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Effect of sintering additives on the oxidation
behavior of Si3N4 ceramics at 1300◦C
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Abstract

This paper describes the results of systematic investigation of the oxidation behavior of Si3N4 based ceramics. The tests were carried out
at 1300◦C for 2000 h in a high-temperature dry air environment. The Si3N4 specimens tested include the following: (a) S-1: Si3N4 added
8 mass% Y2O3, (b) S-2: Si3N4/SiC added 8 mass% Y2O3, (c) S-3: Si3N4 added 5 mass% Y2O3 and 3 mass% Al2O3, (d) S-4: Si3N4/SiC added
5 mass% Y2O3 and 3 mass% Al2O3. Several interesting conclusions were obtained as follows: (1) the thicknesses of oxidized layer of S-3
and S-4 were much thicker than S-1 and S-2, (2) oxidation kinetics of S-1 and S-2 obeyed a parabolic law on the whole, while those of S-3
and S-4 had a break, (3) the yttrium (Y) concentration under the oxidized layer decreased significantly. The Y-decreased zone was defined
as a diffused layer. The thicknesses of the diffused layers of S-3 and S-4 samples were very large. (4) Primarily, the crystalline phases in the
oxidized layer were SiO2 and Y2Si2O7. (5) The effect of SiC composition on the oxidation behavior was small.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, silicon nitride ceramics have been used
in the structural members of gas turbine, engines and other
parts subjected to high-temperature conditions. However,
non-oxide ceramics, which are based on silicon nitride, are
weak in high-temperature oxidizing environments, and their
strength progressively weakens in such oxidizing condi-
tions. Much research concerning the behavior of oxidation
at high-temperature has been done. This research shows the
importance of mechanical properties such as fatigue strength
and high-temperature strength. These properties are consid-
ered important guidelines for the design plan of structural
ceramic members at high temperature. However, most ox-
idation studies were conducted for less than 1000 h. This
short experiment time is not enough for structural members.

It is well-known that additives and sintering pow-
ders have a major effect on the oxidation behavior and
high-temperature strength of structural ceramics.1–6
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In this study we are preparing four kinds of Si3N4-based
ceramics, including Y2O3 and Al2O3 (both for sintering
powders) and SiC. The oxidation was carried out at 1300◦C
for 2000 h in the atmosphere. The kinetics of thickness of ox-
idized layer, oxide and its changing appearance, the change
of base ceramic material and other factors were investigated.

2. Material, specimens and experimental method

2.1. Material and specimens

The starting powder used in this investigation has the
following properties:

(a) The mean particle size of Si3N4 powder (EBE SN-E-10)
is 0.2�m and its specifications are shown inTable 1.

(b) The�-SiC powder used as composition has a 0.27�m
mean particle size.

(c) Y2O3 and Al2O3 are used as sintering additive powders.

Thus, including SiC, four types of preliminary powder
were prepared.

0955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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Table 1
Specifications of Si3N4 powder (Ube SN-E-10)

Impurities
O (wt.%) 1.31
Cl (ppm) <100
Fe (ppm) <100
Ca (ppm) <50
Al (ppm) <50

β/(α+β) (wt.%) <5
Crystallinity (wt.%) >99.5

These nomenclature of specimens and their properties are
described as follows:

(1) S-1: Additive powder is 8 mass% Y2O3.
(2) S-2: Composite powder is 20 mass% SiC, additive pow-

der is 8 mass% Y2O3.
(3) S-3: Additive powders are 5 mass% Y2O3 and 3 mass%

Al2O3.
(4) S-4: Composite powder is 20 mass% SiC, additive pow-

ders are 5 mass% Y2O3 and 3 mass% Al2O3.

To this mixture, alcohol was added and blended thor-
oughly for 48 h. The mixture was placed into an evaporator
to extract the solvent, and then put into a vacuum to pro-
duce a dry powder mixture. The mixture was subsequently
hot-pressed at 1850◦C and 35 MPa for 1 h in nitrogen gas.
The surface of the sintered specimen was mirror finished by
lapping after grinding, and the surface roughness Ry (JIS)7

of the specimen was 0.05�m.

