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Abstract 

Powder r~[inement & one approach to reducing the 
.[i'equency q/ microstructural inhomogeneities in 
ceramic parts. Laser-induced pyrolysis of gaseous 
precursors is a reproducible and reliable process to 
Jabricate nanosized particles. In the thermal decompo- 
sition o[ Sill4 and C z H  2 by a continuous wave CO 2 
laser, the size o[ the silicon carbide particles is 
adjusted according to their residence time in the 
reaction zone. The collision and coalescence model 
provides a sati.ffacto O' agreement with experimental 
results, whereas the nucleation theory is inappropri- 
ate, due to the small dimensions of the critical nuclei. 

Durch die Verwendung yon Feinstpulvern kann die 
Defektgr6fie im Mikrogefiige keramischer Werk- 
st~ffe reduziert werden. Die mittels Laser durch- 
ge.fiihrte Pyrolyse gasfi~rmiger Verbindungen ist ein 
reproduzierbares und zuverldssiges Verfahren, um 
Pulver im Nanometerbereich herzustellen. Bei der 
thermischen Zersetzung yon Sill4 und C z H  2 mit 
einem CO x Laser ist die SiC-Teilchengr6fle nur yon 
der Atl/~,nthaltszeit in der Reaktionszone abhdngig. 
Die Versuchsergebnisse k6nnen gut mittels der 
Kollisionstheorie erkldrt werden, wdhrend ein Keim- 
bildungsmodell wegen der zu geringen Grbflen der 
kritischen Keime nicht geeignet ist. 

L'utilisation de poudres de plus en plus fines permet de 
r&tuire l'importance des dOfauts microstructuraux 
d'une cOramique. La pyrolyse de prkcurseurs gazeux 
induite par laser est un proc~dO.fiable et reproductible 
de fabrication de particules nanomOtriques. Dans la 
dOcomposition thermique de Sill4 et C z H  2 par un 

laser continu C02, le diamOtre des particules de 
carbure de silicium ne dOpend que de leur temps de 
sOjour dans la zone rkactionnelle. Le modOle des 
collisions est en bon accord avec les r~sultats exp~ri- 
mentaux, alors que la thkorie de nuclOation homogOne 
ne convient pas en raison des dimensions trop r~duites 
des noyaux critiques. 

1 Introduction 
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Vapour-phase synthesis of  silicon carbide powders, 
whether classical, ~'2 plasma -3 or laser -4'5 induced, 
most often utilizes silane-derived precursors such as 
CH3SiC13, or silane itself (Sill4) with an additional 
carbon source which may be C2H4, 4'5 C2H25 or 
CH4. 6 In experiments conducted by Haggerty et al. 
since 1977, v the laser process is based on the high 
absorption of Sill 4 at the 10"6-lira radiation of a 
continuous wave CO 2 laser. When the laser fluence 
is larger than 2.5 J cm-2,  Sill4 is decomposed into 
H 2 and a submicron silicon powder, the shaping and 
nitriding of which yield a high-quality reaction- 
bonded silicon nitr ide/ '8 In general, hydrocarbons 
containing no C H 2 ~  group undergo no transform- 
ation when they are irradiated by a CO 2 laser beam, 
but decompose when they are associated with a 
sensitizer such as Sill 4. The recent identification of 
intermediate vapour-phase species Si, C2 and SiC2, 
observed after irradiating a SiH4-C2H2 mixture 
with a continuous wave CO2 laser, 9 permits in the 
present paper the development of  a particle form- 
ation model for silicon carbide, in good agreement 
with experimental results and illustrating how 
particle size is adjusted to the reaction parameters. 
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Table 1. List of synthesis conditions 

Cell pressure 
Reactants' flow rates (cm 3 min 1) at 298 K 
and 1 atm 
Diameter of capillary inlet (mm) 
Flow rate of carrier gas (cm 3 min- 1) 
Power of unfocused laser beam (W) 
Diameter of unfocused laser beam (mm) 
BET diameter of SiC particles (nm) 
Residence time in the flame (s) 
Temperature of the flame (K) 

