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Mechanical properties of oxidized silicon nitride ceramics
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Abstract

The effect of oxidation on the room-temperature mechanical properties of silicon nitride ceramics with four different
compositions is studied. Room temperature values of bending strength and elastic modulus of the whole oxidized material and of
hardness, the fracture toughness and elastic modulus of the internal region (without the strongly oxidized surface layer) are
determined for the materials oxidized at five different temperatures up to 1400°C. The strength decreases with increasing oxidation
temperature for all the materials investigated. The fracture toughness of the internal region decreases upon oxidation at 1000°C.
A reduction of the elastic modulus of the materials oxidized at 1400°C is also observed. The oxidation-induced changes in the
mechanical properties are partially explained by the changes in the phase composition. © 1999 Elsevier Science S.A. All rights
reserved.
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1. Introduction

Silicon nitride ceramics are generally used in high
temperature oxidizing environments. Consequently, it is
important to investigate the oxidation induced changes
in the mechanical properties of these materials. The
effect of oxidation on the room-, and high-temperature
strength and fracture toughness of silicon nitride has
been studied by numerous authors [1–5]. They found
that the oxidation induced changes in strength and
toughness depend on the overall composition of the
oxidized material and the duration and the temperature
of the oxidation heat treatment. It was established that
the room-temperature strength decreased during oxida-
tion because of the large defects in the strongly oxidized
surface layer [1–5]. Although this scale protects the
internal region of the material from the strong oxida-
tion, the chemical and the phase compositions of the
internal part change during the oxidation heat-treat-
ment [6,7]. The effect of phase transformation occurred
in the internal part during oxidation on the mechanical
properties was also examined by a few authors [6,8,9].
They found that internal stresses had developed due to

crystallization of the intergranular phase and that these
stresses had a great influence on the room-temperature
fracture toughness and strength of the material. How-
ever, the effect of oxidation on other mechanical char-
acteristics (e.g. hardness, elastic modulus) has not been
studied.

In the present paper the oxidation-induced changes
in the room-temperature mechanical properties of the
whole sample (strength, elastic modulus) and those of
the internal part (hardness, fracture toughness and elas-
tic modulus) are investigated for different silicon nitride
materials oxidized at temperatures up to 1400°C. The
changes in mechanical properties due to oxidation are
explained by the changes in the phase composition.

2. Experimental details

Mixtures of Si3N4, AlN, Al2O3 and Y2O3 powders
were milled in ethanol in a planetary type alumina ball
mill. The compositions of the four starting powder
mixtures are given in Table 1. Taking into account 3.4
wt% SiO2 and 3.6 wt% Al2O3 (according to manufac-
turer’s specifications) on the surface of Si3N4 and AlN
powders, respectively, the chemical compositions of the
powder mixtures were determined. The calculated start-* Corresponding author.
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ing compositions are represented graphically as equiv-
alents of oxygen and aluminium in Fig. 1. The sam-
ples were compacted by dry pressing at 220 MPa.
The materials were sintered in high purity nitrogen by
a two-step sinter-HIP method using BN embedding
powder. The dimensions of as-sintered specimens were
approximately 3.5×5×50 mm. The samples were
ground before oxidation. Oxidation took place in
static air at 800, 1000, 1150, 1300 and 1400°C for 48
h. The density of the as-sintered and the oxidized
materials was measured by Archimedes’ method. The
weight-gain values were also determined after oxida-
tion.

During oxidation at 1300 and 1400°C a white,
porous oxide scale was formed on the surface which
can be easily distinguished from the grey internal region
in the cross-section of the materials. For the simple
comparison of the oxide scales, an effective layer thick-
ness was determined by the following method. A piece
of material was cut out from the oxidized bar as it is
shown schematically in Fig. 2, and its mass (mw) and
density (rw) were measured. 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

mw=rw(b+2t)(h+2t)l, (1)

where b and h and l are the width and the height and
the length of the internal region, respectively (see Fig.
2). 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. The
mass of the internal part can be given as

mi=ribhl. (2)

Dividing Eq. (1) by Eq. (2) one can get

mwri

rwmi

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

bh
. (3)

The effective thickness of the oxide layer (t) was
determined from Eq. (3). The values of b and h were
measured by slide-gauge after the removal of the rough
oxide layer when the surface was flat.

