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Abstract—We have studied the effect of low-melting-point salt additives on the morphology and phase com-
position of silicon nitride prepared by combustion synthesis. The additives have been shown to influence the
structure formation mechanism. Based on equilibrium compositions calculated for particular synthesis con-
ditions, we have proposed mechanisms underlying the influence of the additives on the structure formation
process. The synthesis temperature and additives have been shown to influence the phase composition of the
synthesis products. Conditions have been found for the preparation of alpha-silicon nitride powders consist-

ing of equiaxed particles.
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INTRODUCTION

Silicon nitride ceramic materials are widely used in
the production of structural and functional ceramics
intended for use at extremely high temperatures and
mechanical loads. The strength of ceramics depends
significantly on characteristics of starting silicon
nitride powders. Depending on the process for the
preparation of ceramic materials, use is made of pow-
ders differing in chemical composition and morphol-
ogy. The particle size and shape are important param-
eters influencing properties of ceramics. Powders for
the fabrication of ceramics by hot pressing have a large
specific surface area (10—15 m?/g) and consist of equi-
axed particles. In producing Si;N, bodies by slip cast-
ing, it is preferable to use coarse powders, with a spe-
cific surface area from 5 to 7 m?/g, in order to increase
the fill factor of the slip. To make allowance for the
shrinkage of ceramics in three planes during sintering,
it is also necessary to use powders consisting of equi-
axed particles. At the same time, in the production of
long bodies by slip casting, it is desirable to use Si;N,
powder consisting of elongated or filamentary parti-
cles. When a slip containing such particles is injected
into a mold, they align preferentially. Subsequent sin-
tering produces microstructure made up of preferen-
tially aligned B-Si;N, grains. Such structure of ceram-
ics ensures enhanced bending strength. Thus, the
shape of particles is as important as their chemical and
phase compositions.

Silicon nitride powders are typically produced by
furnace synthesis [1—3] or through silicon diimide
synthesis and decomposition [4]. The synthesis pro-
cess is controllable and allows one to obtain silicon
nitride powder with tailored chemical and phase com-
positions. At the same time, to obtain equiaxed parti-
cles, synthesis products should be ground and classi-
fied into size ranges.

To ensure low-temperature combustion synthesis
of a-Si;N,, use is made of gasifiable additives, such as
NH,Cl or NHF. Silicon nitride particles thus pre-
pared have the form of filamentary crystals and have a
fine fibrous microstructure. Such microstructure is
due to the gas-phase structure formation mechanism,
which involves gaseous products of NH,Cl and NH,F
decomposition [5]. The preparation of a-Si;N, with
the use of submicron silicon powder, without NH,CI
or NH,F additions, also involves gas-phase structure
formation, with the participation of silicon oxide and
silicon suboxide. The process yields elongated parti-
cles [6]. The preparation of silicon nitride powders
consisting of equiaxed particles also requires pro-
longed grinding and size classification. Since elon-
gated silicon nitride particles result from gas-phase
reactions, to obtain equiaxed particles one should
ensure synthesis conditions preventing gas-phase
structure formation. The effect of film-forming (non-
gasifiable) salt additives on the structure formation
process during the self-propagating high-temperature
synthesis (SHS) of Si;N, has not yet been studied. In
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Table 1. Characteristics of starting mixture components

Component tm» °C ty, °C dsp, Lm S, m?/g wt % 0-SizNy | wt % oxygen
Si 1419 2-2.5 — 0.8
Si;N, 1900(subl) 1900(subl) _ 97 1.4
NaF 992 1704 200

NaCl 801 1465 200

Na,SiFg 570(decomp) 200

reports concerned with the azide SHS of silicon
nitride, a process in which NaF or NaCl is formed as
a by-product, the effect of sodium halides on the
phase composition or microstructure of silicon nitride
was not described [7].

In this paper, we examine the effect of low-melt-
ing-point salt additives on the microstructure and
phase composition of silicon nitride.

EXPERIMENTAL

In our experiments, a Si + Si;N, mixture was used
as a basic composition. As additives, we used oxygen-
free, water-soluble, low-melting-point salts. Table 1
presents characteristics of the starting mixture compo-
nents.

The silicon content of the starting mixture was var-
ied from 23 to 28 wt % in different experiments. The
salt content of the starting mixture was 1 or 3 wt %.
The components of the starting mixture were mixed by
grinding in a ball mill for 1 h. The initial nitrogen pres-
sure was 6.0 MPa and the weight of the starting mix-
ture was 3.0 kg. Our experiments were carried out in a
30-L industrial SHS reactor.

