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Abstract

Si3N4/SiC nanocomposite materials are of great interest for structural applications at high temperature. In silicon nitride based
ceramics, the small size and the spherical shape of the grains constituting the material are two important parameters in favour of

high temperature deformation. Therefore, SiCN nano-sized powders are real candidates as starting materials to elaborate dense
Si3N4/SiC nanocomposites exhibiting the microstructure required for ductility at high temperature. SiCN nanopowders with dif-
ferent chemical compositions and characteristics can be prepared by CO2 laser pyrolysis of organosilicon precursors. Laser pyr-
olysis of gaseous precursors is able to produce partly crystallised SiCN nanoparticles exhibiting a reasonable thermal stability and

suitable for elaboration of ceramic materials. In order to reduce the cost and to improve the safety of the process, an aerosol gen-
erated from a liquid precursor, hexamethyldisilazane (HMDS), has also been used to synthesised SiCN nanopowders. However, in
this latter case the powders obtained exhibit a high weight loss during heat treatment at high temperature. Therefore, in this study

the effects of various synthesis parameters (chemical nature of the precursor and laser power) on the degree of crystallisation and on
the thermal stability of nanopowders are investigated. Characteristics of powders such as chemical composition, morphology,
structure and thermal stability are reported. A correlation between the synthesis conditions of powders and their thermal stability is

established, and the synthesis parameters enabling improvement of thermal stability are determined. # 2002 Elsevier Science Ltd.
All rights reserved.
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1. Introduction

Nanostructured materials can be elaborated from
nanoparticles exhibiting controlled characteristics and
properties. In particular, an interest has been focused
for several years on Si3N4/SiC nanocomposites for
structural applications. In this context, plastic deforma-
tion at high temperature was often studied.1,2 Si3N4/SiC
nanocomposites can be obtained from different methods
such as the polymer precursor route3 or from the sin-
tering Si/C/N nanopowders which can be synthesised
from laser pyrolysis.4

Si/C/N nanopowders with different chemical compo-
sitions and characteristics (degree of crystallisation,

thermal stability. . .) have been prepared by CO2 laser
pyrolysis. Laser pyrolysis of gaseous precursors is able
to produce partly crystallised ‘Si/C/N’ nanoparticles
exhibiting a reasonable thermal stability5 for subsequent
sintering step. These nanopowders have been mixed to
sintering aids (Al2O3 and Y2O3) in order to elaborate by
hot-pressing nearly full densified Si3N4/SiC nano-
composites. The deformation obtained at high tem-
perature on these materials are promising for future
hot-forming process.6 However, the gaseous precursors
(mainly silane, SiH4) are hazardous and expensive.
Therefore, another family of Si/C/N nanopowders has
been prepared by laser pyrolysis of an aerosol generated
from a liquid precursor safer than silane e.q. hexam-
ethyldisilazane (HMDS, Si2C6NH19).

7�9 In addition, for
the same weight of silicon, this precursor is cheaper than
silane.9 A detailed study demonstrated that it is possible
to control the chemical composition of the powders
when adding an adjustable amount of NH3 gas to the
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liquid precursor.10 These powders were always amor-
phous. Annealing treatment under Ar or N2 induced a
crystallisation as SiC, Si3N4 or also as a mixture of SiC
plus Si3N4 which depends on the initial composition of
the powder. When using the liquid precursor (HMDS),
the elements of sintering aids (Al, Y, O) can also be
introduced directly during the synthesis.11 A densifica-
tion study of the resulting powders demonstrated the
beneficial effect of this in-situ introduction as compared
with the ex-situ mixture of powders.12 However, the
amount of sintering aids remains too low and the
nanopowders issued from the liquid precursor exhibit a
high weight loss (between 20 and 25 wt.%) during heat
treatment up to 1500 �C under nitrogen.10 This low
thermal stability creates a hindrance of the densification
process inducing the production of only partly densified
materials. Such a low thermal stability was attributed to
both the amorphous state of the nanopowders and the
presence of oxygen and free carbon.9

In order to get a better understanding of the different
experimental parameters and to increase the organisa-
tion degree of the Si/C/N structural units, two experi-
mental parameters have been studied. First, the
temperature in the reaction zone has been raised by
increasing the power density or by adding a precursor
which strongly absorbs the CO2 radiation line. The objec-
tive was to improve the decomposition of the precursor
and to favour the nucleation of the species. Secondly, Si/
C/N nanopowders have been synthesised from a mix-
ture of precursors with a total amount of carbon lower
than pure HMDS. The aim was the reduction of the
amount of excess species such as carbon and nitrogen
that are not required to form stoichiometric SiC and
Si3N4.
In this paper we present the first results of this study

and we demonstrate that a reasonable thermal stability
at high temperature (1500 �C) is achieved. The results
are compared with results previously obtained from
pure HMDS or from gaseous precursors.

