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Carbothermal Synthesis of Silicon Nitride: 

Effect of Reaction Conditions 

Simon J. P. Durham,*** Kartik Shanker,* and Robin A. L. Drew* 
Department of Metallurgical Engineering, McGill University, Montreal, Canada H3A 2A7 

Conditions for carbothermal synthesis of a-Si3N4 are pre- 
sented with special emphasis on the reaction temperature, 
C: SiOz ratio, and precursor mixing. With pure precursors, 
the conversion temperature is 1500" to 1550°C. An excess of 
C is necessary for complete conversion, and a simple sol-gel- 
mixing technique provides excellent intermixing of the pre- 
cursors. Copious flow of Nz gas throughout the reactor bed 
is essential if pure Si3N4 is to be produced; small concentra- 
tions of CO and Oz promote Sic and Si2Nz0, respectively. 
[Key words: silicon nitride, carbothermal reduction, synthe- 
sis, temperature, mixing.] 

I. Introduction 

HE increasing interest in silicon nitride (Si3N4) ceramics T has lead to a demand for high-quality, low-cost powders. 
Unfortunately, high-quality, commercially available powders 
are very expensive, whereas lower-cost powders are of rela- 
tively poor quality.' A variety of synthesis techniques are 
being used and investigated, including direct nitridation? 
imide pro~essing;~ vapor, laser, and plasma synthe~is:~ and 
carbothermal r ed~c t ion .~ -~  Among these methods, the carbo- 
thermal reduction process promises to produce high-quality 
powders at low cost. This is due to the availability of inexpen- 
sive, high-quality SiOz and C raw materials. 

The overall reaction which occurs during carbothermal re- 
duction to Si3N4 is 

(1) 
This reaction is believed to proceed via a two step p roce~s :~ -~  

3Si02(s) + 6C(s) + 2N2(g) + Si3N4(s) + 6CO(g) 

SiOZ(s) + C(s) -+ SiO(g) + CO(g) (2) 
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and 

and/or 

3SiO(g) + 3CO(g) + 2N&) + Si3N4(s) + 3Coz(g) 

The C 0 2  formed may be subsequently reduced to CO by any 
excess C. 

The reaction sequences indicated are the most commonly 
acknowledged, but their acceptance is by no means univer- 
~al."- '~ Barnitskaya et uf.13 suggest that pure Si3N4 can only 
be formed if small additions of Fe are made to the raw ma- 
terials, whereas Siddiqi and HendryI4 show that Fe promotes 
Sic formation over Si3N4. 

Considerable disagreement exists in the literature over the 
reaction temperature range, with published values ranging 
from 1350" to 1550"C.6-8*'4-'8 At higher temperatures, p-Sic is 
invariably found as the product. The difficulty in comparing 
results from different studies is compounded by the extreme 
sensitivity of the "optimum" temperature to the presence of 
impurities or additives, such as Fe and alkali elements. In 
general, all such impurities tend to lower the temperature 
range in which Si3N4 forms. 

These discrepancies in the published literature lead to the 
present work. The objectives of this study are, therefore, to 
investigate the conditions for the carbothermal synthesis of 
Si3N4 with special emphasis on the reaction temperature, 
C : SiOz ratio, and the degree of intermixing of the raw ma- 
terials (Si02 and C). 

(4) 

11. Experimental Procedure 

High-purity carbon blacks and fumed silicas were used as 
the raw materials; their physical and chemical characteristics 
are listed in Table I. Weight losses due to volatiles were deter- 
mined by heating them under the same conditions used for 
carbothermal reduction, outlined below. 

The mixing of the Si02 and C powders was accomplished 
by either dry mixing or a sol-gel route. The former was con- 

Table I. Precursor Powder Characteristics* 
Surface Impurity Actual 

area content Major Volatility weight loss 
Grade (m*/g) ( P P 4  impurity (%) (%) 

EH-5 380 38 Fe, Al, Na 2.5 5.1 
M-5 200 38 (<5 ppm each) 2.0 4.2 
LM130 130 38 1.0 3.9 

M1300 500 58 CN, Ni, Cr 9.5 17.7 
MlOOO 343 38 (< lo  ppm each) 9.5 
M880 220 15 1.5 0.7 
M800 210 9 1.5 5.2 

