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bstract

he influence of a reactive atmosphere (Ar/NH3) on the composition of SiCNAlO powders was studied at 1400 ◦C, with a total gas flow rate
f 3 L min−1 and an ammonia content of 0–25 vol.%. Powders with a large range of carbon amount (3–23 wt.%) were synthesized at 1400 ◦C in
Ar/NH3 atmosphere. Elemental analyses showed that in reducing conditions, the presence of reacting species in the heating zone implied the
itridation of the system, with amounts of nitrogen included in the range 35–47 wt.%. The thermal stability of the different batches was then tested
y TGA experiments, up to 1550 ◦C in a N /He mixture. For C/N ≥ 0.8, the powder thermal stability is limited and the main crystalline phase
2

s �-SiC. On the contrary, for C/N < 0.8, the powder mass loss is negligible and both �- and �-Si3N4 are detected after the heat-treatment. The
interability of such powders was evaluated by preliminary tests, a higher shrinkage of the pellets, containing aluminum and oxygen elements, was
videnced.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The pyrolysis of molecular precursors is a promising route
or the elaboration of technical ceramics, and a lot of recent
apers deal with this synthesis method.1–5 The interest of this
pproach is the fabrication of near net-shape products, with a
igh purity, or the fabrication of homogeneous multielement
aterials. In the case of the silicon carbonitride system, many

tudies were carried out on the synthesis of preceramic poly-
ers containing heteroelements such as Ti,6 Fe,7 Y,8 Al9–14

nd B.5,15–22 Up to now, fully dense materials have been very
ifficult to obtain by a direct pyrolysis of the polymer due
o the important gaseous release occuring during the thermal
reatment.8,10,13,16,17 To avoid this phenomenon, we have first
ntended to produce ultrafine powders by pyrolysis of a molec-
lar precursor and then to densify the as-prepared powders

sing a suitable heat-treatment. The synthesis of prealloyed pow-
ers containing Si/C/N/Al/(O) elements, realized by the thermal
pray-pyrolysis of an organometallic precursor called “alumi-
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osilazane”, is described in a previous paper.23 The control
f the pyrolysis parameters, like the furnace temperature and
he gas flow rate, allowed to produce powders having a higher
hermal stability than that synthesized by laser pyrolysis under
imilar conditions.24,25 In our case, particles of 30–200 nm were
btained according to the total gas flow rate used (1–6 L min−1).
hey were amorphous and had a tunable composition. After
yrolysis under pure argon, it was evidenced that free carbon
as present in all the batches. A test realized under a reactive

tmosphere (Ar/NH3) showed a drop in carbon content whereas
he amount of aluminum increased.

In the present work, we have synthesized several batches
f powders using different NH3 rates in the pyrolysis atmo-
phere. Then, the thermal behaviour and the sinterability of the
realloyed powders were studied according to their composition.

. Experimental details

.1. Powders synthesis
The precursor and the powder synthesis were both detailed
lsewhere.23 The organometallic precursor (aluminosi-
azane) is formed after reaction between trimethylaluminum

mailto:vincent.salles@unilim.fr
dx.doi.org/10.1016/j.jeurceramsoc.2007.09.047
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TMA = (CH3)3Al, Aldrich) and hexamethyldisilazane
HMDS = (Si(CH3)3)2NH, Aldrich) at room temperature, in
n inert atmosphere. In this paper, two contents of aluminum
n the aluminosilazane, corresponding to Si/Al molar ratios of
0 and 15, are considered. In such conditions, the precursor
emains liquid, which is necessary to form an aerosol into
he spray-pyrolysis device. The droplets are carried to the
urnace using argon gas. Then, the precursor decomposes in the
eactional zone generating gaseous species, which recondense
n ultrafine powders while cooling. The particles are finally
rapped into two collectors placed before the vacuum pump.
he influence of the reactive atmosphere was studied using
ifferent contents of ammonia in the range of 0–25 vol.%. The
otal gas flow rate was fixed at 3 L min−1, except for one sample
6 L min−1), and the main part of the experiments was carried
ut at 1400 ◦C. After the synthesis, all the powders were stored
nto a glove box under argon.

