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Abstract 

Ultrafine amorphous Si/C/N powders are obtained 
using ultrasonic injection of a liquid precursor 
( hexamethyhtisilazane: H M D S  ) into the beam of a 
high power industrial cw-CO 2 laser. Up to 100 cm3/h 
qf liquid are displaced with a conversion el~cienc3, 
(l iquid~powder) o[ about 45%. The chemical 
composition is controlled by vao,ing the synthesis 
conditions. Nitrogen-rich powders are produced by 
adding ammonia in the reaction zone. These pre- 
ceramic powders are nanosized and monodispersed. 
The improvements due to the use o['liquid precursors 
are discussed (#I particular safeo" ). The effect o[ 
annealing under nitrogen atmosphere has been studied 
by various diagnostics (chemical anaO,sis, BET, 
XRD).  

Ultra/eine amorphe Si/C/N Pulver konnten durch 
Ultraschalleinspritzung einer fliissigen Vorstu[e 
( HexamethyMisilazane: H M D S )  in den Strahl eines 
industriellen Hochleistungs-CO z-Lasers erzeugt wer- 
den. Der Durchsatz betrug 100 cm3/h einer kerami- 
schen Ausbeute ( H M D S ~ P u l v e r )  yon ca. 45%. 
Dahei kann ~#e chemische Zusammensetzung des 
Pulvers durch Verdnderung der Synthesebedingungen 
kontrollicrt werden. Stickstoffreichere Pulver konnten 
durch Zu[i4hr yon Ammoniak in den Reaktionsbereich 
gewonnen werden. Diese nanometrischen prd- 
keramischen Pulver weisen sehr enge Korngrdflen- 
verteilungen au/i Die Verbesserungen aufgrund der 
Verwendung eines fliissigen Vorproduktes werden 

diskutiert insbesondere die Sicherheit des Verfahrens. 
Der Effekt des At(17wizens unter Stickstoffatmosphdre 
ist mit verschiedenen Diagnoseverjahren (chemische 
AnaO'se, BET, XRD)  untersucht worden. 

Des poudres ultrqfines, amorphes de composition 
Si/C/N ont OtO obtenues par injection ultrasonique 
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d'un pr~curseur liquide ( hexamOthyldisilazane: 
H M D S )  dans le Jaisceau d'un laser industriel C02 
continu de forte intensitO. On peut dOplacer it l'bchelle 
du laboratoire jusqu'd 100 cm3/h de liquide avec un 
taux de conversion (liquide~poudre ) de l'ordre de 
45%. La composition chimique des poudres est 
controlOe en faisant varier les conditions de synth~se. 
Des poudres riches en azote sont obtenues en ajoutant 
de I'ammoniac clans la zone de rbaction. Ces poudres 
prb-cc;ramiques sont de taille nanomOtrique et mono- 
disperses. Les progrOs dus it l'emploi de prOcurseurs 
liquides sont discutOs (en particulier la sOcuritO). 
L'qffet du recuit sous atmosphOre d'azote a ~t~ btudi~ 
par d(ff~;rents types de diagnostic (analyse chimique, 
BET, RX, IR). 

1 Introduction 

Materials with novel properties are obtained when 
the constituent phase morphology is reduced to 
nanometer dimensions.1 A significant improvement 
in thermomechanical properties can be achieved by 
the use of homogeneous nanophase powders for 
various compositional systems (for example, 
Si/C/N). The growing interest in Si/C/N nanocom- 
posite ceramics is also explained by their large range 
of properties from superplastic 2 to a high strength 
and toughness, depending on the composition. The 
performances of the final products are strongly 
affected by the properties of the original powders, 
therefore the synthesis of the pre-ceramic powders 
must be carefully controlled. 

Silicon carbonitride ceramics or Si/C/N pre- 
ceramic powders can be synthesized by various 
processes: some examples are now given. Almost ten 
years ago, mixtures of Si3N 4, SiC and C were 
produced from the pyrolysis of pre-ceramic 
polyorganosilazanes. 3 Si3N 4 + SiC mixed powders 
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have also been synthesized in a plasma system. 4 Fine 
amorphous Si/C/N powders have been obtained 
from vapour  phase reaction of  organosilicon 
compounds?  Nanostructured Si/C/N powders have 
been obtained by injection of a precursor aerosol 
into a hot wall reactor. 6 Compared to these 
methods, the laser-induced synthesis offers several 
advantages. Due to the coherent beam, the chemical 
reaction zone is very well defined and there is no 
possibility of chemical interaction with the walls. 
The ability of this method to produce spherical, 
ultrafine and high purity ceramic powders with a 
controlled size and chemical composition v has 
already been demonstrated. Powders containing 
silicon, nitrogen and carbon have already been 
obtained from the interaction of a CO2 laser with 
different mixtures, usually silane (S iHj  and nitrogen 
organic compounds. 8-1° However, silane is an 
expensive and hazardous gas. In order to scale up the 
process with increased safety, nitrogeneous organo- 
silicon compounds are preferred. 11 

