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Abstract

The impulse excitation technique (IET) and high temperature X-ray diffraction (HTXRD) were used to investigate the inter-

granular glass phase and its crystallisation behaviour in four hot-pressed silicon nitrides. The internal friction or damping peak
height measured with IET near the glass transition temperature, Tg, is used as a qualitative indicator for the amount of residual
intergranular amorphous phase after sintering. Silicon nitride powder was hot-pressed with different sintering additives. The silicon
nitride containing 4 wt.% Al2O3 does not reveal an internal friction peak at Tg, i.e. it does not contain a significant amount of

intergranular glass phase. Three other silicon nitrides, containing either 8 wt.% Y2O3, 6 wt.% Y2O3+2 wt.% Al2O3, or 2 wt.%
Y2O3+4 wt.% Al2O3+2 wt.% TiN, do show an internal friction peak near Tg. This ‘‘Tg-peak’’ is nearly unaffected by heating up
to 1400 �C in the silicon nitride with Y2O3+Al2O3+TiN sintering aids, whereas the amount of intergranular glass in the ceramics

containing either Y2O3+Al2O3 or Y2O3 as a sintering aid is strongly reduced by subsequent heating. As observed from HTXRD,
the onset temperature of crystallisation of the intergranular glass in the ceramic containing Y2O3+Al2O3 sintering aids is about
1100 �C, with the formation of Y–N-apatite (Y20N4Si12O48) and O-sialon (Al0.04Si1.96N1.96O1.04). The O-sialon phase in the yttria

and alumina containing ceramics, formed either during sintering or during heat treatment, is not stable at elevated temperatures
and dissolves in the intergranular glass phase between 1300 and 1400 �C. The O-sialon phase in the ceramic without Y2O3 sintering
additive, however, is thermally stable. The presence of Ti4+ ions in the intergranular glass phase is suggested to inhibit its crystal-

lisation, resulting in a stable high temperature damping behaviour. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The ideal structural ceramic should be able to main-
tain a high fracture strength and high fracture tough-
ness up to the temperature range of the intended
application. In addition, for long-term high temperature
applications, a good sub-critical crack growth and creep
resistance is required. Si3N4 materials have been pro-
duced with remarkable thermo-mechanical and tribolo-
gical properties.1�4 Nevertheless, fracture toughness
remains a concern for a variety of potential applica-
tions.5

Due to the high covalent bonding character of the
Si3N4 crystal structure, the self-diffusion coefficients of
nitrogen and silicon atoms are low.6 Therefore, Si3N4

materials cannot be densified using the classical solid-
state sintering technique.3 Full density can only be
obtained by liquid-phase sintering. The most commonly
used sintering aids are Al2O3, MgO, AlN, SiO2, Y2O3,
and rare earth oxides,7�11 which lead to the formation
of an intergranular glass phase. The residual inter-
granular glass phase after sintering is responsible for the
reported degradation in mechanical properties at tem-
peratures above about 1000 �C, owing to its softening.12

Intergranular glass phases with a tailored composition
will have a beneficial effect on the high-temperature
properties of Si3N4. Moreover, crystallisation of the
intergranular glass phase can positively influence the
high-temperature properties of Si3N4.

13�16 Therefore,
further development of Si3N4-based ceramics needs
detailed knowledge on intergranular glass phases and
their crystallisation behaviour.

This paper investigates the effect of the use of single
sintering aids (Y2O3 and Al2O3) or combined sintering

0955-2219/02/$ - see front matter # 2002 Elsevier Science Ltd. All rights reserved.

PI I : S0955-2219(01 )00511-8

Journal of the European Ceramic Society 22 (2002) 1897–1904

www.elsevier.com/locate/jeurceramsoc

* Corresponding author. Fax: +32-16-321992.

E-mail address: omer.vanderbiest@mtm.kuleuven.ac.be (O. Van der

Biest).



aids (Y2O3+Al2O3 and Y2O3+Al2O3+TiN) on the
intergranular glass phase and its crystallisation. Espe-
cially the role of Ti4+ ions is discussed, since Ti4+ ions
have a complex influence on silicate glass structure and
crystallisation.17,18 Two techniques have been used. The
internal friction measured with the impulse excitation
technique (IET) at elevated temperatures provides
information on the presence and relative amount of
amorphous phases. Complementary data were obtained
with high temperature X-ray diffraction (HTXRD),
providing information on the crystalline phases, both
silicon nitride and the intergranular phases into which
the intergranular glass potentially transforms.