Different analytical techniques were used for the charac-
erization: SEM observations (Philips XL 30, powders were
cattered in an ethanol solution, using a drop of the suspension
or observation after solvent evaporation), specific surface area
easurements (Micromeritics—ASAP 2010, BET 8 pts, N2), X-

ay diffraction measurements (Siemens, D5000, 2�, Cu K�1),
TIR spectroscopy (Spectrum One FTIR, Perkin-Elmer, using
Br pellets method), 29Si, 27Al and 13C NMR spectroscopy

Brüker spectrometer, 400 MHz/89 mm, Service de RMN du
olide, GDPC, Université de Montpellier II). For elemental anal-
sis (Service Central d’Analyse du CNRS, Vernaison, France),
i and Al were analysed by ICP-AES technique after chemical
issolution, C by combustion to 1800 ◦C under oxygen, and N
y pyrolysis to 3000 ◦C under He in a graphite crucible.

.2. Thermal stability and sintering

The thermal stability of the as-synthesized powders was
etermined by thermogravimetric analysis (TGA) (Setaram,
60). The experiments were carried out on powders, to empha-

ize the phenomena occuring during the thermal treatment, under
dynamic gas mixture (N2/He, 20/80 vol.%, 99.999% purity) at
flow rate of 0.08 L min−1, to compare our results with pre-

ious works.24 The samples (30–50 mg) were heated in Al2O3
rucibles up to 1550 ◦C, with a heating rate of 10 ◦C min−1,
nd a dwell time of 2 h. After the heat-treatment, the crystalline

hases of the samples were identified by X-ray diffraction.

A preliminary study on the sintering behaviour was carried
ut in order to establish the relationship between the chemical
omposition and the densification rate, and finally to refine the

(
s
w

able 1
pecific surface area and calculated particle size according to rates of ammonia in th

Powder batches

14A3L15 14AN3L15 (95/5) 14AN

NH3 0 5 10
BET (m2 g−1) 29 34 41

part.
a 86 73 61

a ∅part.(nm) = 6000/(dthSBET); with dth = 2.4 and SBET expressed in m2 g−1.
Fig. 1. Nomenclature established according the pyrolysis conditions.

yrolysis parameters. The as-pyrolysed powders were put into a
2 mm diameter graphite die and hot-pressed at 35 MPa (200LC,
PA). The aim was to compare the behaviour of these powders

o that of synthesized in preliminary studies. The thermal treat-
ent was composed of a heating rate of 15 ◦C min−1, a dwell

emperature at 1650 ◦C during 2 h, a cooling rate of 20 ◦C min−1.
X-ray diffraction (XRD) was conducted on the cross-sections

arallel to the direction of the applied pressure.

. Results and discussion

.1. Synthesis of powders under argon/ammonia

The presence of free carbon in the Si3N4/SiC powders has a
eleterious effect on the sintering behaviour. Different previous
tudies, dealing with polysilazane and polycarbosilane pyroly-
is, showed that the introduction of ammonia into the pyrolysis
tmosphere leads to a decrease of the final carbon content.25–29

n this work, pyrolysis experiments were carried out in a reactive
tmosphere (Ar/NH3), with different amounts of ammonia: 5,
0, 15 and 25 vol.%. All the batches were fabricated with the
ame aluminum content, corresponding to a Si/Al molar ratio of
5 in the starting aluminosilazane (nomenclature in Fig. 1).

The presence of nitriding species and hydrogen into the pyrol-
sis atmosphere implies colour changes of the powders. They
re lighter as the rate of NH3 increases. Moreover, the particles
∅part. calculated as in previous works23) are smaller when an
rgon/ammonia mixture is used, as indicated in Table 1. There-
ore, the values of the specific surface area (SBET) increase from
9 to 69 m2 g−1, respectively from 0 to 15 vol.% of ammonia in
rgon. They do not change for rates of NH3 higher than 15%, this
ould be due to the atmosphere saturation by nitriding species.
he amorphous state of powders is confirmed in both cases by
RD, with or without ammonia.