This paper reports on the synthesis of Si/C/N pre- 
ceramic powders, using as precursor a mixture of an 
aerosol of hexamethyldisilazane (HMDS) and 
ammonia (NH3). Among the different experimental 
parameters (irradiation geometry, laser power, 
pressure, etc.), the influence of reactant composition 
and residence time on the final product has been 
studied. The aim is to control the chemical compo- 
sition of the products through the choice of 
experimental conditions. The results of annealing 
experiments are also presented. The evolution of the 
structure and the crystallization is studied as a 
function of temperature. 

2 Experimental 

infrared spectrum of HMDS has a strong absorp- 
tion band in the region of the emission wavelength of 
the CO2 laser at 10.6pm. ~3 The strong interaction 
between the laser beam and the precursor droplets 
results in the rapid formation of pre-ceramic 
powders. The irradiation cell operates under a 
regulated pressure of 760 torr very similar to those 
previously described, s The powders are collected in a 
glass chamber equipped with a cylindrical metallic 
filter heated at about 120°C. After collection, the 
powders are preserved in a glove box. The pellets used 
in annealing experiments are made and manipulated 
in air without any special care. Heating treatments 
under flowing N 2 a r e  performed at atmospheric 
pressure in a high-temperature graphite furnace (GE 
80 model from Pyrox) at various temperatures 
between 1000 and 1600°C. A heating rate of 670°C/h 
and a dwell time of 1 h at the set temperature are 
used. 

The products (as-formed and annealed) are 
characterized by different methods: 

- -Conventional  chemical analysis conducted by 
the CNRS analysis laboratory. 

- - I R  spectroscopy using the KBr pellet technique. 
- -Transmission electronic microscopy (TEM, 

CM 20 Philips, 200 keV). 
Thermogravimetric analysis (TGA) performed 
by CEA or by Elf-Atochem. 

- -Ni t rogen  absorpt ion-desorpt ion (Brunauer, 
Emmet, Teller method). BET surface areas are 
measured using a Micromeritics Flowsorb- 
2300. 

- -The  evolution of the structure is followed by X- 
ray diffraction. X-Ray diffraction diagrams are 
obtained using Cu-K~ radiation. 

The experimental device is described elsewhere. 11 
The salient features related to the present experi- 
ment are now briefly listed. The liquid precursor 
hexamethyldisilazane (HMDS, ((CH3)3Si)2NH) is 
manipulated without any special care. Before an 
experiment, it is placed in a special glass jar 
containing a piezoelectric transducer (Pyrosol 7901 
type from RBI) with bubbling argon. After a few 
minutes under flowing argon, an intense beam of 
ultrasound is focused near the free surface of the liquid, 
generating a fountain which leads to an aerosol. The 
aerosol droplets are carried out by a flow of argon 
via a glass tube of variable inner diameter which 
serves as an inlet into the beam of a high powered 
CO2 laser (CI 1000 from CILAS). The unfocused 
laser beam (maximum power = 1 kW) is expanded 
( x 2); the beam diameter is then 25 mm. The powders 
presented here are obtained with a constant laser 
power: 600W (120W/cm 2 power density). The 

3 Results and Discussion 

3.1 Synthesis 
Table 1 presents the main experimental parameters 
of the synthesis and the production results. The 
mean conversion efficiency liquid --, powder is about 
40%, substantially lower than the 70% obtained by 
Gonsalves et  al. 11 In the present authors' earliest 
experiments, the powder production rate was quite 
slow (8-7 g/h in HMDS 02, Table 1). Due to better 
irradiation conditions, the powder production rate 
is now most often in the range 25 to 38 g/h, a third of 
the production rate (100g/h) previously claimed 11 
though the time of operation is not known. The Si 
content in the precursor used by Gonsalves et al. ~ ~ is 
47wt% compared to 35wt% in HMDS, which 
partially explains the lower production rate ob- 
tained in the present experiment. The present 
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Run 

Table 1. Experimental parameters and production results 

A r flow NH 3 flow Nozzle Powder 
(cm3/m#l) (em3/min) diameter weight 

(mm) (g/h) 

Conversion 
rate (%) 

H M D S  22 1 900 0 9 22 34 
H M D S  25 2 060 0 9 28 46 
H M D S  26 2 120 0 9 32 45 
H M D S  27 2 185 0 13 27 39 
H M D S  28 2 640 0 13 38 46 
H M D S  29 2 660 275 13 30 38 
H M D S  3l 2080 725 13 28 47 
H M D S  32 2 660 140 13 28 43 
H M D S  35 2 350 1 000 13 21 32 
H M D S  02 710 520 9 8"7 - 
H M D S  06 ! 200 620 9 14"8 - -  

experiment is stable for more than one hour and the 
resultant quantity of powder is then sufficient to 
perform annealing experiments. The maximum 
amount of powder was obtained for HMDS 26-- 
44 g in 82 min. 