2. Principle and experimental

Nanopowders production by laser pyrolysis was
developed at the beginning of the 1980s at the MIT.13

The principle is based on the interaction between a
liquid or a gaseous precursor and a laser beam. Heat is
transferred by resonance between the emission line of a
CO2 laser (10.6 mm) and one absorption band of the
precursor. Subsequently, the precursor is dissociated,
radicals are formed and their collisions generate nano-
particles with the formation of a flame. Powders
obtained exhibit a narrow size distribution and a high
purity because of the reaction zone which does not
interact with the walls of the reactor. The advantages of
this process are the possibility to control the chemical

composition, size and structure of powders. The main
drawback of the laser synthesis is to provide a reso-
nance between the laser radiation and at least one of the
component absorption bands. However, it is note-
worthy that many molecules absorb in this infrared
zone and that high power tuneable CO2 lasers are now
available.
The experimental device has already been described

elsewhere.14 Briefly, it consists of a reactor operating in
a controlled atmosphere and at regulated pressure. The
reaction takes place in a well defined zone where the
laser beam intersects orthogonally the precursor flow.
The reaction occurs with a bright flame in which the
powders are formed. The liquid precursor is ultra-
sonically dispersed in a glass jar and forms aerosol dro-
plets which are injected through a 4 mm inner diameter
stainless steel nozzle, 10 mm below the laser beam.
Argon is used as carrier gas and as coaxial stream sur-
rounding reactant flow in order to minimise spreading
and turbulence. Powders are carried by the argon flow
and collected in a chamber equipped with a metallic
porous filter.
The main experimental parameters (chemical nature

of the precursor and power density) are presented in
Table 1. The two first lines (SiCN 29 and HMDS 45)
report the synthesis conditions of two samples obtained
in previous studies and used as references in the present
work. In all experiments carried out for the present
study (powders labelled HMDS 84–95), the pressure is
constant and is regulated at 700 Torr. Gaseous NH3

(200 cm3/min) was added in the reaction zone in order
to favour the formation of N-rich powders. In these
experiments, HMDS (Si2C6NH19) which absorbs the
laser radiation, was the major silicon precursor. For two
synthesis experiments (HMDS 94 and 95), liquid
HMDS was mixed with another liquid precursor: tetra-
methyldisilazane (TMDS, Si2C4NH15). TMDS was
chosen because of the presence of two Si–H bonds, that
strongly absorbs the laser radiation. For another set of
experiments (HMDS 88–91), gaseous silane (SiH4), which
is known to absorb the laser radiation very efficiently was

Table 1

Synthesis conditions of nanopowders

Precursor+NH3 (wt.%) power density

(W/cm2)

SiCN 29 80% SiH4+20% MMA 300

HMDS 45 HMDS 130

HMDS 84 HMDS 2500

HMDS 95 70% HMDS+30% TMDS 380

HMDS 94 70% HMDS+30% TMDS 2500

HMDS 88 HMDS+20% SiH4 380

HMDS 89 HMDS+20% SiH4 540

HMDS 90 HMDS+13% SiH4 380

HMDS 91 HMDS+13% SiH4 540
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added to the HMDS aerosol droplets before reaching
the reaction zone. In addition, TMDS and SiH4 are well
appropriated to modify the chemical composition of
obtained powders. The C/Si ratio of TMDS is smaller
than that of HMDS and the absence of carbon in the
SiH4 molecule should limit the formation of carbon in
excess. The power densities given in the last column of
Table 1 are calculated from the power delivered by the
CO2 laser measured by a powermeter, and from an
estimation of the laser beam size. This density controls
the temperature in the reaction zone and the highest
value (2500 W/cm2) has been obtained by focusing the
laser beam with a ZnSe lens ( f=500 mm).
The thermal behaviour of the nanopowders has been

investigated in flowing nitrogen by using a thermo-
gravimetric analyser. Indeed, previous studies demon-
strated that the thermal degradation of the materials
during heat treatment is more limited under nitrogen
atmosphere than under an inert atmosphere such as
helium.5,15 The heating rate was 2 �C/min up to 1500 �C
with a dwell time of 3 h.
The characterisation methods were mainly chemical

analysis (CNRS, Vernaison, France), specific surface
area using BET method, infrared spectroscopy (FTIR)
using the KBr pellet method and X-ray diffraction
(XRD) with a typical acquisition time of 1 s and a step
of 0.05�.

3. Results and discussion

The typical production rate is in the range 8–12 g/h,
which is much lower than in the experiments reported
by Musset.15 This is due to the small diameter of the
injection nozzle. Such a nozzle was used in order to
always irradiate all the precursors even with a focused
beam (small size). However, samples could be obtained
in significant quantities in all the experiments reported
here, but it was not the objective of the present study.
The structural evolution (XRD, IR) and the thermal

stability (TGA) of the different samples during heat
treatments have been studied and are presented in the
following sections.
Particular attention has been paid to structural orga-

nisation and chemical composition (content of free spe-
cies) in order to correlate these parameters to the
thermal stability.

