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Three types of β-SiAlON (Si6−z AlzOzN8−z) powder were prepared by the carbothermal
reduction and simultaneous nitridation of ultrafine powders in the Al2O3-SiO2 system. The
ultrafine starting oxide powders, prepared using the vapour-phase reaction technique,
were mixed with carbon powder and heated at 1400 ◦C for 1 h under flowing nitrogen to
form β-SiAlON and followed by heating at 570 ◦C for 1 h in air to remove residual carbon.
The resulting powders contained only β-SiAlON with z values of 1.63, 2.05, and 2.99. The
relative density (bulk density/true density) of β-SiAlON compacts pressureless sintered at
1800 ◦C for 1 h under flowing nitrogen increased with z and reached 89.9% at z= 2.99.
When the β-SiAlON compact with z= 2.99 was hot pressed at 1800 ◦C for 1 h under flowing
nitrogen, a maximum relative density of 93.6% was achieved. Although this hot pressed
compact contained a small amount of 15R-SiAlON in addition to β-SiAlON, it possessed a
small average grain size (typically 0.5 µm diameter) and high Vickers hardness (19.2 GPa).
C© 2001 Kluwer Academic Publishers

1. Introduction
The mechanical and physical properties of silicon ni-
tride (Si3N4) and its related SiAlON family (chemi-
cal formula: Si6−zAl zOzN8−z) of ceramics [1–15] are
known to depend greatly upon such factors as the char-
acteristics of the starting powder [4, 5, 11, 13], sintering
conditions [6], additives [12], phase composition [2],
and microstructure [14]. Several different techniques
exist for the preparation of Si3N4 powder, i.e., (i) direct
nitridation of silicon [7, 10], (ii) carbothermal reduc-
tion of silica (SiO2) in a nitrogen atmosphere [3], (iii)
vapour-phase reaction between ammonia (NH3) and sil-
icon tetrachloride (SiCl4) or silane (SiH4) [8], and (iv)
pyrolysis of an organometallic polymer in the presence
of NH3 [9]. Although similar techniques also exist for
the preparation ofβ-SiAlON powder, most work has
focused on solid state reactions using metal oxides and
nitrides, i.e., Si3N4, SiO2, AlN and Al2O3. From the
viewpoint of mechanical properties at elevated tem-
perature it is preferable to reduce the use of sintering
aids (e.g., rare earth oxides) to a minimum. Therefore
β-SiAlON powder with submicrometre-sized particles
has an advantage over most powders, whose size is typ-
ically >1 µm, as densification may be achieved with-
out the addition of sintering aids such as yttrium oxide
(Y2O3) and/or at a lower sintering temperature [15].

∗ Author to whom all correspondence should be addressed.

Among the preparation methods forβ-SiAlON pow-
der, therefore, the carbothermal reduction and simulta-
neous nitridation (CRSN) technique is useful as it re-
sults in formation of submicrometre-sizedβ-SiAlON
powder. Starting powders investigated in the Al2O3-
SiO2 system for the CRSN technique have included: (i)
mixtures of SiO2, Al2O3, and C powders [16, 17], (ii)
kaolinite (2SiO2·Al2O3·2H2O) [18], (iii) mixtures of
SiO2, Al2O3·2H2O and C powders [19], and (iv) alkox-
ides obtained by the hydrolysis of silicon tetraethox-
ide and aluminium isopropoxide [20, 21]. Several of
the present authors have prepared such a candidate
material (high purity mullite (3Al2O3·2SiO2) pow-
der with average diameter of∼0.05 µm) using the
chemical vapour deposition (CVD) technique and alu-
minium chloride (AlCl3), SiCl4, and oxygen [22, 23].
The Al2O3/SiO2 ratio of this ultrafine powder could
be controlled through varying the experimental condi-
tions (e.g., sublimation rates of the starting metal chlo-
rides, flow rate of the carrier gas, reaction temperature,
etc.). The preparation of ultrafineβ-SiAlON powders
with variousz values is therefore made possible by the
CRSN of such ultrafine powders in the SiO2-Al2O3 sys-
tem that might be expected to react readily with fine C
powder. The present work is thus concerned with: (i) de-
termination of conditions necessary for the preparation
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of β-SiAlON powders using the CRSN technique, (ii)
characterisation of the resulting powders, and (iii) fab-
rication of dense ceramics using these powders.

