Available online at www.sciencedirect.com

ScienceDirect

ELRRS

ELSEVIER Journal of the European Ceramic Society 30 (2010) 1925-1930

www.elsevier.com/locate/jeurceramsoc
Combustion synthesis of single-phase 3-sialons (z=2-4)
Mohammed Shahien®*, Mohamed Radwan®, Soshu Kirihara®,
Yoshinari Miyamoto®, Toshitaka Sakurai ©
& Central Metallurgical Research and Development Institute (CMRDI), P.O. Box 87, Helwan, Cairo 11421, Egypt
Y Joining and Welding Research Institute, Osaka University, 11-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan
¢ ISMAN J Corporation, Think Miraikobo, 1-8 Minamiwatarida, Kawasaki 210-0855, Japan
Received 22 July 2009; received in revised form 10 February 2010; accepted 27 February 2010
Available online 29 March 2010
Abstract

Single-phase 3-sialon powders (z=2—4) have been prepared with homogeneous compositions by the combustion synthesis. The raw materials
(Si, Al and SiO,) were combusted under N, pressure of 1 MPa. Without using a diluent, the reaction temperatures were very high (>2000°C)
and the combustion products contained Si and Al residues. With addition of commercial B-sialon (z=1) as a diluent (up to 50 wt%), both the
reaction temperatures and amount of residual Si and Al significantly decreased. The combustion reactions completed at 50 wt% dilution, and pure
B-sialon phases were synthesized. When the combustion product itself is used instead of the commercial diluent, the phase content of desired z
value increased with the repetition times until a single-phase powder is produced. The sinterability of the synthesized powders was then tested

using 5 wt% Y,0; as a sintering aid by the spark plasma sintering (SPS).

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Combustion synthesis (CS), or self-propagating high-
temperature synthesis (SHS), is a unique process in which the
raw materials could be converted to products using the strong
exothermicity of the reaction except a small amount used to ini-
tiate the reaction at the beginning. High conversion rates can
be attained by a careful selection of the combustion parameters
such as the charge composition, nitrogen pressure, amount and
type of diluent.

Silicon nitride and sialons as its derivatives are attrac-
tive nonoxide ceramics for many engineering applications,
due to the excellent mechanical properties including high
strength, thermal shock, and wear resistance with good chemi-
cal inertness.! B-Sialon ceramics are isostructural substitutional
solid solutions of Al and O for Si and N, respectively in
the parent hexagonal (-Si3sNs phase. The composition is
expressed by the formula Sig_,Al,O,Ng_,, where z represents
the number of Al-O pairs replacing Si-N pairs in B-SizNg
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and can be varied in the range of 0<z<4.2.> However,
B-sialon structure provides a good combination in proper-
ties of both silicon nitride (high strength, hardness, fracture
toughness, and low thermal expansion) and aluminum oxide
(corrosion resistance, chemically inert, high-temperature oxida-
tion resistance).>> It is considered as an engineering material
for several applications such as cutting tips, manufacture of
automotive valves, welding applications, in aerospace and auto-
motive industry, handling of molten metals and non-ferrous
alloys, and as gas filter for high temperatures and corrosive
environments. '

Sialon components are usually fabricated through reaction
sintering, meanwhile the sialon powders are mostly produced by
the carbothermal reduction process.®’ The CS method is proved
to be a potential alternative to produce 3-sialon powders at low
energy consumption in a short reaction period. The previous
reports showed that (3-sialon powders can be successfully pre-
pared by CS. 811 pevertheless, little effort has been devoted on
the composition control of produced [3-sialon powder which can
be attributed to the complexity of the formation reactions in such
a multicomponent system especially when z value increases.
Recently, the production of pure B-sialon powder with precise
z=1 by CS has been developed to a commercial phase.!?
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In this study, the combustion synthesis of single-phases
[B-sialon powders with z=2-4 was investigated under a low
nitrogen pressure. The combustion was controlled by using
commercial sialon powders with z=1 as a diluent to reduce
the maximum combustion temperature. In our previous study,
the details of CS of a single-phase B-sialon with z=2 was
explained.!> Here, the effect of z value on the combustion
temperature, products composition, and resultant powder mor-
phology was addressed. Then, the sinterability of synthesized
powders was tested by spark plasma sintering (SPS). The SPSisa
powerful sintering technique which enables the fast densification
of powders in a period of several minutes.'~1°

2. Experimental procedure

Synthesis of B-sialon phases (z=2—-4) can be expressed by
the following equation:

