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Abstract

A liquid aluminosilazane precursor, with various Al contents, was synthesized by direct reaction between hexamethyldisilazane and trimethy-
laluminum at room temperature. Mass spectrometry and Fourier-transform infrared spectroscopy showed respectively a methane evolution and
the formation of Al—N bonds. Thermal-spray pyrolysis of this precursor was realized under different conditions: temperature (1200-1400 °C),
pyrolysis atmosphere (Ar, At/NH3) and gaseous flow rate (1 and 3 L min~!). SEM micrographs revealed spherical SiCNAI(O) nanopowders which
size (20-180 nm in diameter) depending on the residence time duration of the product in the furnace. Pyrolysis under argon led to a high C content,
and then to the presence of free carbon and amorphous SiC phase detected by XRD and NMR analysis. Introduction of ammonia in the pyrolysis
atmosphere induced an important decrease of C content in the pre-alloyed nanopowders, correlated with an increase of N and Al. With this process,
multielement nanopowders with an adjustable composition exhibit a higher thermal stability than powders processed by laser-spray pyrolysis with

an equivalent precursor.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Processing of dense silicon nitride-based materials, or
Si3N4/SiC composites, needs sintering aids introduction, which
often induces microstructural heterogeneities.!™ To overcome
this phenomenon, different ways were explored mainly from
organometallic precursors. Although this route led to excellent
thermomechanical properties for SiC fibers,’ its use does not
give satisfying results for monolithic materials. Some exper-
iments concerned also the sintering of powder blends and
pre-pyrolysed powders, from polycarbosilane or polysilazane
decomposition, in order to bind grains chemically. But whatever
the process used, material properties are still low owing to the
presence of cracks, porosity or segregated free carbon resulting
from the release of gaseous species during thermal treatment.5

For all these reasons, a new route to produce dense silicon
nitride-based materials, from nanopowder synthesis followed by
a sintering step, seems to be more promising. The best interest of
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this approach is to favour an atomic scale distribution of sinter-
ing aids which should lead to an homogeneous microstructure
after densification. One of the conventional methods is pow-
der mixing in liquid media but it involves the use of dispersing
agents and SizN4-based powders do not have equivalent surface
groups as oxides such as Al,O3 and Y,0s3. Therefore, pow-
der blends stabilization and final material homogeneity are very
difficult to obtain.” On an other hand, nanostructured materials
can be fabricated if an ultrafine multielement powder method
is used. Several teams have worked and are still working on
this route,®'3 mainly using the laser-pyrolysis process, but
their investigations concern mixtures of non-miscible precur-
sors. They did not realize an unique hybrid precursor containing
metallic elements needed for sintering.

The first papers about the fixation of boron or aluminum
on silazanes,'*'® to obtain directly monolithic ceramics after
pyrolysis, have been published in the last two decades. From
these results, we have undertaken the synthesis of hybrid
precursors with a suitable viscosity for aerosol formation. Then,
we have investigated their thermal decomposition in order to
produce pre-alloyed nanopowders containing Si/C/N/Al/(O)
elements.
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2. Experimental details
2.1. Precursor synthesis

The monomer chosen for this study was a commer-
cial hexamethyldisilazane (HMDS = (Si(CH3)3)>NH, Aldrich).
The aluminum compound used was trimethylaluminum
(TMA = (CH3)3Al, Aldrich), in a 2mol L~! solution in hexane,
which is very reactive and pyrophoric. So, it needed precautions
foruse. Handling and reactions were carried out under controlled
atmosphere of argon (99.999 purity).

The precursor synthesis stemmed from a previous spe-
cific experimentation.'? In this work, only experimental details
related to the reaction between HMDS and TMA are presented.
HMDS, kept into a glove box under argon, was transferred in
the reaction flask and stirred vigorously. Then, TMA was slowly
added at room temperature via a syringe. After the addition of
TMA, the solution was stirred for 15 h at 20 °C. Finally, hexane
was separated from hybrid precursor by distillation at 46 °C,
under a partial vacuum of 100 mbar for 1 h. Different Al con-
tents were studied, corresponding to Si/Al molar ratios: 5, 10,
15 and 30.

The reaction product (aluminosilazane) characterizations
were performed with mass spectrometry (TA instrument SDT
2960, 1-55 UMA) and Fourier Transform IR (Spectrum One
FT-IR, Perkin-Elmer). FT-IR analyses were carried out in
absorbance mode (4000-400 cm™!). All the samples were pre-
pared in a glove box. A drop of silazane drop was deposited
between two KBr windows, and the cell protected from ambient
air pollution by a tight film.