2. Experimental procedure
Theβ-SiAlON powders investigated in this work were
prepared using powders in the Al2O3-SiO2 system and
active carbon powder (Wako Pure Chemical Ind. Ltd.,
Osaka Japan). Preparation details of the powders in the
Al2O3-SiO2 system have been given elsewhere [22] but
are briefly repeated here. The starting AlCl3 powder
(Aldrich Chemical Company Inc.; 99.9% purity) and
SiCl4 solution (Soekawa Chemicals; 99.999% purity)
were vapourised at 200◦C and 30–40◦C, respectively,
and introduced into the upper side of a heating zone
(mullite tube; length 1000 mm, inner diameter 60 mm)
using Ar gas as a carrier whilst oxygen was simulta-
neously introduced. The temperature of the upper part
of the heating zone was varied between 750◦C and
900◦C whilst that of the lower part was kept constant
at 400◦C. The oxygen and argon flow rates were 1.0
and 0.3 dm3·min− 1, respectively, with the AlCl3 and
SiCl4 vapour reacting with oxygen to form a powder in
the Al2O3-SiO2 system. The powder was collected in
a test tube-type filter whilst chloride vapour resulting
from the reaction was neutralised using concentrated
sodium hydroxide (NaOH) solution. The powders were
calcined at 200◦C for 30 min in order to remove resid-
ual chlorides.

The powders in the Al2O3-SiO2 system were then
mixed together with activated carbon powder in the
presence of acetone using an alumina mortar and pes-
tle. The amount of carbon was three times as large
as that calculated for full conversion of the powder
to β-SiAlON. Carbothermal reduction and simultane-
ously nitridation was achieved using a flowing nitro-
gen atmosphere (2.0 dm3·min−1) for 90 min at 1300–
1450◦C and followed by a heat treatment in air at
570◦C for 1 h inorder to remove any residual carbon.
Properties of a commercially availableβ-SiAlON pow-
der (UBE-SN-SZ3, Ube Industries Ltd., Ube, Japan)
were also examined for use as a reference material. The
Si/Al ratio andz value of the commercialβ-SiAlON
powder were found to be 0.98 and 3.03, respectively,
whilst the specific surface area (SSA) was 3.8 m2·g−1.

Sintered compacts were fabricated from the powders
using either pressureless sintering or hot pressing tech-
niques. For the pressureless sintering technique, ap-
proximately 0.3 g of powder was isostatically pressed
at 100 MPa to form a disk with diameter of 10 mm
and thickness of∼2 mm. The disk was then embedded
in an equimolar mixture of Si3N4 and SiO2 powder,
in order to prevent any thermal decomposition of the
expectedβ-SiAlON [21], and heated from room tem-
perature to 1100◦C at a rate of 30◦C·min−1 and from
1100◦C to 1800◦C at 10◦C·min−1. The firing time at
each temperature was fixed to be 1 h whilst resulting
sintered compacts were furnace cooled. For the hot-
pressing technique, approximately 1.0 g of powder was
first uniaxially pressed at 30 MPa in a steel die and then
isostatically pressed at 100 MPa in order to form a disk
with diameter of 20 mm and thickness of∼2 mm. The

compact was heated in a graphite die from room tem-
perature up to 1100◦C at a rate of 30◦C·min−1 and from
1100◦C to 1800◦C at 10◦C·min−1 under a pressure of
31 MPa and held for 1 h in a flowing nitrogen atmo-
sphere. The relative density of sintered compacts was
calculated by dividing the bulk density by true density.
The bulk density was measured on the basis of mass
and dimensions whilst the true density was measured
using the Archimedes method at 30.0◦C (immersion
liquid; ethanol) after the sintered compact was pulver-
ized using an alumina mortar and pestle.

