2. THF was distilled over CaH2 prior to use. The
argon or nitrogen (ultrapure grade) were purchased from L'Air
Liquide and used without further puri®cation. Poly[(silylene)-
diacetylenes] 1a±c were prepared according to the procedure
published previously.37 The ammonia was puri®ed through
columns ®lled with KOH pellets and silica gel respectively.

2.2. Instrumentation

All the pyrolyses were performed in a Carbolite alumina tube
furnace ®tted with taps to allow connection to a vacuum line.
Powder X-ray diffraction (XRD) patterns were recorded on a
Philips diffractometer using Cu-Ka radiation. Transmission
electron microscopy (TEM) coupled with energy dispersive
analysis of X-rays (EDX) was carried out on a Philips CM 20
microscope operating at 200 kV equipped with a TRACOR
microprobe. Powder specimens were suspended in ethanol and
spread onto a copper grid covered with an amorphous carbon
®lm. Thermal analyses were carried out with a Netzsch STA
409 thermogravimetric analyzer coupled to a Balzers QMG 421
mass spectrometer. Thermogravimetric analyses (TGA) were
recorded in the range 20±1400 ³C under the desired gas ¯ow
(60 mL min21) at a heating rate of 10 ³C min21. Differential
scanning calorimetric (DSC) experiments were conducted on a
Mettler 30 instrument. IR spectra were taken on a Perkin
Elmer 1600 FT either in KBr pellets or in nujol mulls. N2

adsorption±desorption isotherms (BET method) were mea-
sured on a Micromeritics Gemini apparatus. Elemental
analyses were performed at the Service Central de Micro-
analyse of the CNRS, Vernaison, France.

2.3. Preparation of metal oxide/polymer dispersions

In a typical process, appropriate quantities of the polymer 1
and ®nely divided metal oxide (Tables 3±6) were mixed in THF
under ultrasound for 0.5 h. Then, the mixture was left stirring

and the solvent was removed under reduced pressure to yield
beige solids.

2.4. Pyrolysis

The pyrolyses were carried out on weighed samples (0.1 to 1 g)
of polymer/metal oxide dispersions placed into alumina
crucibles, which were heated in an alumina tube ®tted with
glass taps to allow connection to a vacuum line. After 3 gas

Table 1 Pyrolysis of poly[(silylene)diacetylenes] under argon: ceramic yields and chemical composition of the residues

Polymer Ceramic yield (%) Compositiona Stoichiometry of the ceramic Free C (%) Si conservation (%)b

1a 84 Si1.00C5.11 SiC±4C 54.5 97
1b 72 Si1.00C3.21 2(SiC)±4C 37.5 90
1c 83 Si1.00C12.89 SiC±12C 78.3 94
aBased on elemental analysis. bBased on the ratio Si previously present in the polymer/Si recovered in the ®nal ceramic.

Table 2 Characteristics of the metal oxides

Metal oxide Origin Purity (%) Type and/or grain size

Al2O3 RhoÃne-Poulenc 99 75±180 mm
SiO2 RhoÃne-Poulenc 99 aerogel,v1 mm
TiO2 Prolabo 99 anatase,v5 mm
V2O5 Aldrich 98 75±180 mm
Co3O4 Aldrich 72±73a v1 mm
NiO Aldrich 99 black, ¡5 mm
Nb2O5 Aldrich 99.5 v45 mm
MoO3 Aldrich 99z 10±20 mm
PdO?xH2Ob Aldrich 76a Ð
Ta2O5 Interchim 99 v45 mm
WO3 Aldrich 99z #20 mm
PtO2?xH2Ob Aldrich 80a Ð
aMetal content. bThe oxides are dehydrated by heating at 100 ³C
under 1 mmHg for 24 h prior to be used.

Table 3 SiC/metal carbide precursor preparation (dispersions of type
A, pyrolysis under argon)

Polymer
Metal
oxide

Polymer
weight/g (equiv.)

Metal oxide
weight/g (equiv.)

Si : M : C
ratio

1a TiO2 1.00 (3) 1.00 (4) 3 : 4 : 15
1b TiO2 1.37 (3) 1.00 (2) 6 : 2 : 12
1c TiO2 0.72 (1) 1.00 (4) 1 : 4 : 13
1a ZrO2 0.66 (3) 1.00 (4) 3 : 4 : 15
1a HfO2 0.39 (3) 1.00 (4) 3 : 4 : 15
1a V2O5 0.95 (13) 1.00 (8) 13 : 16 : 65
1a Nb2O5 0.70 (7) 1.00 (4) 7 : 8 : 35
1a Ta2O5 0.42 (7) 1.00 (4) 7 : 8 : 35
1a MoO3 0.65 (7) 1.00 (8) 7 : 8 : 35
1a WO3 0.46 (1) 1.00 (1) 1 : 1 : 5

Table 4 SiC/metal silicide precursor preparation (dispersion type B,
pyrolysis under argon)

Polymer
Metal
oxide

Polymer
weight/g (equiv.)

