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Abstract

In the present study nonoxide ceramic materials based on silicon nitride were evaluated with respect to their long-term oxidation
stability at temperatures of 1500 �C. Various Si3N4 ceramics with different additive systems were examined after long term oxida-
tion tests (several thousand hours) at 1500 �C in ambient air. Special focus was placed on the processes occurring in the materials

during oxidation. In the case of Si3N4 materials with sintering additives these processes resulted in alteration of the bulk micro-
structure which consequently led to degradation of the mechanical properties of the ceramics. The damage mechanisms were dis-
cussed on the basis of a comprehensive chemical and microstructural analysis of the materials after the oxidation tests. The

diffusion of oxygen into the material and its further reaction in the bulk of the material were found to be the most critical factors
during long term oxidation treatment at elevated temperatures. For that reason the long-term bulk stability should be considered as
a key requirement for the confident application of potential ceramic materials at temperatures of more than 1400 �C. Finally some
possibilities to hinder the processes that occur during long-term service at elevated temperatures are provided.
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1. Introduction

For various industrial and military applications, there
is an increasing need for materials that can be used for
structural components and that are able to withstand
temperatures of 1400 �C and more. For example, for the
strategically important field of energy production, an
increase in efficiency with a simultaneous decrease in
emissions (CO2, NOx) necessitates an increase of the gas
temperatures in the turbine. Due to environmental
requirements, this temperature increase cannot be com-
pensated by additional cooling. For that reason the
components in the hot gas path have to be able to
withstand higher material temperatures.
The metallic materials presently in use will reach their

temperature limit in the foreseeable future. Ceramic mate-
rials like silicon nitride are considered to be promising

alternative candidates for application at temperatures
above 1400 �C due to their superior chemical and phy-
sical properties. However, to be successful in such
applications, these materials must possess long-term
stability under severe thermal/environmental and
mechanical loading conditions. Recent development of
silicon nitride-based materials is characterized by a
remarkable improvement of their mechanical properties
(strength, creep and slow crack growth resistance) up to
temperatures of 1500 �C, resulting in an improved time-
to-failure behavior at elevated temperatures.1�4 Based
on the comprehensive understanding of the damage and
failure mechanisms occurring during mechanical load-
ing at elevated temperatures, various benefits were
found through the use of new raw materials (powders
with improved purity) or the purposeful modification of
morphology and chemical composition of grain bound-
aries in silicon nitride materials. These damage
mechanisms are additionally influenced by the interac-
tion of the material with an oxidative environment. The
accumulation of damages during these processes will
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ultimately dictate the performance and lifetime of the
material and must be consequently predictable before
the structural component can be confidently applied.
For that reason a key aim in developing silicon-based
nonoxide ceramic materials for long term applications
at high temperatures is the comprehensive under-
standing of these processes, especially focussing on the
correlations between microstructural features (e.g.
composition and condition of the grain boundary
phase) and lifetime determining processes.
Oxidation of silicon nitride materials has been the

subject of several scientific studies. Fundamental studies
have been performed on pure Si3N4 materials (produced
by chemical vapor deposition (CVD)) or sintered Si3N4
materials with various additive systems.5�10 Most of
these studies described a parabolic oxidation kinetic,
suggesting the diffusion of oxygen through the oxida-
tion layer of pure silica as the rate controlling step.
Most of these studies deal with tests up to 100 h. In
many applications, however, the ceramic components
will be subjected to oxidizing conditions at elevated
temperatures for thousands of hours. The kinetics of the
oxidation process can be calculated from the results of
several hours due to the parabolic oxidation mechan-
ism, however, microstructural alternations of the mate-
rials were observed as the consequence of diffusion and
oxidation processes in the bulk microstructure after
long-term oxidation at elevated temperatures.11�14 In
this field the oxidation behavior of the ceramic material
cannot be described with oxidation tests up to 100 h.
Additionally, significant evidence to the requirement of
long-term tests was provided in studies dealing with life
time behavior of Si3N4 materials at elevated
temperatures.15�17

In the present study several silicon nitride based cera-
mic materials were evaluated with respect to their long-
term oxidation stability at 1500 �C. As a result of these
processes alterations in the bulk and the surface of the
materials were observed; this consequently led to
degradation of the properties of the ceramics in spite of
the optimal combination of properties originally
designed during the fabrication. Finally a possibility to
hinder the processes that occur during long-term service
at elevated temperatures are provided.