2.2. Powder synthesis

Thermal conversion of the aluminosilazane into ceramic par-
ticles was performed in a thermal pyrolysis equipment. After
removal of water vapor traces from the reactor by a prelimi-
nary vacuum pumping, the furnace was progressively heated up
to the desired pyrolysis temperature. The liquid precursor was
directly introduced in an aerosol generator device (RBI, Meylan,
France) which frequency and power alimentations were adjusted
to obtain the aerosol with a suitable yield, respectively around
800 kHz and 100 W. Briefly, the piezoelectric ceramic (made up
of barium titanate) generates a beam of ultrasounds which, when
its focused near the free surface of the liquid, forms a “foun-
tain” and finally the aerosol. The sizes of droplets are constant,
depending on liquid characteristics and ultrasound frequency.
In this study, the aerosol temperature was held at 30°C by a
regulated water circulation to favour the reproductibility of all
experiments.

An argon flow was used to carry the fine droplets towards the
pyrolysis furnace, equipped with an alumina tube. During pyrol-
ysis, the total pressure was fixed to 1000 mbar. The as-formed
particles were finally trapped in two collectors containing filter-
barriers made of microporous alumina (pore size #1 pwm). The
gaseous species were evacuated by a vacuum pumping system,
and via a liquid nitrogen trap. Pyrolysis conditions were studied
through three parameters: carrier gas flow rate (1 and 3 L min ™),

furnace temperature (1200-1400 °C) and atmosphere composi-
tion (Ar, Ar/NH3). The aim was to obtain fine powders with high
thermal stability and a versatile composition. All the powders
were stored into a glove box under argon.

Different analytical techniques were used for the charac-
terization: SEM observations (Philips XL 30, powders were
scattered in an ethanol solution, using a drop of the suspension
for observation after solvent evaporation), specific surface area
measurements (Micromeritics: ASAP 2010, BET 8 pts, Np), X-
ray diffraction measurements (Siemens, D5000, 26, Cu Kay),
FT-1IR spectroscopy (Spectrum One FT-IR, Perkin-Elmer, using
KBr pellets method), 2°Si NMR, 2’ AINMR and '*C NMR spec-
troscopy (Briicker spectrometer, 400 MHz/89 mm, Service de
RMN du solide, GDPC, Université de Montpellier II), and ele-
mental analysis (Service central d’ Analyse du CNRS, Vernaison,
France). Several analytical techniques were used: Si and Al by
ICP-AES technique after chemical dissolution, C by combus-
tion to 1800 °C under oxygen, and N by pyrolysis to 3000 °C
under He in a graphite crucible.

3. Results and discussion
3.1. Precursor synthesis

TMA introduction into HMDS, at room temperature, led to
a visible gas evolution as soon as the first droplets had been
added. The gas reaction products analysed by mass spectrometry
(Fig. 1) showed species corresponding to 15 and 16 m/z. It has
been shown that the release of ammonia during heat treatment of
silazanes starts only above 90-100 °C.2% Consequently, m/z = 16
and 15 seem to correspond to methane evolution and to a by-
product CH3* formed in the quadrupole. Moreover, taking into
account the molecular structure of the starting compounds, the
methane formation should result from a reaction between the
N-H and Si—CH3 groups. At the very beginning, the reaction
kinetic is fast, but then, the gas evolution decreases slowly. This
explains our choice for a 15 h stirring duration to make sure the
reaction was achieved.

Intensity (arbitrary units)

Time/min

Fig. 1. Mass spectrometry of gaseous species: m/z=15 (A) and m/z=16 (A).
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Fig. 2. FT-IR spectra of HMDS (A) and the aluminosilazane (B)
(1100-550 cm~"); *Al—N bond.

FT-1R spectra for pure HMDS and HMDS after reaction with
TMA are shown in Fig. 2 for Si/Al =30. The product spectrum
contains new bands (indexed in Table 1) that could be assigned
to a Al-N bond formation. The reaction with TMA induces a
decrease of the N-H band (1181 cm~!) which implies that N-H
is the silazane reactive group. On the other hand, the similar
intensity measured for C—H (2955 cm ™) on both spectra (Fig. 3)
illustrates that the presence of methyl groups remains important,
and shows that only a part of AI-CH3 of TMA had reacted
with the N—H bonds of HMDS. A three-nitrogened aluminum
formation seems to be unlikely, may be due to an important steric
hindrance.
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Fig. 3. FT-IR spectra of HMDS (A) and the aluminosilazane (B) (3100-2800
and 1220-1150 cm™!); *Al—N bond.