Silica 

Carbon 

*Manufacturer's specifications (Cabot Corp., Boyertown, PA), except for the actual weight losses, which 
were measured after heating at 1500°C in Nz. 
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ducted in a dry plastic wash-bottle with 10-mm alumina media 
using vigorous agitation for 10 to 15 min. Precursors were 
blended for 15 min in a laboratory blender with isopropyl al- 
cohol (reagent grade). The ratio of SiOz to isopropyl alcohol 
was kept constant at 15 g/500 mL so that the sol did not be- 
come too viscous. After blending, the sol was dried until a 
friable gel remained. The course granules of the gel were then 
ground to a loose powder, using either a pestle and mortar or 
a blender (the latter for a few seconds). The two resulting 
powders were quite different from each other: the blended 
powder was much finer and free flowing compared with the 
hand-ground powder. The latter had soft agglomerated lumps 
due to the compacting nature of grinding with a pestle and 
mortar and, therefore, had the greater tap density of the two. 

All nitriding experiments were conducted in an inert- 
atmosphere, vertical-tube furnace, the inner diameter being 
63.5 mm, with a hot zone of 100 mrn.l9 The gas used was high- 
purity Nz gas which was maintained at a constant linear flow 

rate of 31 cm/min. The NZ gas was also purged of 0 2  gas prior 
to nitriding, by passing the gas through a Ti sponge getter at 
a temperature of 800°C. To prevent the back diffusion of air 
from the gas outlet into the furnace, the exhaust gas exited 
through a gas bubbler filled with rotary-vacuum-pump oil. 
The furnace was maintained at atmospheric pressure. 

To eliminate O2 from the system before nitriding, the fur- 
nace was flushed three times with N1 using a rotary vacuum 
pump. Once the flushing was complete, the crucible contain- 
ing the reactants was slowly raised over a period of 20 min 
into the hot zone of the furnace. 

The crucibles were made of either high-purity alumina' or 
graphite.* The base of the graphite crucible was perforated 
with holes (-3 mm in diameter), which allowed the gas to 
flow freely through the reactants. The precursor materials 

'Coors, Golden, CO. 
'Grade 3455, Speer, Montreal, Canada 

(c) (d) 
Fig. 1. SEM micrographs of powder morphology as a function of reaction temperature: (a) 1350", (b) 1500", (c) 1550", and (d) 1600°C. 
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were prevented from falling out of the crucible by a thin layer 
of graphite felt over the base. 

The reacted material was finally heated in air at 800°C for 
1 to 2 h until all the C was volatilized as gaseous CO or C02 .  
The product was analyzed by X-ray diffraction to determine 
the phases present as well as their amounts. Integrated peak 
areas were used to determine the relative amounts, using 
standard procedures.20 The peak areas were manually inte- 
grated using an image analyzer.$ Analysis was straightforward 
since a maximum of only two crystalline phases was observed 
at any time; low-reaction-temperature products had an amor- 
phous Si02 peak as well. The area of large, sharp peaks could 
be accurately determined (+1%), whereas greater uncertainty 
was associated with amorphous and small peaks (?lo%). 
These uncertainties, however, do not affect the conclusions 
of this study. 

111. Results and Discussion 

(1) Reaction Temperature 
The reaction products formed were very sensitive to the 

reaction temperature." The effect of the reaction temperature 
was investigated using a sol-gel-derived precursor with a 
C:Si02 molar ratio of 7:l .  The reaction was conducted for 
5 h at temperature with the precursor placed in a graphite 
crucible. The effect of precursor preparation, C:  SiO2 ratio, 
and crucible type are described later. A reaction time of 5 h 
was selected since preliminary investigations indicated that 
the reaction was completed in 5 4  h. At reaction temperatures 
of <1500"C, only partial conversion to a-Si3N4 occurred, the 
remainder being unconverted SiOz and/or Si2N20. For exam- 
ple, at 1450°C, only 20 wt% a-SisNd was produced. Complete 
conversion occurred over the narrow temperature range of 
1500" to 1550°C; at higher temperatures, p-Sic was produced. 
At 1600"C, 79 wt% @Sic was formed. 

The morphology of the reaction products is also influenced 
by the reaction temperature (Figs. l(a) to (d)). At low tem- 
peratures (<1500"C), unreacted SiOz is present throughout. 
At 1500" to 1550"C, discrete particles of a-Si3N4 are observed 
with a mean particle size of -2.5 to 3 pm. At higher tem- 
peratures, the structure becomes less uniform and is associ- 
ated with @-Sic formation. The raw materials used in this 
study were very pure, and free of Fe and alkalis. Thus, the 
range of 1500" to 1550°C represents the highest range over 
which a-Si3N4 can be formed by carbothermal reduction; 
higher temperatures promote p-Sic formation. Impurities, in- 
dividually and synergistically, would reduce the range to 
lower temperatures. The presence of impurities is likely to be 
one possible reason for the lower temperature ranges reported 
in the l i t e r a t~ re .6 -~"~"~-~~  Unfortunately, these impurities tend 
to be retained in the final product, with undesirable conse- 
quences with respect to the high-temperature mechanical 
properties of Si3N4 ceramics. 

