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Abstract

Prismatic B-sialon was obtained via carbothermal reduction nitridation of the precursor of SBA-15 incorporated with A1(NO3)3; under N,
atmosphere at 1450 °C. The effects of calcined temperature on the phase and structures of the samples obtained at 550, 1150, 1250, 1350, and
1450 °C were investigated by means of X-ray diffraction. Calcined at 550 °C, the resulting material was amorphous, which was SiO,/Al,O3
composites with the similar structure SBA-15, while B-cristobalite, mullite and (3-SizN4 was formed in the tested temperature range of 1150—
1350 °C. Finally, 3-sialon with high purity and yield were obtained at 1450 °C. The microstructural evolution of (-sialon at different sintered
temperature was examined using scanning electron microscopy and transmission electron microscopy. It was demonstrated that well-shaped
prismatic 3-sialon, with a high yield of 98% was successfully prepared via carbothermal reduction nitridation from the precursor of SBA-15 with

AlI(NO3); under N, atmosphere at 1450 °C.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Sialons are ceramic materials derived from silicon nitride in
which silicon and nitrogen are partially replaced simulta-
neously by aluminium and oxygen atoms, respectively. Such
materials are chemically and thermally stable, and possess
excellent mechanical properties such as high strength and high
fracture toughness. Sialons, therefore, have been found wide
range of applications in many fields [1]. -Sialon is one of the
most important forms of sialons, which has a general formula
as: Sig_,AlLO.Ng_. (0 < z < 4.2), and is formed when z silicon
atoms in SigNg (2Si3Ny) are substituted by z aluminium atoms
and z nitrogen atoms by z oxygen atoms [2—4]. Thus, B-sialon
has engineering properties and applications similar to those of
B-SizNy, furthermore, it has such advantages that it can be
tailored to particular applications by manipulation of its
aluminium content. [3-Sialon is a material that has high
strength, good thermal-shock resistance, resistance against
corrosion and erosion, particularly, superiority to silicon nitride
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in sinterability and oxidation resistance [5]. B-Sialon is
generally prepared by sintering mixtures of SizNy, Al,Os,
AIN and SiO, at temperature higher than 1500 °C [6,7] via
carbothermal reduction and nitridation of synthetic Al,O5/SiO,
mixtures. Natural aluminosilicate minerals were used as
starting materials for the synthesis of sialon ceramics [8].
However, new methods are still required for the synthesis of
high purity B-sialon in many cases [9].

In this work, we adopted SBA-15, a kind of hexagonal
mesoporous SiO, directed by triblock copolymer pluronic
(PEO,oPPO7oPEO,(, P123) [10], and A1(NO3); incorporated in
SBA-15 as starting materials to synthesize 3-sialon under N,
atmosphere. The starting materials were calcined at 550, 1150,
1250, 1350, and 1450 °C, and the phases and structures of the
resulting materials calcined at different temperatures were
investigated by X-ray diffraction (XRD), scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM).

2. Experimental

In a typical experiment, 4.0 g of triblock copolymer Pluronic
P123 (BASF) template was dissolved in 170 ml of 2M HCl
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solution via stirring at room temperature, and 8.5 g of tetraethyl
orthosilicate followed by 0.8 M Al(NOs3); (Beijing Chemical
Reagent Center) solution (50 ml) was added via dripping under
stirring. The resulting mixture was stirred at 40 °C for 24 h, and
then aged at 100 °C for 48 h under static condition. After
vaporized the solvent, the as-prepared solid was vacuum-dried
at 100 °C overnight. The obtained powder was divided into five
portions, each of which was pressed into cylindrical pellets of
15 mm in diameter and 15 mm in height under 100 MPa. Each
pellet was put into a graphite crucible placed in a molybdenum-
wire furnace under N, atmosphere of 120 ml/min flow rate, and
was heated with a heating rate of 280 °C/h until temperature
reached at 550, 1150, 1250, 1350, and 1450 °C, respectively,
and was kept at the corresponding temperature for 6.0 h under
nitrogen atmosphere at ~0.1 MPa, then all the samples were
cooled naturally to room temperature in N, atmosphere prior to
be characterized.

