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Carbothermal reduction–nitridation (CRN) of SiO2–Al2O3–CaO
powders was performed under various firing conditions to inves-
tigate the formation process of Ca-a sialon hollow balls composed
of nanosized particles. Scanning electron microscopy and trans-
mission electron microscopy observations of the samples obtained
at different firing temperatures confirmed that solid spherical
particles were formed at the early stage of the reaction, and
nanosized particles were subsequently produced on the surface of
these solid balls. From X-ray diffraction and energy-dispersive
spectrometry analyses, it was found that the solid balls initially
formed at 14501C were mainly amorphous and contained Si, Al,
Ca, O, and a small amount of N. Further nitridation at 14501C
gradually converted the solid balls into Ca-a sialon hollow balls
over time. The results revealed that the formation of Ca-a sialon
hollow balls depends on the formation of solid balls from the
Si–Al–Ca–O liquid phase at the initial stage of the CRN process.

I. Introduction

SIALON ceramics are of interest for engineering applications,
particularly in severe environments, because they have high

hardness and excellent wear and corrosion resistance.1–5 a-Sialon
is isostructural with a-Si3N4, and can be represented by the
general formula Mm/vSi12�(m1n)Al(m1n)OnN16�n, where M is a
metal such as Li, Mg, Ca, or most rare earth elements, and v is
the valency of the metal cation. In general, a-sialon is produced
from Si3N4–AlN–MxOy powder mixtures at high temperatures
via a liquid-phase sintering process.1–4,6,7 However, because
the phase reactions are complex and strongly dependent on
the characteristics of the raw powders, it is difficult to fabri-
cate sialon ceramics with homogeneous composition and
microstructures through reaction sintering. One method to im-
prove the reliability of sialon ceramics is to develop homoge-
neous and fine sialon powders using novel processes.
Carbothermal reduction–nitridation (CRN) of silicate-based ox-
ides together with carbon in flowing N2 gas has been used to
synthesize many sialon powders, such as b-sialon powder from
halloysite (Al2Si2O5(OH)4),

8 kaolinite (Al2Si2O5(OH)4),
9 SiO2–

Al2O3 �H2O,10 SiO2–Al2O3 powder mixtures,11 alkoxide-derived
SiO2–Al2O3 coprecipitate,

12 a SiO2–Al2O3 mixture obtained via
sol–gel method,13,14 and zeolite.15 Furthermore, a-sialon powder

has been prepared by heating carbon-containing mixtures of
SiO2–Al2O3–(Ca- or Y-) oxide,16,17 clay–metal compounds,18

or talc (Mg3Si4O10(OH)2)–halloysite clay minerals19,20 and
slag–clay mixtures.21,22

Here, the synthesis of Ca-a sialon powders was performed by
CRN of a SiO2–Al2O3–CaCO3 powder mixture. It was found
that the Ca-a sialon powders synthesized at 14501C for 120 min
had a hollow ball morphology composed of large numbers of
nanosized particles.23 Such a hollow ball morphology has not
been previously reported from CRN investigations; hence it
would seem that the formation mechanism for a-sialon is related
to the raw materials used.

This outcome may provide a possibility of producing dense
sialon ceramics consisting of nanosized grains, or producing
porous sialon ceramics by maintaining the hollow ball morpho-
logy.5,24 This paper details the formation process of Ca-a sialon
hollow balls composed of nanosized particles during CRN of
the SiO2–Al2O3–CaO system.

II. Experimental Procedure

In previous work it was found that the maximum Ca-a
sialon content and hollow ball morphology occurred with the
starting composition CaxSi12�3xAl3xOxN16�x (x5m/v5n) with
x51.0.23 Hence this composition was studied in the present work.

The starting powders used in this study were SiO2, Al2O3,
CaCO3, and carbon black as a reducing agent. Typical charac-
teristics of these powders are summarized in Table I. These
powders were of high purity, and both SiO2 and carbon powders
consisted of very fine, amorphous particles. CaCO3 in the
mixture decomposes above 9001C to produce CaO and CO2.
The proportions of the raw powders were calculated to give a
nominal composition of Ca1.0Si9.0Al3.0O1.0N15.0. The expected
overall reaction during CRN is described as follows:

1:0CaOþ 9:0SiO2 þ 1:5Al2O3 þ 22:5Cþ 7:5N2

! Ca1:0Si9:0Al3:0O1:0N15:0 þ 22:5CO (1)

The content of carbon powder was fixed to 1.2 times the
required stoichiometric value according to Eq. (1). In our