2. Experimental procedure

2.1. Sample preparation

The starting powders used are a commercial Si3N4

powder (HCST grade LC12-SX, 97% a-Si3N4, sub-
micron particle size, 1.8–2.1 wt.% oxygen), Y2O3 pow-
der (Aldrich Chemical Company, Inc., USA, purity of
99.99%), Al2O3 powder (Baikowski grade SM8, 95% a,
sub-micron particle size), and TiN powder (Ceramyg,
France, sub-micron particle size). Powder mixtures were
prepared by alumina ball-milling (Retsch B.V. Nether-
lands) in an alumina vessel for 4 h in isopropanol. The
powder/milling ball/propanol weight ratio was 1/4/4.
The nominal composition of the powder mixtures is lis-
ted in Table 1. The Al2O3 pick-up during ball milling
was assessed by XRF (Philips, PW2400 X-ray Spectro-
meter, Netherlands) and found to be <0.6 wt.%. After
evaporation of the propanol, the powder mixture was
put in a graphite container, coated with boron nitride.
The samples were cold pressed at 40 MPa
and subsequently hot-pressed (W100/150-2200-50LAX,
KCE Sondermaschinen, Germany) in vacuum (0.1 Pa)
at 1650 �C for 1 h with a mechanical load of 30 MPa.
The heating rate was 50 �C/min, the cooling rate 20 �C/
min. After removal of the boron nitride, the hot-pressed
disks were machined into samples suitable for IET,
HTXRD, and scanning electron microscopy (SEM).

2.2. Basic microstructure and mechanical properties

The hot-pressed Si3N4 ceramics were polished, coated
with carbon, and observed with a scanning electron
microscope (SEM) (XL30 FEG, Philips). Backscattered
electron images were recorded at an accelerating voltage
of 20 kV.

The density, �, was measured in ethanol according to
the Archimedes-method. The Vickers hardness, HV10,
was measured on a Zwick hardness tester with an
indentation load of 10 kg. The fracture toughness, KIC,
was obtained by the Vickers indentation technique,

based on the crack length measurement of the radial
crack pattern produced by Vickers indentation. The KIC

values were calculated using the formula: KIC=0.016(E/
Hv)

1/2(P/(c3/2)), where E is the elastic modulus, Hv the
hardness, P the indentation load, and c the radial crack
length.19 The density, Vickers hardness, and fracture
toughness of the different ceramics are summarised in
Table 2.

2.3. Impulse excitation technique (IET)

The rectangular beam-like samples (nominal dimen-
sions 30�4�2 mm3 or 40�4.5�2 mm3, thickness toler-
ance <0.01 mm) were suspended in the nodes of their
first bending vibration mode, and measured in a gra-
phite IET furnace (HTVP 1750-C, IMCE, Diepenbeek,
Belgium) in a nitrogen atmosphere. The vibration sig-
nal, captured by a microphone was analysed with the
resonance frequency and damping analyser (RFDA,
IMCE, Diepenbeek, Belgium) as described elsewhere.20

Before heating, the furnace is three times evacuated and
filled with N2 (L’air Liquide dry nitrogen with 10 ppm
H2O). The sample is subjected to two subsequent ther-
mal cycles from 100 to 1400 �C with a heating and
cooling rate of 2 �C/min. The E-modulus was calculated
from the bending vibration frequency fb according to
the equation proposed in ASTM E 1876-99:21 E=0.9465
(m(fb)

2/b)(L3/t3)Tl, with m, L, b and t, the sample
weight, length, width, and thickness, respectively. Tl is a
correction factor, depending on the Poisson’s ratio n
and the thickness/length ratio. The internal friction is
calculated as Q�1=k/(�fr), where k is the exponential
decay parameter of the amplitude of a given free vibra-
tion component fr.