2. Experimental

The studies were conducted using Si3N4 materials
with three additive systems: a HIP’ed Si3N4 without sin-
tering additives (HIPSN), and two hot-pressed Si3N4
materials with 10 wt.% Y2O3 (SNY) and 10 wt.% Y2O3,
0.6 wt.% Al2O3 (SNYAl) as sintering additives. Si3N4–
MoSi2 composites were fabricated by the addition of 10
wt.% MoSi2 to the Si3N4 material with 10% Y2O3
(SNYMo). The materials exhibited microstructures

known from the literature to be typical: HIPSN had
mainly globular grains with average grain sizes of 0.3
and 2 mm, respectively; and SNY, SNYAl and SNYMo
possessed elongated grains with widths between 0.25
and 0.3 mm. The phase composition of the materials was
determined by X-ray diffractometry using CuKa radia-
tion. XRD showed the presence of b-Si3N4 with a small
amount of a-Si3N4 (<5%) and, in the composite,
MoSi2. The grain boundary was found to be partially
crystalline, with Y-apatite as the crystalline phase, in the
Si3N4 materials SNY, SNYAl, and SNYMo.
Mechanical testing at ambient and elevated tempera-

tures was carried out in four-point bending geometry
with inner and outer spans of 20 and 40 mm, respec-
tively. The oxidation resistance of the materials was
studied using bending bars with dimensions of approxi-
mately 3 �4 �50 mm in a high-temperature furnace at
1500 �C in air with periodical measurement of the
weight gain up to 10 000 h.
After the tests, the phase composition of the oxidation

surface layer and the bulk region below the oxidation
layer was investigated by XRD. To assess the damage
caused by the oxidation testing, the bending strengths of
the specimens were obtained and compared with the
strengths of the as-fabricated samples. Information
about the microstructural alterations were obtained by
observing polished and plasma-etched (CF4) cross sec-
tions in the SEM.

3. Results and discussion

The results of the oxidation tests on the materials
investigated at 1500 �C for 1000 and 2500 h are sum-
marized in Table 1 and illustrated in Fig. 1 as the weight
gain as a function of the square root of time. The
materials did not obey a pure parabolic oxidation
kinetic, reasons of the small deviations are discussed
later. Despite of this behavior oxidation rate constants
were calculated from the slope of the �m vs

p
t plot for

Table 1

Parameters characterizing the oxidation behavior of the materials

investigated after 1000 and 2500 h at 1500 �C

1000 h oxidation 2500 h oxidation

�m

(mg/cm2)

a

(mm)
�m

(mg/cm2)

a

(mm)
R

(mm2/h)
K

(mg2/cm4 s)

HIPSN 0.45 8 0.7 16 0.1 5.2�10�8

SNY 1.7 21 2.2 26 0.3 1.1�10�7

SNYAl 3.57 100 – – 10 1.1�10�6

SNYMo 2.1 24 2.7 31 0.4 1.2�10�7

a Represents the thickness of the upper oxidation layer measured by

SEM, R the growth rate of the oxidation layer; K parabolic oxidation

constant calculated based on the data measured between 1000 and

2500 h or 500 and 1000 h (SNYAl).
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comparison. The oxidation behavior of the materials
was found to be strongly dependent on the chemical
composition of the oxidation surface layer formed by
the oxidation products of the Si3N4 and the sintering
additives.
The HIP’ed material exhibited the lowest weight gain

because a quite clean protective layer of pure SiO2 with
the lowest diffusion coefficient of oxygen [18] was
formed. XRD of the oxidation layer showed the pre-
sence of crystallized SiO2 (cristoballite). Only b-Si3N4
was detected in the bulk below the oxidation layer. The
formation of Si2ON2 during the oxidation process was
not observed by XRD. The small deviation of the
weight gain from a parabolic behavior (slight increase of
�m with the square root of time) should be caused by
the formation of cracks during the crystallization of
crystoballite, which led consequently to the formation
of a interrupted oxidation layer at the surface of the
material (higher oxygen diffusion into the material at
these areas).
The thickness of the oxidation layer observed in the