Another reason for a shift in the formation temperature 
may be due to the composition of the gas. Our studies" indi- 
cate that small amounts of O2 and CO can significantly affect 
the solid products formed, as illustrated in Fig. 2. This pre- 
dominance diagram was generated by calculating the 0 2  and 
CO partial-pressure regions over which the different solid 
phases are stable. The data in Fig. 2 were calculated for a 
reaction temperature of 1500°C and a constant N2 pressure of 
0.98 x 105 Pa. It shows that, at 0 2  partial pressures in excess 
of 7.2 x lo-'' Pa, Si2N20 is the stable equilibrium phase. 
Similarly, at CO partial pressures above -3.5 Pa, p-Sic is the 
stable phase. High CO partial pressures have also been re- 
ported to promote p-Sic formation during the carbothermal 
reduction of kaolinite to p'-sialon?' The partial pressure of 
O2 can easily be maintained below this critical value by get- 

'Model IBAS, Zeiss, Thornwood, NY. 

SlOZ 

Fig. 2. Predominance 
lated for 1500°C. 

(Pa) 

diagram for the 
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Si-0-N-C system calcu- 

tering the N2 gas over a heated Ti sponge. Control of CO is 
more difficult, since it is a reaction product. However, its 
level can be kept low only by having a copious flow of Nz 
throughout the reactor bed. Localized low-flow regions must 
not be allowed to occur if p-Sic formation is to be avoided. 
(2) C : SiOz Ratio 

According to Eq. (l), the stoichiometric molar ratio of 
C : SiOz is 2 : 1. In practice, the amount of C required is gener- 
ally greater than this. The influence of the C:SiOz ratio on 
the extent of the a-Si3N4 formation is demonstrated in Fig. 3. 
The reaction was conducted using a sol-gel-derived precursor 
at 1500°C for 5 h in N2 gas flowing at a linear rate of 
31 cmjmin. 

The data obtained using the graphite crucible show that a 
C:Si02 ratio in excess of 4 : l  is required before full con- 
version occurs. It is not unexpected that excess C is required. 
If the carbothermal process follows the two-stage reaction 
route (Eqs. (2) to (4)), then physical contact between C and 
SiOz is essential for SiO-gas formation. Full conversion using 
a stoichiometric ratio of SOz :  C (1 : 2)  can occur only if there 
is perfect contact between C and Si02 particles (an unlikely 

0 2 4 6 8 1 0 1 2  

Carbon Silica Ratio 

Effect of C: SiOz molar ratio on the extent of conversion at Fig. 3. 
1500°C. 
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situation). The other step in the conversion of SiOz to Si3N4 
can be via gas-solid and/or gas-gas reactions, Eqs. (3a) and 
(4), respectively. In the absence of seeding, Si3N4 will first 
form on a C site via a gas-solid reaction. Subsequently, the 
gas-gas reaction may also O C C U T . ' ~ , * ~ , ~ ~  The presence of excess 
C can aid both processes by acting as a site for Si3N4 forma- 
tion, and by reducing the COz formed (in Eq. (4)) to  CO. This 
C O  can then promote Eq. (4). Hence, a small excess of C may 
be beneficial to the carbothermal synthesis process. Note that 
the excess C must be kept to a minimum to minimize the 
time-temperature cycle needed for decarburization. Ex- 
tended exposure to the decarburization temperature can re- 
sult in the final powder having a h igh-02  content. The  
amount of excess C required for full conversion depends on 
the extent of intermixing. Better intermixing would require a 
smaller excess than poorly mixed raw materials. Also, higher- 
surface-area particles should also permit better intermixing. 
These two aspects are dealt with in more detail later. 