Table 1
FT-IR wave number values for pure HMDS and corresponding new bands after
reaction with TMA

Wave number (cm™!) Vibration mode

Pure HMDS New bands
(after reaction)
3382 - N-H stretching?'~2*
2955 - C—H asym. stretching?!-2323
2896 - C-H sym. stretching?!~2323
2850 C-H stretching in AI-CH326%7
1440 - —CHj3 in Si—-CH3 asym. deformation?!
1401 -
1253 - C-H in Si—~CH3 sym. deformation?!-23-24
1205 C-H stretching in AI-CH3%6-%
1181 - N-H bending?!24.28-29
1026 AI-N30
933 - Si-N-Si asym. stretching??-2428
900 AI-N3!
884 - Si-H bending?!-23
841 - —CHj rocking in SiCH;32!23-24
772 - Si—C in Si—-CHj3 asym. stretching?!-22
758 AI-N stretching?!31-36
755 - Si—C in Si—CHj3 sym. stretching?!-2233
689 ALN35-40
684 - Si—C asym. stretching?®
647 A17N21,31—33
618 - Si—C stretching?!
574 A17N30’32’40

These results prove that aluminum can be fixed on a silazane
monomer by direct reaction at room temperature between
HMDS and TMA, with a methane evolution according to reac-
tion (1).

H,C  CH H,C CH o
3 \ / 3 3 / 3
A —+% H C—8i—N—Si—CH, + CH,
| SN
CH, H,C Al CH;,
/N
HC CH, €))

In addition to previous investigations devoted to the synthesis of
solid polyaluminosilazanes from reaction between tetramethyl-
disilazane (or similar silazanes) and TMA (or triethylaluminum,
or dimethylaluminum amide), this study shows that colorless lig-
uid aluminosilazanes can be prepared with Si/Al ratios higher
than 5.8 The effect of Al content is visible in so far as the
apparent viscosity increases with the quantity of Al in the pre-
cursor. This phenomenon could be explained by an increase of
aluminosilazane molecular mass and/or of interactions between
molecules which could form a linked-liquid. Due to its high
hydrolysis sensitivity, the colorless liquid becomes a white solid
as soon as the atmosphere contains traces of water vapor.

3.2. Powder synthesis

For clarity of the presentation, a particular nomenclature
is used to identify each powder batch (Table 2) that gives
an account of pyrolysis conditions (temperature, atmosphere,
gaseous flow rate) and Si/Al ratio.
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Table 2
Pyrolysis conditions and nomenclature

Table 3
Specific surface area and particle size

Powder Initial Si/Al Pyrolysis Atmosphere Total flow Batches Specific surface area (m>g~!)  Equivalent disc diameter (nm)?
batches molar ratio temperature rate

©C) (Lmin™") 12A1L30 18 139

12A3L30 32 78

12A1L30 30 1200 Ar 1 13A1L30 19 132
12A3L30 3 13A3L30 37 68
13A1L30 1300 1 14A1L30 20 132
13A3L30 3 14A3L30 32 78
14A1L30 1400 1
14A3130 3 2 doq (nm) = 6000/(den. SgET); With din =2.4 and Sggr expressed in m? g~ 1.
14A3L15 15 1400 Ar 3
14A3L10 10
14A3L05 5
14AN3L15 15 Ar/NH; 3 Table 4 presents the elemental compositions of powders syn-

(75125, vIv)

3.2.1. Influence of pyrolysis temperature and carrier gas
flow rate

On SEM micrographs (Fig. 4), spherical grains with a rather
narrow granulometric distribution are observed. In the studied
temperature range, the particle size seems to be unchanged what-
ever the decomposition temperature of the precursor might be.
Contrary to the temperature, the flow rate variation implies a
change of the particle size. The more the flow rate increases the
smaller the particles are. In the furnace, the precursor decom-
position leads to the formation of gaseous species, and then to
solid particles by recombination these radicals. In these condi-
tions, the growth process of the particles is controlled by the
residence time of the gaseous species in the reactional zone.
Thus, this phenomenon is related to the carrier gas flow rate.