I atm 
SiH4:540 > qb > 120 
CzH2:300 > • > 120 
1 or2  
2 200 
620 
12 
1 5 < d < 5 0  
l < t < 1 0  
1 573 < T< 2073 

2 Experimental 

Table 2. Residence time and BET equivalent spherical diameter 
of  SiC particles for three reactants' flow rates 

Run 

1 2 3 

Si l l  4 flow rate 
(cm 3 min 1) 120 200 540 

C2H 2 flow rate 
(cm3 min 1) 67.4 110 300 

C/Si ratio 1.12 1.10 1.11 
Residence time, t (s) 8-10 × 10 - 3  2-4 × 10 -3 1 × 10 - 3  

BET diameter (nm) 51.8 30-6 15'9 

The experimental apparatus consists of a cross-flow 
reactor, where the horizontal laser beam intersects 
the gaseous reactants. 4'1°'11 Crossing of both beams 
creates a flame, the temperature of which is 
measured by optical pyrometry; an inert gas (He or 
Ar) carries the powder to a collection chamber 
containing a porous metallic filter. 

Typical values and ranges of experimental para- 
meters are listed in Table 1; residence time, flame 
temperature and particle size all increase with 
decreasing flow rates (Table 2). As-formed powders 
(Fig. l(a)) present the infrared spectrum of silicon 
carbide, and the X-ray diffraction patterns of 
crystalline fl-SiC (Fig. l(b)); their BET equivalent 

Fig. la .  T E M  photomicrograph  of  laser-synthesized SiC powder. 
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Fig. lb. X-ray diffraction pattern and IR spectrum of laser-synthesized SiC powder. 
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Fig. 2. As-measured BET equivalent spherical diameter (nm) of 
laser-synthesized SiC particles as a function of lheir residence 

time (10-3 s) in the flame. 

spherical diameter varies with the residence time in 
the flame, as illustrated in Fig. 2. 

Laser-induced pyrolysis of  Sill 4 and C z H  2 can  

result in a nearly complete reaction. For  example, 
for Sill 4 and C2H2 flow rates of  300 and 
165 cm 3. min -  1, the overall amount  of  reacted Sill 4 
and C2H 2 is in excess of 99 tool%, while the amount  
of  SiC recovered per hour is 30 g, compared to the 
theoretical value of  32"2 g. The discrepancy is due to 
losses occurring in the powder collection and to the 
formation of minor by-products identified as C2H4,  

C 3 H  6, H 2 C  C CH2, H 2 C = C H - - S i H 3 ,  
H2C CH C--CH,  H C ~ C  C ~ C H  and C6H 6. 

Two models have been considered to explain the 
vapour-phase formation of  SiC particles: classical 
nucleation, and collision-coalescence. The results 
are presented in Section 3. 

3 Results 

The completeness of the reactants'  pyrolysis and the 
experimental evidence 9 for intermediate species Si, 
C 2 and SiC 2 support the sequence: 

Sill 4 -~ Si + 2H2 

C2H 2 ---+ C 2 q- H 2 

Si + C2 -+ SiC2 

SiC 2 + Si --, 2SiC 

(1) 

(1') 

(2) 

(3) 

for which the following assumptions are made: (i) all 
species are perfect gases, (ii) the flame's volume in the 
reactor is negligible and expandable,  thus all 
reactions are at constant pressure and limited to the 
flame's volume, Off) the thermal expansion coeffi- 
cient of  Sill 4 and C z H  2 at constant pressure is 
3'6 x 10 -3K 1, independent of temperature. ~2 

3.1 Effect of temperature 
The partial pressure of  SiC and the concentrations 
of Si and SiC2 in the flame are listed in Table 3 as 
functions of temperature, for initial flow rates of  
300cm3. min i Sill4 and 165cm3. min -1 C2H 2 
(values at 1 atm and 298 K). 