The synthesized silicon nitride samples prepared
using sodium fluoride were ground with ceramic balls
in water for 1 h to break agglomerates and remove the
sodium fluoride. The silicon nitride particles were
removed from the NaF solution by vacuum filtration
and washed with distilled water. After drying, the sili-
con nitride was deagglomerated in a jet mill.

The morphology of the synthesis products was
examined by scanning electron microscopy on a LEO
1450 (Carl Zeiss SMT AG Company). The particle
size of the powders was determined with a MicroSizer
201 laser analyzer. The phase composition of the syn-
thesis products was determined by X-ray diffraction
on a DRON 3M diffractometer. The weight percent of
the o-phase was determined as described elsewhere
[8]. The combustion temperature was measured using
a W—5% Re/W—20% Re thermocouple.

RESULTS AND DISCUSSION

Effect of sodium fluoride. Our results on the effect
of sodium fluoride on the microstructure of the syn-

thesized Si;N, and process parameters demonstrate
that the addition of 1 wt % NaF to the starting mixture
leads to the formation of agglomerates consisting of
equiaxed particles ranging in size from 0.5 to 3 um
(Fig. 1). Reducing the silicon content of the starting
mixture from 28 to 24 wt % lowers the combustion
temperature from 1849 to 1713°C. The percentage of
small particles rises, and the particles ranges in size
from 0.3 to 3 um (Fig. 2). Despite the particle size
reduction, the specific surface area of all the samples
was 3.4 m?/g, presumably because sodium fluoride
caused consolidation of the Si;N, particles. The o-
Si;N, content decreased from 97 to 96 wt % at 28 wt %
Si and increased to 98 wt % at 24 wt % Si. At a salt
additive content of 3 wt %, the combustion tempera-
ture was 1773°C. The o-phase content of the synthesis
product decreased markedly: from 97 to 91 wt %, pre-
sumably because of the increase in the amount of NaF
in the starting mixture. The synthesis product con-
sisted of agglomerates made up largely of equiaxed
particles 0.5 to 3 um in size. The particles more than
1 um in size prevailed. Also present were elongated
particles, which had faceting characteristic of B-Si;N,
(Fig. 3). The specific surface area of the powder was
2.6 m?/g. No NaF was detected in the synthesis prod-
uct by X-ray diffraction: the main diffraction peaks of
NaF coincide with those of a-Si;N, and cannot be
distinguished. At the same time, elemental analysis on
an energy dispersive analyzer indicated that the Si;N,
samples contained 0.7—1.3 wt % fluorine and sodium
atoms. The presence of NaF was detected both at the
point where the temperature was measured, at a depth
of 40 mm, and in the surface layer of the sinter cake,
where the temperature was lower. In the central part of
the sinter cake, 60 mm from its surface, the micro-
structure was formed by needle-like particles (Fig. 4).
Since there was a temperature gradient across the sin-
ter cake during the SHS of silicon nitride, the combus-
tion temperature in its central part exceeded 1773°C,
which led to the formation of needle-like 3-Si;N, par-
ticles. The a-Si;N, content was 51 wt %. No NaF was
detected. It seems likely, that sodium fluoride gasifi-
cation facilitates the oo — [ transition.

Calculation of the equilibrium composition with
the participation of sodium fluoride indicated the forma-
tion of Si;N,, Si(/), Na(g), SiF, and liquid Na,SiO;. It
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Fig. 1. Microstructure of SizN, prepared using a starting
mixture containing 28 wt % Siand 1 wt % NaF.

Fig. 3. Microstructure of SizN, prepared using a starting
mixture containing 26 wt % Si and 3 wt % NaF.

seems likely that sodium silicate was formed as a film
on the surface of silicon particles as a result of reaction
between NaF and the oxide film on the silicon: Si +
SiO, + NaF = Na,SiO; + SiF. Since sodium silicate
has a higher melting point (1089°C) and boiling point
than sodium fluoride, the Na,SiO; film prevents the
realization of the gas-phase synthesis mechanism.

The main parameters of the synthesis and charac-
teristics of its products are summarized in Table 2.

Fig. 2. Microstructure of SizNy prepared using a starting
mixture containing 24 wt % Si and 1 wt % NaF.