3.1. As-formed nanopowders

Table 2 reports the chemical analysis, the decomposi-
tion in stoichiometric compounds and the specific sur-
face area obtained for the different samples synthesised
in this work and in previous studies.16,17 Assuming that
oxygen, nitrogen and carbon combine with silicon to
form SiO2, Si3N4 and SiC, the chemical analysis have
been used to calculate the equivalent composition in
SiO2, Si3N4 and SiC stoichiometric compounds as well
as the remaining nitrogen and carbon usually called
‘‘excess’’ nitrogen and carbon. Although this decom-
position is not completely accurate in the case of as-
formed powders because of their amorphous state, it is
useful to know the amount of species being in excess.
The latter could be an important parameter controlling
the thermal behaviour of powders at high temperature
during their crystallisation.
The morphology of powders has been observed by

TEM. The micrographs (not presented here) show that
all the powders synthesised in the present study exhibit
a similar shape. They are composed of round grains,
with an average diameter of 15 nm and a size distribu-
tion rather narrow. Although the diameters appear to
be in the same order of magnitude, Table 2 shows that
the specific surface areas vary with a factor of 3. This
seems to indicate that their densities and their surfaces
roughness are different. The value of the specific surface
area of the SiCN 29 powder (produced from gaseous
precursor) is still three times lower than the lowest sur-
face measured on HMDS based powders. Moreover, the
oxygen content of this powder is very low (0.6 wt.%) so

Table 2

Chemical analysis, fractions of equivalent compound and specific surface areas for as-formed nanopowders

Chemical analysis (wt.%) Equivalent compound fractions (wt.%) S BET (m2/g)

Si C N O Si3N4 SiO2 SiC Excess N Excess C

SiCN 29 58.3 6.5 34.6 0.6 86.7 1.1 8.2 0.0 4.0 40

HMDS 45 47.6 8.3 28.9 13.4 60.9 25.6 0.0 5.2 8.3 106

HMDS 84 48.4 4.4 27.3 19.7 51.9 37.1 0.0 6.6 4.4 310

HMDS 95 52.1 8.9 29.1 8.1 74.2 15.4 1.9 0.0 8.5 180

HMDS 94 56.1 12.5 28.4 4.0 70.4 7.4 14.0 0.0 8.2 137

HMDS 88 56.5 10.0 29.9 4.3 74.3 8.0 11.2 0.0 6.5 126

HMDS 89 57.6 10.4 29.0 3.5 72.1 6.5 15.7 0.0 5.7 145

HMDS 90 55.6 8.6 31.9 4.4 79.5 8.1 5.5 0.0 6.9 145

HMDS 91 57.3 12.3 26.6 3.1 67.1 5.8 21.0 0.0 6.1 129
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the lowest oxygen contamination is observed for the
sample having a small specific surface area (compared
to other nanopowders) and obtained from pure gaseous
precursors. On the contrary, the highest contamination
is observed for the two samples synthesised from an
aerosol of pure HMDS (HMDS 45, low power density
and HMDS 84, high power density). Between these two
samples, the highest amount of oxygen (19.7 wt.%)
corresponds to HMDS 84 exhibiting the highest specific
surface area (310 m2/g). Such oxygen contents can be
explained because powders are handled in air with no
special care. Therefore, oxygen or water are easily
adsorbed, and the amount is associated to the high spe-
cific surface area. Similar results have already been
demonstrated for SiCN powders produced from HMDS
in vapour phase.18

The comparison between samples obtained from the
same mixture of precursors at different power densities
(samples 94 and 95, samples 90 and 91, samples 88 and
89) indicates that oxygen contamination decreases when
power density increases. Moreover, the oxygen content
is reasonable (between 3 and 4.5 wt.%) for all powders
produced from HMDS/SiH4 and for the powder pro-
duced from a HMDS/TMDS mixture at high power
density (HMDS 94).
Several other comments concerning the effect of the

chemical nature of the precursor and the laser power
can be mentioned from Table 2. The silicon content is
clearly related to the synthesis conditions. Indeed, for
powder synthesised from pure HMDS, it is only around
48 wt.% while for the HMDS/TMDS precursor mixture
it increases up to 52 wt.% for a low power density
(HMDS 95) or up to 56 wt.% for a high power density
(HMDS 94). The same effect appears for powders syn-
thesised from HMDS/SiH4 mixtures (Si content in the
55.6–57.6 range). At the lowest power density, the sili-
con content seems to increase with the silane amount
(HMDS 88, 90) while at higher power density, the sili-
con content is similar for the different amounts of silane
(HMDS 89, 91). Therefore, it is obvious that the addi-
tion of TMDS or SiH4 into HMDS induces an increase
of the silicon content in the powders, thus reducing the
total amount of species in excess (nitrogen plus carbon).
The power density has a great influence on the che-

mical composition of powders. The comparison
between powders synthesised with the same precursor
but with different power density (94–95, 88–89 and 90–
91) indicates that an increase of laser power involves an
increase of silicon and carbon contents, as well as a
decrease of oxygen content and a slight decrease of
nitrogen content in the powders.
IR spectra obtained for the as-formed powders syn-

thesised in this study (HMDS 84 to 95) are shown on
Fig. 1. In Fig. 2, IR spectra obtained from commercial
powders of a-Si3N4, b-Si3N4 and b-SiC are shown as
references. Fig. 1 indicates that all the spectra are very