Crystalline phases of the resulting powder and sin-
tered compacts were determined using an X-ray diffrac-
tometer (XRD) with Cu Kα radiation (40 kV, 25 mA;
Model RAD-IIA, Rigaku, Tokyo, Japan) and referenced
using Joint Committee on Powder Diffraction Stan-
dards (JCPDS) cards. The specific surface area (SSA) of
the powder was determined using a Brunauer-Emmett-
Teller (BET) technique with nitrogen as an adsorption
gas. Particle shapes and morphologies were observed
using a transmission electron microscope (TEM) (ac-
celerating voltage, 300 kV; Model H-9000, Hitachi,
Tokyo, Japan) whilst microstructures of the sintered
compacts were investigated using a scanning electron
microscope (SEM) (accelerating voltage, 5 kV; Model
S-4500, Hitachi, Tokyo, Japan) after the specimen sur-
face was first etched using concentrated HF and then
coated with Pt/Pd in order to reduce charging effects.
The amounts of aluminium and silicon in the powder
were determined using a SEM fitted with energy dis-
persive X-ray microanalysis (EDX) (Model EMAX-
5770, Horiba, Kyoto, Japan) whilst the amounts of oxy-
gen and nitrogen were determined using a determinator
(Model TC-136, LECO, St. Joseph, MI, USA). Vickers
hardness,HV, was evaluated for the sintered compacts
using an indentation load and time of 1 kg and 15 s,
respectively (Akashi, Model MVK-E, Tokyo, Japan).

3. Results and discussion
3.1. Properties of powder in the Al2O3-SiO2

system prepared by the CVD technique
Prior to performing the CRSN procedure, properties of
the powders in the Al2O3-SiO2 system were examined
with analytical results of the compositions being shown
in Table I. It can be seen that the powder SSA decreased
with decreasing Al/Si ratio. For example, the SSA of
the powder with an Al/Si ratio of 1.25 was 45.6 m2·g−1,
compared to a SSA of 121.8 m2·g−1 for the Al/Si ratio
of 2.75. The chlorine content for all powders was found
to be on the order of 1 mol%.

Crystalline phases of the resulting powders were ex-
amined using XRD with results being presented in

TABLE I Chemical composition of the starting oxide powders
prepared using the CVD technique

Si Al Cl Si SSA
Sample
No. mol% mol% mol% Al m2·g−1

1 19.87 15.89 0.66 1.25 45.6
2 24.22 9.88 1.37 2.45 58.4
3 25.29 9.21 0.97 2.75 121.8
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Figure 1 X-ray diffraction patterns of the starting oxide powders pre-
pared using the CVD technique: (a) Sample 1, (b) Sample 2, and
(c) Sample 3.

Fig. 1. The lack of any distinct reflections showed these
powders to be essentially amorphous.

The reaction processes of the metal chlorides to metal
oxides may be expressed as follows:

AlCl3+ (3/4)O2→ (1/2)Al2O3+ (3/2)Cl2 (1)

SiCl4+O2→SiO2+ 2Cl2 (2)

Each mole of Al2O3 then reacts instantaneously with
some amount of SiO2 to form amorphous material in
the Al2O3-SiO2 system such that:

Al2O3+ 2aSiO2→Al2O3·2aSiO2

(a : 1.25, 2.45 and 2.75) (3)

The starting powders in the present case possessed high
SSA (i.e., ultrafine particles) together with low chlorine
content. The decrease of SSA with Al content in the
powder may be attributed to the difference in reactivity
of oxygen between AlCl3 and SiCl4, with details being
discussed later, together with the data on particle mor-
phology. On the other hand, the generally low chlorine
content in these powders demonstrates that oxidation of
these metal chlorides occurs effectively with the almost
total elimination of chlorine from the system.