The XRD patterns of the samples obtained at different
calcined temperatures were collected on an X-ray diffract-
ometer (X’PERT SW) operated at 40 kV and 10 mA with nickel
filtered Cu Ka radiation (A = 1.54060 A). The morphologies
and microstructures of the samples were observed by means of
scanning electron microscopy (SEM, JEOL, JSM-6700F) and
transmission electron microscopy (TEM, JEOL, JEM-2010)
equipped with an energy dispersive X-ray spectrometer (EDS)
at an accelerating voltage of 200 kV, respectively.

3. Results and discussion

In this work, five pellets obtained from TEOS hydrolysis and
incorporated with AI(NO;); were calcined at 550, 1150, 1250,
1350, and 1450 °C, respectively. Fig. 1 shows the XRD patterns
of the as-prepared samples at different temperatures.

For the sample obtained at 550 °C, there is no peak on its
XRD pattern (curve a) in the wide angle, suggesting the
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Fig. 1. XRD patterns of the samples obtained at different temperatures: (a)
550 °C; (b) 1150 °C; (c) 1250 °C; (d) 1350 °C; (e) 1450 °C. The phases are
denoted as: s, 3-sialon; m, mullite; n, SizNy; q, B-cristobalite.

amorphous features of this product, which also means sialon
was not obtained at this temperature. SEM and TEM
observations provide more information for this sample. As
displayed in Fig. 2a, this sample is particles with size of about
1 wm, and it possesses ordered hexagonal structure similar to
SBA-15 with pore size of 7 nm, as shown in Fig. 3a and b. EDS
analysis indicates the sample contains elements Si, Al, O and C
during the TEM observation (not shown here). Based on the
procedures to prepare SBA-15 reported in literature [10] and
the results described above, the mesoporous material in the
product is probably SiO, present in the form of SBA-15, and
the adhered material on the SBA-15 surface is Al,O5; from
the decomposition of AI(NO;3); at 550 °C. Because of the
mesoporous structures of SBA-15, Al,O; maybe stays in the
inner channels of SBA-15 and/or decorated on the inner and
outer surfaces, which facilitates the adequate mixing of SiO,
and A1203.

In general, the carbothermal reduction nitridation reaction
occurs at temperature higher than 1350 °C [11]. In this work,
four pellets were sinterated at 1150, 1250, 1350 and 1450 °C,
respectively. From their XRD patterns shown in Fig. 1, it can be
seen that the peaks assigning to (3-cristobalite (JCPDS number:
83-2469) and mullite (JCPDS number: 74-2419) appeared on
the XRD patterns of the products obtained at 1150 and 1250 °C.
However, there is no peak belonging to 3-sialon, suggesting the
sinterating temperature of 1250 °C is too low to produce [3-
sialon. By comparison curve b with curve c, the peaks of mullite
in curve ¢ become weak, and (-cristobalite peaks disappear
completely, which indicates mullite gradually diminished as
increasing the temperature. In addition, we can find SizNy
(JCPDS number: 76-1408) formed in the product, which
implies the incorporation of N in the N, atmosphere. When the
pellet was sintered at 1350 °C, the peaks corresponding to 3-
sialon (JCPDS number: 79-0483) are present on the XRD
patterns of the as-prepared sample, suggesting the formation of
[3-sialon at this temperature. When the pellet was sintered at
1450 °C for 6 h, the main phase in the product was [3-sialon
with only a trace of mullite and (3-Si3Ny, as shown in curve e of
Fig. 1. Based on the relationship between the value of Z and the
lattice parameter of 3-sialon, the Z value of 3-sialon was 2.99
for the product obtained at 1450 °C in this work. From
normalizing the XRD data, performed by a FORTRAN’’
program CELLSR [12], lattice constants of the product are
deduced, which are consistent with those listed in the JCPDS
cards. The yield of B-sialon is approximately 98% (97.96%
Siz.01Al5.9905.99N5 01, 2.04% other phases) calculated from the
contents of Si, Al in the starting materials with the Z value and
the content of nitrogen in (3-sialon [4].