similar. In addition, they are similar to the spectrum of
HMDS 45,15 whereas they are different from the one of
SiCN 29.17 They are composed of a wide band without
any structure in the range 1200–800 cm�1 attributed to
Si–N–Si, Si–C and Si–O bonds in an amorphous SiCNO
structure. Therefore, SiCN based powders are not a
simple mixture of Si3N4–SiC powders, but are real
ternary compounds as demonstrated in the IR study of
Dohcevic-Mitrovic and Popovic19,20 and from Ténégal
et al. by XAS.21 It is noteworthy that the spectrum of
HMDS 84 is shifted to higher wavenumbers as com-
pared to the other spectra. This indicates the presence of
a high concentration of Si–O bonds (usually at ca. 1080
cm�1) which is confirmed by the higher oxygen content.
In the case of HMDS 94 as well as HMDS 45, a small
band at 1260 cm�1 attributed to Si–CH3 is also
observed and corresponds to an incomplete dissociation
of the precursor. The IR spectrum of SiCN 29 is com-
posed of a wide structured band in the range 1200–
800 cm�1 with some fine structures in the range 600–300
cm�1 attributed to crystalline Si3N4 (Fig. 2). XRD dia-
gram of SiCN 295 showing the presence of a and b
Si3N4 are in good agreement with the IR spectrum.
Fig. 3 shows the XRD diagrams obtained for the as-

formed powders synthesised in this study (HMDS 84–
95). In agreement with the IR spectra, most of the dia-
grams exhibit a flat line without any significant peak
indicating an amorphous structure. Some differences
appear in these diagrams at ca. 2�=35�, in particular
HMDS 94 (HMDS+TMDS, high power density) exhi-
bits a weak peak which could correspond to some b-SiC
nuclei. Powders synthesised with the highest amount of

Fig. 1. IR spectra of as-formed nanopowders.
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silane exhibit wide peaks (looking like ‘‘bumps’’) which
could correspond to nuclei of Si3N4 and SiC.
Therefore, even if as formed powders obtained from

an HMDS based aerosol are mainly amorphous, some
small differences can be detected when synthesis condi-
tions are varying. Even though the laser frequency is
tuned on the Si–N vibration of HMDS, the energy is
relaxed to the other bonds of the molecule. The Si–C
bond is weaker than the Si–N bond so the laser activa-
tion of HMDS seems to preferentially induce the clea-
vage of Si–C bond and leads to the formation of methyl

groups. When TMDS or SiH4 are added to HMDS, the
Si–H bonds of these molecules strongly absorb the laser
radiation. Thus, the total absorbed energy is higher than
in the case of pure HMDS. Moreover, a part of the
energy absorbed by TMDS or SiH4 is transmitted to
HMDS by collision and it can be assumed that many
Si–CH3 bonds of HMDS are broken. So the state of
dissociation of HMDS is better and induces the forma-
tion of smaller radicals. In conclusion, it could be
assumed that the size difference of radicals in the reac-
tion zone could be the origin of the difference in the
local order of the as-formed nanopowders.

Fig. 2. IR spectra of commercial powders of micrometric size taken as references.

Fig 3. X-ray diffraction patterns of as-formed nanopowders (acquisi-

tion time of 1 s and step of 0.05�).

Fig. 4. IR spectra of annealed powders (3 h at 1500 �C under nitrogen

atmosphere).
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3.2. Annealed nanopowders

Figs. 4–6 show typical IR and XRD data for powders
annealed at 1500 �C under nitrogen atmosphere during
3 h. In Fig. 4, two families of IR spectra are observed.
Two spectra (HMDS 84 and 95) exhibit a wide structure
which seems to indicate an amorphous state while the
others show structured peaks which indicate a crystal-
lised state. These differences can be related to the
synthesis conditions.

3.3. HMDS based powder

The IR spectrum observed on sample obtained from
pure HMDS (HMDS 84) is very similar to the spectra
of as-formed powders and remains composed of a broad
absorption band between 1150 and 850 cm�1 without
any structure. That indicates an amorphous SiCNO
phase with the presence of Si–O, Si–N and probably
some Si–C bonds. This IR spectrum is similar to the
spectrum of HMDS 45.15 The XRD diagrams (Fig. 5
and Musset15) are flat, in good agreement with IR data.
Thus, after annealing at 1500 �C, the structural organi-
sation of the nanopowders obtained from a pure
HMDS aerosol remain very poor. This phenomenon
suggests that the structural degree of as-formed powder
is also very low even for very high power density.