Particle morphologies of the resulting powders were
observed using TEM with a typical micrograph of
Sample 1 being presented in Fig. 2. The particles ex-
hibited spherical shell structures with diameters of typ-
ically less than∼0.1 µm whilst the inner core of

Figure 2 Typical TEM micrograph of a starting oxide powder
(Sample 1) prepared using the CVD technique.

each particle consisted of a highly porous network
surrounded by a thin and denser shell. Such a highly
porous network would explain the high SSA value
(45.6 m2·g−1) obtained for this powder.

The particle formation route using the vapour phase
reaction may be divided into two stages, i.e., homoge-
neous nucleation and growth [24]. Since the reactiv-
ity of AlCl 3 with oxygen may be appreciably greater
than that of SiCl4 with oxygen [24], the nucleation of
Al2O3 would be thought to occur more readily than
that of SiO2. Such a hypothesis is also supported by
the fact that the powder SSA decreased with Al con-
tent. Although the particles consist of a highly porous
network surrounded by a thin and denser shell, the
chemical composition of the outer shell is believed to
be almost the same as that of the inner core as a re-
sult of the homogeneous nucleation and growth of the
particles.

3.2. Properties of β-SiAlON powders
prepared by the CRSN technique

The optimum conditions for the preparation ofβ-
SiAlON using the CRSN technique were investigated
for the oxide powders prepared by the CVD technique
in the previous section. First of all, the effect of tem-
perature on phase changes during CRSN was examined
using XRD with typical XRD patterns for Sample 1
being shown in Fig. 3. For a reaction temperature of
1300◦C,β-SiAlON (z= 3; Si3Al3O3N5) [25],α-Si3N4
[26], X-phase, [27] and mullite [28] were found to be
present in the powder. The formation routes of X-phase
by CRSN have been previously examined by Zheng and
Forslund [17], who suggested that X-phase may form
as an intermediate phase from a mixture of SiO2 and
Al2O3 powder but not from kaolin. It would therefore
appear to be the case that X-phase is an intermediate
phase during the formation ofβ-SiAlON from mul-
lite. For a reaction temperature of 1350◦C, β-SiAlON
together with a small amount ofα-Si3N4 were found
to be present in the powder whilst reaction tempera-
tures of 1400◦C and 1450◦C showed onlyβ-SiAlON
to be present. From this data it may be concluded that
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Figure 3 Typical XRD patterns following carbothermal and simultane-
ous nitridation processing of Sample 1. Heating time: 1 h.e: β-SiAlON,
g: X-phase,1: α-Si3N4, j: Mullite.

Figure 4 Relationship between the Si/Al ratio for the starting powder
andβ-SiAlON powder.

1400◦C is the minimum temperature required for com-
plete conversion of the starting oxide powders into
β-SiAlON. It is noteworthy that CRSN of the present
powders may be carried out at a temperature as low
as 1400◦C whereas kaolinite-derived powder [18] and
alkoxide-derived powder [21] are nitrided at 1500◦C
and 1430◦C, respectively. Based upon the above infor-
mation, the heating temperature and time for the prepa-
ration ofβ-SiAlON powder were fixed to be 1400◦C
and 1 h, respectively.

Analytical data for the resultingβ-SiAlON powders
were plotted against those of the starting powders in the
Al2O3-SiO2 system and presented in Fig. 4. It should be
noted that the resultingβ-SiAlON powders were fur-

ther heat-treated in air at 570◦C for 1 h inorder to re-
move any residual carbon. Si/Al ratios of theβ-SiAlON
powders were somewhat lower compared to those of the
starting powders in the Al2O3-SiO2 system with Si/Al
ratios being in the range 1.01–2.68. Calculatedz val-
ues for theseβ-SiAlON powders were found to be 1.63,
2.05, and 2.99.