The  amount of C affects the morphology as well (Figs. 4(a) 
to (d)). At low C contents, unreacted SiOz remains, whereas, 
at C: S i02  values in excess of 7 : 1, discrete particles form, that, 
in some instances, appear hexagonal in shape. The shape and 
size of these Si3N4 particles are not significantly affected 
by the amount of excess C. They are, however, sensitive to  
precursor preparation methods and by the  presence of 
seed  crystal^.'^^'^,^^ 

Note that the alumina crucible did not contain holes in its 
base. Therefore, N2 gas flowed around and over but not 
through the crucible. The  use of such a crucible is likely 
to have two consequences. First, the concentration of the 
gaseous reaction products will be significantly larger within 
the crucible. This would tend to alter the equilibrium condi- 
tions for Eqs. (1) to (4), thereby hindering the conversion 
process. This can be determined by measuring the weight loss 
in both crucibles as a function of C:SiOz ratio. It is assumed 
that the SiOz weight loss (as SiO gas) would increase with the 

(4 (d) 
Fig. 4. SEM micrographs of powder morphology as  a function of C:SiO2 ratio (sol-gel powder, 1500°C reaction temperature, graphite 
crucible): (a) 2:1, (b) 4:1, (c) 7:1, and (d) lo:]. 
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rate of SiO formation, a reasonable assumption. Figure 5 
shows that, for the alumina crucible, the weight loss increases 
to a maximum of -20% at 4 : l  before slowly decreasing to 
-10% at 1 O : l .  In comparison, the loss from a graphite 
crucible is -34% at 2 : l  before falling more rapidly to -10% 
at 2 7 : l .  These weight losses were determined after subtract- 
ing the losses associated with volatiles and that due to CO 
production by the reactions. 

The ability of NZ gas to flow through the graphite crucible 
allows rapid removal of the product gases, such as CO. 
Hence, the reaction (Eq. (2)) does not slow down and the 
weight loss at C:Si02 of 2 : l  is higher than that from the 
alumina crucible, where the gaseous product concentrations 
would have increased sufficiently to slow down the reaction. 
At higher C:SiOz ratios, the weight loss from the graphite 
crucible reaches its lowest level of 10% much faster. This is a 
consequence of the faster formation of Si3N4 because of the 
abundance of N2 gas in the reactor bed. 

The influence of the crucible on the final products, by 
affecting the local gas composition, is also shown by the for- 
mation of minor phases. With the graphite crucible, no sec- 
ondary phases are observed under optimum conditions. With 
the alumina crucible, traces of &Sic and Si2NZ0 are fre- 
quently found. An increase in the partial pressure of CO 
would account for p-Sic formation instead of Si3N4. In addi- 
tion, increased Oz and SiO partial pressures would promote 
Si2N20 formation. The presence of only small amounts of 
Sic and SizN20 suggest that there are localized regions in the 
reactor bed with high partial pressures of CO and/or 02/SiO. 
Since Nz gas is able to flow through the perforated graphite 
crucible, such localized regions are less likely to occur unless 
the reactor bed is relatively impervious to gas flow. 

The use of an alumina crucible can also result in a high 
partial pressure of 0 2  via 

AlzO3(s) += AlzOz(g) + $Oz(g) (5 )  

The partial pressure of 0 2  generated by this reaction 
(-lo-” Pa) is significantly higher than that required to form 
Si2Nz0 at 1500°C. The presence of gaseous aluminum subox- 
ides has also been suggested elsewhere.23 Thus, the use of an 
alumina crucible is undesirable if Si3N4 is the reaction 
product sought. 
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Fig. 5. 
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SiOl weight loss as SiO gas as a function of C:  SiOl ratio at 

(3) Precursor Preparation 
The preceding results illustrate the significant impact of 

the precursor on the reaction kinetics. These results are con- 
firmed by the data plotted in Fig. 6. The extent of conversion 
using sol-gel and dry-mixed raw materials is plotted versus 
the C:Si02 ratio. Both materials were used in the powdered 
form ( ~ 4 2 5  pm), spread in a thin layer over graphite felt. 
The sol-gel powder achieved complete conversion at > 4 :  1, 
whereas the dry-mixed powder failed to achieve >35% Si3N4 
even with a C:Si02 ratio of 1O:l. This illustrates the impor- 
tance of having excellent intermixing between C and Si02. 
Better intermixing was achieved with the sol-gel process. 
The sol-gel-processing route was also found to be easily re- 
producible. We compared our data with that of Szweda et ~ l . , ~  
who arrived at different conclusions. They found that dry- 
mixed powders proved better at achieving full conversion. 
They suggested that excess C is required with sol-gel- 
processed powder to counteract the effect of the high mois- 
ture content, which is believed to increase the O2 partial pres- 
sure and promote Si2N20. The results presented here are for 
sol-gel-processed powders using isopropyl alcohol. However, 
data obtained using water gave identical results, provided a 
drying step of 10 h at 300°C in air was incorporated prior to 
carbothermal reduction to completely eliminate all moisture. 
The reasons for the different results obtained with the dry- 
mixed powder are not clear. Unfortunately, insufficient infor- 
mation is available on the exact method adopted by Szweda 
et uL6 However, all the results suggest that the important fac- 
tor is the degree of intermixing achieved. Therefore, any 
means of providing good intermixing should be a viable 
method given that impurities (H20, etc.) are not present. 