These changes are confirmed by the specific surface area and
the values of equivalent disc diameter calculated with a den-
sity of 2.4 measured by helium pycnometry (Table 3). These
as-fabricated powders are dense since the calculated diameters
are consistent with those of observed particles (Fig. 4). The
powders synthesized by laser pyrolysis are slightly smaller than
those obtained in this study for similar precursors and pyrolysis
parameters. The finer particle size in the laser-driven process,
30-70 nm (49-26 m? g_l),10 is due to a shorter residence time
in the reactional zone than in the case of thermal pyrolysis.
The temperature gradients considered are 103-10*°Cs~! and
10?°C s, respectively, and the length of the furnace isotherm
zone is about ten times higher than the laser one.

thesized at 1200, 1300 and 1400 °C, as well as theoric (initial
mixture) and final (measured) C/N, C/Si, Si/N and Si/Al ratios.
Whatever the pyrolysis conditions, C appears to be the major
species, with a content value 2-3 times higher than Si and 4-6
times than N. Flow rate change, from 1 to 3 L min~!, induces
a decrease of carbon content of about 10 wt.%. Consequently,
Si, N and Al contents logically increase. One can notices that
changes of pyrolysis temperature, in the studied range, do not
have a significant effect on powder composition.

This flow rate effect is clearly shown by C/N and C/Si
ratios which are reduced to 30% with an increase from 1 to
3L min" ! Resulting from silazane decomposition, carbon con-
tained species are faster evacuated which limits their recombi-
nation in solid particles. This is confirmed by laser pyrolysis
results, with a shorter residence time in the reactional zone,
carbon contents are lower for the conversion of HMDS under
argon.*!

Si/N values are similar (2.1-2.2) at 1300-1400 °C and what-
ever flow rate conditions, but they are slightly higher than theoric
ones (2.0). This can be explained by a decrease in nitrogen
content due to transamination reactions that involve ammonia
evolution during precursor heating.*> Nevertheless, this loss is
less significant than compositional changes induced by carbon
content variations.

The final Si/Al ratios are clearly superior to the theorical one,
but Al content is twice higher when the flow rate increases from
1 to 3L min~'. Thus, the carrier gas velocity has an important
effect on the final powder composition. Its variation involves
a residence time modification of the precursor in the pyrolysis
furnace.

Table 4
Chemical composition of nanopowders
Batches Composition (wt.%) Molar ratio
Si C N Al C/IN C/Si Si/N Si/Al

Th.?2 Final Th.2 Final Th.2 Final Th.2 Final
12A1L30 40.3 522 11.6 0.3 6.2 53 3.1 3.0 2.0 1.7 30.0 129.1
12A3L30 47.5 34.8 15.2 0.5 2.7 1.7 1.6 91.3
13A1L30 38.4 48.5 8.7 0.1 6.4 3.0 22 615.2
13A3L30 48.2 38.7 10.7 0.2 4.2 1.9 22 308.6
14A1L30 37.6 49.7 8.7 0.2 6.6 3.1 2.1 212.5
14A3L30 46.0 40.8 10.7 0.4 44 2.1 2.1 100.5

2 Calculated from quantities of reactants used for the aluminosilazane synthesis.
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Fig. 4. SEM micrographs of powders synthesized at 1200-1400°C, with a 1-3 Lmin~! flow rate: 12A1L30 (A), 12A3L30 (B), 13A1L30 (C), 13A3L30 (D),

14A1L30 (E) and 14A3L30 (F).

X-ray diffractograms (Fig. 5) show the formation of an amor-
phous structure after pyrolysis for all powder batches, but a struc-
tural rearrangement seems to progress with the decomposition
temperature of the precursor. This phenomenon is emphasized
by the formation of two pics around 26 =26° and 35°, which
correspond to graphite carbon and B-SiC respectively.*> A part
of the batch 14A1L30 was heat treated up to 1400 °C, for 5h
under nitrogen atmosphere. The resulting powder still presents
a partial amorphous character indicating a slow crystallization

rate (Fig. 5, 14A1L30-1400-5h), but a great thermal stability,
which is confirmed by the TG analysis (Fig. 6).

