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Abstract

This paper presents results of combustion synthesis (SHS) of Si3N4 from silicon powders under nitrogen pressure (Pnitrogen=10

MPa). The role of di�erent additives, such as NH4Cl, NH4F, NH4CO2NH2, (NH4)2 C2O4H2O, NH3 CO3H+NH2COONH4, on
Si3N4 synthesis has been examined. Density and microstructural variations have been studied too. The product as synthesised pre-
sents two very di�erent types of morphologies; (1) agglomerated form of a-Si3N4 and b-Si3N4, and (2) irregular formations with
presence of oxynitrides and other phases. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The main obstacle for a wider use of Si3N4-based
materials is the cost of their synthesis and ®nal proces-
sing. Direct nitridation, carbothermal reduction,1,2

vapour phase reactions3 and thermal decomposition4

are the most commonly used processes. These synthesis
techniques usually require high energy contributions
during long periods of time and the production rates are
very low, therefore, the high production cost.
It is well known that many materials are obtained

using the technique of self-propagating high-tempera-
ture synthesis (SHS),5 originally developed in the former
USSR.6ÿ8 This technique has also been applied success-
fully to silicon nitridation in nitrogen atmosphere. The
SHS process is started by provoking an exothermic
reaction in an area of the reactant mixture. Once initi-
ated, there is su�cient heat release for the reaction to
become self-propagating and a combustion wave travels
along the reactants, converting them to the ®nal pro-
ducts. The nitridation of silicon powders takes place in a
self-sustained regime when high-pressures 9ÿ11 and a
dilution of silicon reagent with ®ne powders of Si3N4

are used. Combustion characteristics include high com-

bustion front rates (10ÿ4±10ÿ3 m/s), generation of high
temperatures (1700±2000�C) and rapid heating (103±104

K/s). Due to relatively fast cooling rates solid products
consisting of no equilibrium phases might also be
formed.
Comparing the SHS technique with the conventional

synthesis methods of Si3N4, it presents big advantages
such us great energy e�ciency, high purity of the products
and a high production rate.12 Many studies exist about
synthesis of Si3N4 by means of SHS and their reaction
mechanism13,14 but there are still some problems to be
solved before achieving a good and controlled produc-
tion process.
As it was previously described, the combustion of

Si3N4 in nitrogen atmosphere15ÿ17 presents high reaction
speeds and, therefore, the microstructural control is dif-
®cult. Besides, the combustion temperatures are very
high and silicon particles melt in the combustion front
and coalesce during reaction, which inhibits complete
nitridation. In fact to avoid this e�ect Si3N4 is incorpo-
rated as a diluent and sometimes ammonium salts are
added in the initial mixture (generally ammonium
halides such us NH4Cl and NH4F) to improve the
process.18ÿ21 These salts generally sublime to relatively
low temperatures producing a ¯u�ness e�ect, which
improves the nitridation process. Most of the research
agree that mainly Si3N4 with a high content in b-phase
is formed during the silicon nitridation by SHS,10
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however, the bibliography of patents indicates that an
addition of ammonium and metal halides can promote
the a-phase formation.22

From a technological point of view the use of ammo-
nium salts produces corrosion inside as well as outside
the reactors. Treating residual gases is needed due to
environmental aspects and, therefore, it is interesting to
study the possibility of using those salts whose residuals
are easily recyclable. This work tries to carry out a ®rst
approach in this way, comparing the e�ects caused by
the addition of salts from organic and inorganic acids.

2. Experimental

The main characteristics of the used raw materials were:

1. Metallic silicon powders with a purity >99%,
average particle size of 4 mm and speci®c surface
3.37 m2/g

2. Nitrogen from Alphagaz-Airliquide, type N-50 B-
50, impurities < 3 ppm; O2 < 2 ppm; CnHm < 0.1
ppm; CO < 0.5 ppm; H2 < 1 ppm.

3. Si3N4 powders obtained by SHS in the laboratory
with a size particle average 30 mm and the follow-
ing composition (weight percentages): 16.7% a-
phase, 77.2%b- phase and 6.1% free silicon.

4. Salts: ammonium chloride (NH4Cl, Merck, purity
>98%); ammonium ¯uoride (NH4F, Merck, purity
>98%); ammonium carbamato (NH4CO2 NH2,
Merck, purity > 99.5%); ammonium oxalate

((NH4)2 C2O4
.H2O, Merck, purity >99.5%);

ammonium acetate (CH3COONH4, Merck, purity
>98%) and ammonium carbonate (NH3

CO3H+NH2COONH4, PANREAC, purity
>99%)

The compositions of the di�erent mixtures (detailed in
the Table 1) were formulated maintaining the quantity
of silicon constant in all experiments. Diluent and
additives percentages have been given referring to sili-
con concentration in the mixture. Likewise these per-
centages are expressed in mol, more explicit from a
chemical point of view.
The synthesis reactor was 2 l in volume and 100 mm.

in diameter. The powders homogeneously blended were
placed on a graphite support along half of the reactor
length. The ignition was carried out in an end of the
reactor using an electric resistance of Ni:Cr that was
activated inside a mixture of Ti:C 1/1 mol%. The initial
nitrogen pressure in all the experiences was 10 MPa.
Quantitative analysis of present phases after synthesis

was determined by X-ray di�raction (Siemens D-5000)
and calculated according to Gazzara and Messier.23

Morphologies were observed by scanning electronic
microscopy (C. Zeiss, DSM-950) and, densities were cal-
culated by mercury picnometry to atmospheric pressure
(Micromeritics, Pore sizer- 9300).