Metal oxide
weight/g (equiv.)

Si : M : C
ratio

1a Co3O4 1.32 (3) 1.00 (1) 3 : 3 : 15
1a NiO 0.71 (1) 1.00 (2) 1 : 2 : 5
1a PdO 0.22 (1) 1.00 (4) 1 : 4 : 5
1a PtO2 0.23 (1) 1.00 (2) 1 : 2 : 5

Table 5 SiC/metal nitride precursor preparation (pyrolysis under
nitrogen)

Polymer
Metal
oxide

Polymer
weight/g (equiv.)

Metal oxide
weight/g (equiv.)

Si : M : C
ratio

1a TiO2 0.67 (1) 1.00 (2) 1 : 2 : 5
1a ZrO2 0.44 (1) 1.00 (2) 1 : 2 : 5
1a HfO2 0.26 (1) 1.00 (2) 1 : 2 : 5
1a V2O5 0.73 (5) 1.00 (4) 5 : 8 : 25
1a Nb2O5 0.50 (5) 1.00 (4) 5 : 8 : 25
1a Al2O3 1.40 (3) 1.00 (4) 3 : 8 : 15
1a SiO2 0.88 (1) 1.00 (2) 3 : 0 : 5

Table 6 Si3N4-based ceramic precursor preparation (pyrolysis under
ammonia)

Polymer
Metal
oxide

Polymer
weight/g (equiv.)

Metal oxide
weight/g (equiv.)

Si : M : C
ratio

1a TiO2 0.67 (1) 1.00 (2) 1 : 2 : 5
1a ZrO2 0.44 (1) 1.00 (2) 1 : 2 : 5
1a HfO2 0.26 (1) 1.00 (2) 1 : 2 : 5
1a Nb2O5 0.50 (5) 1.00 (4) 5 : 8 : 25
1a Ta2O5 0.30 (5) 1.00 (4) 5 : 8 : 25
1a Al2O3 1.40 (3) 1.00 (4) 3 : 8 : 15
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purges, the samples were pyrolyzed in a tube furnace under a
continuous ¯ow of argon or nitrogen at a ¯ow rate of
90 mL min21. The temperature was increased at a heating rate
of 5 ³C min21 from room temperature to 250 ³C and then at
10 ³C min21 to 1400 ³C. The ®nal temperature was held for a
variable period (2±7 h), and then cooled to room temperature.
The pyrolysis conditions and compositions of the resulting
powders are summarized in Tables 7±10.

2.4.1. Elemental analyses of the ceramics obtained from
pyrolysis under an inert atmosphere (argon). 2.4.1.1. SiC/metal
carbide ceramics (from dipersions of type A). SiC/TiC; found:
Ti4.00Si2.98C6.51O0.15; calcd: Ti4.00Si3.00C7.00. SiC/ZrC; found:
Zr4.00Si2.85C7.14O0.37; calcd: Zr4.00Si3.00C7.00. SiC/NbC; found:
Nb8.00Si4.82C17.60O0.52; calcd: Nb8.00Si7.00C15.00. SiC/Mo2C;
found: Mo8.00Si6.84C15.93O0.24; calcd: Mo8.00Si7.00C15.00. SiC/
HfC; found: Hf4.00Si2.63C6.23O0.45; calcd: Hf4.00Si3.00C7.00. SiC/
WC; found: W1.00Si0.92C2.14O0.02; calcd: W1.00Si1.00C2.00.

2.4.1.2. Metal silicide ceramics (from dispersions of type
B). CoSi/C; found: Co1.00Si1.08C2.91O0.06; calcd:
Co1.00Si1.00C3.00. Ni2Si/C; found: Ni2.00Si1.18C2.71O0.12; calcd:
Ni2.00Si1.00C3.00. Pd3Si/Pd4Si/C; found: Pd1.00Si0.26C0.85O0.03;
calcd: Pd1.00Si0.25C1.00.

2.4.2. Elemental analyses of the ceramics obtained from
pyrolysis under a reactive atmosphere (N2). SiC/AlN; found:
Al8.00Si2.94C3.89N6.75O0.96; calcd: Al8.00Si3.00C3.00N8.00. SiC/
Si3N4; found: Si9.00C2.92N8.13O0.32; calcd: Si9.00C3.00N8.00.
SiC/TiN; found: Ti2.00Si1.04C1.46N2.04O0.21; calcd: Ti2.00

Si1.00C1.00N2.00. SiC/HfN; found: Hf2.00Si0.62C1.16N1.98O0.48;
calcd: Hf2.00Si1.00C1.00N2.00.

2.4.3. Elemental analyses of the ceramics obtained from
pyrolysis under a reactive atmosphere (ammonia). Si3N4/TiN;
found: Ti6.00Si2.24N8.06O1.18; calcd: Ti6.00Si3.00N9.00. Si3N4/
ZrO2; found Zr6.00Si2.02N3.58O11.03; calcd: Zr6.00Si3.00N4.00.
Si3N4/HfO2; found Hf6.00Si2.06N3.03O11.96; calcd:
Hf6.00Si3.00N4.00.