The carbon content was measured by chemical analysis

Table 2). The introduction of ammonia into the pyrolysis atmo-
phere leads to a decrease of carbon content from 46 to 3 wt.%
hen the NH3 rate evolves from 0 to 25 vol.%. This carbon

e pyrolysis atmosphere

3L15 (90/10) 14AN3L15 (85/15) 14AN3L15 (75/25)

15 25
69 70
36 36
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Table 2
Chemical composition of the nanopowders according to the pyrolysis atmosphere

Batches Composition (wt.%) Molar ratio

Si C N Al O C/N C/Si Si/N Si/Al

th.a finalb th. final th. final th. final

14A3L15 36.6 45.8 11.9 0.5 0.6 6.4 4.5 3.2 2.9 2.0 1.5 15.0 70.3
14AN3L15 (95/5) 47.3 22.5 34.8 1.5 0.6 ” 0.8 ” 1.1 ” 0.7 ” 30.3
14AN3L15 (90/10) 49.2 12.5 35.0 1.4 3.3 ” 0.4 ” 0.6 ” 0.7 ” 33.8
14AN3L15 (85/15) 51.6 4.6 37.0 1.2 5.2 ” 0.1 ” 0.2 ” 0.7 ” 41.3
1 ” 0.1 ” 0.2 ” 0.5 ” 47.6
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4AN3L15 (75/25) 44.6 3.4 46.6 0.9 5.1

a th. = theoretical ratio contained in the precursor.
b final = ratio calculated from elemental analyses of the powders.

elease is responsible for the grey colour of the powders syn-
hesized in Ar/NH3 atmosphere. It was previously shown that
he decompositon of silazane precursors occurs in the range
50–800 ◦C.28,30 The Si N bond being more stable than the
i C one, regarding the bond energies, we can suggest that the
leavage of the Si C bonds occurs at first, leading to the for-
ation of silicon-based radicals and to the release of gaseous

pecies such as CH4 and C2H6. The presence of ammonia in
uch conditions would lead to the formation of Si NH2 groups
s proposed in previous works (Scheme 1).31 This mechanism
orresponds to a nucleophilic attack of molecular ammonia
n silicon-based radicals.27,31 Other investigations evidenced
decreasing carbon content with an increasing amount of H2

n the pyrolysis atmosphere.32 The decomposition of ammo-
ia, leading to the formation of N2, NHx species33 and H2,
ould also participate to the cleavage of Si C bonds. Taking
nto account previous works, it seems difficult to exactly know
he decomposition rate of NH3, since the thermodynamic and
he kinetic aspects, must be considered.33,34 In the pyrolysis
evice, the ammonia is introduced into the furnace at 1000 ◦C,
nd finally a carbon loss accompanied by a nitrogen gain are
bserved. Thermodynamically, molecular NH3 does not exist
nymore above 700 ◦C,33 and a reaction with molecular nitrogen
s impossible up to 1300–1400 ◦C. We observed a nitridation of
he powders so the decomposition of ammonia is not complete
hen NH3 is introduced. Moreover, Rice et al. showed that a

ot of gaseous species are produced when hexamethyldisilazane
ecomposes.35 Therefore, complex reactions must occur in the
eactional zone, so it is difficult to propose a precise pyrolysis
echanism.
The nitrogen content is stabilized around 35 wt.% for

–15 vol.% of NH3. This corresponds to a molar ratio Si/N = 0.7
hich is close to the value (Si/N = 0.75) in the Si3N4 material.
or an atmosphere containing 25 vol.% of ammonia, the molar
atio Si/N = 0.5 would mean that the powders contain a nitrogen

xcess. Fig. 2 presents FT-IR spectra of as-pyrolysed powders
n different rates of ammonia (0, 5 and 25%). For powders
yrolysed in a reactive atmosphere, spectra show new bands:

N (1300 cm−1), C N (1600 cm−1) and C N (2200 cm−1).

