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Abstract

The complete crystallization time of amorphous silicon nitride powder could be reduced from more than 6 h to 30 min by adding Si powder in
N, atmosphere. The crystallization process may be affected by the synergy of the reaction between Si and N, and the liquid phase of Si due to the
addition of Si. The a-SizN, produced by the added Si and nitrogen may be the seed of the crystallization process. The amorphous silicon nitride
powder may be dissolved in the liquid phase and then precipitated as a-Si;N,. This article uses Ar instead of N, to shield the reaction between Si
and N in order to analyze the role of the two mechanisms. The added Si powder accelerates the crystallization process effectively in Ar. Powder of
more than 70% crystalline phase content is produced by adding 5% Si annealing at 1400 °C for 15 min. The existence of liquid Si is the key factor
to promote the crystallization process and the process follows the solution—precipitation mechanism. The final products are mainly a-Si;N,4 and
SioN,O. The SEM results show that most of the products are irregular rod-like particles.
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1. Introduction

Silicon nitride ceramics have been widely used in the field of
energy, metallurgy, machinery and aerospace industries [1-3].
The quality of the silicon nitride powder directly affects the
performance of ceramic productions. Due to its high crystal-
lization energy, nanosized amorphous silicon nitride powder of
high surface energies offer significant advantages in terms of
sintering rate [4-6]. Dense ceramics of more than 90%
crystalline phase content are produced by direct sintering of
unannealed amorphous powder at temperatures in the range of
1600-1800 °C [7-10]. During the sintering procedure of
amorphous silicon nitride, there are a complex crystallization
and phase transition: amorphous silicon nitride — equiaxial a-
Si3Ny4 — equiaxial B-SizN, — rod-like Si,N,O — needle-like
B-SizNy [8]. The amorphous silicon nitride powders exhibite
larger shrinkage compared with crystallized ones [11]. The

* Corresponding author at: School of Mechanical Engineering, University of
Science & Technology Beijing, Beijing 100083, China. Tel.: +86 10 62334425;
fax: +86 10 62329145.

E-mail address: liwang@me.ustb.edu.cn (L. Wang).

local densification and the formation of clusters happen during
sintering connected with the crystallization process [12].
High quality silicon nitride ceramics are usually produced
from pure silicon nitride powder of high a phase content with
particle size in the micrometer range and a narrow particle size
distribution. Synthesis of nanocrystalline materials from
amorphous solids has been proposed for many years [13-15].
The crystallization of nanosized amorphous silicon nitride
powder is one of the methods to produce sub-micron/nanosized
a-Si3N, powder. In the past two decades, several studies on the
crystallization process of amorphous silicon nitride powder [16—
19] and thin films [20] have been performed. Micrometer
amorphous silicon nitride powder is prepared by pyrolysis of
polysilazane under flowing NHj3 atmosphere, and nanosized
amorphous silicon nitride powder is prepared by the vapor-phase
reaction of silicon tetrachloride with ammonia. During the
crystallization process of micrometer amorphous silicon nitride
powder, the chlorine impurities inhibit grain growth, resulting in
a delay of the initiation of crystallization. The activation energy
calculated using a modified Avrami-Erofe’ev equation is 306 kJ/
mol with chlorine impurities and 318 %+ 45 kJ/mol without
chlorine impurities [17,18]. The ammonium chloride impurities
in the silicon nitride powder and the nitrogen in the furnace
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atmosphere cause the formation of whiskers [16]. A powder of
about 80% crystalline phase content with an o/ ratio of about 6
is produced by annealing nanosized amorphous silicon nitride
powder at 1450 °C for 360 min in nitrogen flow [19].

However, in earlier researches, the crystallization process
of amorphous silicon nitride is very time consuming. The
application of this method is still limited by the long
crystallization time, low output, and high cost. Developing a
means to shorten the crystallization time is a topic of utmost
importance from both a theoretical and practical point of
view. In our early research, the complete crystallization time
of amorphous silicon nitride powder could be reduced
from more than 6 h to 30 min by adding Si powder in N,
atmosphere [21]. However, the promotion mechanism of
Si powder in the crystallization process is not clear. The
aim of this work is to study the crystallization mechanism
by using Ar instead of N, to shield the reaction between Si
and N,.

2. Experiments

The amorphous silicon nitride powder prepared by chemical
vapor-phase reaction method was provided by Hefei Kaier
Nanometer Energy & Technology Co., Ltd. with a particle size
about 25 nm. The silicon powder was provided by Beijing
Yuanchuang Meiye Co., Ltd. with a particle size about 2.7 pm.
The SEM images of the amorphous powder and Si powder are
shown in Figs. 1 and 2. The size distribution of the amorphous
silicon nitride powder is uniform and the shape is spherical and
aggregates. The size distribution of the silicon powder is
uneven and the shape is irregular and loose, with apparent
angular on the surface.

The amorphous powder and Si powder are dried in a vacuum
oven for 8 h at 100 °C to remove the adsorbed vapor before
crystallization process. The crystallization tests have been
performed in a resistance furnace filled with Ar. The
crystallization products are analyzed by SEM and XRD.

Fig. 2. SEM image of Si powder.