20

Table 1

Compositions of the starting powder mixtures (wt.%)

SN–Y8 SN–Y6Al2 SN–Al4 SN–Y2Al4Ti2

Si3N4 92 92 96 92

Y2O3 8 6 0 2

Al2O3 0 2 4 4

TiN 0 0 0 2

Table 2

Mechanical properties and resonance frequencies of the different

ceramic grades

Ceramic

grade

fb (Hz) E

(GPa)

�
(g/cm3)

Hv10

(kg/mm2)

KIC

(MPa/m1/2)

SN–Y8 25024 296�7 3.19 1332�13 4.4�0.2

SN–Y6Al2 11465 296�12 3.23 1605�13 4.8�0.3

SN–Al4 25995 305�20 3.13 1618�18 2.6�0.1

SN–Y2Al4Ti2 11216 302�13 3.19 1641�18 5.0�0.1
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2.4. High temperature X-ray diffraction (HTXRD)

High temperature X-ray diffraction (HTXRD) was
performed on a �–� diffractometer (3003-TT, Seifert,
Ahrensburg, Germany) using CuKa radiation (40 kV, 30
mA), with a parabolic multilayer mirror for parallel
beam optics which reduces susceptibility to thermally
induced sample position change, and with a long 0.4�

collimator in front of the scintillation detector for
increased angular resolution.

Room temperature XRD tests were performed to
determine the unit cell parameters of the hexagonal sili-
con nitride lattice. An angular accuracy of 0.01� was
achieved by careful alignment of the diffractometer. The
!-arm, with attached source, is aligned using a fine, long
slit as a sample. The �-arm, carrying the detector, is
aligned using a Si-reference powder sample (National
Bureau of Standard, Standard Reference Materials
640a). The substitution level, z, of the b-Si6�zAlzOzN8�z

solid solution was calculated from the unit cell para-
meters (nm) according to a=0.7603+0.00296z and
c=0.2907+0.00255z.22 XRD was also used to estimate
the a-Si3N4 to b-Si3N4 or a-SiYAlON to b-SiAlON
ratio in the hot-pressed ceramics. The intensities of the
(101) and combined (210) and (120) diffraction peaks of
the b-phase and the (102) and (210) peaks of the a-phase
reveal the relative phase volume fractions through the
following equation: a/b=[I�(102)+I�(210)]/
[I�(101)+I�(210)].

23 This approach neglects the possible
influence of texture, but can serve as a first guideline.

The high temperature tests were done in an X-Ray
furnace (HDK2.4, Johanna Otto, Hechingen, Germany)
with a Ta heating element, surrounding the sample.
Tests were performed in vacuum (<10�8 Pa) between
room temperature and 1400 �C. Diffraction spectra
were acquired at room temperature, 750, 1000, 1100,
1200, 1300 and 1400 �C, both during heating and cool-
ing. The heating and cooling rate between two measur-
ing temperatures was 30 �C/min. The data were
acquired in the 2� range from 15 to 80� (step width=
0.04�, measuring time=1 s/step).

3. Results

3.1. Microstructural analysis

Scanning electron microscopy observations in combi-
nation with X-ray diffraction analysis enabled the iden-
tification of the constituent phases in the different hot-
pressed ceramic grades. The backscattered electron
micrographs are presented in Fig. 1, whereas the results
of the room and high temperature diffraction analysis
are summarised in Table 3. Additional information on
the substitution level of the b-sialon matrix and the a/b-
phase ratio is given in Table 4.

XRD analysis reveals that the SN-Al4 ceramic is
mainly composed of b-sialon and, in addition, contains
a smaller amount of O-sialon (Al0.04Si1.96N1.96O1.04)
phase. The a-Si3N4 starting powder was completely
converted into O- and b-sialon during hot pressing since
no residual a-Si3N4 could be detected from the XRD
data. The dispersed darker O-sialon phase can be clearly
distinguished from the brighter b-sialon matrix on the
SEM micrograph shown in Fig. 1a. The composition of
the b-sialon phase is Si5.8Al0.2O0.2N7.8 as calculated
from the diffraction data (see Table 4). No crystalline
phase changes were observed upon heating to 1400 �C.

The hot-pressed SN-Y8 ceramic contains b-Si3N4, a-
Si3N4 and Y–N-apatite (Y20N4Si12O48). The dark pha-
ses are a- and b-Si3N4 crystals, and the brighter phases
are yttrium-containing intergranular crystals and glasses
(Fig. 1b). The a/b ratio is 0.14, indicating an incomplete
conversion of the Si3N4 starting powder. The measured
(Al,O) substitution level of the b-phase is 0 (�0.08), as
could be expected from the absence of Al2O3 additives.
Nevertheless, a small amount (<0.6 wt.%) of Al was
picked-up from the alumina container and milling balls,
as determined by XRF-analysis. This observation con-
firms the correct alignment of the XRD-goniometer.
The SN–Y8 ceramic is not fully dense. The black spots
in Fig. 1b are pores. No additional crystalline phases
were formed during thermal cycling up to 1400 �C.