3. Results and discussion

3.1 Poly[(silylene)diacetylenes] as SiC/C ceramic sources:
structural investigations

Fig. 1 shows the XRD patterns of ceramics derived from
polymers 1a and 1c pyrolyzed at 1400 ³C for 1 h under argon.
In each case, the three broad peaks which are observed at
2h~36³, 60³ and 72³ correspond to the (111), (220) and (311)
planes of b-SiC respectively. The very broad peak which is well
observed for SiC±12C at 2h~22³ is attributed to amorphous
graphitic carbon. The peak widths were used to calculate the
average b-SiC particle sizes which are given with the free
carbon content in Table 11. In spite of high temperature
treatments, it may be pointed out that b-SiC is present as
nanocrystals in the ®nal residue. This result is related to the
large amounts of free carbon present along with SiC, which acts
as a crystal-growth inhibitor during the thermal precursor-to-
ceramic conversion.15,42

Since bulk silicon carbide is known to be oxygen-resistant at
high temperature,43,44 we have investigated the thermal air-
oxidation behavior of the residue obtained from the pyrolysis
of 1a at 1400 ³C under argon (SiC±4C). Surprisingly, if a
sample of the SiC±4C ceramic is exposed to ¯owing air at
1400 ³C a white residue identi®ed as pure SiO2 is recovered.
TGA curve in the 20±1400 ³C temperature range (Fig. 2)
showed the succession of two steps. The initial weight loss
(50%) which occurred in the 450±750 ³C domain was assigned
to the air oxidation of the free carbon (theoretical value for 4C:
54.5%). Above 750 ³C, the weight increase (20%) was indicative
of the air-oxidation of SiC into SiO2 as determined by
XRD. The overall weight loss of 30.3% is close to the expected
value (31.8%) for the conversion SiC±4CASiO2. When
compared to the pure bulk material, the total oxidation of
the silicon carbide at such a low temperature is consistent with

Table 7 SiC/metal carbide pyrolysis products (type A, under argon)

Polymer (equiv.) Metal oxide (equiv.) Ceramic yield (%)a Stoichiometry of the ceramicb (MC [%])

1a (3) TiO2 (4) 56 (56.5) 3SiC±4TiC (72.7)
1b (3) TiO2 (4) 60 (59.2) 6SiC±4TiC (57.1)
1c (1) TiO2(4) 51 (49.1) SiC±4TiC (88.9)
1a (3) ZrO2 (4) 62 (65.5) SiC±4ZrCc (77.4)
1a (3) HfO2 (4) 71 (76.0) 3SiC±4HfCd (86.4)
1a (13) V2O5 (8) 52 (52.2) 13SiC±4V4C3 (64.8)
1a (7) Nb2O5 (4) 62 (62.1) 7SiC±8NbC (74.9)
1a (7) Ta2 O5 (4) 72 (72.6) 7SiC±8TaC (84.6)
1a (7) MoO3 (8) 59 (58.7) 7SiC±4Mo2C (74.4)
1a (1) WO3 (1) 69 (69.8) SiC±WC (83.0)
aTheoretical values in parentheses. bDetermined both by IR spectroscopy and XRD. cFor a total conversion of ZrO2 into ZrC, pyrolysis times
were increased up to 5 h. dFor a total conversion of HfO2 into HfC, pyrolysis times were increased up to 7 h.

Table 8 SiC/metal silicide pyrolysis products (type B, under argon)

Polymer 1a
(equiv.)

Metal oxide
(equiv.)

Ceramic yield
(%)

Phases
characterized by XRD

(3) Co3O4 (1) 54 CoSi
(1) NiO (2) 61 Ni2Si
(1) PdO (4) 78 Pd3Si±Pd4Si
(1) PtO2 (2) 64 Pt3Si±Pt5Si

Table 9 SiC/metal nitride pyrolysis products (under nitrogen)

Polymer 1a (equiv.) Metal oxide (equiv.) Ceramic yielda (%) Stoichiometry of the ceramicb (MN [%])

(1) TiO2 (2) 64 (62) SiC±2TiN (75.6)
(1) ZrO2 (2) 66 (71) SiC±2ZrN (84.0)
(1) HfO2 (2) 84 (81) SiC±2HfN (90.6)
(5) V2O5 (4) 58 (57) 5SiC±8VN (72.2)
(5) Nb2O5 (4) 71 (66) 5SiC±2Nb4N3.92 (81.0)
(3) Al2O3 (4) 62 (62) 3SiC±8AlN (73.2)
(1) SiO2 (2) 62 (59) SiC±2/3Si3N4 (70.0)
aTheoretical values in parentheses. bDetermined both by IR spectroscopy and XRD.
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the nanometer size of the crystallites present in the material.
Therefore, we suggest that the silicon oxide coating ®lm
responsible for the oxidation resistance has the same extent as
the particle itself.