At a temperature of about 115°C, the vapour 
pressure of HMDS is sufficient to introduce HMDS 
into the reactor in the vapor phase. 13 In such a 
configuration, the conversion efficiency is higher but 
the weight of displaced liquid is lower than in the 
previous case and the maximum powder production 
rate is much lower--a few g/h. 

3.2 Powder characterization 
Table 2 shows that the BET specific surface area 
depends on the residence time of the reactants in the 
interaction zone for the powders obtained from pure 
HMDS (HMDS 22 to 28). The measured surface 
area increases with the linear speed of the reactants 
passing in the interaction zone. There is no such clear 
relation with NH 3 (HMDS 02, 06, 29-35). This is 
related to turbulence appearing in the flame when 
NH 3 is added to the reaction. 

Chemical analysis shows that the O content is less 
than 10 wt% for powders preserved in a glove box 
under an argon atmosphere but later on manip- 
ulated in air without any special care, which is low 

compared to other works9--18-26wt%. Clearly, 
this difference is due to the lower power laser (50 W) 
used by these authors. 9 Nevertheless, the sample 
HMDS 06, which was stored in air for more than one 
year, shows the high sensitivity of these powders 
towards oxidation. The Si content remains stable in 
the amorphous powders ( ~ 48 wt%), through a large 
variety of experimental conditions. The silicon yield 
(liquid ~powder)  is then calculated to be around 
60% in all the experiments presented here. It can also 
be interesting to follow the evolution of C and N 
contained in the powders as a function of experi- 
mental conditions. Table 2 shows that quite different 
C/N values may be obtained by the present synthesis 
method (0.2 < C/N < 2.5). The C/N ratio in the solid 
phase and in the precursor mixture are closely 
related, as seen in Fig. l(a). Figure l(b) shows that the 
wt% of C in the powder varies almost linearly with 
the wt% of C in the reactant phase (30% < C .... rant < 
50%). These observations show that the control of 
the chemical composition of the product can be 
easily achieved through manipulation of the pre- 
cursor mixture. 

The powders produced are always amorphous 
and often nanodispersed, as indicated by TEM 
micrographs. For example, in the case of HMDS 22 
(Fig. 2), the mean diameter is 40nm and the size 

Table 2. Characterization of  pre-ceramic powders 

Run Linear $8e7. C/N C N Si 0 
veloci O' (m2/g) ratio (wt%) 0~'t%) (wt%) (wt%) 

ira~s) 

H M D S  22 0-50 139 22 28 13 49 9 
H M D S  25 0-54 116 29 
H M D S  26 0-56 132 29 
H M D S  27 0-27 82 
H M D S  28 0-33 88 2'5 30 12 50 6 
H M D S  29 0"33 167 1'4 24 17 48 8 
H M D S  31 0"26 116 0'8 19 23 48 6 
H M D S  32 0-33 95 1'4 25 18 48 7 
H M D S  35 0.42 144 0.2 7 33 47 10 
H M D S  02 0"32 101 0"2 6 31 48 8 
H M D S  06 0"48 136 0-3 7 22 48 18 
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Fig. 1. (a) Evolution of  C/N content in the powders as a 
function of  C/N content in the reactants• (b) Evolution of  C 
content in the powders as a function of  C content in the 
reactants. The dotted line (Cpowde, = 0"6 × C ... .  ta,t) has been 

added as a guide for the eyes• 

distribution is rather narrow: 70% of the particles 
have a diameter between 36 and 48 nm. For HMDS 
31, a bimodal distribution is observed (Fig. 2). 

IR analysis of HMDS 22 to 28 shows unam- 
biguously the presence of N-H,  Si-H, C-H, and 
Si-CH 3 bonds• A broad band between 1100 and 
800cm- 1 is usually attributed to Si-C, Si-O and 
N-H. The spectrum is very similar to that presented 
in Ref. 11. The relative intensity of the peaks shows 
that HMDS 22 is more hydrogenated than HMDS 
25-28. For powders obtained by adding NH 3 

25, I HMDS22 

20. 