2.2. Experimental method

The oxidation was carried out under atmosphere environ-
ment (completely dry air) in an electric furnace. All oxida-
tion was at 1300◦C. The oxidation time was divided into
four groups: 100, 500, 1000, and 2000 h. The samples were
heated with increase-rate of 10◦C/min up to 1300◦C, and
then cooled down in an electric furnace after keeping this
temperature for 100 h. The oxidation time (to) was defined
by the accumulated times of this cycle: 1 time, 5 times, 10
times, and 20 times.

The surface of the oxidized specimens was observed by
SEM. The oxidation products were identified and investi-
gated by X-ray diffraction (XRD) and electron probe micro
analyzer (EPMA). Where, the conditions of XRD measure-
ment were as follows: (1) characteristic X-ray; Cu-K�1, (2)
tube current; 60 mA, (3) tube voltage; 50 kV.

Next, specimens were sliced perpendicularly to the
oxidized layer, then put into resin and hardened in vacuum.
Surface of the slice was mirror finished by diamond paste
lapping (grain diameter: rough= 9�m, finished= 1�m).
The concentrations of yttrium (Y), aluminum (Al), silicon
(Si), and oxygen (O), were mapped by EPMA. Then SEM
was used to observe the microstructure. These methods
were the basis for our evaluation of the reacted (i.e., oxi-
dized) layer.

3. Test results and discussion

3.1. SEM observations of oxidized surfaces

Fig. 1 shows the SEM photographs of oxidized surfaces
of S-2 that was sintered with Y2O3 as an additive powder
and SiC as a composite powder.Fig.1(a)shows the initial
condition.Fig. 1(b) shows theto = 100 h condition, very
small particles just appear on the surface. But inFig. 1(c)
to = 500 h, the specimen’s surface is completely covered
with glassy oxide, and crystalline materials are observed.
The mean grain diameter is about 4�m. As a result of EPMA
and XRD measurement, this newly formed material was rec-
ognized as SiO2 (�-cristobalite), and this discovery will be
mentioned later in detail. A slight amount of Y2Si2O7 (yt-
trium silicate) is also detected. InFig. 1(c) to = 500 h and
Fig. 1 (d) to = 2000 h, many cracks in a testudinate pattern
are observed on the oxidized surface. These were caused by
the difference of the coefficient thermal expansion between
base material and oxidized layer during cooling down pro-
cedure. Also, when observing the cross section, cracks exist
only at the oxidized layer, and cracks do not penetrate into
the base material. The morphology of produced oxide of S-1
seemed to be almost the same as S-2.

Fig. 2 shows the SEM photographs of the oxidized sur-
faces of S-3 obtained by sintering with Y2O3 and Al2O3 as
additive powders.Fig. 2(a)is the initial condition. Looking
at Fig. 2(b), when to = 100 h, the specimen’s surface is
completely covered with oxide. This oxidized surface is
glass phase with small crystals. As mentioned later, this
crystalline phase was recognized as Y2Si2O7, but the phase
around this crystal phase was glass consisting of Si, O,
Al, etc. Moreover, several holes are scattered on the ox-
ide surface. In the case of S-4, a few similar holes can be
observed. These holes seem to be created by gas egress
through the oxidized layer, and this gas was generated by
the reaction between Si3N4, SiC, and O2. As mentioned
above, SiO2 and Y2Si2O7 seem to be generated from
Eqs. (1) to (5).

Si3N4 + 3O2 → 3SiO2 + 2N2 (g) (1)

SiC+ 3
2O2 → SiO2 + CO(CO2) (g) (2)

2
3Si3N4 + Y2O3 + 2O2 → Y2Si2O7 + 4

3N2 (g) (3)

2SiC+ Y2O3 + 3O2 → Y2Si2O7 + CO(CO2) (g) (4)

Y2O3 + 2SiO2 → Y2Si2O7 (5)

In Fig. 2(c) and (d), the stick-shape crystal of Y2Si2O7
has remarkably grown larger, and its length almost reaches
100�m. The gas holes, as mentioned before, have almost
disappeared from the surface. Sample S-4 shows oxidation
behavior that is the same as for sample S-3.