For a complete characterization of the microstructure of these
ceramic samples, we turned to scanning (SEM) and transmission
(TEM) electron microcopies. SEM micrographs of the ceramics
resulting from the pyrolysis of 1a (SiC±4C) and 1c (SiC±12C) at
1400 ³C under argon are shown in Fig. 3. The surface of the SiC±
4C ceramic (Fig. 3a) appeared to be chaotic and highly porous. In
contrast to thisobservation, the SiC±12C ceramic was shown tobe
quite different. The smooth surface of the sample was drilled by
round-shaped pores indicative of the evolution of gases in a semi-
molten state during the pyrolysis. Consistent with these observa-

tions, the surface areas obtained from BET analyses were
407 m2 g21 for SiC±4C and 18 m2 g21 for SiC±12C.

The high magni®cation TEM bright-®eld micrograph of a
sample of 1a heated at 800 ³C (Fig. 4a) showed a very
homogeneous microstructure throughout all the grains. At
1400 ³C, the images showed a quite different microstructure
(Fig. 4b). Small dark aggregates (size v5 nm) were regularly
dispersed throughout an amorphous matrix. From both dark-
®eld images and selected area electron diffraction (SAED) the
aggregates were identi®ed to be crystalline b-SiC. The TEM
micrograph of the SiC±12C ceramic (Fig. 4c) showed a similar
microstructure constituted of nanocrystals of b-SiC (ca. 2 nm)
embedded in an amorphous carbon matrix.

3.2. Metal oxide/polymer dispersions: preparation and
characterization

Taking advantage of the above properties, we decided to use
poly[(silylene)diacetylenes] as wrapping and reactive polymers
towards metal oxide particles. Our approach is the following: i)
polymers 1 are soluble in common organic solvents: thus the
encapsulation of the metal oxide particles by the polymer may be
easily achieved, ii) the solid-state thermosetting crosslinking
reaction of polymers 1 at about 200 ³C would prevent the
sedimentation of the wrapped metal oxide particles, and iii) the
thermal conversion of the preceramic polymer acting as an in situ
carbon source/metal oxide dispersion should result in both the
carbothermal reduction of encapsulated oxide particles and the
formation of SiC to afford mixed carbides as ceramic residues.

The metal oxide/polymer dispersions were prepared by
adding the appropriate metal oxide to a THF solution of the
polymer, followed by vacuum evaporation of the solvent under
vigorous stirring. A typical TEM image of 1a/TiO2 dispersions
(Fig. 5a) exhibited evidence of submicron TiO2 particles
embedded in a matrix composed of 1a.

3.3. Pyrolysis under an inert atmosphere (argon)

3.3.1. Pyrolysis of dipersions of type A (see Table 3): synthesis
of SiC/metal carbide ceramics. The preceramic polymer
approach is quite general and a wide range of materials can

Table 10 Si3N4-based pyrolysis products (under ammonia)

Polymer 1a
(equiv.)

Metal oxide
(equiv.)

Ceramic
yielda (%)

Composition
of the ceramicb

(1) TiO2 (2) 59 (64) Si3N4±TiN
(1) ZrO2 (2) 78 (83) Si3N4±ZrO2

(1) HfO2 (2) 84 (89) Si3N4±HfO2

(5) Nb2O5 (4) 65 (68) Si3N4±NbN±Nb4N3.92

(5) Ta2O5 (4) 80 (78) Si3N4±TaN±TaON
(3) Al2O3 (4) 70 (75) Si3N4±Al2O3±AlON
aTheoretical values in parentheses. bDetermined both by IR spectro-
scopy and XRD, phases are given in order of abundance.

Table 11 Calculated b-SiC particle sizes after pyrolysis at 1400 ³C
under argon

Polymer
Ceramic
stoichiometry

Calculated b-SiC
particle size/nm

Free C
content (%)

1a SiC±4C 3.4 54.5
1c SiC±12C 2.2 78.3

Fig. 1 XRD patterns of the ceramics resulting from the pyrolysis under
argon at 1400 ³C of (a) polymer 1a and (b) polymer 1c ( *: b-SiC; $: C).

Fig. 2 TGA curve of SiC±4C pyrolyzed under air to 1400 ³C.

Fig. 3 SEM micrographs of (a) SiC±4C and (b) SiC±12C ceramics
pyrolyzed at 1400 ³C under argon.
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be easily obtained (Table 7). Under similar experimental
conditions, the pyrolysis of various 1a/metal oxide dispersions
in an argon ¯ow gave high yields of crystalline phases that
contained the respective metal carbide and SiC in a well de®ned
ratio. As an example, Fig. 6 shows the XRD pattern of the
ceramic resulting from the pyrolysis of a 1a/Nb2O5 dispersion
at 1400 ³C for 2 h in which SiC and NbC are present as the
unique phases of the ceramic. The cell parameters of the metal
carbides which were calculated from the indexing of the
diffraction peaks clearly indicated the total conversion of the
initial metal oxide into the ®nal carbide. The IR spectra (Fig. 7)
revealed only the characteristic absorption of SiC at about
820 cm21. No absorption that could be assigned to unreacted
oxide-based amorphous phases could be found in the 450±
1100 cm21 region.45,46 Moreover, the following points have to
be highlighted: i) the reaction of the SiC±4C matrix with the
metal oxide takes place at lower temperatures than with carbon
alone whatever the nature of the oxide; for instance, in the case

of the refractory ZrO2 and HfO2, the reported processing
temperatures range between 2000 and 2500 ³C,1,47 ii) the
carbothermal reduction kinetics appeared to be faster than for
conventional powder processes.1,47