(6 — 1.52)Si + zAl + (0.52)Si05 + (4 — 0.57)N,
= B‘Si(é—z)AlzozN(sz) (1

The starting materials used were: silicon metal (99.5% purity,
3 pm in average particle size), silica (10 wm), aluminium metal
(99.5%, 22 pm), and 3-sialon powders (z=1, 7.5 pm, as a dilu-
ent) supplied by Ismanj®. The diluent was used to control the
combustion temperature of the reaction and to avoid coagu-
lation of the low-melting combustible elements (Si, Al) and
the high-temperature dissociation of the products. The reac-
tants (according to above equation) were thoroughly mixed with
different ratios (up to 50wt%) of diluent powder (3-sialon,
z=1). A charge (about 50 g) was loosely packed into a cylindri-
cal porous graphite crucible (42 mm ¢ x 90 mm H) to provide
a good access of the Ny gas to the raw materials. The reac-
tion crucible was placed into an SHS autoclave (180 mm inner
diameter, 300 mm inner height and volume of 7.6 x 102 cm3)
as shown in the schematic configuration of Fig. 1. The com-
bustion was performed under the constant nitrogen gas pressure
of 1 MPa (99.99% purity). The reaction was initiated from the
bottom using 2 g ignition agent (Al/AIN pellet) placed beneath
the charge, by passing a small current of 60 A x 20V for 10s
through a carbon ribbon heater under the pellet. The temper-
ature profile and the average combustion temperature, Tax,
of the reaction were recorded by using a W-5%Re/W-26%Re
thermocouple placed in the middle of the reaction burden.
After cooling to room temperature, the products were roughly
crushed and screened through a 220 um sieve. Single-phases
B-sialon powders with the defined z value were obtained by
using the product itself as a diluent instead of initially used
z=1 powder and repeating this combustion cycle for a few
times.

The combusted products were analyzed by the X-ray diffrac-
tion analysis (JEOL, JDX-3530, Japan). The z values of 3-sialon
phases were determined by calculating the lattice parameter a
from the XRD peaks (3 10),(320), (4 10)and (3 3 0) of B-sialon
phases, according to Ref. 2 using pure Si added as an internal
standard. The morphology of products was observed by the field-
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Fig. 1. A schematic diagram of combustion reactor.

emission scanning electron microscope (FE-SEM; ERA-8800,
ELIONIX, Tokyo, Japan).

The sinterability of the synthesized sialon powders was
then tested by using the spark plasma sintering (SPS). The
as-synthesized powders were crushed and screened using a
220 pm sieve and then wet-milled by planetary mill in 2-
propanol medium using Al,O3 balls until an average particle (or
agglomerate) size of about 0.5 wm (determined by a laser light
scattering, model SALD-7000 Shimadzu Corporation Kyoto,
Japan). The amount of alumina contaminated from the milling
media was very small and not taken into account. A 5wt%
yttria powder was used as a sintering aid. The powder mix-
ture was placed inside a graphite die with an inner diameter
of 10mm and then sintered using Dr. Sinter® Model 1050
SPS apparatus (Sumitomo Coal Mining Company, Ltd., Japan).
The sintering was performed in a vacuum at 1600 °C for 5 min
under 30 MPa pressure applied from the beginning to the end of
the sintering. The heating and cooling rates were 100 °C/min.
The temperature was measured by means of an optical pyrom-
eter focused on a hole on the die surface centered on the
sintering sample. The relative density of sintered pellets was
determined in a deionized water by Archimedes method. The
theoretical densities were calculated from the JCPDS diffrac-
tion data considering the amount of yttria added (theoretical
density of yttria, B-sialons with z=2 and 3 were 5.03, 3.147 and
3.095 gcm ™3, respectively). Vickers hardness was measured on
polished surfaces of dense specimens using a diamond inden-
ter (Akashi MVK-G3 Hardness tester) with an indentation load
of 1 kgf (9.81N) for 15s. The indentation fracture toughness,
KIC, was determined from the Vickers indentations according
to the method by Niihara et al. in Ref. 17. The microstructure
of fractured surfaces of sintered samples was also observed by
FE-SEM.
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Fig. 2. Combustion thermograms after using 50 wt% of diluent (z=1). (a) z=2,
(b)z=3 and (¢) z=4.

3. Results and discussion

3.1. Controlling the reaction temperature and synthesis of
Si free products

The combustion reaction temperatures without diluent addi-
tions were very high (>2000 °C) and the thermocouple melted.
With the 50wt% diluent addition, the combustion temper-
atures were significantly reduced to about 1859, 1686 and

1640°C for z=2-4, respectively, as shown in Fig. 2. It can
be seen that as the reactions temperature began to go up to
its maximum quickly and the reaction completed within a
few minutes which reflects the very fast feature of CS. The
decrease in the maximum reaction temperature with increas-
ing the z values is in close agreement with the decrease in
the adiabatic temperature (theoretical combustion temperature
calculated from thermodynamics data, T,q) of the combustion
reactions with increasing the z values as reported by Aoyagi et
al.!8