SEM was found to be about 8 mm after 1000 h and 16
mm after 2500 h oxidation. Fig. 2(A) shows a polished
and etched cross section of the HIP’ed Si3N4 material
after 2500 h of oxidation treatment at 1500 �C. A dense
oxidation layer consisting of glassy silica was observed.
The cracks found in this oxidation layer are the con-
sequence of the crystallization of cristobalite in combi-
nation with volume shrinkage during cooling, as
mentioned above. Below the oxidation layer, no differ-
ences in the microstructure in comparison to the one in
the as-HIP’ed condition were observed. These results
are summarized in the schematic diagram in Fig. 2(B).

All of the oxygen diffusing through the oxidation sur-
face layer reacted at the interface between the SiO2 layer
and the bulk material. The bulk microstructure was not
affected by the oxidation process.
In the case of the additive containing materials a sig-

nificant higher oxidation rate was observed. This beha-
vior, illustrated by comparison of the results obtained in
Table 1, was the consequence of increased oxygen dif-
fusion into the material. The upper oxidation layer of
these materials consisted of crystalline Y2Si2O7 and
cristobalite in a glassy layer of SiO2 containing ions of
the sintering additives used (Y3+, Al3+). The presence
of these ions of the sintering additives resulted in a
change in chemistry and structure of the protective oxi-
dation layer in comparison to the Si3N4 without addi-
tives. Due to the lower eutectic and viscosity of the
oxidation layer, the oxygen diffusion into the material
was found to be considerably higher. Some crystalline
Si2ON2, in addition to Si3N4 and Y2Si2O7, was detected
by XRD in the bulk of the material just beneath the
oxidation layer in all sintering additives containing

Fig. 1. Oxidation behavior of the materials investigated at 1500 �C,

depicted by the weight gain as a function of the square root of time: 1

HIPSN, 2 SNY, 3 SNYMo, 4 SNYAl.

Fig. 2. SEM image of polished and etched cross sections of the HIPed

Si3N4 material after 2500 h of oxidation treatment at 1500
�C (A), and

schematic diagram of the oxidation mechanism of the Si3N4 material

without sintering additives (B).
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materials. As shown in Fig. 1 all these materials exhibit
a deviation from a pure parabolic behavior, however, in
opposite to the Si3N4 without additives a slight decrease
of the weight gain with the square root of time was
observed. The highest deviation from parabolic beha-
vior was found for the material (4) with the lowest oxi-
dation resistance with Y2O3/Al2O3 as sintering additive.
More information about the oxidation of the SNY

and SNY/Al materials was obtained by SEM studies of
the surface region of the oxidized specimens. The
microstructure of these materials was found to be
changed considerably. Fig. 3 shows the microstructure
of the SNY/Al material after 1000 h (A, B) and SNY
after 2500 h (C, D) oxidation at 1500 �C. In both mate-
rials the polished cross section of the surface region
exhibited a considerably damaged microstructure with
surface damages (C), regions with inhomogeneous dis-
tributed grain boundary phase (A, B) and pores extend-
ing to the middle of the specimen (C, D), similar to
various Si3N4 materials described in the literature.

19,20

In contrast to the additive-free materials, in which the
diffusion of the oxygen proceeded only to the interface
between the surface oxidation layer and the bulk, some
oxygen diffusion into the bulk of the materials with
Y2O3 and Y2O3/Al2O3 as sintering additive was
observed. This was the consequence of the higher oxy-
gen diffusion in principle and the enlarged dimension of

the grain boundaries serving as oxygen diffusion paths
in comparison to the additive free material.
A schematic diagram explaining the oxidation

mechanism of the sintering additives containing materi-
als is shown in Fig. 4. The oxidation process in these
materials occurs predominantly in the glassy phase of
(1) the surface oxidation layer and (2) the grain bound-
aries and triple junctions between the silicon nitride
grains in the bulk. It is supposed that the oxidation

Fig. 3. Microstructural damage in the surface region of the Si3N4 materials with Y2O3/Al2O3, 1000 h (A), (B) and Y2O3, 2500 h (C), (D) as sintering

additives after oxidation at 1500 �C.