The Young’s modulus and the strength of the sam-
ples were determined before and after the oxidation by
a room temperature four point bending test with spans
of 40 and 20 mm. The hardness and the indentation
fracture toughness of the internal region (without the
strongly oxidized surface layer) were determined before
and after oxidation by a Vickers diamond indenter
using a load of 100 N. Before the indentation measure-
ment the oxide layer was removed by grinding and the
new surface was carefully polished. The diagonals of
the Vickers patterns were between 104 and 118 mm. To
decide the type of the cracks developed at the corners
of the Vickers pattern, the indented surface of the
samples was removed gradually by polishing and at
every polishing step the extension of the cracks were
observed in an optical microscope. As the parts of the
cracks close to the corners of the impression disap-
peared after some polishing step, the cracks were
thought to be of Palmqvist-type and the fracture tough-
ness was calculated by the formula of Niihara et al. [10]

KIC=0.0193l−1/2HVa
� E

HV
�2/5

, (4)

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

The elastic modulus of the internal part may be
different from that of the whole sample because of the
existence of the porous surface oxide layer. Conse-
quently, for the calculation of KIC of the internal part,
the elastic modulus of this region must be determined
(see Eq. (4)). The Young’s modulus of the internal
region was measured by using the depth sensing inden-
tation (DSI) method. The DSI measurements were car-

Table 1
The compositions of the starting powder mixtures of the materials
investigated

Material Composition (wt%)

Al2O3AlN Y2O3Si3N4

90.9X 0 3 6.1
90A 0 4 6
87B 54 4

F 4121569

Fig. 1. Overall starting compositions represented as equivalents of
oxygen and aluminium.

Fig. 2. 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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Table 2
The density before (rb) and after (ra) oxidation, the density-loss (−Dr), the weight-gain (Dm/A) and the surface oxide layer thickness (t) for the
materials oxidized at 1300 and 1400°C

Material 1300°C 1400°C

ra (g cm−3) −Dr (%)rb (g cm−3) ra (g cm−3) −Dr (%) Dm/A (mg Dm/A (mgt (mm) t (mm)rb (g cm−3)
cm−2) cm−2)

3.087 4.7 1.34X 3.238 3.186 1.6 0.49 45 983.240
1424.048.0A 3.237 3.186 2.9811.6 0.47 25 3.239

2.912 9.3 4.68B 3.228 3.191 1.1 1890.59 29 3.210
440.69F 3.235 3.225 0.3 0.47 18 3.231 3.189 1.3

Fig. 3. The fracture toughness of the internal part of the materials in the as-sintered state and after oxidation at different temperatures.

ried out by a dynamic ultra-micro hardness tester. The
loading rate and the maximum load were 14.4 mN s−1

and 500 mN, respectively. The diagonals of the Vickers
patterns were between 7 and 9 mm. The Young’s mod-
ulus of the internal part was calculated from the inden-
tation curves by the method of Oliver and Pharr [11].
For the explanation of the oxidation induced changes
in the mechanical properties, the crystalline phases
formed in the internal region were identified by X-ray
diffraction (XRD) using a Guinier-Hägg camera and
Cu Ka1 radiation.

3. Results and discussion

The density of silicon nitride samples was determined
before and after oxidation. The density values did not
change during oxidation at temperatures below 1300°C
(3.23690.005 g cm−3 for materials X, A and F;
3.21890.010 g cm−3 for material B). At the same time
the density values decreased during oxidation at 1300

and 1400°C as shown in Table 2. The decrease of the
density is a consequence of increasing porosity in the
materials during oxidation. Beside the density-loss val-
ues, Table 2 also shows the weight-gain and the effec-
tive oxide layer thickness values for the materials
oxidized at 1300 and 1400°C. The uncertainties of the
thickness are 97 and 915 mm for the layers formed
at 1300 and 1400°C, respectively. Significant difference
in the oxidation resistance of our materials can be
observed after oxidation at 1400°C. As can be seen in
Table 2, this difference in the oxidation behaviour is
reflected in the density-loss, the weight-gain and the
effective oxide layer thickness values in similar way.
Material F is the most oxidation resistant material
among the four ceramics. The oxidation rate of mate-
rial X is higher than that of material F. Materials A
and B are the least oxidation resistant materials and
the oxidation rate of B is a bit higher than that of A.

The indentation fracture toughness (KIC) data of the
internal part of the as-sintered materials and those of
the materials oxidized at different temperatures are
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Fig. 4. The four point bending strength of the as-sintered and the oxidized materials.