A TEM micrograph for SiC/TiC (Fig. 5c) showed that the
material is mainly formed of submicron crystallites. Analyses

Fig. 4 TEM micrographs of (a) 1a pyrolyzed at 800 ³C, (b) 1a
pyrolyzed at 1400 ³C and (c) 1c pyrolyzed at 1400 ³C under argon.

Fig. 5 TEM micrographs of a 1a/TiO2 dispersion at (a) room
temperature, (b) 1000 ³C and (c) 1400 ³C for 2 h.

Fig. 6 X-Ray diffraction pattern of a SiC/NbC ceramic resulting from
the pyrolysis of a 1a/Nb2O5 dispersion at 1400 ³C for 2 h under argon.

J. Mater. Chem., 2000, 10, 2173±2182 2177



by means of dark-®eld imaging associated with SAED gave no
evidence for residual material (free carbon, titanium oxides) to
be present; the spots corresponding to the TiC lattice are only
observed. This is most likely due to either similarity in the cell
parameter between b-SiC and TiC or a poor crystallinity, the
electron diffraction patterns associated with b-SiC are not
observed by this method. Nevertheless, the EDX analysis
conducted on several isolated particles exhibited the Ti/Si ratio
(3/4) initially present in the starting precursor. Similar results
have been obtained with the other ceramics. The slight grain
size and morphology differences which are observed likely
originated from the particle size and morphology of the
starting metal oxide. The nitrogen adsorption±desorption
isotherms obtained with this sample are typical of a micro-
porous substance.48 Thus, the value of the speci®c area of
273 m2 g21, which was appreciably greater than those reported
for conventional ceramics,49 may originate from both the
particle size and the presence of surface porosity. BET
measurements conducted on the other SiC/MC ceramics
always showed speci®c areas greater than 120 m2 g21.

The micrograph (Fig. 5b) revealed that the reactive matrix
containing SiC intimately encapsulates the oxide particles at
1000 ³C. Thus, according to the above results, one can conclude
that after the completion of the carbothermal reduction, the
SiC phase is present as a porous crust at the surface of the metal
carbide particles. Moreover, this assumption is reasonable
since b-SiC, which adopts a diamond-like cubic structure,
cannot form solid solutions with metal carbides of this series
which are known to have a rock salt-like cubic structure.

As described previously for a 1a/TiO2 dispersion,23 two main
weight losses were observed during the pyrolysis of all the
studied samples. The initial weight loss, consistent with the
polymer decomposition [eqn. (1)] occurred in the 450±750 ³C
range and was accompanied by the evolution of methane and

hydrogen as detected by mass spectroscopy.

The second weight loss took place at temperatures higher
than 1200 ³C, and was attributed to the carbothermal reduction
of the starting oxide into the ®nal metal carbide [eqn. (2)]. In
this temperature domain, only CO was detected by mass
spectroscopy. Finally, in each case, the overall weight loss is
close to the value calculated for the transformation: a1az

bMOxAaSiCzbMCy and consistent with a complete car-
bothermal reduction of the metal oxide.

As exempli®ed with a 1a/TiO2 precursor, DSC analyses up to
350 ³C only revealed the presence of an additional phenomenon
characterized by a strong exotherm at 215 ³C (Fig. 8). As
mentioned above, this transformation is related to the polymer
cross-linking through the diacetylenic units leading to the
irreversible encapsulation of the oxide particles. When
compared to the DSC curve obtained for the polymer 1a
alone, the curve obtained for the precursor dispersions shows,
®rst a signi®cant broadening of the exothermic peak and
second, a slight displacement of the maximum to higher
temperatures (Fig. 8). As described previously,36 these obser-
vations may arise from the combination of two effects, ®rst a
lack of crystallinity in the polymer which would disfavor the
polyaddition of the diacetylenic units, and second a dilution
afforded by the presence of the metal oxide particles. On the
other hand, the peak integration shows that the presence of the
TiO2 particles did not affect signi®cantly the exothermicity of

Fig. 7 Typical IR spectrum (KBr pellets) of SiC/MC ceramics heated at
1400 ³C for 2 h under argon.

Fig. 8 DSC curves of (a) polymer 1a alone and (b) a 1a/TiO2

composite.

Fig. 9 X-Ray diffraction patterns of a 1a/TiO2 dispersion heated under
argon at (a) 1000 ³C for 10 min, (b) 1200 ³C for 10 min, (c) 1300 ³C for
10 min, (d) 1400 ³C for 10 min, (e) 1400 ³C for 2 h.