As stated above, the Si/Al ratios ofβ-SiAlON pow-
ders were lower than those of their respective start-
ing Al2O3-SiO2 powders and this may be explained
in terms of the vapourization of Si to form SiO dur-
ing the CRSN procedure [17–19, 21]. As the Si/Al ra-
tio of Sample 1 was reduced from 1.25 to 1.01 by the
CRSN process, the stoichiometric reaction route may
be expressed as follows:

1.495(Al2O3·2.50SiO2)+ 8.2425C+ 2.505N2→
Si3.01Al2.99O2.99N5.01+ 0.7275SiO+ 8.2425CO (4)

In order to confirm whether or not the stoichiometric
amounts of oxygen and nitrogen were present in the
β-SiAlON shown in Equation 4, these amounts were
determined quantitatively. On the basis of this data,
the chemical composition of Sample 1 was determined
to be Si3.03Al3.00O3.93N4.04. Comparing this composi-
tion with the theoretical composition shown in Equa-
tion 4, the presentβ-SiAlON has a larger amount of
oxygen and smaller amount of nitrogen, which sug-
gests that CRSN requires a long time to complete the
procedure, regardless of the relatively high SSA value
(45.6 m2·g−1) of the starting powder in the Al2O3-SiO2
system. The reason for this anomaly may be that the
outer spherical shell structure retards the CNRS reac-
tion of the inner porous structure.

A typical TEM micrograph showing the morphology
of theβ-SiAlON powder (Sample 1) has been given in
Fig. 5. It can be seen that theseβ-SiAlON particles pos-
sessed equiaxed structures with diameters of∼0.05µm
and a fully dense interior, in contrast to the correspond-
ing particles in the Al2O3-SiO2 system which exhib-
ited a highly porous interior (Fig. 3). The SSA value
for this β-SiAlON powder was 24.8 m2·g−1 and still
relatively high despite being reduced during the CRSN
process.

Figure 5 Typical TEM micrograph ofβ-SiAlON powder withz= 2.99.

168



Figure 6 Relationship betweenz value and relative density forβ-
SiAlON compacts fired at 1800◦C for 1 h under a flowing nitrogen
atmosphere.

3.3. Sinterability of the β-SiAlON powders
The effect ofz (in the formula Si6−zAl zOzN8−z) on rel-
ative density forβ-SiAlON ceramics fabricated using
the pressureless sintering technique has been shown in
Fig. 6. Although the relative density ofβ-SiAlON com-
pacts pressureless sintered at 1800◦C for 1 h wasonly
∼45% for the case ofz= 1.63, this increased to∼80%
for z= 2.05, and 89.9% for the case ofz= 2.99.

For the present pressureless sintering conditions
(1800◦, 1 h, flowing nitrogen), maximum relative den-
sity (89.9%) of theβ-SiAlON ceramic withz= 2.99
was noted to be approximately 15% greater compared
to that of aβ-SiAlON ceramic fabricated using the com-
mercially available powder (75.4%). Sinterability of the
presentβ-SiAlON powder withz= 2.99 may be en-
hanced not only by the high SSA and/or small particle
size but also as a result of the higher Al content (i.e.,
higherzvalue). The effect ofzvalue on the sinterability
of β-SiAlON has been examined by Mitomoet al. [29],
who demonstrated that sinterability is enhanced for the
case ofz≥ 2. Such a conclusion is also in accordance
with the present data.

Since theβ-SiAlON powder withz= 2.99 showed
excellent sinterability, the densification processes of
the present and commercially available powder com-
pacts were examined with results being presented in
Fig. 7. For a firing temperature of 1500◦C, there was
little difference in relative density between the present
and commercially available powders. However, rela-
tive density of the presentβ-SiAlON compacts be-
came larger compared to those of the commercially
available powder with increasing firing temperature.
At a firing temperature of 1800◦C, relative density of
theβ-SiAlON ceramic withz= 3.03 fabricated using
commercially available powder was limited to approx-
imately 75% whilst that of the presentβ-SiAlON ce-
ramic withz= 2.99 attained 89.9%.