Fig. 4. Microstructure of the central part of the SizNy sin-
ter cake prepared using a starting mixture containing 26 wt %
Siand 3 wt % NaF.

Effect of sodium hexafluorosilicate. Unlike sodium
fluoride, which melts at a temperature of 992°C,
sodium hexafluorosilicate decomposes at a tempera-
ture of 570°C to give sodium fluoride and SiF, gas. As
a result, after decomposition of 1 wt % Na,SiF;,
0.45 wt % NaF remained in the reaction mixture. In
the case of a starting mixture containing 26 wt % sili-
con, the synthesis temperature was 1808°C, and the
o-Si;N, content decreased slightly in comparison with
the starting mixture: from 97 to 93 wt %. Microstruc-

Table 2. Main parameters of the synthesis in the presence of sodium fluoride and characteristics of the synthesis products

. ?eombs _C o Combustion . . .

_Si-N 2
wt % Si | wt % NaF (caleulation) teombs C speed, mm/s wt % 0-SizNy | S, m2?/g| Particle size, um
28 1 1864 1849 0.38 96 3.4 0.5-3.0
26 1 1800 1784 0.31 98 34 0.5-3.0
24 1 1723 1713 0.24 98 34 0.3-3.0
26 3 1792 1773 0.33 91 2.0 0.5-3.0
INORGANIC MATERIALS Vol.55 No. 12 2019
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Fig. 5. Microstructure of SizN, prepared using a starting
mixture containing 26 wt % Siand 1 wt % Na,SiFg.

Fig. 7. Microstructure of SizN,4 prepared using a starting
mixture containing 26 wt % Si and 3 wt % Na,SiFj.

tural examination showed that the synthesis product
consisted predominantly of equiaxed particles 0.5 to
3 um in size. Also present were needle-like particles,
characteristic of B-Si;N, (Fig. 5). When the silicon
content of the starting mixture was reduced to 23 wt %,
the combustion temperature was 1634°C. The o-SizN,
content increased from 97 to 98 wt %. The Si;N,
agglomerates consisted of equiaxed particles 0.3 to
3um in size (Fig. 6). The specific surface area
increased from 3.2 to 3.6 m?/g. The microstructure of
the silicon nitride prepared using a starting mixture
containing 26 wt % silicon and 3 wt % Na,SiF, was
formed largely by equiaxed particles 0.5 to 3 um in
size. The particles more than 1 um in size prevailed,
and there were also elongated particles (Fig. 7). The
partial formation of -Si;N, was due to the high com-
bustion temperature (1750°C) and the relatively high
salt additive content. X-ray diffraction data indicated
a decrease in the percentage of the oi-phase in com-
parison with the starting mixture: from 97 to 95 wt %.
The specific surface area decreased to 2.3 m?/g. Ele-

Fig. 6. Microstructure of SizN, prepared using a starting
mixture containing 23 wt % Siand 1 wt % Na,SiFg.

Fig. 8. Microstructure of SizN, prepared using a starting
mixture containing 26 wt % Si and 1 wt % NaCl.

mental analysis with an energy dispersive analyzer
indicated the presence of 0.66 wt % Na. The main
parameters of the synthesis and characteristics of its
products are summarized in Table 3.

Effect of sodium chloride. On the addition of 1 wt %
sodium chloride to the starting mixture, the combustion
temperature was 1677 and 1615°C at 26 and 24 wt % Si,
respectively. The microstructure was formed by equi-
axed and elongated particles (Fig. 8). The decrease in
combustion temperature was accompanied by an
increase in the percentage of elongated particles (Fig. 9).
The content of the o-phase increased by 2 wt % rela-
tive to the starting mixture. On the addition of 3 wt %
NaCl to the starting mixture, the combustion tem-
perature was 1802°C at 26 wt % Si. The percentage of
the a-phase was the same as in the starting mixture.
The microstructure was also formed by equiaxed and
elongated particles (Fig. 10). The specific surface area
of Si;N, in all of the samples containing 1-3 wt %
sodium chloride, with combustion temperatures in the
range 1615—1802°C, ranged from 3.7 to 4.2 m?/g. The
INORGANIC MATERIALS  Vol. 55
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Table 3. Main parameters of the synthesis in the presence of sodium hexafluorosilicate and characteristics of the synthesis

products
. wt % toombs C Combustion . . .
. ° -SizN 2
wt % Si Na,SiFg (calculation) feomb» “C speed, mm/s W% 0-SisNy | S, m?/g | Particle size, pm
26 1 1860 1808 0.29 93 3.2 0.5-3.0
23 1690 1634 0.17 98 3.6 0.3-3.0
26 3 1799 1750 0.19 95 2.3 0.5-3.0