Fig. 5. The Vickers hardness of the internal region of the as-sintered materials and those oxidized at different temperatures.

shown in Fig. 3. The standard deviations of the tough-
ness values are less than 0.2 MPam1/2. The most signifi-
cant change in KIC is its decrease after oxidation at
1000°C for all the materials investigated.

The effect of oxidation at different temperatures on
the four point bending strength of the materials investi-
gated is illustrated in Fig. 4. The average strength
values were determined from bending of five samples.
The standard deviation of the strength values is 11%.
The strength decreases with the increase of the oxida-
tion temperature for all the compositions. At the tem-
peratures up to 1000°C the strength degradation can be

explained by the decrease of the fracture toughness (see
Fig. 3). At higher temperatures rough, porous oxide
scale was observed on the surface of the materials. The
large defects (e.g. cavities, cracks) in this layer can
cause the reduction of the strength above 1000°C [1,5].
The most significant strength degradation was occurred
during oxidation at 1400°C. The strength reduction was
48% for materials A and B, 44% for material X and
34% for material F. It can be deduced that the higher
strength degradation occurs in the material having
thicker surface oxide scale (see Table 2), probably
because the thicker oxide layer contains larger defects.
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Fig. 6. The influence of oxidation on Young’s modulus of materials investigated. The shaded and the open columns represent the moduli of the
whole sample and the internal part, respectively. The elastic modulus of the internal part agrees with that of the whole specimen within the
experimental error for all as-sintered and oxidized samples, except for materials A and B oxidized at 1400°C where the oxide layer is relatively
thick.

The HV of the internal regions of the as-sintered and
the oxidized materials can be seen in Fig. 5. The
standard deviations of the hardness values are less than
0.3 GPa. The hardness of material F is the highest
among the four as-sintered materials. The hardness of
the materials investigated does not change significantly
during oxidation, except for material B oxidized at
1300°C, the hardness of which is higher than that in the
as-sintered state.

The effect of oxidation on the Young’s modulus of
our materials is shown in Fig. 6. The shaded columns
represent the moduli of the whole samples determined
by four point bending test. The elastic modulus of the
internal part agrees with that of the whole specimen
within the experimental error for all as-sintered and
oxidized samples, except for materials A and B oxidized
at 1400°C. These internal moduli are represented by
open columns in Fig. 6. The standard deviations of the
elastic moduli of the whole samples and the internal
regions are less than 10 GPa. It can be seen from Fig.
6 that material F has the lowest modulus among the
as-sintered materials. It can be also found that the
elastic modulus of the whole sample decreases signifi-
cantly during oxidation at 1400°C for all materials.
This modulus reduction was caused partly by the low
modulus of the porous oxide layer and the decrease of
the modulus of the internal region. In a recently pub-
lished work [12] it has been shown that the moduli of
the porous oxide layers of our materials oxidized at
1300 and 1400°C were between 29 and 91 GPa depend-

ing on the composition and the oxidation temperature.
The low moduli of the oxide layers resulted in the
difference between the moduli of the whole sample and
the internal part in materials A and B where the oxide
layer is relatively thick (see Table 2). The reason for the
decrease of the internal modulus after oxidation at
1400°C can not be the increase of the porosity of the
internal region because the hardness as well as the
modulus ought to have decreased significantly with
increasing porosity [13,14].

For the explanation of the changes in the mechanical
properties caused by oxidation, the crystalline phases in
the internal part of the materials were identified by
XRD before and after oxidation. The phase analysis
shows that b-Si3N4 and b-SiAlON (Si6−zAlzOzN8−z)
are the major phases in the as-sintered materials X, A
and B, F, respectively (e.g. Fig. 7(a). shows a part of
the XRD pattern of the as-sintered material A). The
lattice parameters of b-SiAlON slightly depend on the
value of z [15]. It was observed from the XRD analysis
that the z value of b-SiAlON increases with the in-
crease of aluminium and oxygen contents of the start-
ing powder mixture (z=0 for materials X and A
(b-Si3N4), z=0.5 for material B and z=1.0 for mate-
rial F) and does not change during oxidation. As the
b-SiAlON phase of material F has the highest z value
among those of the as-sintered materials, the lowest
elastic modulus of material F can be attributed to the
substitution of large amount of Si–N bonds with less
stiff Al–O bonds in this phase [16]. SiAl5O2N5 (12H,
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Fig. 7. Part of recorded X-ray diffractograms of the internal part of material A (a) in the as-sintered state and (b) after oxidation at 1000°C.