Compared to a powder synthesized from HMDS aerosol with
a laser pyrolysis process under argon atmosphere,*! the powder
synthesized from thermal pyrolysis appears to be more stable
since its weight gain is very low while the mass loss of the
laser powder is near 3 wt.% at 1400 °C. The TG analysis of this
powder was carried out under a Np/He (20/80) mixture, but the
authors showed that the amount of helium did not influence the
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Fig. 5. XRD patterns of powders synthesized under different pyrolysis condi-
tions.

thermal stability up to 1500 °C. For this technique, the thermal
stability of the powder can be increased using gaseous reactant
species like SiH4, CH3NH, and NH3, but this process is quite
hazardous and more expensive.'> Moreover, the in situ intro-
duction of gaseous precursors of heteroelements (like Al) in the
synthesized powders was not demonstrated, maybe due to the
high difficulty to handle the precursors, and to the complex-
ity of the reactions induced. To explain the differences between
these two methods, the residence time and the cooling rate can
be mentioned, as it was previously seen for the particle size.
The advancement of the precursor conversion is promoted when
using the furnace device.

FT-1R spectra (Fig. 7) of the powders exhibit the same bands
whatever the flow rate of carrier gas and the precursor pyroly-
sis temperature may be. A broad band from 700 to 1100 cm™!
centered on 900 cm ™!, can be assigned to Si—N—Si and Si—C
bonds in an amorphous SiCN structure (Table 1).10’44 It charac-
terizes a low structural organization degree in agreement with
DRX diagrams (Fig. 5). Absorption bands situated at 1631 and
3424 cm~! are assigned to O—H bond vibrations, certainly aris-
ing from water adsorbed on the powder surface during sampling

Temperature/°C
0 200 400 600 800 1000 1200 1400
h : A h A . >

___,4//‘1
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Fig. 6. TG profiles of 14A1L30 (A) and HMDSO (A) (synthesized by laser-
pyrolysis of HMDS under Ar), under pure N> and N»/He (20/80) mixture flows,
respectively.
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Fig. 7. FT-IR spectra of powders synthesized at 1200-1400 °C.

and analysis in air. This water detection is usually observed in
FT-1R spectra of fine particles since the technique only allows a
surface analysis of the specimens.

29Si NMR and '3C NMR spectra for 13A1L30, 14A1L30,
13A3L30 and 14A3L30 are shown in Fig. 8, respectively on (a),
(b), (c) and (d) spectra. All 298i spectra (Fig. 8(1)) contain a
broad peak centered at —20 ppm, linked to environments such
as SiC4 and/or SiCoN».*> Other peaks at —35, —45 ppm and
4 ppm, corresponding respectively to SiN4, SICN3 and SiC3N,
have a low intensity in these spectra. It means that silicon has a
carbon rich environment, but this result is not surprising in view
of the high carbon content in the powders detected by elemental
analysis. The Si—C bond presence is confirmed by '3C spectra
(Fig. 8(2)) with a peak centered at 30 ppm (CSis). A second one
at 130 ppm, of a greater intensity, indicates the presence of free
carbon (sp?) in the as-formed powders.

Contrary to the flow rate of carrier gas, the pyrolysis temper-
ature does not influence the final composition and morphology
of the powders. This parameter was fixed on 1400 °C for fur-
ther experiments to favour the precursor decomposition and thus
improve the powder thermal stability. Concerning the carrier
gas, the higher rate of argon (3L min~!) seems to be the more
interesting because it limits the residence time in the reactional
zone, with a decrease of the particle size, a higher C loss dur-
ing pyrolysis and the formation of powders more rich in Si, N
and Al

3.2.2. Influence of the Al content in the precursor

Aluminum content of the powders presented (Section 3.2.1)
remains too low (Si/Al=100) compared to the alumina content
necessary to process dense materials. Previous works dealing
with Si3Ny4 and Si3N4/SiC sintering showed that the optimum
conditions are obtained with a liquid phase resulting from the
addition of 6 wt.% of Y203 and 3 wt.% of Al;03.% This powder
composition corresponds to a molar ratio Si/Al=50. In order to
fabricate powders with various Al contents, for a further study
of sintering behaviour, we have pyrolysed different aluminosi-
lazanes with Si/Al molar ratios of 15, 10 and 5.
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Table 5
Chemical composition of nanopowders
Batches Composition (wt.%) Molar ratio
Si C N Al C/N C/Si Si/N Si/Al

Th. Final Th. Final Th. Final Th. Final
14A3L30 46.0 40.8 10.7 0.4 6.2 4.4 3.1 2.1 2.0 2.1 30.0 100.5
14A3L15 36.6 45.8 11.9 0.5 6.4 4.5 32 2.9 1.5 15.0 74.9
14A3L10 36.9 433 13.2 0.7 6.6 3.8 33 2.7 1.4 10.0 53.7

The SEM micrographs of the corresponding synthesized
powders reveal spherical particles with a constant specific sur-
face area whatever the Si/Al ratio may be.