Scheme 1.

t
e
s
(
r
−
a

ig. 2. FT-IR spectra of powders synthesized under different rates of ammonia
n the pyrolysis atmosphere: (a) 0%, (b) 5% and (c) 25% of NH3 in Ar (vol.%).

he high nitrogen content could be explained by the presence
f such bonds between C and N which have been already evi-
enced in previous works.36–38 Therefore, we can suggest that
he most part of the carbon contained in the powders is free car-
on, but there is a non-negligible amount of carbon linked to
itrogen. The band at 1600 cm−1 could also correspond to O H
onds, due to the presence of water adsorbed on the particles
urface during their handling. Very small content of hydrogen,
etected by chemical analysis of the powders, could be attributed
o the hydrolysis of the particle surface. Groups like Si NH2 are
xcluded above 300 ◦C in the pyrolysis atmosphere.39

Table 2 also shows aluminum content changes with the
mmonia rate. The reactive atmosphere allows to stabilize the
l N bond into the reactional zone but an ammonia amount

uperior to 5% leads to an increasing loss of aluminum.40 Exper-
ments are in progress to explain this phenomenon. Nevertheless,
n Ar/NH3 mixture allows minimizing the loss of aluminum.

29Si NMR spectroscopy (Fig. 3) clearly evidences a nitrida-
ion process of the powders. Ammonia introduction leads to an
lemental environment modification. An argon pyrolysis atmo-
phere favours carbon-rich environments, such as SiC4/SiC2N2

−20 ppm), whereas an Ar/NH3 mixture leads to nitrogen-
ich environments, such as SiCN3 and SiN4 (around −35 and
50 ppm).41 Peaks are progressively centred around −50 ppm

s the ammonia rate increases.
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ig. 3. 29Si NMR spectra of powders synthesized under different rates of ammo-
ia in the pyrolysis atmosphere: (a) 0%, (b) 5%, (c) 10% and (d) 15% of NH3

n Ar (vol.%).

The aluminum and oxygen contents being low, compositional
hanges of powders can be summarized in the Si/C/N ternary
iagram presented in Fig. 4. The influence of the total flow rate
nd the decrease of carbon content in the powders were pre-
iously studied, using two values: 1 or 3 L min−1.23 So all the
esults show that, under the pyrolysis conditions used, it seems
ifficult to reach the Si N /SiC binary system. For all the rates
3 4
f ammonia, the powder composition only evolves along the
i3N4/C binary system. Whatever the ammonia rate, the N/H
atio introduced in the reactional zone remains constant. In these

ig. 4. Si C N ternary diagram involving the powder composition changes
ccording to the total gas flow rate (q) and the rate of ammonia (NH3) in the
yrolysis atmosphere.
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onditions, the proportion of the nitrogen fixed into the powders
nd the proportion of the carbon loss are linked. In so far as the
olyaluminosilazane contains a lot of carbon (C/N ≥ 6) before
he pyrolysis step, the cleavage of Si CHx bonds without nitri-
ation is limited in these conditions. Experiments are in progress
nder a more reducing pyrolysis atmosphere for a better control
f the carbon and nitrogen contents.

.2. Thermal behaviour

The behaviour at high temperature of the as-pyrolysed pow-
ers was studied by TGA. Only powder beds were used to
mphasize the phenomena due to the thermal treatments. The
im was to determine the more suitable composition for the
aterial densification.