There is another property that the precursor must possess: 
N2 gas must be allowed to flow easily throughout the reac- 
tants. The importance of this is demonstrated in Fig. 7. Note 
that even the well-mixed, sol-gel-processed material, when 
pelletized by die pressing at 70 MPa, will not completely con- 
vert unless gas is able to freely permeate the reactants, as is 
the case in the loose state. Full conversion is never achieved 
with pelletized or dry-mixed precursors. The importance of 
N2-gas flow is also demonstrated by the selective formation of 
Si3N4 in the  pellet^.'^ Si3N4 formation occurs only on the sur- 
face and in cracks in the pellets, i.e., in areas easily accessible 
to Nz gas. 

(4) Effect of C and SiOz Surface Areas 
One possible method by which good intermixing can be 

achieved is by using high-surface-area raw materials. The 

” 
0 2 4 6 8 10 12 

Carbon Silica rat io 

Fig. 6. 
conversion at 1500°C. 

Effect of the precursor preparation method on extent of 
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Fig. 7. Effect of precursor form on the extent of conversion at 
1500°C. 

properties of the raw materials listed in Table I show that all 
the carbon blacks and silicas have surface areas much larger 
than the surface area of the Si3N4 produced (-2 m’/g). 
Therefore, they should all prove equally satisfactory. This, 
however, is not the case, as shown by the results plotted in 
Figs. 8 and 9. As the surface area of the C increases, the 
extent of conversion to a-Si3N4 increases, with only the 
highest-surface-area C proving satisfactory. The data again 
demonstrate the need for an open precursor structure to allow 
easy Nz-gas flow through the reactants. The influence of Si02 
surface area is, however, small (Fig. 9). There is no signifi- 
cant change in the extent of conversion of SiOz to Si3N4 with 
the size of SiOz particles. This suggests that even the coarsest 
particle size (125 m’/g) is sufficient for good mixing. In the 
past,” Si02 particles of very much lower surface area (0.01 to 
2 m’/g) have been observed to influence the extent of conver- 
sion. Thus the reaction kinetics are more affected by com- 
paratively large particles than by ultrafine silicas. 

10 p 
0- 
200 300 400 503 

Carbon surface area (m2/g) 

Fig. 8. Effect of the C surface area on the extent of conversion at 
1500°C with 7 :  1 sol-gel-powder precursor (loose powder and 
pellets). 
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Fig. 9. Effect of SiOz surface area on the extent of conversion at 
1500°C with 7: 1 sol-gel-prepared loose-powder precursor. 

The significance of the C surface area may be a conse- 
quence of the need to ensure that the SiOz particles remain 
separated to avoid sintering, as well as to ensure physical con- 
tact with Si02. The latter is necessary for the first reaction 
(Eq. (2)) to occur. Similar conclusions were arrived at by 
Zhang and Cannon7 using lamp black, pyrolyzed starch, and 
organically precipitated silicas. Note that more aggressive 
mixing methods, such as attrition milling, may enhance the 
degree of intermixing and permit the use of coarser raw 
materials and lower C contents. These aspects are presently 
being investigated. 

IV. Summary 

The results of this study demonstrate the importance of the 
processing conditions during the carbothermal synthesis of 
silicon nitride (Si3N4). 

(1) With Dure mecursor materials. comdete conversion to . .  I 1  . .  
a-Si3N4 occurs over the narrow temperature range of 1500” 
to 1550°C. 

(2) An excess of C is required for full transformation. 
(3) The sol-gel-processing route allows for good, repro- 

ducible intermixing of precursor Si02 and carbon black. 
(4) Increasing the C surface area increases the extent of 

conversion to a-Si3N4. In contrast, changing the SiOz surface 
area (100 to 400 mz/g) has no significant effect on the extent 
of conversion. 

(5) Copious flow of NZ gas throughout the reactor bed is 
essential. This ensures adequate N2 for the conversion to 
Si3N4 and prevents the formation of p-Sic or SizNzO by re- 
ducing the partial pressure of the other gaseous species. 

Acknowledgment: The authors thank Joe McDermid for preparing the 
figures. 
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