The effect of the diluent on the phase compositions of the
combusted products at different z values is shown in correspond-
ing XRD patterns given in Fig. 3. In case of z =2, large amounts
of residual Si appeared besides [3-sialon phases when the diluent
was not used. At higher z values (3 and 4), some Al and SizNy
also appeared beside Si in the combusted products. The pres-
ence of Si and Al residues can be attributed to the melting and
subsequent coagulation of the metals caused by the extremely
high reaction temperature and the high reaction rate of the nitri-
dation combustion reactions, which retards the good access of
reactant N> gas and interrupt the completion of their nitridation.
It can be seen that the addition of the diluent was necessary to
reduce the Si and Al residues and improve the reaction conver-
sion. For all z values, the 50 wt% diluent addition was sufficient
to produce pure sialon phases. However, the diluent phase (z=1)
still exists along with newly synthesized z value products as is
clear in Fig. 3. It indicates that the diluent is not involved in the
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Fig. 3. XRD patterns of synthesized sialon powders at various diluents (z=1)
amounts. (a) B-sialon z=2, (b) B-sialon z=3 and (c) B-sialon z=4. (@)
Si6—7)Al;O;N—;), (A) SisAION7, (O) Si, () SizN4 and (V)Al).
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Fig. 4. FE-SEM micrographs of as-synthesized (3-sialon products without diluent addition and after addition 50 wt% of diluent (z=1). (a) z=2, (b) z=3 and (c) z=4.

synthesis reaction of desired z value products. It mostly plays a
passive role during the combustion and mainly reduces the com-
bustion temperature. The product consequently consists of two
phases (diluent and the synthesized phases) and not one phase
with a lower z value.

One of the advantages in this study is the use of commercial
B-sialon powder with z=1 as a diluent which could signif-
icantly reduce the combustion temperature and result in the
synthesis of pure (3-sialon powders compared to other pervious
reports.!0:18-20

Fig. 4 gives the morphology of combusted products with
z=2-4 both without diluent and after using 50 wt% dilu-
ent. Without a diluent addition, the particles morphology was
inhomogeneous with large agglomerations and the extent of
inhomogeneity increased with the z value favoring the formation
of long rods and fibers. This can be attributed to the very high
combustion temperature and the increase of volatile species as
Al with z value. With 50 wt% diluent addition, the morpholo-
gies of all combusted products were clearly uniform showing
agglomerates of well-crystallized sialon particles. It can be seen
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Fig. 5. XRD patterns of synthesized single sialon phases after using the products
as diluents. (a) B-sialon z=2, (b) B-sialon z=3 and (c) B-sialon z=4. (@)
Si6—zAl;O;N@g—_;) and (A) SisAION7).

that with the increase of z value, the average size of agglomer-
ates decreases which is in agreement with the reduction trend in
the combustion temperature with the z value.

3.2. Synthesis of B-sialon single phases
Pure single-phase 3-sialon powders were further obtained

by using the combusted products themselves as diluents instead
of the initial diluent powder of z=1 and repeating this cycle
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Fig. 6. Lattice constant, a, of the combustion-synthesized -sialons according
to its z value.
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Fig. 7. Fracture surfaces of 3-sialons SPS sintered at 1600 °C for 5 min.

for few times. Fig. 5 gives the XRD patterns of final products
and shows the absence of z=1 diluent phase. It worth to be
mentioned that for z=2 and 3 the product addition as a diluent
in each subsequent combustion was 50 wt%, while for z=4 the
optimum amount was only 40 wt%. Above 40 wt% addition,
the combustion reaction did not propagate. In case of z=2, the
single-phase powder could be obtained after 5 times combustion
repetitions. In case of z=3 and 4, the single phases of z=3 and
4 were easily noticed after 2 repetitions.

Fig. 6 shows a good agreement between the experimental
results of the lattice parameter a and z values (as determined
from XRD analyses) and the theoretical data reported in Ref. 2.

3.3. Spark plasma sintering of combustion synthesized
B-sialon powders

The sinterability of the final single-phases [-sialon pow-
ders with z=2 and 3 were tested in a vacuum at 1600 °C for
5 min under 30 MPa pressure by the SPS method. Table 1 sum-
marizes the results of relative density, Vickers hardness, and
fracture toughness of the sintered sialon compacts. It shows
that the synthesized sialon powders were densified success-
fully to about 97% of theoretical density. The Vickers hardness
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Table 1

Properties of sintered samples.

Properties z=2 z=3
Relative density (%) 97.3 97.5
Vickers hardness (GPa) 14.8 17.9
Fracture toughness (MPam'/2) 4.4 4.8

was about 14.8 GPa and the fracture toughness was relatively
good as 4.5MPam!?, which is in good agreement with the
results reported in the literature through different processing
methods.?!~>* The microstructures of fractured surface of dense
samples are shown in Fig. 7. There are very low porosity contents
and uniform microstructure consisting of small aggregates (of
approximately 3 wm) of ultrafine sialon grains. Both transgran-
ular and intergranular fractures modes could be observed. The
phase composition of sintered samples was analyzed by XRD
and showed no phase change due to the SPS sintering.

4. Conclusion

Pure B-sialon powders with the controlled z values (z=2-4)
were successfully prepared from stoichiometric mixtures of con-
stituent elements under a nitrogen pressure of 1 MPa by the CS
method. The combustion temperatures of nitridation reactions
were controlled by using a commercial sialon powder of z=1 as
adiluent. Single-phase 3-sialon powders were obtained by using
the products as diluents and repeating the combustion for few
times. The sinterability of the synthesized powders was evalu-
ated by the SPS and dense (3-sialon compacts were produced
with relatively good values of hardness and fracture toughness.
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