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Abstract

Sintered ceramics produced from two kinds of silicon nitride powder were oxidized at 1000 and 1400°C. The density, the
mechanical properties and the phase composition of the oxide layer and the internal region (without the oxide scale) of one
material were compared with those of the other. It was found that the difference in the starting powder properties caused
differences in the oxide layer thickness, and the phase composition and the mechanical properties of the internal part. © 1999
Elsevier Science S.A. All rights reserved.
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1. Introduction

Silicon nitride materials have been under intensive
investigation for many years because of their potential
for structural applications at room and high tempera-
tures. The influence of silicon nitride powder character-
istics (e.g. mean particle size, particle size distribution,
specific surface area, oxygen and impurities contents)
on densification of the resulting ceramics has been
studied in numerous papers [1–6]. It was established
that the oxygen content and the mean particle size of
the raw material had an influence on the phase compo-
sition and the microstructure and, therefore, the me-
chanical properties of the densified product [3,4]. The
effect of properties of silicon nitride powder on oxida-
tion-induced weight-gain of sintered material has been
examined by few authors [4,7]. At the same time the
influence of silicon nitride powder characteristics on
properties of surface oxide layer and internal region
(without oxide scale) has been not studied.

In this paper the difference in oxidation behaviour of
sintered ceramics produced from two kinds of silicon

nitride powder is studied. The density, the mechanical
properties, the phase composition of the oxide layer
and the internal region of one material are compared
with those of the other. The difference in oxidation
resistance and mechanical properties is correlated with
the difference in phase composition of the materials.

2. Experimental details

Two ceramics were produced using various silicon
nitride powders. Materials 1 and 2 were formed from
Starck LC-12S and Ube SN-ESP silicon nitride pow-
ders, respectively. The most significant difference be-
tween the powder characteristics given by the powder
producers is that LC-12S has higher specific surface
area (s.a.: 15.8 m2 g−1) and oxygen content (O: 1.8
wt.%) than SN-ESP does (s.a.: 6.9 m2 g−1 and O: 1.2
wt.%). The compositions of the starting powder mix-
tures of the two materials were the same: 90wt.% Si3N4,
4wt.% Al2O3, and 6wt.% Y2O3. The mixtures of the
powders were milled in ethanol in a planetary type
alumina ball mill. The samples were compacted by dry
pressing at 220 MPa. The materials were sintered in
high purity nitrogen by a two-step sinter-HIP method* Corresponding author.
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using BN embedding powder. The dimensions of the
as-sintered specimens were approximately 3.5×5×50
mm. The samples were ground before oxidation. Oxida-
tion took place in static air at 1000 and 1400°C for 48h.
The weight-gain values were determined after oxidation.
The density of the as-sintered and the oxidized materials
was measured by the Archimedes method.

The crystalline phases formed in the oxide layer and
the internal region (without the strongly oxidized surface
layer) were identified by X-ray diffraction (XRD) using
Cu Ka radiation. The relative amounts of a- and
b-SiAlON phases were determined from the XRD pat-
tern before and after oxidation using the Gazzara and
Messier method [8]. In this procedure the intensities of
the (201), (102) and (210) reflections of a-SiAlON and the
(200), (101) and (210) reflections of b-SiAlON were
averaged to minimize preferred orientation effects and
statistical errors. The relative weight fraction of a-
SiAlON were calculated from these averaged intensities
using the formula proposed by Camuscu et al. [9].

The hardness and the indentation fracture toughness
of the internal region were determined before and after
oxidation by a Vickers diamond indenter using a load of
100 N. Before the indentation measurement the oxide
layer was removed by grinding and the new surface was
carefully polished. The diagonals of the Vickers patterns
were between 107 and 115 mm for our materials. The
fracture toughness was calculated by the formula of
Niihara et al. [10]

KIC=0.0193·l−1/2HVa
� E

HV
�2/5

, (1)

where E and HV are the Young’s modulus and the
Vickers hardness of the internal region, respectively, l is
the length of the crack and a is the half-diagonal of the
Vickers pattern.