3. Results and discussion

Fig. 3 shows the XRD patterns of the products obtained after
annealing pure amorphous silicon nitride powder at 1400 °C for
30 min and amorphous silicon nitride powder added with 5% Si
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Fig. 3. XRD of the products obtained after annealing pure amorphous silicon nitride powder (a-Si3N,) for 30 min and amorphous powder added with 5% Si for

15 min at 1400 °C in Ar atmosphere.
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at 1400 °C for 15 min in Ar atmosphere. The main peak of the
product obtained after annealing pure amorphous silicon nitride
is in a wide shape centered at about 25° which indicates that the
main phase is amorphous. It can be inferred that the
crystallization process of pure amorphous silicon nitride
powder at 1400 °C in Ar atmosphere is very slow, and no
obvious phase transformation can be observed after annealing
for 30 min. It is similar to the result in N, atmosphere [21]. It
can be judged that the effect of the atmosphere on the
crystallization process of pure amorphous silicon nitride
powder can be ignored. The main wide peak indicating
amorphous phase centered at about 25° disappeared and the
sharp peaks corresponding to the crystalline phase appeared in
the product obtained after annealing amorphous powder added
with 5% Si. It can be judged that the original amorphous
powder has transformed to crystalline phases. The major phase
of the crystallization product is a-Si3Ny. Furthermore, Si,N,O
has been formed because of the oxygen content in the starting
amorphous silicon nitride powder (11.4%). The peaks of added
Si can also be observed in the diffractogram. It can be inferred
that the crystallization process of amorphous silicon nitride
powder could be accelerated by adding Si powder. Powder of
about 75% crystalline phase content is produced by adding 5%
Si annealing at 1400 °C for 15 min.

The added Si powder could accelerate the crystallization
process and reduce the crystallization time effectively in both
N [21] and Ar atmosphere. The products are mainly composed
of a-SisNy and Si,N,0O. However, the role of Si powder is
different in the two kinds of atmosphere. The SEM image of the
product obtained after annealing amorphous silicon nitride
powder added with 5% Si in N, atmosphere for 15 min at
1450 °C is shown in Fig. 4. It is evident that most of the
crystallization products are in the morphologies of columnar
(A), whisker (B) and cluster (C) and some are spherical
particles (D). The formation mechanisms of the products with
different morphologies are different. The SEM image of the
product obtained after annealing amorphous silicon nitride
powder added with 5% Si in Ar atmosphere for 15 min at
1450 °C is shown in Fig. 5. It is evident that most of the

Fig. 4. SEM image of the product obtained after annealing amorphous silicon
nitride powder added with 5% Si for 15 min at 1450 °C in N, atmosphere.

Fig. 5. SEM image of the product obtained after annealing amorphous silicon
nitride powder added with 5% Si for 15 min at 1450 °C in Ar atmosphere.

crystallization products are in the morphologies of irregular
rod-like particles. The formation mechanisms of the products
with similar morphologies are same. The crystal grows well
after 15 min annealing and a small amount of residual
amorphous silicon nitride attaches to the crystal surface.

The liquid phase of Si has formed at the temperature higher
than 1350 °C due to the alloy impurities. All reactions involved
are shown as follows:

Amorphous-SizNy(s) — a-SisNy(s) (1)
Si(s) — Si(1) @
3Si(s/1) + 2Na(g) — a-SizNy(s) 3)
4Si3Ny(s) + 30,(g) — 6SiN,0(s) + 2N;(g) 4)

The above four reactions will occur in the crystallization
process in N, atmosphere and the crystallization may be
affected by the synergy of the reaction between Si and N, and
the liquid phase of Si. The a-Si;N, produced by the added Si
powder and nitrogen may be the seed of the crystallization
process. And the amorphous silicon nitride powder may be
dissolved in the liquid phase and then precipitated as a-SizNy.
The reaction between Si and N, can be shielded without
reaction (3) in Ar atmosphere. The difference in the crystal-
lization process between pure amorphous powder and the
amorphous powder added with Si is whether reaction (2)
occurs. So it can be inferred that the existence of liquid Si is the
key factor to promote the crystallization process. The
crystallization process without liquid Si is very slow. Due to
the existence of liquid Si, the amorphous powder would
be dissolved in the liquid phase and then precipitated as o-Si3Ny.
The mechanism of phase transformation from amorphous
to crystalline can be explained as solution—precipitation
mechanism.

4. Conclusions

In this paper, the crystallization process of amorphous
silicon nitride powder in Ar atmosphere has been investigated
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and compared with the process in N, atmosphere. The
crystallization process of pure amorphous silicon nitride
powder at 1400 °C in Ar atmosphere is very slow, and no
obvious phase transformation can be observed after annealing
for 30 min. Powder of more than 70% crystalline phase content
is produced by adding 5% Si annealing at 1400 °C for 15 min.
The crystalline phases are dominated by a-Si;N4 and Si,N,O.
Most of the products obtained in N, atmosphere are in the
morphologies of columnar, whisker and cluster and some are
spherical particles. Most of the products obtained in Ar
atmosphere are in the morphologies of irregular rod-like
particles. The existence of liquid Si is the key factor to promote
the crystallization process. The process follows the solution—
precipitation mechanism.
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