As discussed above, most oxidized layers, obtained from
four kinds of silicon nitride, had a dual structure including a
crystalline phase and a glassy phase. It was recognized that
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Fig. 1. SEM photographs of oxidized layer surface of S-2.

the Y2Si2O7 crystals become larger, especially in S-3 and
S-4 samples using Y2O3 and Al2O3 as sintering additives.
However, it is believed that adding SiC has very few effects
on the oxidation behavior.

3.2. X-ray diffraction (XRD) results of oxidized surfaces

In order to investigate the oxide and its degree of crys-
tallinity, XRD measurement was carried out. All of the mea-
surement area was unified to size 4 mm× 8 mm. XRD pro-
files were dependent on the kind of additive powders used,
in the same way as SEM observation inSection 3.1. The
XRD results of specimen’s surface are shown inFig. 3. The
sample S-1 atto = 500 h is shown inFig. 3(a). The peak
(2θ = 22◦ (�)) of SiO2: �- cristobalite (1 0 1) is diffracted
most intensely expect the peaks of the base material. Also,
a slight amount of Y2Si2O7 is detected. Meanwhile, sam-
ple S-2 with added SiC showed similar behavior to sample
S-1. On the other hand,Fig. 3(b) shows the S-4 sample at
to = 100 h. In the S-4 case, the peak (2θ = 16.5◦ (�))
of Y2Si2O7 (1 1 0) is diffracted intensely, and also a slight
amount of SiO2 is detected. However, when considering the
relationship betweenFig. 2(c) and (d)and the XRD results,
the identification of the phase surrounding the Y2Si2O7 crys-
tal is almost a glass phase. As for the S-3 sample, the XRD
result was approximately the same as the above-mentioned
S-4 sample.

The peaks of SiO2 (1 0 1) and Y2Si2O7 (1 1 0) in Fig. 3
help to form an understanding of the relationship between
oxidation time and intensity of XRD on the surface of oxi-
dized specimens. It seems that there is higher reliability, be-
cause these peaks are not affected by the Si3N4 peaks. The
relationships between oxidation time (to) and the intensity
(cps) of XRD peaks are shown inFig. 4. Fig. 4(a)shows
the SiO2 (1 0 1) peaks. The intensities of S-1 (�) and S-2
(�) using Y2O3 as an additive increase with increasing ox-
idation time. On the contrary, the peaks of S-3 (�) and S-4
(�) using Y2O3 and Al2O3 as additives are detected un-
til to = 100 h, but these peaks disappear after that time. In
general, impurities concentrate on the oxidized layer during
oxidation.1,8,11 In this experiment, using the EPMA analy-
sis on the oxidized layer, particularly for S-3 and S-4, other
low-melting point impurities, i.e., K, Ca, Na, Mg, beside Y
and Al, were detected. Taking into consideration these facts,
it seems that it is hard to crystallize SiO2. Fig. 4(b) shows
the Y2Si2O7 (1 1 0) peaks. The peaks of S-3 (�) and S-4 (�)
increase with increasing oxidation time. While the peaks of
S-1 (�) and S-2 (�) are hardly detected from beginning to
end.

Considering the above-mentioned circumstances, the
following two results could help to explain the crys-
tal production in the oxidized layer. (1) With regard to
S-1 and S-2 using only Y2O3 as an additive, the SiO2
was produced in proportion to oxidation time, while the
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Fig. 2. SEM photographs of oxidized layer surface of S-3.

Fig. 3. Results of XRD: (a) S-1,to = 500 h and (b) S-4,to = 100 h.

Y2Si2O7 was meagerly produced. However, the effects
of SiC composition on these behaviors were not clear.
(2) Regarding S-3 and S-4 using Y2O3 and Al2O3 as
additives, the Y2Si2O7 was produced in proportion to ox-
idation time, but the amount of produced SiO2 was very
small.