Fig. 4. Schematic diagram of the oxidation mechanism of Si3N4
materials with sintering additives.
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occurring in the upper oxidation scale was controlled by
the dissolution of Si3N4 into the glassy phase of the oxi-
dation layer. If the rate of the dissolution of Si3N4 into
the glass was smaller than necessary to react completely
with the oxygen diffusing through the upper oxidation
layer, the residual oxygen could propagate into the bulk
of the Si3N4, as observed in the Y2O3- and especially in
the Y2O3/Al2O3-containing material used in this study.
This residual oxygen was responsible for the micro-

structural alterations and damage observed in the addi-
tive-containing materials. As a consequence of the
reaction of this oxygen in the grain boundaries of the
bulk beneath the upper oxidation layer (oxidation of
solved Si3N4 with formation of SiO2), an SiO2 enriched
grain boundary phase was formed in this area of the
material (see the gray-shaded area in Fig. 4). This SiO2-
rich layer at the surface of the material created a che-
mical gradient to the composition of the grain boundary
phase in the deeper bulk of the Si3N4. The relaxation of
this chemical gradient was considered to be the reason
for the changed microstructure in these Si3N4 materials.
First, the chemical gradient in the grain boundary phase
between the surface and the interior of the bulk material
was the driving force for the diffusion of Y3+- and
Al3+-ions to the surface of the material, which was
presumed to be the main reason for the microstructural
alterations observed, e.g. the inhomogeneous distribu-
tion of the grain boundary phase.21

Evaporation processes were proposed to be a second
mechanism occurring during the long-term oxidation
test. The oxidation surface of the Si3N4 materials
exhibited numerous projections which should be the
result from bubbles formed as the consequence of sud-
den gas expulsion [material SNY in Fig. 5(A)]. The
SEM image of a fracture surface of the SNY material
after 1000 h of oxidation at 1500 �C showed a bubble
between the oxidation surface and the bulk material as
the fracture origin which has been formed by sudden
gas expulsion from the bulk Si3N4 material during oxi-
dation [Fig. 5(B)].

In former studies, the oxidation mechanism of Si3N4/
SiC and Si3N4/MoSi2 composite materials was found to
be less severe than that of the monolithic Si3N4 materi-
als, with the consequence of an improved micro-
structural and mechanical stability after high-
temperature oxidation.9,19,20,22 These results were
attributed to the microstructural development of the
composite materials during the oxidation treatment,
namely a significantly lower degree of damage than that
in the Si3N4 materials reported above, although the
oxidation processes also occurred in the bulk of the
composites. The numerous projections observed at the
oxidation surface of the materials SNYAl and SNY
[Fig. 5(A) and (B)] were not found at the oxidation
surface of the Si3N4–MoSi2 composite. As shown in
Fig. 6, no surface damages, pores or inhomogenities of
the grain boundary phase were found in the oxidized
Si3N4/MoSi2 composite specimen. The changed oxida-
tion mechanism in comparison to the Si3N4 material is
demonstrated in the schematic diagram in Fig. 7(A).
Similar to the Si3N4 material a part of the oxygen
penetrated through the grain boundaries and triple
junctions into the upper region of the bulk material and
reacted with the Si3N4 present in the oxinitride glass.

Fig. 5. Bubble formation as the consequence of evaporation processes at the oxidation surface (A) and the fracture surface (B) of the silicon nitride

SNY.