.2.1. Thermal stability of powders

.2.1.1. Influence of the pyrolysis temperature. TGA experi-
ents were carried out on powders synthesized at 1200 and

400 ◦C (Fig. 5). Results confirm that the pyrolysis temperature
f the aluminosilazane has a great influence on the powder ther-
al stability. The powder fabricated at 1400 ◦C does not present
mass loss up to 1200 ◦C. On the contrary, the temperature

f 1200 ◦C is too low because it implies a mass loss of about
0 wt.% after a post-treatment at 700 ◦C. We can distinguish
wo domains, one between 100 and 400 ◦C, and the other in
he range 500–700 ◦C. This lower thermal stability is certainly
ue to an uncomplete decomposition of the precursor in the
eactional zone. Other authors have previously reported that the
ass loss, occuring during the post-treatment, was mainly due to
gaseous release of ammonia, methane and dihydrogen.18,31,32

his justifies the choice of 1400 ◦C for the pyrolysis temperature.

.2.1.2. Influence of the chemical composition. The pyrolysis

onditions directly influence the final composition of the pow-
ers, especially the carbon, nitrogen and aluminum contents.
herefore, TGA experiments (Fig. 6) were performed on differ-
nt powders which compositions are given in Table 3, with a C/N

ig. 5. TGA curves (in pure N2) of powders synthesized at 1200 ◦C (a) and
400 ◦C (b).
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Fig. 6. TGA curves (treatment in 20% of N2 in He) of as-synthesized powders
with different C/N ratios: (a) 0.8, (b) 4.5, (c) 0.3 and (d) 0.2.

Table 3
Mass loss evolution of the powders with their C/N ratio after TGA

C/N C (wt.%) Mass loss (%) *

4.5 45.8 ≈17
0.8 22.5 ≈22
0.8 21.8 ≈21
0
0
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.3 7.6 ≈4

.2 5.4 –

atio ranging from 0.2 to 4.5. For all the different batches, the
ass loss is lower than 3–4 wt.% at 1450 ◦C, but above 1500 ◦C,

heir thermal behaviours differ. The more stable powders were
abricated in a reactive atmosphere (Ar/NH3). They present a
mall mass gain during the dwell temperature at 1550 ◦C. In
ig. 7, the mass changes after TGA treatment is shown versus

he C/N molar ratio in the as-prepared powders. The batches
haracterized by C/N ratios higher than 0.2–0.3 exhibit a signif-
cant mass loss. During the pyrolysis of the aluminosilazane in
Ar/NH3 atmosphere, there is a release of gaseous species con-

aining carbon and nitrogen elements. The powders, containing

ree carbon with different contents, present a very low struc-
ural organisation characterized by groups such as Si C N Si
Fig. 3), which are thermally unstable. Such groups were evi-

ig. 7. Mass loss evolution after the TGA treatment vs. the powder C/N ratio.
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ig. 8. (a) XRD diagrams of powders with C/N ≥ 0.8, afterTGA treatment
10 ◦C min−1, 1550 ◦C, 2 h). (b) XRD diagrams of powders with C/N < 0.8,
fterTGA treatment (10 ◦C min−1, 1550 ◦C, 2 h).

enced by Ténégal et al. by XAS in similar SiCN nanopowders,
bove 900 ◦C.42 So, during the post-treatment, the powders go
hrough important structural modifications. This structural reor-
anisation is related to the C/N ratio.

For C/N ≥ 0.8, the thermal stability of powders is limited. The
ost carbon-rich powder (C/N = 4.5) is stable up to 1400 ◦C,

hen it decomposes above. In the case of the powders with
/N = 0.8, the mass loss is detected from 900 ◦C but it stabi-

izes when the dwell temperature at 1550 ◦C is reached. The
RD patterns of these powders were registered after the TGA

xperiments (Fig. 8a). The main crystalline phase formed after
he heat-treatment is �-SiC, but a smaller quantity of �-Si3N4
s detected for the powder having a C/N ratio of 0.8.

A lot of papers dealing with the thermal stability of SiCNO
olids, issued from the pyrolysis of polysilazanes, are published
n literatures. The evolution of gaseous species containing nitro-
en like HCN have been evidenced above 900 ◦C.24 But the
arbon and nitrogen losses from HCN release are certainly lim-
ted because there is few hydrogen in the powders. For higher
emperatures, the decomposition of the SiwCxNyOzcould lead

o the formation of silicon carbide and free carbon, and to a
ecrease of the nitrogen content.4,43 This reaction, illustrated in
cheme 2, takes place above 1484 ◦C at 1 atm,4 and explains a
ass loss detected by the TGA experiments. The silica phase

Scheme 2.
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Scheme 3.