3.3.1. HMDS/TMDS based powders
For sample 95 obtained from HMDS/TMDS mixture

at low power density, a non structured IR spectrum is
observed but the broad absorption peak is slightly shif-
ted to smaller wavenumbers (between 1100 and 800
cm�1) as compared with HMDS 84. That could indicate
a decrease of Si–O bonds. However, the XRD diagram
of annealed HMDS 95 shows the presence of a and b-
Si3N4 phases (Fig. 5). Meanwhile the peaks are still
large and not as well defined as the ones present for all
the other powders (apart from HMDS 84). This sug-
gests the presence of a major amorphous phase together
with small crystals of Si3N4.
The IR spectrum of sample 94 (HMDS/TMDS mix-

ture, high power density) is composed of sharp bands
attributed to the presence of different crystallised struc-
tures. The main crystallised phase is a-Si3N4 but the
peak at 830 cm�1 indicates the presence of b-SiC and
both peaks at 570 and 445 cm�1 the presence of b-Si3N4

(Fig. 2). The corresponding XRD diagram proves
unambiguously the presence of a and b-Si3N4 and also
traces of b-SiC from the peak at 35.7�. Fig. 6 shows a
magnification of the range 33 to 37� of the XRD dia-
grams obtained with longer acquisition time (6 s) and
with a smaller step of 0.02�. However, the peak at 35.7�

could also be attributed to b-Si3N4 but in this case
another peak at 33.7� should be present with higher
intensity. But the intensity of the peak observed at 33.7
in HMDS 94 diagram is lower than the expected inten-
sity. Thus, this peak at 35.7� confirms the presence of

Fig. 5. X-ray diffraction patterns of annealed powders (3 h at 1500 �C

under nitrogen atmosphere). Acquisition time of 1 s and step of 0.05�.

The symbols a, b and * correspond respectively to a-Si3N4, b-Si3N4

and b-SiC.

Fig. 6. X-ray diffraction patterns of annealed powders (3 h at 1500 �C

under nitrogen atmosphere). Acquisition time of 6 s and step of 0.02�.

For clarity, high intensity a-Si3N4 peaks have been cut. The symbols a,
b and * correspond respectively to a-Si3N4, b-Si3N4 and b-SiC.
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b-SiC. From the relative intensities of the different con-
tributions, the major phase seems to be a-Si3N4.
The definition of the bands in the IR spectra and the

intensities of the peaks in the XRD patterns both indi-
cate that the structural organisation is much better in
the sample obtained with a high power density. That
indicates that depending on the synthesis temperature
there is a difference in the structural organisation of the
as-formed powder produced with a HMDS/TMDS
mixture.

3.3.2. HMDS/silane based powders
Table 3 reports the chemical analysis of annealed

samples obtained from HMDS/silane mixtures. After
heat treatment at 1500 �C under nitrogen during 1 h, no
oxygen has been detected in the powders. In all these
samples, silicon and nitrogen remain almost constant
and the main eliminated species are oxygen and carbon.
The equivalent composition of these samples in terms of
crystalline phases are pretty similar. The silicon nitride
content is between 75 and 82 wt.%, the silicon carbide
between 15 and 21 wt.% and the excess species between
1 and 4 wt.%.
The IR spectra of these samples (Fig. 4) are very

similar and present structures mainly attributed to a-
Si3N4 (Fig. 2). However, the band at 830 cm�1 indicates
the presence of a b-SiC crystalline phase. XRD dia-
grams (Figs. 5 and 6) show patterns attributed to a
major phase of a-Si3N4 together with a minor phase of
b-Si3N4. Note that b-SiC is difficult to detect because of
its specific peak (2�=35.7�) that is quasi superimposed
with that of b-Si3N4 (2�=36.1�). Moreover b-SiC crys-
tallite should be very small and then difficult to be
clearly detected by X-ray diffraction.
Some differences can be detected from a detailed

comparison of the XRD patterns. In Fig. 6, the b-Si3N4

peak intensity at 33.7� is different according to the
synthesis conditions. It is possible to classify the size of
this peak. The highest peak is for HMDS 89 (highest
silane content and highest power density) and the smal-
lest (almost nothing) for HMDS 90 (smallest silane
content and smallest power density). The peaks size of
HMDS 88 and 91 look similar. This difference of inten-
sity indicates that the amount of b-Si3N4 is different
according to the synthesis conditions. This confirms

that there is a difference in the local organisation of as-
formed powders obtained from HMDS/silane mixtures,
depending on the amount of silane and on the power
density.

3.3.3. Discussion
The only difference in synthesis conditions of HMDS

84 and 94 is the chemical nature of the precursor mix-
ture. However, the annealed powders are completely
different. HMDS 84 is still amorphous whereas HMDS
94 exhibits a well developed crystallinity. So the addi-
tion of a reasonable amount of TMDS (30 wt.%) in
HMDS enables a great improvement of the crystal-
lisation degree after annealing treatment.
Powders produced from HMDS/silane mixtures are

always crystallised after annealing treatment, even for a
low silane content in the precursor mixture (13 wt.% for
HMDS 90 and HMDS 91). Therefore, the effect of
silane on the structure is higher than the one of TMDS.
By comparison of XRD patterns of HMDS 94

(HMDS/TMDS mixture, high power density) with
samples produced with HMDS/silane mixtures (Fig. 6),
it seems that the a/b Si3N4 ratio is the smallest in sample
94, which is in good agreement with IR spectroscopy.
After one hour annealing treatment under nitrogen at
1500 �C, the reference powder SiCN 29 (obtained from
gaseous precursor) is composed of a and b-Si3N4 with a
ratio a/b of 50/50.5 As for powders produced from
HMDS/silane mixtures, the b-SiC crystalline phase is
difficult to detect by X-ray diffraction. The intensity of a
and b-Si3N4 peaks in powders produced from a mixture
of HMDS/silane suggests obviously that the a/b ratio is
higher than in SiCN 29 annealed powder. Moreover, the
a-Si3N4 phase (spherical) is more interesting than the b
phase (acicular) for the intended application (plasticity
at high temperature). Thus, the combination of HMDS/
silane appears to be well appropriated to produce
nanopowders in terms of chemical composition and
structural organisation.