AlN-polytype) was also found beside b-SiAlON in the
as-sintered material F. This phase was stable at all
oxidation temperatures.

In the as-sintered materials and those oxidized at
800°C crystalline intergranular phase was not detected.

At 1000°C Y2SiAlO5N (B-phase) in materials B and F,
b-Y2Si2O7 and Y2SiAlO5N in material X and b-
Y2Si2O7 in material A were formed as crystalline inter-
granular phases. The observation of B-phase in silicon
nitride ceramics oxidized at 1000°C is consistent with
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the results of other works [17–19]. As an example, a
part of the XRD pattern of material A oxidized at
1000°C is shown in Fig. 7(b). As a consequence of this
crystallization the density of the intergranular phase
increases and its volume decreases [1,6,9]. The latter can
cause development of tensile stresses at the grain
boundaries [1]. These stresses may result in easy crack
propagation in the grain boundaries and lower fracture
toughness of the materials oxidized at 1000°C. Al-
though crystalline intergranular phases were also ob-
served after oxidation at temperatures higher than
1000°C, such a significant decrease of the toughness
was not detected probably because of annealing of the
stresses developed due to crystallization [1].

During oxidation at the temperatures between 1150
and 1400°C b-Y2Si2O7 and Y3Al5O12 (YAG) were the
preferred crystalline intergranular phases in the materi-
als with low (X, A) and high (B, F) aluminium, oxygen
contents, respectively. At 1300°C a large amount of
b-SiAlON phase with high z value (z=0.8) was formed
beside the major b-SiAlON (z=0.5) in material B. This
phase formation may be associated with the increase of
hardness of material B at 1300°C. This idea is sup-
ported by the observation that material F, in which the
major b-SiAlON phase has also high z value (z=1.0),
has the highest hardness among the four as-sintered
materials.

During oxidation at 1400°C the diffusion of the
additive cations (e.g. Y3+) and nitrogen from the inter-
granular phase to the surface oxide scale and that of
oxygen in the opposite direction were probably acceler-
ated [6,7,9,20]. The large change in the chemical com-
position of the intergranular phase due to this diffusion
may be the reason of the significant decrease of the
internal elastic modulus at 1400°C.

4. Summary

The effect of the oxidation at different temperatures
on the mechanical properties of the whole sample and
the internal region of silicon nitride ceramics with four
different overall compositions was studied. The changes
in the mechanical properties caused by the oxidation
were explained partially by the variation of the phase
composition.

The KIC of the internal part of each material was
significantly lower after oxidation at 1000°C than it had
been before. This reduction of toughness might be due
to the internal tensile stresses developed at the grain
boundaries because of the crystallization of the inter-
granular phase. At higher temperatures these stresses
are assumed to be annealed because the deterioration of
the toughness was not observed.

The strength decreased with increasing oxidation
temperature for all the compositions. At the tempera-

tures up to 1000°C the strength degradation might be
mainly due to the decrease of the fracture toughness.
Above 1000°C the reduction of the strength is thought
to be a consequence of the large defect size in the
surface oxide layer. After oxidation at 1400°C the
higher strength degradation occurs in the material hav-
ing thicker surface oxide scale probably because the
thicker oxide layer contains larger defects.

The hardness of the internal part changed signifi-
cantly only during oxidation of material B at 1300°C.
The increase of the hardness was probably due to the
increase of the amount of b-SiAlON phase with high
aluminium and oxygen contents (z=0.8). This idea was
supported by the observation that material F, in which
the major b-SiAlON phase had also high z value
(z=1.0), had the highest hardness among the four
as-sintered materials.

It was found that material F had the lowest modulus
among the as-sintered materials. It is probably due to
the large amount of substitution of Si–N bonds with
the less stiff Al–O bonds in the major b-SiAlON phase
because of its relatively high aluminium and oxygen
contents. A significant reduction of the Young’s mod-
ulus of the whole sample was observed for all the
compositions after oxidation at 1400°C. This was
caused by the low modulus of the porous surface oxide
scale and the decrease of the modulus of the internal
region. The latter might have been caused by the
change in the chemical composition of the intergranular
phase due to the intense diffusion during the high-tem-
perature oxidation.
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