3.3. SEM and EPMA observation on the sample cross
section

Next, specimens were perpendicularly cut through the ox-
idized surface, and then they were mirror polished and ob-
served by SEM and EPMA.Fig. 5 shows the SEM pho-
tographs of cross sections of the oxidized layer which are
obtained from each specimens atto = 1000 h. InFig. 5(a)
S-1 andFig. 5(b) S-2, many cracks are found at the oxi-
dized layer. These cracks did not occur during oxidation but
during the lapping process. These cracks make it difficult
to measure the thickness of oxidized layer in some spec-
imens. For these reasons the thickness of oxide was mea-
sured by SEM photographs and EPMA oxygen mapping.
Fig. 6shows the SEM photograph and EPMA oxygen map-
ping which correspond to each other. From these results,
it is obvious that the SEM observed the thickness of ox-
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(a)

(b)

Fig. 4. Relationship between oxidation time (to) and intensity of XRD
on surface of oxidized specimens: (a) SiO2; 2θ = 22◦ and (b) Y2Si2O7;
2θ = 16.5◦.

ide and EPMA measured rich oxygen layer are in agree-
ment.

In Fig. 5(a) and (b), the oxidized layers of S-1 and S-2
show very little growth, despiteto = 1000 h oxidation.
On the other hand, the thickness of the oxidized layers
of S-3 and S-4 have grown to several tens of microme-
ters, producing large crystals (Y2Si2O7) inside the layer.
When comparing S-3 with S-4, which both used the same
additives (Y2O3 and Al2O3), the thickness of oxidized
layer of S-3 without SiC added is larger than that of S-4.
However, when comparing S-1 with S-2 using Y2O3 as
an additive, very little difference is found. In addition,
many pores are observed in the range of 20–40�m from
the oxide/ceramics interface of S-3. InFig. 5(d) S-4, a
large number of pores are found, but the observation is not
clear because of its contrast. Many pores exist near where
Y2Si2O7 grows in very thick oxide. Yet size and frequency
of generated pores are so uneven, that the quantitative
relationship between oxidation time and thickness is diffi-
cult. However, inFig. 5(a) and (b), these pores were not
observed.

In conclusion, in the case of samples using Y2O3 and
Al2O3 as additives, the oxidized layer grew very thick and

the effect on the base material was revealed. But in the
case of samples that used only Y2O3 as an additive, the
oxidized or reacted layer was very small. Consequently,
it is concluded that the oxidation resistance of S-2 is
excellent.

3.4. Oxidation behavior

In many case studies, discussions of oxidation be-
havior are based on weight-change measurement of
specimens.1–5,8,9 In this study, the oxide thickness was
measured directly, and the general behaviors were inves-
tigated too. As is obvious fromEqs. (1) to (4)in Section
3.1, the oxidation reactions are complicated. The oxidation
of Si3N4 ceramics incorporates with oxygen; it generates
and releases several kinds of gas. Therefore, the weight of
specimen does not simply increase, and secondary reaction
by-products are expected. Considering the above-mentioned,
it is appropriate to study the oxidation property that the
assessment depends on the volume (=thickness) of oxide,
comprehensively.

In this study, as mentioned inFig. 6 (Section 3.3), the
thickness of oxidized layers were measured by SEM pho-
tographs and EPMA oxygen mapping, as shown in the cross
section of oxidized layer.Fig. 7(a)shows the relationship
between oxidation time (to) and thickness of the oxidized
layer (To). According to this figure, the increase-rate of the
oxide thickness of S-3 (�) is the fastest, and S-2 (�) is the
slowest. It is discovered that sintering additives have a large
effect on the thickness of oxidized layer. The oxide thick-
ness of S-1 (�) and S-2 (�) added Y2O3 increase slightly.
Specifically, the increase is only 1 or 2�m per 1000 h for
the later experiment. Also, finally forto = 2000 h, the thick-
ness is only several micrometers. However, oxidized layers
of S-3 (�) and S-4 (�) added both Y2O3 and Al2O3 grow
very thick. Finally for to = 2000 h, they have several tens
of micrometers.