SEM micrographs ofβ-SiAlON compacts pressure-
less sintered using the present powder (Sample 1) and
commercially available powder have been shown in
Fig. 8a and b, respectively, together with their grain

Figure 7 Relationship between relative density and firing temperature
for β-SiAlON compacts. Firing time: 1 h.e: β-SiAlON compact with
z= 2.99 fabricated using the present powder,d: β-SiAlON compact
with z= 3.03 fabricated using the commercially available powder.

size distributions and median grain sizes. Although
both pressureless sintered compacts were composed of
equiaxed grains, a significant difference in grain di-
ameter was apparent between them. Theβ-SiAlON
compact pressureless sintered using the present powder
possessed equiaxed grains with diameters of<0.3µm
and a median grain diameter estimated to be 0.09µm
(Fig. 8a and a’). However, theβ-SiAlON compact pres-
sureless sintered using commercially available powder
possessed equiaxed grains with diameters of<3 µm
and a median diameter estimated to be 1.34µm (Fig. 8b
and b’).

The median grain size of theβ-SiAlON compact
pressureless sintered using the present powder was thus
a factor of 15 smaller compared to that of pressure-
less sintered compacts using the commercially avail-
able powder. Since the SSAs of the present and com-
mercially available powders were 24.8 m2·g−1 and
3.8 m2·g−1, respectively, powders prepared in this
work show the potential to fabricate denseβ-SiAlON
ceramics with nanosized grain structures (<100 nm
diameter).

As the maximum relative density of the pressureless
sinteredβ-SiAlON compact withz= 2.99 was 89.9%,
and thus could not exceed 90%, hot pressing was con-
ducted in order to promote further densification. The
hot pressing temperature and time were chosen to be
1800◦C and 1 h, respectively, and thus the same as those
for pressureless sintering. Relative density of the hot
pressed compact fabricated using the present powder
compacts was determined to be 93.6%.

In addition, XRD patterns for the hot pressed and
pressureless sintered compacts withz= 2.99 have been
given in Fig. 9. The pressureless sintered compact was
found to contain onlyβ-SiAlON (Fig. 9a) whereas the
hot pressed compact containedβ-SiAlON together with
a smaller amount of 15R-SiAlON [30] (Fig. 9b).

The 15R-SiAlON formed in the hot pressed compact
was attributed to partial decomposition ofβ-SiAlON
due to the elimination of some components during hot
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Figure 8 Typical SEM micrographs and grain-size distributions forβ-SiAlON compacts pressureless sintered at 1800◦C for 1 h. Note that the surfaces
of these compacts were etched using concentrated HF solution. (a) and (a’):β-SiAlON compact withz= 2.99 fabricated using the present powder
(median grain size: 0.09µm); (b) and (b’):β-SiAlON compact withz= 3.03 fabricated using commercially available powder (median grain size:
1.34µm).

Figure 9 Typical XRD patterns for the present compacts withz= 2.99:
(a) pressureless sintered, and (b) hot-pressed at 1800◦C for 1 h. e:
β-SiAlON, d: 15R-SiAlON.

pressing [29]. Note that no 15R-SiAlON was detected
in the pressureless sintering case as theβ-SiAlON com-
pact was fired whilst embedded in an equimolar mix-
ture of Si3N4 and SiO2 powder in order to prevent such
thermal decomposition [29].

A SEM micrograph showing the etched surface of a
hot pressed compact using the present powder (Sam-
ple 1) has been presented in Fig. 10. This compact was

Figure 10 Typical SEM micrograph of the compact withz= 2.99 hot-
pressed at 1800◦C for 1 h. Note that the surface of this compact was
etched using concentrated HF solution.
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seen to contain grains with a mean diameter of typically
0.5µm.

In general,β-SiAlON ceramics have been fabri-
cated by the reaction sintering of powder mixtures
in the Si3N4, SiO2, AlN, and Al2O3 systems. In this
case, “transient” liquids that form during sintering pro-
mote densification, chiefly due to the rearrangement of
grains. In the present paper, however, the amount of
“transient” liquid phase would appear to be negligi-
ble in comparison with the case of reaction sintering.
This assumption may be supported by the fact that the
present grain size (typically 0.5µm) was smaller than
that formed by reaction sintering [31]. The present sin-
tering therefore appears to proceed by mass transfer
due to the high SSA and excess amount of oxygen over
stoichiometry.