The morphologies and structures of the products sintered at
different temperatures were examined by means of SEM and
TEM, and the results are demonstrated in Figs. 2 and 3. Fig. 2
shows the SEM images of the as-prepared samples at different
sintered temperatures, which can roughly illustrate the
evolution of B-sialon from the pellets to the final {3-sialon
crystals. Fig. 2a shows the morphology of the products obtained
at 550 °C, which are spherical particles with size of about
1 pm. Based on the XRD analysis and the synthesis procedures,
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Fig. 2. SEM images of the as-prepared samples at different temperatures: (a) 550 °C; (b) 1150 °C; (c) 1250 °C; (d) 1350 °C; (e) 1450 °C.

this product is an amorphous mixture of SiO, and Al,O3
containing some carbon-based materials from pyrolysis of
P123. Fig. 2b and c demonstrated the morphologies of the
products prepared at 1150 and 1250 °C. There are many wires
with diameter of 300 nm and length of about tens of microns in
these two samples, which can be also observed using
transmission electron microscope, as shown in Fig. 3c. The
EDS analysis for this wire during TEM observation shows that
it mainly contains element Si and N. Through the XRD and
EDS analysis, it can be deduced that the wires in the products
obtained at 1150 and 1250 °C are Si3N4, and the others are
mainly mullite. In the product obtained at 1350 °C, vast
majority of prismatic materials appear, as displayed in Fig. 2d,
which are (3-sialon based on the XRD analysis. From this graph,
we can also observe some Si;N, wires decorated with small 3-
sialon crystals (as demonstrated by an arrow in Fig. 2d), which
indicates the reaction to form [-sialon crystals was probably
not finished at this temperature. When the pellet was sintered at
1450 °C for 6 h, the SizN, wires disappeared completely, as
shown in Fig. 2e, and the well-grown prismatic [3-sialon

crystals have been formed. The EDS analysis (Fig. 4a) indicates
the atom ratio of Si:Al is 1.04, which agrees well with
calculated formula Sis 1Al 9905.99N5 1. Selected diffraction
patterns (Fig. 4b) indicate the final sialon is [ type.

The exact mechanism to form [-sialon in this work is
unclear. However, we propose a possible mechanism based our
results as follows. During the calcining process in nitrogen flow,
the precursor of SiO, was first dehydrated to produce
amorphous SiO,, and AI(NO;); decomposed into amorphous
Al,03, while the organic triblock copolymer pluronic P123 was
carbonized to form amorphous carbon [10] at relatively low
temperatures in nitrogen atmosphere. Then with increasing the
heating temperature, (3-cristobalite and mullite was formed.
Meanwhile, a portion of oxygen in the sample was removed by
carbon and substituted by nitrogen to form B-SizN, when
temperature increased to certain value, and (3-sialon was finally
formed when temperature increased to enough high value.

Compared with the samples prepared in literature [13], the
as-synthesized B-sialon in this work shows a rod shape with
much fine crystal edges along the length. This may be explained
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Fig. 4. EDS analysis (a) of the sample shown in Fig. 3d, and selected area diffraction (SAED) pattern (b) of the sample shown in Fig. 3d.

that the hexagonal structure of amorphous SiO, formed at
relatively low temperature has a great influence on the
morphology of [-sialon. It has been accepted that the
morphology of the crystals is determined by two factors:
one is the crystalline habit and the other is the driving force or
steric hindrance for crystal growth. As to (3-Si3Ny derived from
SiO, with hexagonal structure, the packing density on the
layers perpendicular to the c-direction base plane is much
lower. Therefore, comparing to the prism plane, the base plane
has priority for nucleation and has higher growth rate, which
renders {3-sialon to develop into elongated prism.

4. Conclusion

Well-shaped prismatic B-sialon was successfully prepared
via carbothermal reduction nitridation of the precursor of SBA-
15 incorporated with AI(NO;3); under N, atmosphere at
1450 °C. A high yield of 98% for B-sialon can be reached.
At the temperature of 550 °C, the calcined material was
amorphous SiO,/Al,03 composites with the similar structure
SBA-15, when the temperature climbed to 1150-1350 °C, B-
Si0,, mullite and 3-Si;N4 was formed, and the final product of
B-sialon were obtained at the temperature of 1450 °C for 6 h.
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This work provides a simple method to prepare prismatic
[3-sialon with high purity and yield.
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