(1)

(2)
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the crosslinking reaction, i.e., 80 kJ mol21 for 1a versus
82 kJ mol21 for 1a in the dispersion.

In the 1000±1400 ³C temperature range, the ceramic conver-
sion processes were followed by X-ray diffraction techniques.
The patterns of the ceramics prepared starting from 1a/TiO2 at
different temperatures are shown in Fig. 9. When the precursor
was heated at 1000 ³C for 10 min (Fig. 9a), the material was
found to be mainly composed of anatase and rutile allotropes
of TiO2. On increasing the temperature, new crystallized phases
appeared. At 1200 ³C (Fig. 9b) beside TiO2, the presence of the
suboxide phases Ti3O5, Ti2O3 and TiCxOy

50 indicated that the
carbothermal reduction process had taken place. At 1300 ³C
(Fig. 9c), a total disappearance of TiO2 was noticed. The
presence of a-SiO2 may be related to the reaction between the
nascent SiC resulting from the degradation of 1a and titanium
oxides, which resulted in the formation of titanium oxycarbide
[eqn. (3)]. This result is consistent with the relative reactivity of
the so-formed SiC toward oxygen as outlined above. Finally,
the titanium carbide, which is unambiguously observed at
1400 ³C, reached its optimal cell parameter after 2 h at this
temperature (Fig. 9e).

The above observations can be extended to the other
samples: except for ZrO2 and HfO2, the carbothermal
reduction of the other metal oxides occurred through a series
of intermediate suboxides.

Finally, changing the nature of the substituents at the silicon
atoms allowed the modi®cation over a large range of the SiC/
MC ratio, since the excess of carbon content depends on R2Si
(Table 1). As shown in Table 7, when aryl groups are bonded to
silicon (polymer 1c), ceramics containing higher amounts of
TiC result (88.9%). In contrast, a 1b/TiO2 dispersion produced
a ceramic with a lower TiC content (57%).

3.3.2. Pyrolysis of dispersions of type B (see Table 4):
synthesis of metal silicides/C ceramics. Following the same
procedure, the materials resulting from the pyrolysis of
precursors of type B display noticeable differences. First of
all, since they are not thermodynamically stable as metal
carbides, only the corresponding metal silicides and graphitic
carbon were detected by XRD (Table 8). Moreover, the
absence of either silicon oxides or silicon carbide was con®rmed
by infrared spectroscopy. Second, as exempli®ed with a PtSix/C
ceramic, the MEB micrographs (Fig. 10) showed a quite
heterogeneous structure at the micron scale. EDX analyses
showed that the spherical clear particles were constituted of Pt
and Si in a ratio close to the initial composition of the precursor
(2 : 1), whereas the dark matrix was formed of pure carbon.
Further investigations of the latter phase using TEM clearly
showed that it mainly displayed a turbostratic graphitic
structure.

The thermal transformations of these dispersions can be

summarized as follows: the two ®rst steps of the pyrolysis,
namely the reticulation of the initial polymer and the
subsequent mineralization of the organometallic matrix,
occurred in the same temperature domains as observed for
the precursors of type A. At higher temperatures, the onset of
the carbothermal reduction depended on the nature of the
metal and led to the observation of free metal by XRD
[eqn. (4)]. On further heating, as described previously,51,52 the
metal silicides were formed through the reaction of SiC with the
metal particles with the release of graphitic carbon
[eqn. (5)].53,54

3.4. Pyrolysis under reactive atmospheres

3.4.1. Pyrolysis under nitrogen: synthesis of SiC/metal nitride
ceramics. It is well known that the carbothermal reduction of
some metal oxides under N2 gives nitrides.1 This reaction
occurs at temperatures above 1100 ³C as illustrated for TiO2 in
eqn. (6).55±57

We may expect to prepare SiC±metal carbide mixed
ceramics; each component will be obtained from different
pathways. Whatever the atmosphere (Ar, N2),47 SiC is formed
from the preceramic polymer through a re-organization of the
bonds around the silicon atoms. On the other hand, the nitride
phase will result from the carbothermal reduction of the metal
oxide and its nitridation by nitrogen.

The experimental procedure was the same as described
previously except that the ¯ow of argon is replaced by a ¯ow of
nitrogen. A wide range of ceramics of de®ned compositions
were obtained (Table 9). The observations made during the
pyrolysis under argon can be transposed when using these new
experimental conditions and are summarized as follows: i) the
materials were obtained with high ceramic yields quite close to
the expected values, ii) the reactions occurred at lower

Fig. 10 SEM micrograph of Pt/Si/C ceramic resulting from the
pyrolysis of a 1a/PtO2 dispersion pyrolyzed at 1400 ³C under argon.

Fig. 11 XRD pattern of (a) a 1a/TiO2 dispersion pyrolyzed under
nitrogen at 1400 ³C for 0.5 h and (b) a 1a/HfO2 dispersion pyrolyzed
under nitrogen at 1500 ³C for 5 h.