Table I. Characteristics of Raw Powders

Raw

powders

Particle

size (mm)

Specific

surface

area (m2/g)

Purity

(%) Suppliers

SiO2 0.005–0.05 208 499.9 Tokuyama, QS-102
Al2O3 0.21 10.4 499.99 Sumitomo Chemical,

AKP-50
CaCO3 1.0 1.3 499.0 Junsei Chemical
C 0.018 4200 499.97 Mitsubishi Chemical,
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previous study on the synthesis of Ca-a sialon powders with
different amounts of carbon in starting materials, it was found
that when a stoichiometric amount of carbon was used, Si2N2O,
AlN, and SiAl7O2N7 were identified as major phases, and Ca-a
sialon was a minor phase. The formation of these high oxygen-
containing phases indicates that full conversion to Ca-a sialon
by CRN process requires more carbon. The use of excessive
amounts of carbon was also reported in the synthesis of Si3N4

powder from SiO2 and Mg-a sialon powder from talc–halloysite
clay minerals via CRN process.25,20 The raw powders were
mixed with ethanol in an agate mortar for 60 min, dried,
ground, and passed through a 300 mm sieve. The powder mix-

ture was placed in a graphite crucible and fired in a horizontal
electrical furnace at temperatures ranging from 11001 to 14501C
for different soaking times of 0–120 min. High-purity nitrogen
gas (99.999%) with a constant flow rate of 0.5 L/min was em-
ployed during the whole heating cycle. The heating rate was
101C/min. Any residual carbon was removed by firing the re-
acted powders at 7001C for 120 min in air.

The crystalline phases in the products fired at 11001–14501C
for 0 min were identified by X-ray diffraction using a 15 kW
generator with rotating anode (XRD; RINT-2500, Rigaku Co.,
Tokyo, Japan) to investigate the process of production of Ca-a
sialon at the initial stage of CRN. Particle morphology of
resultant powder at 11001–14501C for 0 min was characterized
by scanning electron microscopy (SEM; JSM-5200, JEOL Ltd.,
Tokyo, Japan). And further observation using field emission
scanning electron microscopy (FESEM; JSM-6340F, JEOL
Ltd.) and transmission electron microscopy (TEM; JEM
2000FXII, JEOL Ltd.) was performed on the synthesized pow-
ders at 14501C for 0–120 min. An energy-dispersive spectrometer
(EDS) installed on the TEM was used to determine elemental
distribution in the powder obtained at 14501C for 0 min.

III. Results and Discussion

XRD patterns of the products fired at different temperatures
and held for 0 min are shown in Fig. 1. At 11001C both CaO
and Ca2SiO4 derived from decomposition of the CaCO3 were
identified together with Al2O3 from the raw powder. In addition,
the broad hump observed at low 2y angles implies the existence
of an amorphous SiO2 phase corresponding to the raw powder.
The peak intensities of Al2O3, CaO, and calcium silicates
significantly decreased with increasing temperature, and by
14001C all crystalline phases except Al2O3 had disappeared,
with only the amorphous hump detected at B251. This suggests
that the amorphous phase contains not only SiO2 but also Al2O3

and CaO, further evidence of which is found in the TEM
analysis described later. When the firing temperature was in-
creased to 14501C, the intensity of Al2O3 and the amorphous
hump decreased, with Si2N2O and SiAl7O2N7 phases now being
detected. These oxynitride phases may be devitrification prod-
ucts from the nitrogen-containing liquid phase on cooling.26

These intermediate phases were not seen in previous work when
Ca-a sialon was prepared via CRN, where SiO2 and mullite were
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Fig. 1. X-ray diffraction patterns of the products fired at (a) 11001,
(b) 12001, (c) 13001, (d) 14001, and (e) 14501C for 0 min in N2 flow.
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Fig. 2. Scanning electron micrographs of the products fired at (a) 11001, (b) 12001, (c) 13001, (d) 14001, and (e) 14501C for 0 min in N2 flow.
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the only crystalline phases found below 12501C.16,17 It seems
that the formation of Ca-a sialon hollow balls requires the for-
mation of solid amorphous balls from the Si–Al–Ca–O liquid
phase at the early stage of the CRN process. The subsequent
CRN reaction would convert the solid balls to the spherical
hollow morphology containing Ca-a sialon nano particles.