3.4. TG analysis

In this part, the thermal behaviour up to 1500 �C
under nitrogen of the nanopowders will be presented.
Suggestions will be established in order to correlate the

Table 3

Chemical analysis and fractions of equivalent compound for annealed nanopowders (1500 �C/1 h/nitrogen atmosphere)

Chemical analysis (wt.%) Equivalent compound fractions (wt.%)

Si C N Si3N4 SiO2 SiC Excess C Excess Si

HMDS 88 57.8 8.0 31.8 81.7 0.0 14.5 3.8 0.0

HMDS 89 60.7 8.8 30.6 76.5 0.0 20.9 2.5 0.0

HMDS 90 61.9 6.0 31.0 78.5 0.0 20.1 0.0 1.5

HMDS 91 59.8 10.1 30.2 75.6 0.0 20.5 3.9 0.0
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thermal behaviour of the different nanopowders to their
chemical composition and structure. Although more
precise information on the gas evolution occurring dur-
ing thermal treatment and on the local order would be
necessary to draw definitive conclusions, some mechan-
isms that could explain the thermal behaviour of nano-
powders are suggested here.
The two samples HMDS 45 and SiCN 29 taken as

references exhibit very different behaviours. SiCN 29
exhibits a very small weight loss (<1%) up to 1200 �C
followed by a weight gain (<1%) between 1200 and
1500 �C,5 the total weight evolution being close to 0.
The low weight gain of SiCN 29 has been attributed to a
slight nitriding of the powder according to reaction 1:

3SiC sð Þ þ 2N2 gð Þ ! Si3N4 sð Þ þ 3C sð Þ ð1Þ

On the contrary, HMDS 45 sample exhibits a con-
tinuous weight loss up to 1500 �C. The total weight loss
is high (ca. 20%).15 The weight loss at low temperature
(<1200 �C) has been mainly attributed to the deso-
rption of water, ammonia and gaseous products issued
from the pyrolysis process. The formation of methane
which is maximum at 750 �C 9 is related to radical clea-
vage of Si–CH3 bonds followed by H abstraction (from
Si–H, N–H or C–H bonds) and results also in a weight
loss. At high temperature (>1200 �C), the weight loss is
due to the degradation of the amorphous Si/C/N/O
phase.12,15

Fig. 7 shows the thermal evolution up to 1500 �C
under nitrogen atmosphere of samples HMDS 84, 94
and 95 and Fig. 8 TG curves of samples HMDS 88 to
91. For all the samples reported in these figures, the
weight loss observed at low temperature (<1200 �C)
can be attributed to the same mechanisms as for HMDS

45. This weight loss is more or less pronounced
depending on the synthesis conditions of the powders.
The highest weight loss (7%) is observed for HMDS 84,
and this powder exhibits the highest specific surface
area. This is in good agreement with the fact that this
loss is the result of species desorption. Powders pro-
duced from HMDS/TMDS mixture exhibit a lower
weight loss of ca. 1.5% for HMDS 94 (high power den-
sity) and 4% for HMDS 95. In addition, the specific
surface area of HMDS 95 is 30% higher than that of
HMDS 94. In the case of powders produced from
HMDS/silane mixtures, the maximum weight loss is
3%. The comparison of these figures clearly demon-
strates the beneficial effect of silane or TMDS addition
and of high power density (except for pure HMDS
based powders) on the thermal stability of the powders.
Comments related to each powder are presented in the
following sections.

3.4.1. Powder produced from HMDS
HMDS 84 sample (pure HMDS precursor) presents a

continuous weight loss up to 1500 �C (total weight loss
ca. 17%). TG curve of HMDS 84 is very similar to the
one of HMDS 45. This observation, correlated with the
similar evolution of structure in these two samples,
seems to indicate that the powders are very similar.
Therefore, the same mechanisms, the carboreduction of
silica (reaction 2), can be suggested to explain the
degradation of the amorphous Si/C/N/O phase even if
the oxygen content is higher in HMDS 84.

C sð Þ þ SiO2 s; 1ð Þ ! SiO gð Þ þ CO gð Þ ð2Þ

For HMDS 84, all the carbon has been consumed
before silica. Thus, the next step is the silica reduction

Fig. 7. TG profiles under nitrogen flow of samples HMDS 84, 94 and

95 (black symbol: 2500 W/cm2, open symbol: 380 W/cm2, square: 30

wt.% TMDS in HMDS, triangle: pure HMDS).