The crystalline phases in the SN–Y6Al2 ceramic were
identified as a- and b-sialon, with an a/b ratio of 0.35.
The dark phases are a- and b-sialon grains, and the
white intergranular phase on the micrograph (Fig. 1c)
should be amorphous since no other crystalline phase
was observed with XRD. The substitution level of the b-
sialon phase of about 0.1 is lower than in the SN–Al4
and SN–Y2Al4Ti2 ceramics (see Table 4), as could be
expected from the lower alumina content in the starting
powder mixture. The HTXRD experiments on the SN–
Y6Al2 ceramic revealed the formation of O-sialon and
Y–N-apatite (Y20N4Si12O48) at elevated temperature
(see Table 3). Both phases were still detected at 1300 �C,
but were absent at 1400 �C.

The SN–Y2Al4Ti2 ceramic comprises b-sialon, a-sia-
lon, O-sialon and TiN. The spherical white TiN and the
black O-sialon grains can be clearly observed on the
micrograph shown in Fig. 1d. The a/b ratio is 0.18 and
the substitution level of the b-sialon phase (z=0.24) is
comparable to that of the SN–Al4 ceramic. The O-sia-
lon phase in the SN–Y2AlTi2 ceramic was found to
dissolve above 1300 �C.

3.2. Impulse excitation results

The Young’s modulus, E, of the four silicon nitride
grades at room temperature has been calculated from
the resonant frequencies, which are also determined by
the geometry of the samples. The results are listed in
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Table 2. The internal friction data of the different cera-
mic grades during the first and second heating are pre-
sented in Figs. 2 and 3, respectively. Fig. 2 reveals a
large internal friction peak in the SN–Y6Al2 and SN–
Y2Al4Ti2 ceramics and a relatively small internal fric-
tion peak in the SN-Y8 sample. These peaks, which

occur in the glass transition temperature (Tg) range of
the intergranular silicate phases, are known to stem
from relaxation in intergranular glass pockets.24 As
such, the location of the maximum internal friction
provides a first estimate of Tg. The IET experiment did
not reveal a Tg-peak for the SN–Al4 ceramics, indicating

Fig. 1. Backscattered electron micrographs of the different ceramic grades. (a) SN–Al4, (b) SN–Y8, (c) SN–Y6Al2 and (d) SN–Y2Al4Ti2.

Table 3

Crystalline phase composition in the different ceramic grades, as obtained by HTXRD

Ceramic grade Ceramic phases 20 �C 1000 �C 1100 �C 1200 �C 1300 �C 1400 �C

SN–Y8 a-Si3N4 +a + + + +
b-Si3N4 + + + + + +
Y20N4Si12O48 + + + + + +

SN–Al4 b-sialon + + + + + +
O-sialon + + + + + +

SN–Y6Al2 a-sialon + + + + + +
b-sialon + + + + + +
O-sialon �b � + + + �

Y20N4Si12O48 � � + + + �

SN–Y2Al4Ti2 a-sialon + + + + + +
b-sialon + + + + + +
O-sialon + + + + + �

TiN + � � � � �

a +, phase present,
b �, phase absent.

1900 R.G. Duan et al. / Journal of the European Ceramic Society 22 (2002) 1897–1904



the absence or very low content of intergranular glass
pockets in this sample. Moreover, the very low internal
friction background indicates that the amorphous
intergranular film between adjacent grains is absent.
This can be concluded when comparing with the results
of Pezzotti et al.25 obtained on high purity Si3N4 and
sialon materials. The Tg-peak of the SN–Y8, SN–
Y6Al2, and SN–Y2Al4Ti2 ceramics is situated near
1070 �C. Considering the small difference in resonance
frequencies of the tested samples (factor 2, Table 2), we
neglect the frequency dependence of the Tg-peak posi-
tion, and conclude that the Tg of the amorphous phase
in the hot-pressed SN–Y8, SN–Y6Al2, and SN–
Y2Al4Ti2 samples is comparable.