SEM micrographs of the resultant powders after firing at
various temperatures and holding for 0 min are shown in Fig. 2.
It was observed that the morphologies of the products fired
at 11001C were basically unchanged from the starting powder,
but a few spherical particles o0.5 mm diameter were produced
at 12001C. These spherical particles can be attributed to a Si–
Al–Ca–O liquid phase that formed above the SiO2–Al2O3–CaO
eutectic temperature of 11701C.27 The spherical particles seem to

be formed due to high surface tension of the liquid. The rela-
tively high viscosity of the liquid phase at this firing temperature
restricted the spherical amorphous particles to localized regions
and of fine size. The synthesis of Ca-a sialon was also performed
using crystalline and coarse SiO2 particles, and similar spherical
solid particles to those obtained in this work were generated at
the initial stage of the CRN process. It becomes evident from the
SEM observations that the number and size of the spherical
particles increased when further increasing the firing tempera-
ture due to a significant increase in the size of the liquid phase
region in the SiO2–Al2O3–CaO system above 13001C.27

Significant morphological changes were observed by TEM in
the samples fired at 14501C for 0, 30, and 120 min, respectively
(Fig. 3). It was clear that the morphology of the particles
changed from dark to transparent spheres with increasing soak-
ing time. Therefore, it revealed that with increasing soaking time
the solid balls gradually changed into hollow balls, while main-
taining their spherical shape and size. After heating to 14501C
for 0 min, it is clear that almost the entire sample was converted
into solid balls with only a few hollow balls present. A signifi-
cantly larger number of hollow balls were observed in the prod-
ucts after 30 min compared with 0 min. After a soaking time of
120 min almost all of the particles became Ca-a sialon hollow
balls composed of nanosized particles (Fig. 3(c)). The XRD
result shows some Ca-a sialon and AlN peaks in the product
after 30 min, and a phase composition of 85 wt% Ca-a sialon
and 15 wt% AlN was determined for the final product fired at
14501C for 120 min. Quantitative phase analysis was performed
using the relative peak intensities of a-sialon and AlN. Hence,
the morphological change from solid to hollow balls and the
formation of Ca-a sialon took place simultaneously.

A FESEM micrograph of a spherical particle obtained
at 14501C after 0 min is shown in Fig. 4. It was found that
very fine particles (450 nm) were formed on the surface of the
solid balls at the initial stage of CRN. These fine particles may
act as nuclei from which nanosized Ca-a sialon particles can
subsequently grow.

Figure 5 presents typical EDS spectra from the ball-shaped
particles formed at 14501C after 0 min. EDS analysis indicates
that the solid balls have a chemical composition of Si, Al, Ca, O
and a small amount of N, and all solid balls have a nearly uni-
form composition. The existence of N in the spectrum suggests
that the nitridation reaction has started when the solid balls are
formed, and it also supports the identification of oxynitride
phases such as Si2N2O and SiAl7O2N7 by XRD at this temper-
ature. Additional electron diffraction analysis of the solid
balls shows only the amorphous halo, confirming that the

(a)

(b)

(c) 

500nm 

Fig. 3. Transmission electron micrographs of the products fired at
14501C for (a) 0, (b) 30, and (c) 120 min in N2 flow.

100nm 

Fig. 4. Field emission scanning electron micrographs of the products
fired at 14501C for 0 min in N2 flow.
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solid balls at the initial stage of CRN are mainly a Si–Al–Ca–O
amorphous phase.

Based on the above observations, the formation process of
Ca-a sialon hollow balls is proposed in Fig. 6. When the heating
temperature for raw powders was increased, the interaction of
SiO2, Al2O3, and CaO (from the decomposition of CaCO3)
particles resulted in local melting, probably above 10001C.
Further increasing the temperature, ball-shaped particles con-
sisting of a Si–Al–Ca–O liquid phase were formed and coated by
fine carbon particles on the surface. Hence, carbon particles, in
addition to acting as a reducing agent, seem to play a significant
role in the formation of the spherical particles. With increasing
time and temperature, nitrogen diffused into the liquid to form
nitrogen-containing Si–Al–Ca–O balls. The interfacial tension at
the liquid/carbon interface decreased with increasing tempera-
ture, but the viscosity of the liquid phase increased with doping
by N,28 resulting in the ball shape of the particles remaining
unchanged. With extension of time at 14501C, CRN proceeded
further, resulting in the formation of fine a-sialon on the surface
of the spherical particles. The conversion from an amorphous
Si–Al–Ca–O–N phase to crystalline a-sialon is accompanied by

an increase in density due to lattice ordering and a decrease in
mass due to replacement of O by N. The increase in density on
the surface requires material to be drawn from the interior of the
ball to the surface, thereby producing the hollow Ca-a sialon
ball shape.