3. Results and discussion

In compositions with salts added, the maximum pres-
sures reached during the process around 13±14 MPa
and a bit lower (12 MPa) when diluent was incorpo-
rated to the mixture. This phenomenon seems logical if
we consider that the increase of the pressure during the
reaction will be a�ected by the contribution of the own
nitrogen and that of the generated gases in the combus-
tion. This last contribution depends totally on whether
ammonium salts are added or not. It has also been
observed that the speeds in the experiments run without
salts are lower, what it makes suppose that this addition
can in¯uence the reaction mechanism.

Table 1

Compositions and nomenclature of the mixtures

Diluent (mol%) Salt (mol%) 0 5

5% NH4Cl SN 1a SN 2a

5% NH4F SN 1b SN 2b

5% Ammonium carbamate SN 1c SN 2c

5% Ammonium oxalate SN 1d SN 2d

5% Ammonium acetate SN 1e SN 2e

5% Ammonium carbonate SN 1f SN 2f

Diluent (mol%) 5 20

Without salt SN 2 SN 3

Table 2

Phases composition

Salts (5 mol%) Si (35 g) Si (35 g)+5 mol% Si3N4

± ± Si3N4(a+b)+Si

NH4Cl Si3N4(a+b) Si3N4(a+b)+Si

NH4F Si3N4(a+b) Si3N4(a+b)+Si

NH4CO2NH2 Si3N4(a+b)+Si2ON2+Si Si3N4(a+b)+Si2ON2+Si+SiC?

(NH4)2 C2O4
.H2O Si3N4(a+b)+Si2ON2+Si+SiC? Si3N4(a+b)+Si2ON2+Si+SiC?

CH3COONH4 Si3N4(a+b)+Si2ON2+Si+SiC? Si3N4(a+b)+Si2ON2+Si+SiC?

NH3 CO3H+NH2COONH4 Si3N4(a+b)+Si2ON2+Si+SiC? Si3N4(a+b)+Si2ON2+Si+SiC?
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Qualitatively through DRX, the existence of di�erent
phases has been observed, (phase composition are shown
in Table 2). It is important to note the presence of oxyni-
trides in the cases where addition of organic salts was
made, this phenomenon is due to presence of oxygen in
the mixture. However, when ammonium ¯uoride and
chloride salts are added, the identi®ed products were only
a-Si3N4, b-Si3N4 and non-reacted silicon although in
these cases the disadvantageous presence of undesirable

residual gases (hydrochloric and hydro¯uoric acids) was
founded. Non-reacted silicon appeared in all the cases
except for those where there is not diluent in the initial
mixture although these silicon percentages (Fig. 1) are not
so high. Only a considerable increase is observed with no
incorporation of salts (SN 2). This highlights the impor-
tance of the additives to facilitate and favour the nitrida-
tion. Small amounts of SiC have been identi®ed too.
Quantitatively moderate di�erences are observed

between the a-Si3N4 and b-Si3N4 contents through all the
experiments. Comparing the cases of highest or lowest
generation of phases a-Si3N4 and b-Si3N4 (Table 3), a
bigger a-Si3N4 synthesis was observed with the addition
of the salts and, particularly with the use of ammonium
chloride and carbonate. It was also seen that the reac-
tion level only decreases lightly with the dilution degree
while increases with the salts addition.
Density measures were made in comparable parts of

the samples. In the results (Table 3) it is possible to
clearly observe how the porosity of the sample increases
considerably with the salts addition. This increase is due
to the ¯u�ness caused by gasses generation in the reactive
mixture during the combustion. The ¯u�ness improves
the accessibility from the nitrogen to the silicon reagent.
The generation of ammoniac gases a�ects to the nitri-
dation of the silicon mechanism,17,18,24 but not sig-
ni®cantly to the density of the sample.

Fig. 1. Free silicon and a-Si3N4 and b- Si3N4 contents.

Table 3

Results of densities and relation between b-phase and a-phase

Si (35 g) Si (35 g)+5 mol% Si3N4

Ammonium

salts (5 mol%)

b/a Densities b/a Densities

± 4.66 1.3

Chloride 1.41 0.5 1.41 0.5

Fluoride 2.45 0.7 4.82 0.6

Carbamate 5.66 0.5 2.5 0.6

Oxalate 3.95 0.7 3.26 0.8

Acetate 3.30 0.6 2.8 0.6

Carbonate 1.23 0.7 1.66 0.6

Fig. 2. Micrographics corresponding to reaction with salts of NH4F and NH4Cl: (A) and (B) NH4F without dilution; (C) NH4Cl without dilution.
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Morphologically through scanning electron micro-
scopy, it has been appreciated the presence of agglomer-
ates of b-Si3N4 ®bres together with other less numerous
groups of a-Si3N4 particles. This distribution appeared
in the experiments with addition of ammonium halides
(NH4F and NH4Cl) and was quite constant along each
sample (Fig. 2). However, with the rest of the salts the
distributions and forms of the products are much more
heterogeneous. In the case of incorporation of ammo-
nium carbonate (exp. SN 1.f and SN 2.f) these forms
are arbitrary and it has not been observed any orienta-
tion or preferential distribution (Fig. 3).

4. Conclusions

1. Additives in form of ammonium salts play a very
important role in the combustion reaction,
improving the access of nitrogen to raw materials
mixture and favouring the nitridation process.

2. The incorporation of salts to the raw materials mix-
ture a�ects to the presence of phases and its contents.
Salts from organic acids produce oxynitrides and
possibly silicon carbide formations, complicating the
analysis of product data and their characterisation.

3. High percentages of a-Si3N4 are obtained with
addition of NH4Cl and ammonium carbonate. The
disadvantageous generation of toxic gases is found
when adding NH4Cl. The existence of phases and
complex morphologies is revealed when adding
ammonium carbonate.
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