The elastic modulus of the internal part, the hardness
and the elastic modulus of the oxide layer were measured
using the depth sensing indentation (DSI) method. The
loading rate and the maximum load were 14.4 mN s−1

and 500 mN, respectively. The diagonals of the Vickers
patterns were about 10 mm. The hardness and the
Young’s modulus were calculated from the indentation
curves by the method of Oliver and Pharr [11].

The density of the oxide scale was measured as follows:

a piece of material was cut out from the oxidized sample
as it is shown schematically in Fig. 1, and its mass (mw)
and density (rw) were measured. The porous oxide layer
was removed from the surface by grinding and then the
mass (mi) and the density (ri) of the internal region were
determined. Expressing the mass and the volume of the
oxide scale by the masses and the densities of the whole
sample and the internal region, the density of the oxide
layer (rl) was calculated by the following formula

rl=
mw−mi

mw

rw

−
mi

ri

. (2)

For the simple comparison of the oxide scales, an
effective layer thickness was determined by the following
method. Assuming the constancy of the thickness (t) of
the scale for all the sides of the sample, the mass of the
whole sample can be expressed as (Fig. 1)

mw=rw(b+2t)(h+2t)l, (3)

where b, h and l are the width and the height and the
length of the internal region, respectively. The mass of
the internal part can be given in similar way

mi=ribhl. (4)

Dividing Eq. (3) by Eq. (4) one can get

mwri

rwmi

=
(b+2t)(h+2t)

bh
. (5)

The thickness of the oxide layer (t) was determined
from Eq. (5) where b and h were measured by slide-gauge
after the removal of the rough oxide layer when the
surface is flat.

3. Results and discussion

In the as-sintered state the phase analysis showed that
b-Si3N4 and b-SiAlON (Si5.9Al0.1O0.1N7.9) are the major
phases in materials 1 and 2, respectively. In the internal
region these phases did not change during oxidation. In
the as-sintered material 2 14 wt.% a-Si3N4 was also
observed beside b-SiAlON. This is consistent with other
studies [12] in which it was found that the material
formed from less oxygen-rich starting powder had higher
a-SiAlON content after sintering. Crystalline intergranu-
lar phases were not observed in the as-sintered state for
both materials. The densities of the two as-sintered
materials were the same (3.23990.005 g cm−3). The
Vickers hardness numbers (HV) of the as-sintered mate-
rials can be seen in Fig. 2. The standard deviations of the
hardness values are less than 0.3 GPa. The hardness of
material 2 is higher than that of material 1 because of
the existence of a-Si3N4 in the former one. The elastic
modulus (E) and the fracture toughness (KIC) data of the
as-sintered materials are shown in Figs. 3 and 4, respec-

Fig. 1. Schematic picture of the piece of material cut out from the
oxidized sample. The shaded region represents the surface oxide
layer.
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Fig. 2. Vickers hardness of the internal region of the as-sintered and the oxidized materials.

Fig. 3. Young’s modulus of the internal part of the as-sintered and the oxidized materials.

tively. The standard deviations of the elastic modulus
and the toughness values are less than 10 GPa and 0.2
MPa m1/2, respectively. There is no significant differ-
ence in elastic modulus and toughness of the two
as-sintered materials.

During oxidation at 1000°C the weight and the den-
sity of our materials did not change. Visible oxide layer
was not formed on the surface at this temperature. The
relative weight fraction of a-Si3N4 in the internal region
of material 2 oxidized at 1000°C was 12 wt.%. At this
temperature in material 1 b-Y2Si2O7 was formed as a
crystalline intergranular phase while in material 2 the
intergranular phase was amorphous. Fig. 4 shows that
the fracture toughness of the internal region of material
1 decreased significantly during oxidation at 1000°C,
while the KIC of material 2 did not change. This tough-
ness reduction can be explained in the following way.
As a consequence of crystallization of the intergranular
phase, its density increased and its volume decreased
[12,13]. This volume reduction caused development of
tensile stresses at the grain boundaries [13]. These
stresses resulted in easy crack propagation in the grain
boundaries and the lower fracture toughness of mate-
rial 1 oxidized at 1000°C. The hardness and the mod-
ulus values of the internal region measured after
oxidation at 1000°C agreed with those determined be-
fore oxidation within the experimental error (Figs. 2
and 3).