Elemental analyses (Table 5) realized on the different batches
indicate that Al content in the aluminosilazane increases with
decreasing of Si/Al ratios from 30 to 10. But this was not
observed for lower values due to a too high viscosity of the
precursor preventing its correct nebulization. With viscous alu-
minosilazane precursors, the temperature of the aerosol genera-
tor device must be higher than 30 °C to obtain good nebulization
yields. Despite the increasing Al content, the final values remain
around five times lower than the theoric ones. In view of the
pyrolysis process, the most probable assumption is that the AI-N
bond is less thermally stable than Si—C and Si—N. On the other
hand, the Si/Al value for 14A3L10 is near 50 which corresponds
to a 3 wt.% alumina content in silicon nitride, the ideal value for
SizNy densification.*¢

NMR spectra (Fig. 9) are representative of all the powders.
The >’ A1 NMR spectra (Fig. 9(a)) have a similar shape, mainly
composed of two broad peaks, centered at 100 and Oppm.
Between these two values, there is aregion with a non-negligible
intensity certainly due to an overlap of the peaks, but the presence
of an intermediate peak must be considered. The peak positions
for the 27 Al spectra are not defined precisely as mentioned in the
literature (Table 6). From previous results, the chemical shifts at
100 ppm can be assigned to [AIN4] environment, while the peak
at 0 ppm may correspond to [AlXg] (X =O or N). Initial reagents
are compounds free from oxygen, thus it can be supposed that Al
elements are preferentially linked to nitrogen ones. But the pres-
ence of mixed environments as [Al(O,N),] cannot be excluded,
that may result from powder contamination by traces of oxygen.

The 2°Si NMR and '3C NMR spectra (Fig. 9(b) and (c))
are consistent with the 27 Al ones because there is no difference
detected between the batches studied. As shown in Section 3.2.1,
29Si (Fig. 9(b)) spectra exhibit a broad peak centered at —20 ppm

Table 6
Chemical shifts of Al environments in nitride, oxinitride and oxide compounds

Table 7
Chemical composition of nanopowders

Batches Composition (wt.%) Molar ratio

Si C N Al O C/N C/Si Si/N Si/Al
14A3L15 36.6 458 119 05 - 45 29 1.5 74.9
14AN3L15 455 34 466 09 51 0.1 0.2 0.5 49.1
HMDS0* 51 32 15 - 2 2.5 1.5 1.7 -
HMDS40* 51 6 38 - 5 02 03 0.7 -

@ Laser pyrolysis of a pure HMDS aerosol in Ar atmosphere.'?
b Laser pyrolysis of a pure HMDS aerosol in Ar/NH3 (60/40, flow rate ratio)
atmosphere.'?

which characterizes [SiC4] and/or [SiC,N»] environments, and
ahigh carbon content is still present, with free C and CSiy visible
in the 13C spectra (Fig. 9(c)) at 130 and 30 ppm, respectively.

The final Si/Al ratios measured are equal to, or higher than
50, which corresponds to the optimum content for the densifi-
cation of Si3N4 material, but for an accurate determination of
Al environments, it is necessary to reach a higher percentage.
Experiments are in progress.

3.2.3. Influence of the pyrolysis atmosphere

Itis well known that the presence of free carbon in SizN4/SiC
powders has a deleterious effect on the sintering behaviour. The
efficiency of an ammonia addition in the pyrolysis atmosphere
to reduce the final carbon content was shown in several previ-
ous investigations.'>**3 So ammonia was added to the carrier
gas (NH3/Ar=25/75 vol.%) with a total flow rate of 3 L min~!
in the aerosol generator device, for a pyrolysis at 1400 °C of an
aluminosilazane with a ratio Si/Al = 15. To discuss these results,
the chemical compositions of powders issued from similar pre-
cursors pyrolysed under argon or Ar/NH3z mixtures with two
heating techniques are summarized in Table 7. A comparison
of the chemical compositions shows an important decrease of