When the samples are measured throughout a second
thermal cycle (Fig. 3), the internal friction peaks of the
ceramics have changed to a different extent. The height
of the internal friction peak of the SN–Y6Al2 and SN–
Y8 ceramics decreased drastically, whereas the internal
friction peak of the SN–Y2Al4Ti2 sample decreased by
only 25%. The Tg of the residual intergranular glass
phases of the SN–Y8, SN–Y6Al2, and SN–Y2Al4Ti2
samples in the second thermal cycle are 1020, 1000 and
1080 �C, respectively. The lower peak heights indicate
that the amount of intergranular glass phase in samples
SN–Y6Al2 and SN–Y8 has decreased after the first
thermal cycle. The extent of this effect on the amor-
phous phase in the SN–Y2Al4Ti2 ceramic is less pro-
nounced. The Tg shift in the consecutive thermal cycles
is significant for the SN-Y8 and SN-Y6Al2 ceramics,
whereas the Tg of the SN–Y2Al4Ti2 ceramic is hardly
affected. This implies a significant composition change
of the intergranular glass phase after thermal cycling for
the SN–Y8 and SN–Y6Al2 ceramic, whereas the com-
position change in the SN–Y2Al4Ti2 ceramic is small.
The addition of TiN to the silicon nitride appears to
stabilise the intergranular glass phase.

3.3. Hardness and toughness

The SN–Y8 ceramic possesses a low hardness due to
the incomplete densification. The hardness of the other
ceramic grades is more comparable. The indentation
fracture toughness is strongly related to the type and
amount of sinter additives (Table 2). The SN–Al4 cera-

mic with no or only a very small amount of amorphous
phase is very brittle. Of the four ceramics, the SN–
Y2Al4Ti2 ceramic combines the higher hardness
(1641�18 kg/mm2) and indentation fracture toughness
(5.0�0.1 MPa/m1/2).

4. Discussion

4.1. The �-Si3N4 conversion during sintering

It is known that the sintering aids react with the SiO2

that is present at the surface of the Si3N4 starting pow-
der to form a liquid phase during sintering. Subse-
quently, the a-Si3N4 particles dissolve in this liquid
phase, causing a local supersaturation and reprecipita-
tion of b-Si3N4.

26,27 Different sintering aids will lead to
the formation of different liquid phases with a compo-
sition-specific viscosity at 1650 �C. The lower the visc-
osity of the liquid phase, the faster the diffusion rate of
Si4+ and N3- ions and the higher the transformation
rate from a- to b-Si3N4. In the process of transforma-
tion of Si3N4 from a- to b-structure, Al3+ and O2- ions
can enter the b-Si3N4 structure to replace some Si4+ and
N3- ions respectively, and form the b-sialon solid solu-
tion.

For the SN–Al4 ceramic, a-Si3N4 is completely con-
verted to b-sialon during the hot-press cycle (1 h at
1650 �C), whereas a-Si3N4 is only partially converted to
b-Si3N4 or b-sialon in the SN–Y8, SN–Y6Al2 and SN–
Y2Al4Ti2 ceramics. Meanwhile, a-Si3N4 is converted to
a-sialon in the SN–Y6Al2 and SN–Y2Al4Ti2 ceramics.
The a to b-Si3N4 transformation rate is fastest for the
SN–Al4 ceramic.

4.2. The influence of sintering aids on the type and
stability of the intergranular glass phases

Upon cooling, the liquid phases formed during sin-
tering devitrify partially or totally. The remainder soli-
difies as an intergranular glass phase. For oxynitride
glasses, the basic structural units are [SiNxO4�x] tetra-
hedra, where x equals to 0, 1, 2, 3, or 4.28�30 Depending
on the type and amount of sintering aids, other struc-
tural units emerge. Since the amount of alumina picked-
up during milling is very low, the intergranular glass
phase formed in the SN-Y8 ceramic is considered to be
an Y–Si–O–N glass. In the Y–Si–O–N glass, the struc-
tural [SiNxO4�x] units are linked by sharing nitrogen or
oxygen atoms. Since Y2O3 is a network modifier, all
Y3+ ions are located in the network holes, between the
tetrahedron-chains.