We have already performed experiments to synthesize
a-sialon powders in different compositions, including Mg and
rare-earth oxides. The solid- and hollow-ball morphologies were
not observed in the MgO–SiO2–Al2O3 system. In the Y, Yb, Sm,
Nd, and Dy systems, a small number of hollow balls were
observed in the specimens fired at 14501C for 120 min. Mean-
while, solid-ball particles were also observed in these systems at
14501C after 0 min. However, compared with the Ca system, the
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Fig. 5. Typical energy-dispersive spectrometry spectra of the products
fired at 14501C for 0 min in N2 flow.
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Fig. 6. Schematics of the suggested formation process for Ca-a sialon
hollow balls.
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Ca Si O N

Changes in
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Fig. 7. Illustration of the estimation of thickness of the hollow-ball
shell. rL and rS are the densities of liquid phase and sialon, respectively.
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amount of solid balls was much less and the ball shape was not
clear. In the Y2O3–SiO2–Al2O3 system, SEM observation
showed some spherical particles formed at 14001C. The eu-
tectic temperature for the Y2O3–SiO2–Al2O3 system is about
13501C.29 The spherical particles were considered to be pro-
duced through a Si–Al–Y–O liquid phase as in the CaO–SiO2–
Al2O3 system. The viscosity of the liquid phase in the MgO–
SiO2–Al2O3 system is lower than that in the CaO–SiO2–Al2O3

system.30 Moreover, the eutectic temperature for the MgO–
SiO2–Al2O3 system is 13501C,31 which is higher than that of
the CaO–SiO2–Al2O3 system. Hence, the solid balls were as-
sumed not to form in the Mg–Si–Al–O system at the initial stage
of the nitridation because of the low viscosity, and thus the hol-
low balls were not finally observed. Also, the eutectic tempera-
ture for the Y2O3–SiO2–Al2O3 system is higher than that for the
CaO–SiO2–Al2O3 system. It may be difficult to form a large
number of solid and hollow balls in the rare-earth systems, such
as Y2O3–SiO2–Al2O3, because the viscosity of the liquid phases
in these systems may be too high at the CRN temperature of
14501C.

When the accompanying changes in both density and mass
are taken into consideration, the thickness of the hollow-ball
shell after conversion from a solid ball can be estimated (Fig. 7).

Concerning the change in mass, the loss in mass M can be
described as

M ¼ 1�WS

WL
¼ 1�

4
3
p r3 � r� tð Þ3
h i

rS
4
3
pr3rL

(2)

whereWL andWS are weights of the liquid phase and the sialon,
respectively, r is radius of the liquid sphere, t is thickness of the
hollow-ball shell of sialon, rL and rS are densities of the liquid
phase and the sialon, respectively, and M is loss in mass. Rear-
ranging Eq. (2), we obtain

t

r
¼ 1� 1� rL

rS
1�Mð Þ

� �1
3

(3)

The decrease in mass M owing to replacement of O by
N, that is the conversion from Ca1.0Si9.0Al3.0O16.0 to
Ca1.0Si9.0Al3.0O1.0N15.0, is 5%. In the case of rL 5 2.5 g/cm3

and rS5 3.2 g/cm3,30,32 substituting these values into Eq. (3)
gives a calculated value of t/r5 0.36. The diameter of solid balls,
2r, is 200–500 nm in this study. Therefore, when the diameter
equals 200–500 nm, the shell thickness is 36 and 90 nm, respec-
tively. Assuming that the diameter of both solid and hollow balls
is unchanged after the conversion, this calculation indicates that
the hole in the center is very large and the shell consists of single
to triple a-sialon particles of B30 nm, as seen in our previous
report.23

IV. Conclusions

The formation process of Ca-a sialon hollow balls in the SiO2–
Al2O3–CaO system was analyzed by investigating the products of
CRN formed at various stages during the CRN sequence. A large
number of solid-ball particles consisting of a Si–Al–Ca–O amor-
phous phase were formed at the initial stage of CRN. Very fine
particles were subsequently generated on the surface of these solid
balls, which gradually changed into hollow balls with continuing
nitridation reaction. An increase in density and a decrease in mass
are the results of the conversion from the amorphous sphere to
crystalline a-sialon, which are responsible for the formation of
Ca-a sialon hollow balls composed of nanosized particles.
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