Fig. 8. TG profiles under nitrogen flow of samples HMDS 88, 89, 90

and 91 (black symbol: 540 W/cm2, open symbol: 380 W/cm2, square:

20 wt.% SiH4, triangle: 13 wt.% SiH4).
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by silicon nitride according reaction 3. Cauchetier et al.9

assumed that this reaction is responsible of the con-
tinuous weight loss of N-rich powders during annealing
under nitrogen.

Si3N4 sð Þ þ 3SiO2 1ð Þ ! 6SiO gð Þ þ 2N2 gð Þ ð3Þ

In conclusion, for all the power densities, 130 W/cm2

for HMDS 45 or 2500 W/cm2 for HMDS 84, the pro-
ducts obtained from pure HMDS are similar and exhi-
bit always a low thermal stability.

3.4.2. Powders produced from HMDS/TMDS mixtures
Up to 1500 �C, powders produced from a mixture of

HMDS/TMDS (HMDS 94 and 95) exhibit a lower
weight loss than those produced from pure HMDS
(Fig. 7), respectively 6% for HMDS 94 (high power
density, 2500 W/cm2) and 12.5% for HMDS 95 (low
power density, 380 W/cm2). Their behaviours are dif-
ferent from that of HMDS 84. Up to 1000 �C, the
weight loss is smaller but the decrease of the weight
around 1400 �C is faster. During the dwell time, no sig-
nificant weight change is observed for HMDS 95 while a
small weight gain ca. 2% is observed for HMDS 94.
The only difference in synthesis conditions of HMDS

84 and 94 is the chemical nature of the precursor mix-
ture. However, their thermal stability are totally differ-
ent. The weight loss is 6% for HMDS 94 (HMDS/
TMDS) against 17% for HMDS 84 (pure HMDS). Thus,
a reasonable quantity of TMDS in HMDS (30 wt.%)
enables a great improvement of the thermal stability.
Without chemical or TG-MS analysis, it is difficult to
give chemical mechanisms in order to explain the ther-
mal evolution of these powders. However, it can be
noted that the powder with a high oxygen content
(HMDS 95) exhibits a high weight loss at high tem-
perature. This seems to indicate that reduction of silica
(or of an amorphous oxycarbonitride Si/C/N/O phase)
plays an important role in the degradation of the pow-
der, following reactions 2 and 3.
As for the structural characterisations (IR spectra and

XRD patterns both indicated that the organisation is
much better in the sample obtained with a high power
density), a high power density brings clear benefit for
the thermal stability of HMDS/TMDS based powders.
In the same way, TMDS allows an improvement of
thermal stability of the powders as compared to pure
HMDS precursor.

3.4.3. Powders produced from HMDS/silane mixtures
TG curves of samples prepared from HMDS/silane

mixtures are presented in Fig. 8. The thermal behaviour
of these powders are similar, with a small weight loss
(between 0 and 3%) up to 1200 �C followed by a sudden
loss around 1400 �C. This decrease is stopped at the
beginning of the dwell time, which is similar to HMDS

94. Then, the curve slope changes and a weight gain is
observed. Final weight losses are 1.5% for HMDS 88,
9.5% for HMDS 90 and 2.5% for HMDS 91. A small
weight gain of 1% is observed in the case of HMDS 89.
Therefore, powders produced with HMDS/silane

mixtures exhibit the most interesting thermal behaviour
as compared to all the powders. The only exception is
the powder produced from a HMDS/TMDS mixture at
high power density (HMDS 94) which exhibits lower
weight loss than the worst of HMDS/silane based pow-
ders. The effect of the addition of silane in the precursor
mixture or of the increase of the power density are
clearly beneficial on the thermal stability of HMDS/
silane based powders. If these two parameters are com-
bined, they lead to the production of the most thermally
stable nanopowder (HMDS 89).
It is possible to classify the powders produced from

HMDS/silane mixtures as a function of their thermal
stability. The most stable powder is HMDS 89 (highest
silane content and highest power density) and the worst
is HMDS 90 (smallest silane content and smallest power
density). The two other powders have a similar beha-
viour with an intermediate weight loss.
For the samples exhibiting an interesting thermal sta-

bility (HMDS 88–91), the chemical analysis have been
measured after annealing treatment under N2 atmo-
sphere up to 1500 �C with a one hour dwell time at
1500 �C. The chemical composition calculated from
these analysis is presented in Table 3 and will be used to
suggest possible mechanisms for the changes occurring
in these powders during annealing.
A comparison of the chemical analysis of as-formed

and annealed powders produced from HMDS/silane
mixtures (Tables 2 and 3) demonstrates that the main
changes in chemical species are the total loss of oxygen
and the decrease of carbon content. The amount of sili-
con and nitrogen do not seem to change. Thus, it is easy
to deduce that above 1200 �C, the main reaction
responsible of the weight loss is the carboreduction of
silica (reaction 2) as it has been previously demon-
strated,11,22 which induces the formation of two volatile
species: SiO and CO. According to several authors,9,23,24

other reactions are possible to reduce silica, one by sili-
con nitride (reaction 3) and another one by silicon car-
bide (reaction 4). Both of them are compatible with our
experimental conditions and with the chemical compo-
sition of our samples.