Al2O3 is a network intermediate, i.e. it can be both
network modifier and network former. In R2O–Al2O3–
SiO2 glass, all Al3+ ions exist as network formers pro-
vided that Al2O3/R2O<1.31,32 In the SN–Y6Al2 cera-

Table 4

Lattice parameters and substitution level of the b-Si6�zAlzOzN8�z

phase and the a/b-phase ratio in the different ceramic grades

Ceramic

grade

a (nm) c (nm) z (�0.08) a/b

SN–Y6Al2 0.76048�0.00007 0.29098�0.00015 0.08 0.35

SN–Al4 0.76081�0.00020 0.29134�0.00026 0.21 0.00

SN–Y2Al4Ti2 0.76091�0.00030 0.29140�0.00027 0.24 0.18

SN–Y8 0.76030�0.00019 0.29073�0.00019 0.00 0.14
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mic in this investigation, some Al3+ ions enter the a and
b-sialon structure. The remaining fraction of Al3+ ions
will enter the Y–Al–Si–O–N glass network structure as
[AlNxO4�x], where x is 1, 2, 3, or 4. These Al3+ ions will
behave as a network former, because there is a large
amount of Y3+ network modifiers in the liquid phase
formed at 1650 �C in this composition. Due to the pre-
sence of network forming Al3+ ions in the liquid phase,
the glass-forming ability of the liquid phase in the SN–
Y6Al2 sample is larger than that in the SN–Y8 sample.

Because the internal friction peak of the intergranular
glass phase in the SN–Y2Al4Ti2 ceramic after thermal
cycling is different from those in the samples without
TiN (Figs. 2 and 3), Ti4+ ions can be assumed to be
present in the intergranular glass phase. This implies
that the intergranular glass phase should be an Y–Al–
Ti–Si–O–N glass. TiN powders always have a thin layer
of TiO2 on the surface, due to oxidation. This TiO2 can
indeed enter the intergranular glass phase as units of
[TiO4].

17,33 Moreover, Ti4+ ions can substitute for Si

Fig. 3. Internal friction curves of the different ceramic grades during the second thermal cycle.

Fig. 2. Internal friction curves of the different ceramic grades during the first thermal cycle.
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and Al in the [SiNxO4�x] and [AlNxO4�x] tetrahedra.
Upon cooling, Ti4+ ions enter the glass network as
[TiNxO4�x], as this is a more stable unit than
[AlNxO4�x](x=0,1,2).33 On the other hand, in the
liquid phase formed at 1650 �C in the SN–Y2Al4Ti2
sample, the Y3+ ion content is lower than in SN–Y8
and SN–Y6Al2 ceramics. Therefore, some Al3+ ions
exist as network modifiers in the intergranular glass
phase in this ceramic. Because of the additional
[TiNxO4�x] units, the glass-forming ability of the liquid
phase in the SN–Y2Al4Ti2 sample is higher than that in
the SN–Y8 and SN–Y6Al2 ceramics.

Finally, the liquid phase in the SN–Al4 sample forms
O-sialon (Al0.04Si1.96N1.96O1.04) during cooling. There is
no or only a very low amount of residual intergranular
glass phase in this ceramic, as shown by the absence of
an internal friction peak in the IET experiments (see
Figs. 2 and 3).

The stability, i.e. the resistance to crystallisation, of
the amorphous phases is strongly influenced by the glass
network structure. The presence of unstable [AlNxO4�x]
structure units renders the Y–Al–Si–O–N intergranular
glass phase rather unstable. The additional [TiNxO4�x]
units in the Y–Al–Ti–Si–O–N glass stabilise this glass
and hinder its crystallisation. After the heat treatment,
the residual intergranular glass phase content in the
SN–Y8 and SN–Y6Al2 ceramics, is strongly reduced as
revealed by IET (see Figs. 2 and 3), whereas the glass
content in the SN–Y2Al4Ti2 ceramic remained high.
The IET observations are in agreement with the glass
stability predictions. The main reason for the glass
phase stability in the SN–Y2Al4Ti2 sample is the dis-
solution of Ti4+ ions into the glass network as a net-
work former. The stability of the intergranular glass
phase in the ceramic grades can be ranked as: SN–
Y2Al4Ti2>SN–Y8>SN–Y6Al2.

The Y–Si–O–N glass in SN–Y8, the Y–Al–Si–O–N
glass in SN–Y6Al2 and the Y–Al–Ti–Si–O–N glass in
SN–Y2Al4Ti2 contain nitrogen. It has been pointed out
that the higher the N3� ion content in oxynitride glass,
the higher the Tg.