3.1.1 Homogeneous nucleation model 13.14 
Considering the nucleation process as a sequence of 
additions of single molecules to the developing 
embryo, the following expression has been derived 
for the nucleation rate j..15,16 

4rcr*2 ( AG*X]~-/t 
J (m-  3 s-  1) = 7 x / ~ P C l  exp 

where AG* is the Gibbs enthalpy of  formation of a 
critical nucleus of  radius r*, c 1 =p/kT is the 
monomer  concentration and the so-called Zeldovich 
factor 7 accounts for the departure of steady-state 
from equilibrium concentration of critical nuclei 
(about 10 2 in the usual case). 

The free energy of  formation of the critical 
nucleus, AG*, is described by assigning macroscopic 
thermodynamic properties to the critical nucleus: 17 

16zoo "3 
AG* - - -  

3AG• 

where a is the surface tension and AG v is the free 
energy change per unit volume produced in the 
condensation process. In terms of the supersatur- 
ation ratio. 

where f~ is the molecular volume in the solid, and P0 
is the equilibrium vapour pressure of  the solid at the 
temperature 7". Eventually, the critical nucleus 
radius is expressed by 

20- 
F * -  

AGv 

Using TM o-= 1 .5Jm -2, f2 = 2"0696 x 10-29m 3 and 

Table 3. Evolution of SiC partial pressure (bar), Si and S i C  2 concentrations (mol m 3) with 
temperature 

T(K) 1 573'15 1 673"15 1 773.15 
p (SIC) 0"242 5 0"242 3 0"242 2 
nsl 0"927 1 0"8709 0"821 4 
nsi('2 1" 132 5 1-064 0 1-003 3 

1 873.15 l 973"15 2073'15 
0"2420 0'241 9 0"241 8 
0"777 0 0'737 3 0"701 4 
0.949 1 0'900 5 0"856 8 
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po(Pa) = 1.013 × 105 e x p ( - 4 0  184.09/T+ 12.1365) 
for solid SiC leads to the variations of  r* and J 
versus temperature, indicated on Figs 3 and 4. 

3.1.2 Collision and coalescence 
According to the kinetic theory of  gases,~ 9 the mean 
velocity C of  Si atoms in the flame and their mean 
free path 2si are expressed by 

c:/8kr 
~/ 7Cmsi 

and 

/~Si  = 

7 r ( n s i . d 2 i . ~ - l - n s i c 2 . d 2  i sic2.~1--~- msi / 
msic2/ 

in which k is the Boltzmann constant, msi, msic2, 
nsi and ns~c~ are masses and concentrations of  Si 
and SiCz in the flame respectively, and ds~ sic~ = 
~(dsi + ds~c~) = ~2"34 + 1.812) = 2.076A; values of  
ds~ and dsic~ are f rom Refs 20 and 21. 

The collision rate per silicon atom is then 
A(T) = C/L Assuming successive collisions Si-SiC2- 
Si-SiC2-Si . . . .  where each Si-SiCz collision forms 2 
SiC molecules, the mass m (kg) o f  SiC aggregate 
formed after t ime t is m = A x 6"6578 × 10 26t, 
which corresponds to the radius r(m)= (4"9407 × 
10 30 x At) l/3. 

Figure 5 shows the particle diameter as a function 
of  time in the temperature range 1573-2073 K. 

3.2 Effect of the reactants' flow rates 
The computation detailed in the previous section 
for Sill4 and C2H2 flow rates of  300 and 
165 cm 3 . min 1, has been repeated at one tempera- 
ture (1773.15 K) for the three sets of  reactants' flow 
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Fig. 3. Variation of the calculated radius of critical nuclei (A) 

with temperature (K). 
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Fig. 4. Variation of the calculated nucleation rate (m 3 s-l) 
with temperature (K). 
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rates listed in Table 2, whence by the three curves 
shown in Fig. 6. As can be seen on this figure, the 
three curves are almost superimposed and would 
start to separate from one another only at longer 
residence times in the flame. 