Table 4. Main parameters of the synthesis in the presence of sodium chloride and characteristics of the synthesis products

. feombs C o Combustion . . .
t C t -SizN 2
wt % Si | wt % NaCl (caleulation) ombs speed, mm/s wt % 0-SizNy | §, m?/g | Particle size, um
26 1 1773 1677 0.22 97 3.7 0.5-3.0
24 1 1726 1615 0.15 99 4.2 0.3-3.0
26 3 1808 1785 0.24 97 3.7 0.5-3.0

particle size and shape remained unchanged. X-ray
diffraction data indicated the presence of NaCl in all
of the Si;N, samples. NaCl was shown to be present
only in a surface layer of the sinter cake. It seems likely
that, during the combustion of the starting mixture,
NaCl vaporized in the central, hotter part of the com-
bustion wave and condensed in a near-surface, colder
layer of the sinter cake.

The formation of filamentary crystals points to a
gas-phase structure formation mechanism [9]. Calcu-
lation of the equilibrium composition with the partic-
ipation of sodium chloride indicated the presence of
silicon nitride, Na(g), SiCl, SiO, and Si(/), which
probably facilitated partial realization of a gas-phase
structure formation mechanism. Because of the low
boiling point of NaCl, the reaction NaCl(g) + Si(/) =
SiCl + Na(g) is possible, ensuring gas-phase synthesis
of needle-like Si;N, particles according to the reaction
scheme SiCl + Na(g) + N, = Si;N, + NaCl. In this

process, NaCl condenses in a surface layer of the sinter
cake. The main parameters of the synthesis and char-
acteristics of its products are presented in Table 4.

By grinding and deagglomerating the silicon
nitride samples prepared with the participation of
sodium fluoride, we obtained silicon nitride powder
consisting of equiaxed particles with a polydisperse
distribution (Figs. 11, 12). The average particle diame-
ter of the powder was 1.2—1.5 um, and its specific sur-
face area was 5—6 m?/g.

CONCLUSIONS

The use of NaF and Na,SiF; salt additives ensures
the formation of equiaxed Si;N, particles. Increasing
the percentage of the salts in the starting mixture leads
to a reduction in a-Si;N, content. The particle size of
Si;N, decreases with decreasing synthesis tempera-
ture. Increasing the salt content from 1 to 3 wt %

Fig. 9. Microstructure of SizN, prepared using a starting
mixture containing 24 wt % Si and 1 wt % NaCl.

INORGANIC MATERIALS  Vol.55 No.12 2019

Fig. 10. Microstructure of Si;N,4 prepared using a starting
mixture containing 26 wt % Si and 3 wt % NaCl.
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Fig. 11. Particle size distribution of the Si;N4 powder after
washing and deagglomeration.

Fig. 12. Microstructure of the Si;N4 powder after washing
and deagglomeration.

increases the percentage of particles more than 1 um
in size. The smallest silicon nitride particles have been
obtained at 1 wt % salt in the starting mixture. The
particle size of Si;N, synthesized in the presence of
low-melting-point salt additives is comparable to that
of the starting silicon powder. The formation of equi-
axed particles is due to the low melting point and high
boiling point of NaF, as well as to the formation of liq-
uid sodium silicate on the surface of the silicon parti-

ZAKORZHEVSKII, MUKHINA

cles. The liquid NaF or Na,SiO; film on the surface of
a silicon droplet prevents gas-phase synthesis, and the
nitridation process is then diffusion-controlled and
occurs inside the liquid silicon droplet.

The use of NaCl as an additive leads to the forma-
tion of equiaxed and needle-like Si;N, particles. As
the combustion temperature decreases, the percentage
of needle-like particles rises. It seems likely that the
formation of needle-like particles is favored by the low
boiling point of NaCl, which stimulates a gas-phase
structure formation mechanism according to the reac-
tion schemes NaCl(g) + Si(/) = SiCl + Na(g) and
SiCl + Na(g) + N, = Si;N, + NaCl. Increasing the
NaCl content of the starting mixture to 3 wt % causes
no decrease in the percentage of oi-Siz;N,,.
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