SiC sð Þ þ 2SiO2 sð Þ ! 3SiO gð Þ þ CO gð Þ ð4Þ

To explain the weight gain observed on several sam-
ples (HMDS 94, 88, 89, 90 and 91), it seems that nitro-
gen coming from the treatment atmosphere must be
incorporated in the powder. Once again, several
mechanisms can be involved. A first way to obtain a
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weight gain is the nitridation of silicon carbide, accord-
ing to reaction 1.25

Many reactions (5, 6 and 7) taking into account a
partial pressure of SiO can be suggested for the incor-
poration of nitrogen in the SiCN system.22,23,26,27 The
presence of SiO is compatible with the degradation
mechanisms of the Si/C/N/O amorphous phase. More-
over, the partial pressure of SiO increases with tem-
perature24 for SiCN(+O) powders under nitrogen
atmosphere. It is noteworthy that reaction 5 occurs in
the presence of SiC.23

3SiO gð Þ þ 2N2 gð Þ ! �-Si3N4 sð Þ þ 3=2O2 gð Þ ð5Þ

3SiO gð Þ þ 3C sð Þ þ 2N2 gð Þ ! �-Si3N4 sð Þ þ 3CO gð Þ

ð6Þ

SiO gð Þ þ 2C sð Þ ! �-SiC sð Þ þ CO gð Þ ð7Þ

Without TG–MS analysis and detailed characterisa-
tions at the different stages of the evolution of the sam-
ples, it is difficult to give the relative importance of the
different mechanisms related here, but a detailed analy-
sis was not the aim of the present study. It is clear that
the maximum weight loss during heat treatment is cor-
related to the amount of silica in the as-formed pow-
ders, thus, this can be attributed to the reduction of
silica according to reaction 2. In some cases (HMDS 84
for example), all the free carbon content is consumed
before silica and the next step could be the silica reduc-
tion by silicon nitride or silicon carbide according to
reactions 3 and 4.
The weight gain can be mainly explained by the for-

mation of a-Si3N4 which can be due either the nitrida-
tion of SiO in the presence of carbon or silicon carbide
(reactions 5 and 6) or to the nitridation of SiC (reaction
1). An interesting result supporting the existence of
reaction 1 is that the powders with a small content of
SiC (HMDS 84, 95 and 90 in Table 2) exhibit no weight
gain. Depending on reaction 7, b-SiC can also be
formed from SiO plus C, but this formation is not
obvious according to IR spectra and XRD diagrams.

4. Conclusions

SiCN nanopowders have been synthesised by laser
pyrolysis of HMDS aerosol or of a mixture of either
HMDS/TMDS or HMDS/silane. The structural char-
acterisations of as-formed powders do not show sig-
nificant differences. However, when the synthesis
conditions change, the thermal behaviour is very differ-
ent and the structural evolution changes occurring dur-
ing annealing treatment are, as well, very different. This

seems to indicate that the short range order of these
powders is rather different. This conclusion has to be
checked and confirmed by analysis of the short range
order (NMR, EXAFS,. . .), especially for as-formed
powders.
The chemical composition of powders is clearly rela-

ted to the synthesis conditions. The main parameter is
the chemical nature of the precursor. It is noteworthy
that the addition of TMDS or silane, which are silicon
sources, into HMDS involves an increase of the silicon
content, and thus a reduction of the excess species
amount (nitrogen and carbon). Power density has also a
strong effect on the chemical composition. The com-
parison between powders synthesised with the same
precursor but with different power density indicates that
an increase of the power density involves an increase of
silicon and carbon contents and a decrease of nitrogen
and oxygen contents.
Concerning the thermal behaviour, a small quantity

of TMDS in HMDS (30 wt.%) enables an improvement
of the thermal stability compared to pure HMDS based
powders. When silane is added to HMDS, this effect is
still stronger.
Powders obtained from a HMDS/TMDS mixture are

crystallised after annealing treatment at 1500 �C under
nitrogen atmosphere but the crystallisation degree is much
better in the sample obtained with a high power density.
This indicates that power density used during synthesis
affects the organisation of the as-formed powder in this
case. For all power densities, HMDS/silane based pow-
ders are always crystalline after annealing treatment, even
with a low silane content in the precursor.
The main conclusion focused on applications for this

study is that the combination of HMDS and silane
appear to be well appropriated to produce nanopowders
in terms of chemical composition, structural organisa-
tion and thermal stability. The two problems concerning
the use of pure silane (safety and cost) are not dominant
in this case. Because of its dilution with carrier argon,
safety problem becomes lower and the small amount
used for the synthesis does not significantly increase the
cost of powders. Therefore, the next step of the study
will be the synthesis of nanopowders containing in situ
additives (Y2O3 and Al2O3) in required amounts.
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