34 This observation can be related to
the change in glass transition temperature (Tg) of the
intergranular glass phases in the present work. After
heat treatment, the Tg of the Y–Si–O–N and Y–Al–Si–
O–N glasses decreased from 1070 to 1020 �C and from
1070 to 1000 �C respectively. The Tg of the Y–Al–Ti–Si–
O–N glass however slightly increased from 1070 to
1080 �C. A decrease of the nitrogen content in the Y–
Al–Si–O–N glass in the SN–Y6Al2 ceramic can indeed
be expected from the crystallisation of N-rich O-sialon
(Table 3). The measured shift in the Tg temperature in
the Y–Al–Ti–Si–O–N glass of the SN–Y2Al4Ti2 sample
is very small, but could indicate that the nitrogen con-
tent has slightly increased. Again, this can be explained
by the observed dissolution of the O-sialon phase at
1400 �C in the first heat treatment.

4.3. The O-sialon phase

The O-sialon phase (Al0.04Si1.96N1.96O1.04) is actually
Si2N2O in which Si4+ and N3- are partially substituted
by Al3+ and O2�.35 Pure Si2N2O is difficult to obtain by
classical sintering.36 In this paper, a crystalline O-sialon
phase is produced from the liquid phase in the SN–Al4
and SN–Y2Al4Ti2 samples during cooling, whereas it is
formed in the SN–Y6Al2 ceramic when heat treated
above 1100 �C.

The liquid phase in the SN–Al4 ceramic at 1650 �C is
an Al–Si–O–N solution. For Al–Si–O–N glass, most
Al3+ ions exist as network modifiers rather than as
network formers. The resulting less stable glass struc-
ture facilitates the formation of the O-sialon during
cooling of the liquid phase after sintering.

The liquid phase in the SN–Y2Al4Ti2 sample has an
Y–Al–Ti–Si–O–N composition. When this liquid is
cooled, some of the Al3+ ions will become network
modifiers because of the low yttrium network modifier
content and the more stable network structural unit
[TiNxO4�x] present. Again, the presence of some Al3+

ions as network modifiers enables the formation of O-
sialon.

The intergranular glass phase in the SN–Y6Al2 cera-
mic is an Y–Al–Si–O–N glass, in which most of the Al3+

ions exist as network formers, because of the high Y3+

content. This inhibits the formation of O-sialon during
liquid cooling. When the sample is heat treated at
1100 �C however, the [AlNxO4�x] glass network struc-
tural units are not stable, as can be calculated from the
formula in ref. 33. Some Al3+ ions change from net-
work formers to network modifiers, and this slowly
enhances the formation of O-sialon.

The process of the O-sialon phase formation is differ-
ent in all three ceramic grades. The O-sialon phase is
unstable at high temperatures. When heated at 1400 �C,
the O-sialon phase in the SN–Y6Al2 and SN–Y2Al4Ti2
ceramic dissolves in the intergranular glass phase. The
O-sialon phase in the SN–Al4 ceramic however is ther-
mally stable, possibly due to the absence of an amor-
phous intergranular phase.

5. Conclusions

(1) IET, providing access to internal friction, was
shown to be a valuable tool in the comparison and
comprehension of Si3N4-grades with different inter-
granular phases. (2) Using only Al2O3 as a sintering aid
improves the transformation of Si3N4 from a- to b-
structure. (3) The intergranular glass phase formed in
Si3N4 ceramics with Y2O3+Al2O3 sintering aids is not
stable. When heated to about 1100 �C, the intergranular
glass phase starts to crystallise with the formation of Y–
N-apatite (Y20N4Si12O48) and O-sialon (Al0.04Si1.96
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N1.96O1.04). At 1400 �C, in the presence of intergranular
Y–Al–Si–O–N and Y–Al–Ti–Si–O–N glass phases, the
O-sialon crystals formed during sintering or heat treat-
ment, are not stable. (4) The addition of TiN causes a
stable high temperature damping behaviour. It is
explained how the presence of [TiNxO4�x] structural
units makes the intergranular glass phase more stable.
(5) A decrease/increase of the amount of N3� ions in the
intergranular glass phase is shown to increase/decrease
the temperature at which an internal friction peak (i.e.
the Tg peak) is observed.
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