15' Q)  

Q. 
10. 

5. 

12 

10 

8 

~ 6 

4 

0 10 20 30 40 50 60 70 80 90 

mean diameter (rim) 

(a) 

O 
O 10 20 30 40 50 60 70 80 90 

mean diameter (rim) 

(b) 
Fig. 2. Size distribution of  samples (a) H M D S  22 and (b) 

H M D S  31. 

(HMDS 02, 06, 29-35) in the precursor mixture, i.e. 
N-rich powders, the IR spectrum shows a new peak 
( ~ 4 6 0 c m -  1) attributed to Si-N. 

3.3 Annea l ing  exper iments  
TGA under argon or nitrogen atmosphere coupled 
with mass spectrometry analysis (TG-MS) is presen- 
ted elsewhere. 12 Under Ar or N2 atmosphere the 
weight loss around 1000°C is correlated to CH 4 
release• The experiment under argon atmosphere 
shows that above 1400°C, the weight loss is 
correlated to N 2 release. 

Figures 3 and 4 present the evolution of the weight 
loss and the BET surface as a function of the 
temperature for powders with different C/N compo- 
sition (0"2 < C/N < 2"5). 'Carbon-rich'  powders 
(HMDS 22, 28), 'nitrogen-rich' powders (HMDS 35, 
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function of annealing temperature. 

06) and an 'intermediate' powder (HMDS 31) have 
been studied. Several points can be noted: 

- - F o r  all these powders, crystallization occurs 
between 1400°C and 1500°C. 

- -After  heat treatment at 1000°C, the IR spectra 
no longer shows hydrogenated structures such 
as Si H, Si-CH 3. This is in good agreement 
with the TG- MS results, which show the release 
of CH 4 at this temperature. 

The detailed results, particular to each powder, are 
discussed in the following sections. 

3.3.1 Carbon-rich powders 
TGA under N 2 atmosphere shows a weight loss of 
8% and 2% at 1000°C for HMDS 22 and 28 
respectively. This is consistent with the IR analysis 
which shows that HMDS 22 is the most hydrogen- 
ated powder. The weight loss is quite small, 
compared to previous work (10%). 11 The ceramic 
yield (liquid --+ powder) after heating at 1000°C is 
then in the range 31-45%. The weight loss of the 
HMDS 22 pellet after heat treatment at 1000°C for 
one hour under N 2 atmosphere is 8%, which is 
consistent with TGA. 

Figures 3 and 4 present the weight loss and the 
BET surface of HMDS 28 as a function of 
temperature. The evolution of HMDS 22 is quite 
similar and is thus not reported on these figures. Up 
to 1000°C, the BET specific surface decreases (Fig. 
4). TEM micrographs show an aggregation of the 
particles which also show a slight increase in the size. 

Between 1000 and 1400°C, the weight of the 
pellets decreases gently and the BET measurement 
is quite stable, which indicates that no important 
chemical or physical changes are taking place in this 
temperature range. 

At 1500°C, a large IR band centred at 890cm- 1 
indicates the presence of the SiC bond, whereas no 
bands assignable to the oxidized phase are detected. 
In addition, a broad band in the XRD diagram 
demonstrates the beginning of crystallization. The 
weight loss becomes much higher, while the BET 
surface suddenly increases (Figs 3 and 4). TEM 
micrographs show the presence of few crystallized 

1000  

800 

600 
c/) 

400 

200 

• Total mass 
• S i + C + N + O  
• Si 

• C 

• N 

+ O 

I | 

• A • • 

. , ' / ,  
o 501000 

+ 
+ 

*. T 
I o 14oo 1600 

Tempera tu re  (°C) 

Fig. 5. Evolution of the chemical composition of pellets 
(HMDS 22) as a function of annealing temperature. 



290 Nathalie Herlin, Michel Luce, Emmanuel Musset, Michel Cauchetier 

particles but there is no significant evolution of the 
size. This change in the BET surface may be related 
to an increase of the porosity. 

At 1600°C, the BET surface decreases, indicating 
the growth of particles as usually observed with 
increasing temperature. This grain growth is con- 
firmed by the TEM micrograph which shows only 
crystallized particles. A XRD diagram shows the 
presence of fl-SiC together with a-SiC. 

Figure 5 shows the evolution of the weight per 
chemical element (Si, C, N, O) as a function of 
annealing temperature, supposing a pellet with an 
initial weight of 1000 mg. These measurements are 
consistent with the observations obtained by other 
methods: 

--After heat treatment, no more CH bonds can be 
identified in the IR spectra. With increasing 
temperature, the sum Si + C + N + O becomes 
closer and closer to the total mass of the pellet. 
This confirms the significant hydrogenation of 
the as-formed powders and the subsequent 
dehydrogenation of the powders with heating 
treatments. 