Scheme 4.
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Fig. 10 shows the piston displacement versus the treatment
temperature (or the experiment duration). The displacement
depends on the expansion of the graphite and the compact, and
on the pellet shrinkage during the heating. Above 1400 ◦C, the
Scheme 5.

�-cristobalite), present in low quantities, on the XRD patterns,
ould be due to a slight oxidation during the thermal treatment.
t could also participate to the formation of gaseous species and
o a mass loss (Schemes 3 and 4).

For C/N < 0.8, two batches of powders, corresponding to
/N = 0.2 and 0.3, were, respectively synthesized with a total gas
ow rate of 3 and 6 L min−1. The first one does not exhibit any
ass loss, and the corresponding XRD pattern (Fig. 8b) presents

he coexistence of both alpha- and beta-silicon nitride. This
esult is consistent with previous investigations which shows a
ilicon nitride formation, from an amorphous system with a C/N
atio of 0.2 (Scheme 5).24 When the treatment dwell temperature
s reached, the behaviour of this powder evolves similarly to that
f powders containing more carbon (after pyrolysis in Ar/NH3).
he TGA were realized in N2/He (20/80), implying a very low
artial pressure of oxygen. It is well known that a carbon loss can
ccur at low temperature with an evolution of CO(g), accompa-
ied at higher temperature by the formation of SiO(g).43 But the
GA curve of the batch of C/N = 0.2 does not show any mass

oss, thus it proves that there is no oxidation during the treat-
ent. Therefore, the mass gain comes from powder nitridation,

lready identified by previous authors (Schemes 6 and 7).24,44

The as-synthesized powder, with a C/N = 0.3 molar ratio,
s rich in silicon nitride, and it also presents a SiAlON phase
ever detected in the other cases. This O’-SiAlON is derived
rom silicon oxynitride (Si2N2O) which formation occurs at
400–1450 ◦C in N2.45 The phase should come from higher
ontents of aluminum (1.3 wt.%) and oxygen (4 wt.%) in this
owder compared to the others. The aluminum content, twice
igher than in the powder with a C/N = 0.2, seems to be suf-
cient to induce the crystallisation of such SiAlON phase in
on-negligible quantity.

The ternary diagram, presented in Fig. 9, accounts for the
hanges of the powder compositions after post-treatments real-
zed using the TGA device, 2 h at 1550 ◦C in N2/He atmosphere.
he arrows illustrate the possible evolution of the composition,
aking into account the crystalline phases detected by XRD in the
ifferent powders. Carbon-rich powders mainly evolve through
ilicon carbide (point 3) whereas nitrogen-rich powders prefer-
ntially lead to silicon nitride (point 6). Only the intermediate

Scheme 6.

Scheme 7.
F
C

ig. 9. Si C N ternary diagram involving the powder composition changes
fter a 2 h treatment at 1550 ◦C in N2/He (20/80).

ompositions (point 4) should change in a Si3N4/SiC mixed sys-
em. We must notice that all the TGA experiments were carried
ut under a gas flow, so the gas composition is thought to be
onstant in the furnace treatment. Thus, the reactions presented
n the different schemes are never considered at the thermody-
amic equilibrium. However, these powders are more thermally
table than those synthesized from HMDS by laser pyrolysis in
imilar conditions.24

.2.2. Sinterability
This part concerns preliminary tests to determine the sintering

ehaviour of these powders according to their initial composi-
ion.