In addition, the rate of increase in the thickness of oxidized
layer of the sample with added SiC was smaller than other
sample. It is concluded that the effect of SiC addition is less
than the effect of Al2O3 addition.

In the oxidation reaction as mentioned above, it is neces-
sary that the penetrant move through oxidized layer. There-
fore, the rate of increasing oxide thickness d(To)/d(to) is in
inverse proportion to the oxide thickness. Thus, dependence
on time to thickness follows a parabolic reaction rate law:

T 2
o = kto (6)

wherek is reaction constant.Fig. 7(b) shows the relation-
ship between square root of time (to)1/2 and oxide thick-
ness (To). According to this relation, S-1 and S-2 generally
obey a parabolic characteristic. On the other hand, S-3 and
S-4 have a break betweento = 500 and 1000 h, in spite
of small number measuring points. When the oxidation has
been continued long time, its kinetics does not always obey
only one parabolic rate, which many studies explain.6,9–11
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Fig. 5. SEM photographs of oxidized layerto = 1000 h: (a) S-1, (b) S-2, (c) S-3, and (d) S-4.

Fig. 6. Photographs of oxidized layer S-1,to = 500 h: (a) SEM and (b) EPMA mapping of O.
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Fig. 7. Oxidation kinetics. (a) Relationship between oxidation time (to)
and thickness of oxidized layer (To). (b) Relationship between the square
root of time (to)1/2 and thickness of oxidized layer (To).

Therefore, the breaks appear frequently in experiments. In
present study, certain reasons being not clear, the breaks are
seem to be caused by difference of the oxidation mecha-
nism between before and after the break. Main difference
is following. Note Fig. 2(b) and (c), many pores exist on
the oxide untilto = 500 h, and they supply air for oxida-
tion. However, aboveto = 500 h, these pores disappear, the
breaks appear in the same time.

In addition, the oxide volume grows immediately near
this changing point. The volume growth seems to be caused
by embedding of the generated gas such as N2 in the ox-
ide, which Oliveira9 et al. describe. Therefore bubbles exist
inside the oxide. According to the observation of cross sec-
tions, the oxides of S-3, S-4 are dense untilto = 500 h, while
they look like comparatively porous afterto = 1000 h.

3.5. Thickness of the diffused layer inside base material

The concentration distributions of O, Al, Si, and Y at the
oxidized layer of the cross section are measured by EPMA.
Fig. 8 shows the distribution of Y by maps of all specimen

types after 2000 h of oxidation treatment. The concentration
of Y is so high that it appears white (to the right) in this
figure. In Fig. 8(a) and (b), any variations in the concen-
tration of Y cannot be discerned within the base material.
By contrast, inFig. 8(c) and (d)dark (black) area with a
20–30�m thickness shows a discernible distribution pattern.
The concentration of Y is low and is observable at a con-
siderable depth under the oxidized layer. This area indicates
a diffused layer (Td) having a distinct oxidized layer. An-
other observation is that the distribution of Al has a similar
appearance, although on a smaller scale. Despite these fea-
tures, a distinct interface like the Y-diffused layer dose not
exist. It is impossible to quantify an area of low concentra-
tion in terms of the thickness of a diffused layer. Comparing
Fig. 5 with 8 it is inferred that Y, Al and other elements
have migrated significantly from the grain boundaries in the
diffused layers to the oxidized layers. Therefore, it is con-
cluded that the concentrations of these elements decreased
near the oxidized layer. This tendency is evident particularly
for S-3 (�) and S-4 (�) both with added Y2O3 and Al2O3.
Babini et al. explain that Si3N4/Y2O3 ceramics have good
oxidation resistance because of the refractoriness (high vis-
cosity) of the grain boundary phase.2 And this explanation
help to understand the results of EPMA mappings inFig. 8.
Also, this region is closely coincident with the regions of
high pore generation as shown inFig. 5(c). Consequently
it is inferred that these pores were produced in areas where
large amounts of Y and Al were diffused and distributed.
The thickness of the S-4 diffused layer with added SiC is
about 20–40% smaller than the thickness of S-3 without
added SiC.