4 Discussion 

In the conditions of  Table 1 the laser-induced 
pyrolysis of  silane bypasses the formation ofdisilane 
and higher polysilanes which would occur at low to 
moderate temperatures or low laser f luences ,  2 2 - 2 4  
and leads directly to the formation of  silicon and H 2 
as implied by reaction (1). 25 As to  C 2 H 2 ,  its 
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Fig. 6. Variation of the calculated radius (nm) of SiC particles 
with time (10 3 s) for the three reactants" flow rates of Table 2 

(curves almost superimposed). 

decomposition by the laser beam only occurs in the 
presence of a sensitizer such as SF 6 or Sill4. The 
experimental detection 9 of  C 2 atoms supports 
reaction (1'), for which a kinetic order of 2 relative to 
C z H  2 has been found consistent with the fast SiC 
particle formation. 26 With the kinetic constant 27 
k =  2.49 x 1013exp(--(4402/T))mol 1 li tres-l ,  the 
complete thermal decomposition of  C2H 2 is shorter 
than 10 ~'s at any temperature higher than 
1573-15 K. 2~' Conversely, a kinetic order of 3, as is 
observed when C2H 2 is associated with a very dilute 
sensitizer, 2s would ensure too slow decomposition 
kinetics for the present case. 26 

The homogeneous nucleation is not thought to 
apply to the SiC particle formation. Indeed, the 
critical radii indicated in Fig. 3 corresponded to SiC 
clusters of  ten molecules or less, to which it is no 
longer valid to assign macroscopic thermodynamic  
properties. 29 Furthermore,  Fig. 4 indicates that the 
nucleation rate decreases by six orders of  magnitude 
between 1523 and 2073 K. This variation corre- 
sponds to an increase in the particle size by two 
orders of  magnitude, far in excess of  the threefold 
increase observed experimentally and mentioned in 
Table 1. 

On the other hand, the application of  the collision 
and coalescence theory is quite valid, since the 
Knudsen number  of the Si SiCz gas, Kn = 2/r, is 
always larger than 104 (and therefore > 1). Also, the 
theoretical results of  Fig. 5 are in good agreement 
with the experimental results of  Fig. 2, and one 
notices the minor influence of  temperature on the 
particle size. 

The influence of  the reactants'  flow rates on the 
particle size is even less pronounced for a constant 

C/S ratio (1.1 in this case, Table 2), as illustrated by 
the superposition of the three curves (Fig. 6). The 
flow rate is therefore not a critical parameter  of  the 
reaction. Varying the flow rates of  the reactants 
merely changes the velocity of  the reacting species, 
and thus their residence time in the flame, but the 
supporting curve r = r(t) is always the same for a 
constant C/Si ratio. In practice the velocity of the 
reacting species also depends on the diameter of  the 
capillary inlet and the cell pressure. 

Furthermore,  this model does not preclude the 
formation of SiC particles containing ~-, mixed ~//~- 
or amorphous  microdomains, as has been recently 
observed for laser-synthesized nanosized powders )  ° 
and it pertains to single crystals as well as poly- 
crystalline particles. 

It should be noticed that the direct carburization 
of Si particles into SiC within the experimental time 
frame of 1 to 10ms is only consistent with carbon 
grain boundary diffusion in SiC (Lihrmann, J. M., 
unpublished), which thus cannot  explain the obten- 
tion of SiC single crystals mentioned in Ref. 4. For  
the same reason the shrinking heart model, previ- 
ously used to describe laser-induced SiC particle 
formation, 6 is also believed to be less satisfactory 
than the collision model, all the more because it 
requires in addition questionable assumptions such 
as a constant particle volume or equal densities for Si 
and SiC. 

5 Summary and Conclusions 

The formation of  nanosized SiC powders by laser- 
induced pyrolysis of  Sill 4 and C z H  2 is satisfactorily 
modelled with the collision and coalescence theory 
assuming intermediate species Si, C 2 and SiC 2. The 
size of  the particles is only governed by the residence 
time of the reacting species in the flame, which in 
practice depends on the reactants' flow rates, the 
diameter of  the capillary inlet and the cell pressure. 
This model offers the advantage of  being applicable 
to various types of  particle crystallinity and avoids 
addressing the direct carburization of silicon. The 
latter is inconsistent with the obtention of  single 
crystal particles, whereas the nucleation theory can 
not be applied due to the too small critical radii. 
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