The experiment was carried out by hot-pressing, in pure N2 at
atm, using a batch thermally stable (C/N = 0.3), obtained with
flow rate of 6 L min−1, and containing aluminum (1.3 wt.%).
ig. 10. Temperature and displacement during the hot-pressing experiment, for
/N = 0.3 (batch: 14AN3L15 (95/5)).
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ig. 11. XRD diagram of a powder, with a C/N ratio of 0.3 (batch: 14AN3L15
95/5)), after a 2 h hot-pressing at 1650 ◦C (35 MPa, N2).

isplacement signal evolves, indicating shrinkage of the sam-
le with a maximum rate around 1600–1650 ◦C. The last step,
uring the dwell temperature, consists in a low and continuous
hrinkage, which is certainly due to an incomplete densifica-
ion. This behaviour is similar to that of a mixture containing
iCN obtained by laser pyrolysis of HMDS, alumina (3 wt.%)
nd yttria (6 wt.%) powders.24 The study showed a shrinkage
f the pellet from 1500 to 1700 ◦C. Thus, the fast shrinkage,
easured in the range 1600–1650 ◦C, should correspond to
viscous behaviour linked to the presence of aluminum and

xygen, distributed in the bulk of the particles, which would
avour the particles rearrangement at the beginning of the sin-
ering step. After having removed the pellet from the mould, we
bserved that it presented a low densification. The corresponding
RD pattern (Fig. 11) shows that �-Si3N4 was mainly present

ompared to �-Si3N4 and �-SiC phases. The sintering exper-
ment was carried out in a nearly closed nitrogen atmosphere
P = 1 atm), and therefore, the compositional changes are more
imited than in the case of TGA measurements. The viscosity of
he material, which decreases during the thermal treatment, is too
igh to allow the total densification. No new crystalline phase,
ontaining aluminum, nitrogen, silicon and oxygen elements,
as detected after cooling (Fig. 11).
Other experiments were carried out using a spark plasma

intering (SPS) system under vacuum (Dr. Sinter 2080, Sum-
tomo Coal Mining Company, Japan). This device allowed to
se a heating rate higher than 50 ◦C min−1 to preserve a fine
icrostructure, but the final densities obtained were similar to

hose obtained by hot-pressing. Some gaseous evolutions were
etected during the sintering experiments, certainly due to a par-
ial decomposition of the oxycarbonitride particles favoured by
he vacuum atmosphere. The microstructures obtained were log-

cally rich in silicon carbide which formation could be explained
y the decomposition of the silicon oxycarbonitride phase,
iwCxNyOz, according to Scheme 8.43 The decomposition phe-

Scheme 8.
ramic Society 28 (2008) 1259–1266 1265

omenon and the weak presence of oxygen and aluminum have
deleterious effect on the sintering behaviour of the material.

To avoid this detrimental effect, as shown previously, experi-
ents should be carried out at 1 atm with a nitriding atmosphere.

. Conclucions

The thermal stability of SiCNAlO nanopowders strongly
epends on their crystallisation degree, but also on their sto-
chiometry. In this paper, we evidenced that the C/N ratio
alue is very important to control both the thermal stability
nd the nature of phases, which appear after a post-pyrolysis
eat-treatment. The use of a reactive atmosphere, with Ar/NH3
ixtures, allowed to obtain powders containing C/N molar ratios

n the range 0.1–4.5 for rates of ammonia of 25–0 wt.%. The
ntroduction of ammonia in the pyrolysis atmosphere induces

stabilization of the Al N bond, and the thermal stability of
s-synthesized powders is higher than that of powders produced
rom laser-pyrolysis (using similar pyrolysis parameters).25 The
reliminary tests of powder sinterability showed that the den-
ification was promoted by a viscous behaviour of the material
ue to the presence of both aluminum and oxygen.

Experiments are in progress to introduce yttrium in the pre-
ursor, the presence of higher quantity of heteroelements in the
aterial would favour its total densification.
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2. Ténégal, F., Flank, A.-M. and Herlin, N., Short-range atomic-structure
description of nanometric Si/C/N powders by X-ray-absorption spec-
troscopy. Phys. Rev. B, 1996, 54(17), 12029–12035.
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