- -The powder obtained after heat treatment at 
100ff~C is more oxidized than the as-formed 
powder. This can be explained by the release of 
hydrogenated products during the heat treat- 
ment, leaving dangling bonds which are sus- 
ceptible to oxidation when exposed to air. 

- -F rom 1000 to 1400°C, the weight of N in the 
powder increases. The IR spectrum shows a 
small peak at 460cm-1 characteristic of the 
Si-N bond. At these temperatures, flowing N 2 
introduced in the furnace can decompose, 
producing atomic N. This can then be in- 
corporated into the structure of the powders in 
the position of dangling bonds which remain 
following dehydrogenation. 

- -The weight loss after 1400°C, with release of N2, 
corresponds to a rapid decrease of N in the 
pellet. Thermodynamic calculations 14 show 
that at a nitrogen pressure of 0.1 MPa (at- 
mospheric pressure) and at 1440°C, the follow- 
ing reaction can occur: 

Si3N4(s ) + C(s) ~ 3SiC(s) + 2N2(g ) (1) 

From the chemical composition presented in 
Table 2, one obtains for HMDS 22 the formula 
SiC1.28No.54Oo.34, which corresponds to a 
structure containing free C. The experimental 
observations already described in this section 
are then in good agreement with reaction (1). 

- -A t  1600°C, the chemical composition of the 
pellet is close to SiC, coherent with the XRD 
diagram of the crystallized particles. 

- -One can also see from chemical analysis (Fig. 5) 
that no Si is lost during annealing. 

- -The loss of C begins at 1000°C, in agreement 
with TG-MS, whereas increasing the tempera- 
ture increases only very weakly the loss of C. 

3.3.2 Nitrogen-rich powders 
For the samples HMDS 06 and 35 the weight loss 
(Fig. 3) is always greater than that observed for 
carbon-rich powders, as already reported, lz After 
1400°C, the weight loss suddenly increases. The BET 

(a) 

(b) 

Fig. 6. TEN[ micrographs of HMDS 31 after annealing under 
nitrogen atmosphere at (a) 1400°C and (b) 1600°C. 
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surface (Fig. 4) decreases continuously from 1000 to 
1600°C, with again a sudden change in the slope at 
1400°C. TEM micrographs show a slight evolution 
in the size of the particles up to 1400°C; the particles 
become more and more agglomerated. At 1500°C, 
XRD diagrams show a beginning of crystallization. 
Crystallized and amorphous particles are present on 
TEM micrographs. At 1600°C, one observes cry- 
stallized particles with an increasing mean size and 
XRD diagrams show the ~-Si3N 4 structure. 

3.3.3 hTtermediate powder 
The weight loss of HMDS 31 is quite comparable to 
the one of a C-rich powder (Fig. 3). The BET surface 
(Fig. 4) decreases continuously from 1000 to 1600°C, 
which seems more comparable to the N-rich powder, 
but the growth of particles is more limited. Figure 6 
presents the morphology of the powders at 1400 and 
1600"C. One can see that the bimodal distribution is 
still present at 1400°C. Amorphous and crystallized 
particles are both present after a one-hour treatment 
at 1600 C. The XRD diagram shows in this case a 
mixture of SiC and Si3N 4. 

Further studies are necessary to achieve a more 
complete understanding of the phenomena occur- 
ring in these powders, in particular in the range 
1300-1500 C (beginning of crystallization). The 
annealing experiments will be completed using 
longer dwell duration. New characterization 
methods, in particular methods sensitive to the local 
structure, such as MAS NMR, will be employed. 

4 Conclusion 

A success in obtaining substantial amounts  (at 
laboratory scale) of pre-ceramic nanophase powders 
using a safe and relatively low-cost liquid precursor 
has been reported. The powders are obtained with 
variable C content (in the range 7-30 wt%) and size. 
Unfortunately, the process is limited to low viscosity 
liquids. To scale up the process, the next step is to 
modify the experimental set up in order to use more 
viscous precursors which are easily produced at low 
cost such as polysilazane compounds.  

First results about annealing experiments on a 
C-rich powder have been presented. Also, other 
samples with different C contents will be studied in 
order to understand the relations between compo- 
sition of the pre-ceramic powder, annealing at- 
mosphere and composition of the final product. The 
ability of these powders for processing into bulk 
materials, i.e. the ability to sinter, will be tested. 
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