Vickers hardness was also measured for the hot
pressed compact and found to be 19.2 GPa and thus
higher or equal to that of other SiAlON ceramics man-
ufactured using a variety of methods [32–34]. Such a
high Vickers hardness was attributed to both the small
grain diameter (typically 0.5µm) and also the small
amount of glassy phase thought to be present at grain
boundaries of a sintered SiAlON compact without the
use of additives. The fracture toughness of hot pressed
compacts was not measured in the present work. How-
ever, the fracture toughness values of (i)β-SiAlON
ceramic fabricated by the CRSN of alkoxide-derived
SiO2-Al2O3 powder and (ii)β-SiAlON ceramic fabri-
cated using Si3N4, AlN, and Al2O3 have been measured
by Mitomoet al. [35], who pointed out that no marked
difference in fracture toughness was observed between
these ceramics, regardless of any increase in Vickers
hardness.

As mentioned above, sintering does not appear to
proceed by liquid phase sintering but instead by solid
state sintering. Since grain growth may be inhibited
using the presentβ-SiAlON powder, the mechanical
strength (e.g., flexural strength, compressive strength,
etc.) might be expected to be higher in comparison with
the case of the reaction sintering technique. The rela-
tionship between mechanical strength and microstruc-
ture for these sintered compacts will be reported at a
later date.

4. Conclusions
Three types ofβ-SiAlON (Si6−zAl zOzN8−z) powder
were prepared by the carbothermal reduction and simul-
taneous nitridation of ultrafine powders in the Al2O3-
SiO2 system. The densification and microstructures of
theβ-SiAlON ceramics were examined with results be-
ing summarised as follows:

(1) The ultrafine starting powders in the Al2O3-SiO2
system, prepared by the vapour-phase reaction tech-
nique, were mixed with carbon powder and heated in a
flowing nitrogen atmosphere (1400◦C for 1 h) followed
by heating in air (570◦C for 1 h) to remove residual car-
bon. The resulting powders contained onlyβ-SiAlON
whosez values were 1.63, 2.05 and 2.99.

(2) The relative density (bulk density/true density)
of the β-SiAlON compacts pressureless sintered at

1800◦C for 1 h under a flowing nitrogen atmosphere
increased withz in the formula Si6−zAl zOzN8−z to
reach 89.9% atz= 2.99. This sintered compact was
composed of equiaxed grains with a mean diameter of
0.09µm.

(3) When theβ-SiAlON compact withz= 2.99 was
hot pressed at 1800◦C for 1 h under a flowing nitro-
gen atmosphere, relative density attained 93.6% whilst
the main phases were determined to beβ-SiAlON and
15R-SiAlON. This sintered compact possessed a small
grain size (typically 0.5µm diameter) and high Vickers
hardness (19.2 GPa).
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Editrice Ibérica S.L., Spain, 1993) p. 385.

7. T . I T O H, J. Mater. Sci. Lett.9 (1990) 19.
8. B . W. J O N G, G. J. S L A V E N S andD. E. T R A U L T , J. Mater.

Sci.27 (1992) 6086.
9. W. R. S C H M I D T, V . S U K U M A R, W. J. H U R L E Y,

R. G A R C I A , R. H. D O R E M U S, L . V . I N T E R R A N T E and
G. M . R E N L U N D, J. Amer. Ceram. Soc.73 (1990) 2412.

10. D. L . S E G A L, Br. Ceram. Trans. J.85 (1996) 184.
11. G. W O T T I N G andG. Z I E G L E R, Powder Metall. Int.18 (1986)

25.
12. S. H A M P S H I R E, M . J. P O M E R O Y andB. S A R U H A N, in

“High Tech Ceramics,” edited by P. Vincenzini (Elsevier Science
Publishers B.V., Amsterdam, The Netherlands, 1987) p. 941.

13. A . K A T O , K . S A R U G A K U andS. S A M E S H I M A, in “High
Tech Ceramics,” edited by P. Vincenzini (Elsevier Science Publish-
ers B.V., Amsterdam, The Netherlands, 1987) p. 911.
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