Fig. 9 shows the relationship between oxidation time (to)
and thickness of Y-diffused layers (Td), obtained from the
measured results. With S-1 and S-2, as mentioned before,
the diffused layer does not exist. On the other hand, for S-3
(�) and S-4 (�), the thickness of diffused layer (Td) increase
with increasing oxidation time (to). In addition, the thickness
of diffused layer of S-4 (�) added SiC is about 25% smaller
than the thickness of S-3 (�). However, the effect of SiC is
less than that of the sintering additive, like the case of the
oxidized layer.

Fig. 10 shows the relationship between the thickness of
the oxidized layer (To) and the thickness of Y-diffused layer
(Td). S-3 (�) and S-4 (�) are in proportional in the whole,
as represented inEq. (7).

Td = 0.85To (7)

From the above-mentioned circumstances, the rate of
increasing the thickness of oxidized layer on S-1and S-2
was controlled by diffusion inside the oxidized layer. On
the other hand, the rate of increasing on S-3 and S-4 was
controlled by the diffusion of metallic ions, i.e., Y, Al
and others which move through the grain boundary of the
base material, in addition to the diffusion in the oxidized
layer.
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Fig. 8. EPMA mappings of Y,to = 2000 h: (a) S-1, (b) S-2, (c) S-3, and (d) S-4.

Fig. 9. Relationship between oxidation time (to) and thickness of Y
diffused layer (Td).

Fig. 10. Relationship between thickness of oxidized layer (To) and Y
diffused layer (Td).
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4. Conclusions

Using four kinds of Si3N4-based ceramics, oxidation ex-
periments were carried out at 1300◦C for 2000 h in an at-
mosphere environment. The effects of an addition (SiC) and
sintering additives on oxidation behavior were investigated.
The main conclusions are as follows:

(1) SEM surface examination of many specimens showed
that the oxidized layer consists of a dual structure made
of a glassy phase and a crystalline phase.

(2) Analysis of oxide by XRD showed that if the specimen
had Y2O3 as a sintering additive, then the crystalline
phase was SiO2 (�-cristobalite), and the quantity in-
creased with increasing oxidation time. However, if the
specimen had both Y2O3 and Al2O3 as sintering ad-
ditives, then the crystalline phase was yttrium-silicate
(Y2Si2O7), and the quantity increased with increasing
oxidation time.

(3) The thicknesses of oxidized layers differed greatly de-
pending on the difference of sintering additives. In the
case of samples that had only Y2O3 as an additive, the
oxidized layer was very thin, and was only several mi-
crometers after 2000 h treatment. On the other hand, in
the case of samples that had Y2O3 and Al2O3 as addi-
tives, the oxidized layer was very thick and had grown
to about 30�m after 2000 h. The thickness of the oxi-
dized layers of specimens with SiC added were about
20–40% smaller than the specimens without SiC added.

(4) Oxidation kinetics of S-1 and S-2 obeyed a parabolic
law on the whole, while those of S-3 and S-4 had a
break between 500 and 1000 h.

(5) Examination of the cross sections of specimens showed
that the “diffused layer”, the concentration of Y and
Al, decreased inside the base material, when specimen
had both Y2O3 and Al2O3 as sintering additives. More-
over, the thickness of the SiC composite specimens was
about 20–40% smaller than that of the non-composi-
tion.

(6) The thicknesses of the oxidized layer and the diffused
layer were almost in proportionality, represented by
“thickness of diffused layer”= 0.85 × “thickness of
oxidized layer”.

(7) The rate of the oxidation reaction on S-1and S-2 was
mainly controlled by diffusion inside the oxidized layer.
However, that on S-3 and S-4 was controlled by diffu-
sion inside both oxidized layer and grain boundary of
base material.
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