Fig. 6. SEM image of polished cross sections of the Si3N4–MoSi2
composite after 2500 h of oxidation treatment in air at 1500 �C.
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However, instead of the SiO2 in the Si3N4 material,
crystalline Si2ON2 was found to be the main oxidation
product in the composite material.
Si2ON2 has already been found as an oxidation layer

at the Si3N4/SiO2 interface for CVD Si3N4 in former
studies.23�26 In the HIPed Si3N4 material of this study,
however, any formation of a Si2ON2 interface layer was
not observed. The reasons for this behavior are pre-
sumed to be different test conditions with a higher tem-
perature and exposure time in comparison to the of the
data in literature.27 Furthermore the oxidation
mechanism was found to be changed as the consequence
of the presence of the yttria or alumina as sintering
additive in the material of this study. In the case of the
CVD materials or the HIPed Si3N4 without additives
the oxidation took place only at the interface between
the oxidation layer and the bulk material. As the con-
sequence of additional oxygen diffusion into the bulk of
Si3N4 materials with sintering additives oxidation pro-
cesses took place in the grain boundaries and triple
junctions of the material. The typical appearance of the

Si2ON2 with partial-fiber, twin-like grains [as shown in
the SEM image of a polished and plasma-etched section
in Fig. 7(B)] located in the bulk material show that they
are not the consequence of the oxidation processes at
the interface but the result of the oxidation and crystal-
lization processes in the grain boundary phase in the
bulk of the material. The MoSi2 in this region was par-
tially oxidized with the formation of Mo5Si3 as pro-
posed for the oxidation of MoSi2 in lower oxygen
partial pressures.28

5 MoSi2 þ 7O2 ! Mo5Si3 þ 7 SiO2 ð1Þ

It is supposed, that with this reaction the crystallization
of Si2ON2 was stimulated by an increased formation of
crystallization nuclei.
The formation of an SiO2-rich grain boundary phase

in the upper region of the bulk was prevented; thus,
there was no driving force for diffusion and evaporation
processes and no subsequent change in the micro-
structure of the material. The damage processes descri-
bed for the monolithic Si3N4 did not occur even after an
application-relevant, long-term oxidation treatment of
10 000 h at 1500 �C, as shown in Fig. 8.
The comparison of the oxidation behavior of the

Si3N4 materials studied provides additional evidence for
the evaporation processes in the additive containing
Si3N4 materials as described above. In opposite to the
additive free Si3N4, a decreased weight gain rate with
the square root of time (Fig. 1) was observed only in the
sintering additives containing materials where oxidation
processes took place in the upper region of the bulk too.
Comparing the materials SNY (2) and SNYMo (3) a
higher weight gain with a oxidation kinetic more near to
a parabolic behavior was observed for the composite
with MoSi2. This result couldn’t be expected from che-
mical point of view. Both materials formed a similar
oxidation surface layer with similar oxygen permeability
due to the use of the same sintering additive system.
Furthermore, caused by the evaporation of MoO3, oxi-
dation product of MoSi2, the weight gain of the com-
posite should be rather smaller in comparison to the
SNY material.
The different behavior should be explained with the

oxidation reactions in the grain boundaries of the upper
region of the bulk material which led consequently to
the formation of the projections by outgassing observed
only at the oxidation surface of the materials SNYAl
and SNY [Fig. 5(A) and (B)] without MoSi2 addition.
The formation of a smaller amount of N2 in the case of
the composites seems to be one possibility for the for-
mation of these projections at the oxidation surface;
however, during the oxidation to all products, SiO2 and
Si2ON2, the same quantity of N2 is formed from the
reaction of the Si3N4 with a defined amount of oxygen
diffusing into the materials:

Fig. 7. Schematic diagram of the oxidation mechanism of the Si3N4–

MoSi2 composite (A) and Si2ON2 interlayer in the upper bulk (B) of

the Si3N4–MoSi2 composite material after 2500 h oxidation at 1500
�C

in air.
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3 O2 þ Si3N4 ! 3 SiO2 þ 2 N2 ð2Þ