Al environments, chemical shifts

Corresponding studies

Octahedral Pentahedral

Tetrahedral

AlNg (6 ppm) AlNs (intermediate values, mainly
30-50 ppm)

AlOg (0 ppm) AlOs (35 ppm)

AINy (103 ppm)

Mixed Al(O,N), tetrahedral sites

Study of SiC/AIN systems™’

Si—Al-O-N glasses*®

(110-65 ppm); AlO4 (60 ppm)

AlOg (14 ppm) [AIO,Ny_,] (66-71 ppm)
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Fig. 8. 2Si NMR (a) and '3C NMR (b) spectra of 13A1L30 (A), 13A3L30 (B),
14A1L30 (C) and 14A3L30 (D) powders.

carbon content from 45.8 to 3.4 wt.% with a thermal pyrolysis
process and from 32 to 6 wt.% with a laser process when ammo-
nia is incorporated in the carrier gas. This carbon loss is equally
displayed by the XRD diffractogram (Fig. 5) with a decrease of
the 3-SiC peak (20 =35°).

The final compositions of HMDS 40 and 14AN3L15 powders
are in good agreement since carbon is the minor element whereas
silicon and nitrogen contents are the highest. The nitridation
induced by ammonia during the precursor conversion could be
due to a nucleophilic displacement of carbon in the Si—-CHj3
groups according to reaction (2).°° Nevertheless, an addition
of 25 wt.% of NHj3 in the thermal pyrolysis process induces a
more important loss of carbon than 40 wt.% of NH3 in the laser
process. The best nitridation effect for the thermal pyrolysed
powder could be explained by different pyrolysis mechanisms
and certainly by the kinetics of these reactions. As indicated
before (Section 3.2.1), the residence time in the reactional zone
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Fig. 9. 27 Al NMR (a), 2Si NMR (b) and '*C NMR (c) spectra for Si/Al=15
(A) and 30 (B).
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Fig. 10. FT-IR spectra of powders synthesized under pure Ar and NH3/Ar mix-
ture; *Al—N bond.

is shorter in the case of the laser process. Comparing the two
powders considered in this study, the ammonia addition into the
pyrolysis atmosphere induces an increase of Al content when the
same precursor is used. A high temperature stabilization of the
Al-N bonds, by nitriding species, seems to be the more probable
assumption. Experiments are in progress to quantify this effect.

\ _
NH; + —Si—CH; —> HN—Si— + CH,
\

@)

The oxygen detected (5wt.%) certainly arises from water
adsorption on the particles surface during sampling owing to
their high specific surface area and their high nitrogen content.

This interpretation is confirmed by the powder IR spectrum
in Fig. 10, presenting a broad band centered at 3400 cm~! and
a second one (with a lower intensity) at 1630 cm~! which char-
acterize O—H bond vibrations. The two powders exhibit a band
centered on 950 cm™!, corresponding to the Si—N—Si and Si—C
bonds in a SiCN structure as seen in Section 3.2.1; a very small
one at 660 cm™! which could be assigned to the AI-N bond, in
view of references in Table 1. It would be consistent with the
elemental analyses since the Al content is twice higher in the
powder synthesized in argon/ammonia mixture. A wide band,
visible around 2180 cm_l, is detected in this batch, and accord-
ing to previous works this could correspond to the C=N bond,
which would be in agreement with the high N content in the
powders.> =33

4. Conclusions

The high intrinsic mechanical properties of Si3N4/SiC mate-
rials are often restricted by the presence of microstructural
defects, closely linked to the fabrication process (powder mix-
ing of sintering aids, shaping, etc.) and to the starting grain size
of the powders used. The improvement of these properties go
through the synthesis of pre-alloyed nanopowders with suitable
composition and thermal stability, but it necessitate hybrid pre-
cursors.

By reaction between HMDS and TMA at room temperature,
it is possible to obtain a liquid aluminosilazane, with a versatile
composition, for various Si/Al (5, 10, 15 and 30).

The combination of this new precursor and the thermal-spray
pyrolysis process led to spherical SiICNAI(O) nanopowders.
Their thermal stability appeared to be higher than that of pow-
ders synthesized by laser-driven process. Finally, the pyrolysis
carried out under Ar/NHj3; atmosphere showed that the ideal
Al content (equivalent to 3 wt.% of Al,O3 in Si3N4) could be
reached by this method. The flexibility of the process allows that
other heteroelements may be used for this SiCN-based systems.
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