After oxidation at 1400°C the weight and the density
of both materials changed. The weight-gain data and
the density measured before (rb) and after (ra) oxida-
tion are shown in Table 1. It can be seen from Table 1

that material 2 is more oxidation resistant than material
1. This is a consequence of that during oxidation the
intergranular phase is a path for the outward diffusion
of additive cations (e.g.Y3+) and nitrogen as well as the
inward diffusion of oxygen, and the amount of inter-
granular phase of a sample containing a-Si3N4 (mate-
rial 2) is lower than that of a specimen without a-Si3N4

(material 1) [12,14]. The relative weight fraction of
a-Si3N4 in the internal region of material 2 oxidized at
1400°C was 7 wt.%. After oxidation at 1400°C crys-
talline intergranular phase was not found in material 1
while in material 2 b-Y2Si2O7 was detected. This crys-
tallization in material 2 did not cause significant de-
crease of toughness (Fig. 4) probably because of
annealing of the stresses developed owing to crystalliza-
tion [13]. The density (ri) and the Young’s modulus of
the internal region decreased during oxidation for both
materials as can be seen in Table 1 and Fig. 3, respec-
tively. These data for material 1 agree with those for
material 2 within the experimental error.

During oxidation at 1400°C a white, porous oxide
scale was formed on both materials which can be easily
distinguished from the grey internal region in the cross-
sections of the samples. The density (rl), the thickness
(t), the hardness (HVl) and the elastic modulus (El) of
the oxide layers can be seen in Table 1. The uncertainty
of the density, the thickness, the hardness and the
modulus values are 0.3 g cm−3, 10 mm, 1 and 10 GPa,
respectively. The phase analysis showed that both oxide
scales consisted of b-Y2Si2O7 and cristobalite. Signifi-
cant difference in density, hardness, modulus and phase
composition of oxide layer of materials produced from
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Fig. 4. The fracture toughness of the internal part of the materials in the as-sintered state and after oxidation.

Table 1
The weight-gain (Dm/A), the density before (rb) and after (ra) oxidation of the whole sample; the density of the internal region (ri); the density
(rl), the thickness (t), the hardness (HVl) and the elastic modulus (El) of the oxide layer for the materials oxidized at 1400°C

Dm A−1 (mg cm−2) rb (g cm−3) ra (g cm−3) ri (g cm−3) rl (g cm−3) t (mm) HVl (GPa) El (GPa)

2.981 3.2003.239 1.6Material 1 4.04 142 6.6 65
677.23.175 3.207Material 2 0.95 2.23.239 32

various powders was not found. At the same time
material 1 fabricated from the powder having higher
oxygen content and specific surface area had about
four-times thicker oxide layer than that of material 2
because of the higher oxidation rate of the former one.

4. Conclusions

In this paper the difference in the properties of oxide
layer and internal region of two materials produced
from various silicon nitride powders was studied after
oxidation at 1000 and 1400°C. It was found that after
oxidation at 1000°C the intergranular phase in the
internal region of material 1 (fabricated from the pow-
der with higher oxygen content and specific surface
area) crystallized while that of material 2 remained
amorphous. As a consequence of this crystallization,
the KIC of the internal part of material 1 decreased,
while that of material 2 did not change. It was estab-
lished that at 1400°C material 2 was more oxidation
resistant than material 1 because the former contained
a-Si3N4. It was found that the difference in powder
properties caused difference in the thickness of the
oxide layer: the oxide scale of material 1 was about four
times thicker than that of material 2 because of the
higher oxidation rate of the former one. At the same
time no significant difference in density and mechanical
properties of oxide layer of the two materials was
observed.
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