3 O2 þ 4 Si3N4 ! 6 Si2ON2 þ 2 N2 ð3Þ

An other gas in the system is SiO, which should not be
formed in significant quantities under these conditions,
i.e. a high oxygen partial pressure. However, with the
formation of a SiO2 enriched grain boundary phase as
the consequence of the oxidation processes in the bulk a
supersaturation of SiO2 in the glassy phase just beneath
the oxidation layer seems to be possible. The lower
oxygen partial pressure in the grain boundaries and tri-
ple junctions in this region of the Si3N4 material should
allow a local relaxation of this SiO2 rich grain boundary
phase with the formation and sudden expulsion of SiO
from the bulk, resulting in the formation of the projec-
tions from gas bubbles trapped in the oxidation layer
(Fig. 5). An additional argumentation to these processes
was given in a previous report22 comparing a Si3N4
materials with Si3N4–MoSi2 and Si3N4–SiC composites
after long-term oxidation tests.
Besides the stability of the upper surface scale, which

was found to be a critical factor especially in wet
environments,29�32 the stability of the microstructure is
an essential requirement for successful long-term appli-
cation of ceramic materials at elevated temperatures.
The microstructure originating from the processing and
sintering of the ceramic material is the main factor
determining the properties of a ceramic part. Any
changes in the microstructure of a ceramic material
during long-term service at elevated temperatures, such
as those observed in the Si3N4 material, will cause
property degradation. This behavior can be demon-
strated using the residual flexural strength of the mate-
rials, measured after different times up to 10 000 h
oxidation at 1500 �C and compared with that after hot
pressing (Fig. 9). Due to the severe microstructural
damages observed in the Si3N4 material, a significant
degradation in strength was measured, with a value of
about 260 MPa after 10 000 h (32% of the hot pressed
condition). After the same oxidation time the composite
material exhibited a residual strength of more than 500

MPa (65% of the hot pressed condition). The fracture
origins of all specimens tested were found to be defects
caused by oxidation damage at the surface of thematerials.

4. Conclusions

The main factor influencing the long term oxidation
of the non-oxide ceramic materials is diffusion of oxy-
gen through the protective surface layer formed during
oxidation at elevated temperatures. An oxidation pro-
tection layer with minimal diffusion coefficient of oxy-
gen was found to be strongly desirable, especially in
long-term applications at elevated temperatures. This
can be achieved in silicon-based materials by the for-
mation of a nearly pure layer of SiO2 featured by the
lowest oxygen permeability in comparison to other
oxide materials. Any addition of other ions, e.g. cations
from the sintering aids, lead to an increase of the oxygen
diffusion into the material caused by a lower eutectic
and viscosity of the silicate glass formed in comparison
to a pure silica layer.
However, diffusion of a small amount oxygen into the

ceramic material will occur and cannot be prevented

Fig. 8. Comparison of the surface region of a polished cross section of the monolithic Si3N4 SNY (A) and the Si3N4–MoSi2 composite SN Mo (B)

after 10 000 h of oxidation at 1500 �C in air.

Fig. 9. Comparison of the bending strength of the Si3N4 material

SNY and the Si3N4–MoSi2 composite as hot pressed and after several

times of oxidation treatment at 1500 �C.
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completely. The question, where and how does the dif-
fusion oxygen react in the material, should be con-
sidered as the second important problem in the
development of oxidation stable non-oxide ceramic
materials. The complete reaction of the diffusion oxygen
at the interface between the oxidation layer and the bulk
without affecting the bulk microstructure was found to
be the optimal mode. In many cases, however, a part of
the oxygen diffused into the microstructure of the bulk
material. The reaction of this oxygen was found to be
the main reason for microstructural alternations which
led consequently to degradation of the mechanical
properties of the materials. With the Si3N4–MoSi2
composite an example for an effective method to over-
come the problems from the inner oxidation processes
was demonstrated. The microstructure of the silicon
nitride material could be stabilized by a defined reaction
of the diffusion oxygen to a less reactive oxidation pro-
duct. In general, as the consequence of the micro-
structural damage demonstrated with the example of
the Si3N4 materials, an accurate control of all processes
occurring in the microstructure, especially during long-
term service at elevated temperatures in oxidative
environment, is strongly recommended in the develop-
ment of high-temperature stable ceramic materials.
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