(3)

(4)

(5)

(6)
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temperatures and with an improved kinetic, iii) the variations
in the starting polymer allow the modulation of the metal
nitride content in the ®nal material.

As examples, Fig. 11 shows the XRD patterns of the
materials obtained from the pyrolysis under N2 of a 1a/TiO2

dispersion at 1400 ³C for 2 h and of a 1a/HfO2 dispersion at
1500 ³C for 5 h. From the indexing of the peaks, the
corresponding metal nitrides were unambiguously identi®ed.
Moreover the observed value of the nitrides cell parameter
indicated that the carbothermal reduction and nitridation of
the metal oxide into the metal nitride were achieved
quantitatively; carbonitride-type solid solutions were not
obtained. In contrast to the b-SiC/TiN ceramic for which the
cell parameters of SiC and TiN are quite close, the diffraction
peaks associated to b-SiC were observed for the SiC/HfN
material. Nevertheless the absorption characteristic of b-SiC at
820 cm21 was clearly observed in the IR spectrum in all cases.

As shown by thermal analysis, the pyrolysis pathways of a
1a/metal oxide dispersions were similar under argon or under
nitrogen [eqn. (7)]. The ®rst weight loss between 450 and 800 ³C
was consistent with the conversion of the dispersion into a SiC±
4C/metal oxide composite; above 1200 ³C, the second weight
loss was associated to the carbothermal reduction±nitridation
processes leading to the ®nal SiC/metal nitride material.

The XRD studies conducted on samples pyrolyzed in the
1000±1400 ³C domain showed a sequence of crystallized
intermediate phases similar to those which have been already
reported for mixtures of powders.55±57 At 1000 ³C, the
allotropic transformation of TiO2 (anatase) into TiO2 (rutile)
took place and was followed at 1200 ³C by an increase of the
relative amount of Ti3O5 with respect to TiO2. The latter
completely disappeared at 1300 ³C, and titanium oxynitride
was formed. The presence of titanium oxynitride was only
observed near 1400 ³C and ®nally TiN achieved its optimal cell
parameter (4.24 AÊ ) at 1400 ³C for 0.5 h.

3.4.2. Pyrolysis under ammonia: synthesis of Si3N4 based
ceramics. Finally, the potential of the preceramic polymer
route was investigated using a reactive atmosphere of
ammonia. As described previously,35 the pyrolysis of 1a at
1400 ³C under an ammonia ¯ow is known to afford silicon
nitride as a residue. The organometallic±inorganic transforma-
tion involved ®rst, both the thermal decomposition of the
cross-linked material and the reaction with ammonia leading to
the formation of the Si3N4 network inside a material of a
composition close to SiNC4 (400±700 ³C), and second, the
consumption of the carbon matrix with the evolution of HCN
(w750 ³C) leading to crystallized Si3N4 at 1400 ³C. Thus, two
approaches may be reasonably envisioned. In the ®rst one
[eqns. (8)±(10)], we shall take advantage of the excess of carbon
which is present beside Si3N4 at 700 ³C. Changing ammonia to
argon or nitrogen at this temperature in order to avoid the
carbon consumption (vide supra) should allow the carbother-
mal reduction of the entrapped oxide particles; on further
heating, Si3N4/metal carbide or nitride ceramics would be
®nally obtained. A second approach [eqn. (11)] will take
advantage of the ability of some ®nely dispersed metal oxide
powders to form metal nitride when heated under an ammonia
atmosphere.58,59 Thus, the pyrolysis of such 1a/metal oxide
dispersion would afford Si3N4/metal nitride ceramics.

In a typical experiment, we ®rst carried out the pyrolysis of a
1a/TiO2 dispersion (ratio: 3 : 4) under ammonia up to 700 ³C
and then under argon up to 1400 ³C for 2 h. The X-ray pattern
showed that the dark-golden residue obtained under these
conditions was composed of TiN instead of the expected
TiC. Beside TiN, SiC was clearly identi®ed by IR spectroscopy.
Thus, the pyrolysis of the TiO2 particles under argon by a
molecular precursor to Si3N4/C composites allowed both the
reduction of the oxide and its nitridation; the most thermo-
dynamically stable phases SiC and TiN are only formed.

Using a continuous ¯ow of ammonia, the pyrolysis of a 1a/
TiO2 dispersion (ratio: 1 : 2) up to 1400 ³C for 5 h, afforded a
golden ceramic in 59% yield (theoretical yield: 64.2%). The
analysis of the XRD pattern (Fig. 12) showed the presence of a-
Si3N4 and TiN as the crystallized phases. In contrast to the
pyrolysis performed either under argon or under nitrogen for
which the metal/Si ratio remained constant, the elemental
analysis of the residue showed 25% of silicon lost. If we
consider the relatively high oxygen content of the ceramic (4%),
we may invoke that a part of the silicon evolved as volatile
silicon monoxide that could be due to a high-temperature
oxidation related to the presence of either oxygen or moisture
in the ammonia used here.35

The TG analyses (Fig. 13) showed a succession of three
weight losses. The ®rst one (400±750 ³C) was consistent with
both the nitrogen incorporation and the mineralization of the
matrix leading to a material of composition SiC4N/2TiO2

(weight losses: experimental: 6%, theoretical: 5.9%). The
second loss (750±1000 ³C) was attributed to the consumption
of the excess carbon with the evolution of HCN leading to the
formation of a silicon nitride/TiO2 composite (weight losses:
experimental: 20%, theoretical: 17.2%). Finally both the
carbothermal reduction and nitridation of TiO2 into TiN
took place above 1100 ³C and gave the expected a-Si3N4/TiN
ceramic (weight losses: experimental: 16%, theoretical: 17.2%).

The pyrolysis results of some 1a/metal oxide precursors
under similar experimental conditions are given in Table 10.
The examination of the ceramic compositions, as determined

(7)

(8)

(9)

(10)

(11)

Fig. 12 XRD pattern of a 1a/TiO2 dispersion pyrolyzed at 1400 ³C for
5 h under ammonia.
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from their XRD patterns, allowed the de®nition of two classes
of precursors. In the ®rst one (TiO2, Nb2O5, Ta2O5), beside
Si3N4 which was observed in every case, the reduction±
nitridation of the starting metal oxide by the thermal
decomposition products of NH3 appeared to be quite ef®cient.
In the case of the 1a/Ta2O5 precursor, the oxynitride TaON
which is detected in small amounts (v5%), probably resulted
from an incomplete reduction due to an insuf®cient pyrolysis
duration. In the second class (Al2O3, ZrO2, HfO2), the
reduction±nitridation of the starting metal oxide was either
ineffective or weak as in the case of Al2O3 where 5±10% of
crystallized aluminium oxynitride were detected.

3.5. Effect of the carbon matrix on the carbothermal reduction

As outlined above, the carbothermal reduction of the oxide
particles wrapped by the reactive SiC±nC matrices always
occurred at lower temperature and with an improved kinetic
when compared to the data reported for mixtures of
powders.1,47 In order to appreciate more precisely the
improvements afforded by the particle encapsulation itself,
we have performed the pyrolysis under argon of an intimate
SiC±4C/TiO2 mixture (ratio 3 : 4).61 Fig. 14 shows the high-
temperature-domain (Tw1000 ³C) TGA curves for TiO2

encapsulated by SiC±4C and TiO2 mixed with SiC±4C. It is
obvious that at 1500 ³C, the carbothermal reduction of the
oxide particles wrapped inside the reactive matrix was complete
(weight loss, observed: 38%, expected: 38.4%) whereas 30% in
weight of unreacted oxide was observed at this temperature in
the powder route. Moreover, the onset of the carbothermal
process for the latter approach occurred 135 ³C above the
temperature required in the metal oxide/polymer system. This
clearly indicates that the in situ generation of the reactants
resulting from the pyrolysis of metal oxide particles wrapped by
polymers 1 does lead to improved reaction conditions. As
shown above, the encapsulation of the oxide particles remained
stable even after the mineralization of the matrix into SiC/C
leading to an intimate contact between the reactants. Conse-
quently, the reaction temperature is substantially lowered.

Such improvements have been also found during the
carbothermal synthesis of TiC using ultra®ne TiO2 particles
coated by pyrolytic carbon.48,62 It was pointed out that the key
step lies in the initial solid-state surface reaction between TiO2

and the carbon [eqn. (12)]. The evolved CO plays the double
role of reducing agent and of a gas-phase carbon carrier
through its reduction with the unreacted carbon [eqns. (13)±
(14)].47,61 Similarly as depicted in Fig. 15, the encapsulation of
the oxide particles inside a reactive matrix led to the formation
of particle-tailored micro-scale reactors in which the reduction
process took place with high ef®ciency.

4. Conclusion

We have shown that the pyrolysis of preceramic polymer/metal
oxide dispersions resulted in the formation of various silicon-
based mixed ceramics of de®ned composition. First, by
changing the pyrolysis atmosphere, SiC/metal carbides, metal
silicides/C (under argon), SiC/metal nitrides (under nitrogen),
Si3N4/metal nitrides or oxynitrides (under ammonia) have been
prepared. Second, changing the preceramic polymer, it is
possible to modulate the composition of the ®nal ceramic.
Moreover, we have shown that the materials described therein
did not consist of particles of b-SiC beside particles of metal
carbide (or nitride), but are constituted of particles containing
both the discrete phases. These observations re¯ected the way
of formation of these materials. We have afforded an
argumentation for the encapsulation of the metal oxide
particles inside the reactive polymeric matrix. The ®rst
pyrolysis step led to the formation of a highly cross-linked
organometallic network which wrapped irreversibly the oxide
particles. As a result, the overall carbothermal reduction
occurred with a high ef®ciency inside micro-scale reactors
containing an intimate mixture of silicon carbide, carbon and
metal oxide. As a consequence, when compared to the data
reported for the conventional powder technology, the compo-
site ceramics described therein were obtained at lower
temperatures and with improved kinetics.
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