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bstract

ilicon nitride ceramics have been densified with polymer-derived SiAlOC sintering aid. Dense samples were prepared at relatively mild tempera-
ures (1600 ◦C) from blends with 30 wt.% of pyrolysed SiAlOC additives. Decreasing the SiAlOC aid content to 15 wt.% resulted in porous Si3N4

amples (∼85% rel. density). The properties of dense samples were influenced by the remaining SiAlOC glass (HV = 15.5 GPa, KIC = 4 MPa m1/2).
ncreasing the sintering temperature to 1780 ◦C for 5 min significantly changed the phase composition and properties of the composites. The major
hase was O′-sialon in the sintered samples. Additional annealing of the samples at 1530 ◦C for 16 h further decreased the amount of the residual
lassy phase and consequently affected the mechanical properties. The Vickers hardness of dense samples was 18.5 GPa and the fracture resistance

anged between 4.0 and 4.5 MPa m1/2. The compressive creep test (1400 ◦C/100 MPa/24 h) of the SNA30-A sample sintered at 1600 ◦C for 30 min
ithout an additional crystallisation step showed a promising low creep rate of 8.6 × 10−8 s−1. Further improvement of creep resistance is expected

or the crystallised samples.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Conversion of polysilazanes, polycarbosilazanes and
olysiloxanes to dense ceramic fibres and foams has been
ntensively studied in the last decades.1–4 However, the prepa-
ation of dense bulk ceramics from polymer-derived precursors
s still a matter of research owing to the attractive shaping
roperties and low fabrication temperatures.5 Amorphous bulk
olymer-derived ceramics (PDCs) with interesting mechanical
roperties were prepared by warm pressing.6,7 Preparation
f a bulk crystalline body from polymer precursor, even

ith high ceramic yield of 85%, is still a problem because

he polymer-to-ceramic conversion and the crystallisation
f amorphous PDCs is accompanied by intrinsic shrinkage,

∗ Corresponding author. Tel.: +421 2 59410408; fax: +421 2 59410444.
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erious cracking and pore formation. For that reason, crystalline
eactive fillers were often used for the preparation of bulk
DCs.4,8

Among organosilicon polymers recently the polysiloxanes
ave been more intensively studied from the wide range of
ilicon-based polymer ceramic precursors because they can be
andled in air, contrary to the oxygen and humidity sensitive
olysilazanes.9–12 Silicon oxycarbide (SiOC) is produced from
olysiloxanes by crosslinking and pyrolysis. The incorporation
f carbon into silicate glasses strengthens the molecular struc-
ure of the glass network, and thereby, improves the thermal and

echanical properties of SiOC glass.3 By further heat-treatment,
omplex nanostructures are formed by phase separation in SiOC
lass, in which nanocrystalline SiC, free carbon and remaining

morphous SiOC coexist.14–17 These materials have exceptional
roperties, such as low creep rate and high thermal stability.
specially the excess free carbon phase plays an important role

n the stability of amorphous and nanocrystalline phases.13,18–20

mailto:Zoltan.Lences@savba.sk
dx.doi.org/10.1016/j.jeurceramsoc.2009.08.014
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Table 1
Starting composition of samples and used sintering conditions.

Sample Composition Sintering conditions

Si3N4 (wt.%) SiAlOC (wt.%) Heating rate (◦C/min) Dwell at Cooling rate (◦C/min)

1400 ◦C (min) 1600 ◦C (min) 1780 ◦C (min) 1530 ◦C (min)

SNA30-A 70 30 20 30 30 – – 30
SNA30-C 70 30 20 30 30 5 – 30
SNA30-D 70 30 20 30 30 5 960 30
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The basic silicon oxycarbide matrix can be doped by different
lements, e.g. Al, Zr or Hf, having high affinity to oxygen or
arbon, and improve the properties of SiOC.3,21–23 Depending
n the dopant composition and its volume fraction, the properties
f SiOC can be varied in a rather wide range.

There are several reports on application of PDCs as a binder
or crystalline ceramic powders.24–27 However, this work is
ocused on the preparation of dense Si3N4/SiAlOC compos-
tes, where polymer-derived SiAlOC serves as a sintering aid.
n comparison to Si3N4 materials densified with common crys-
alline oxide additives (Al2O3, MgO, CaO, RE2O3, etc.) at
emperatures 1750–1800 ◦C for 1–2 h, the expected advantage of
pplying amorphous PDCs as sintering aid is the lower sintering
emperature (ts < 1650 ◦C) and shorter holding time (τ < 40 min).
or that reason the main goal of this work is to fabricate
i3N4/SiAlOC-based ceramics with high density at tempera-

ures below 1650 ◦C and with mechanical properties comparable
o conventionally prepared alumina containing Si3N4 ceramics
t higher temperatures. Due to the expected partial decomposi-
ion and/or crystallisation of the SiAlOC phase above 1500 ◦C,
hermodynamic analysis of the studied system was carried out
ogether with dilatometric measurements prior to the sintering
xperiments. The microstructure, phase composition and some
oom temperature mechanical properties (HV, KIC) of dense
i3N4/SiAlOC samples were evaluated. First results on the com-
ressive creep resistance of the ceramic composite sintered at
600 ◦C under 100 MPa load are also reported.

. Experimental procedure

A commercial �-Si3N4 (SN-E10, Ube Industries, Japan)
nd in-lab prepared polymer-derived SiAlOC precursors (TU
armstadt, Germany) have been used for the preparation of the

tarting mixtures. The SiAlOC precursor was synthesized by
ol–gel method from poly-methylsilsesquioxane (MK polymer,
acker-Bensil GmbH; Burghausen, Germany) with 23.6 wt.%

f alumatrane (ABCR GmbH, Germany) in isopropanol solvent.
he mixture was crosslinked and pyrolysed in a quartz tube up

o 1100 ◦C in argon atmosphere for 2 h. The detailed process
or the preparation of amorphous SiAlOC used in this work is

escribed by Harshe et al.28 The final composition of the pyrol-
sed polymer-derived sintering aid was Si1.00Al0.11O1.90C0.49.
ccording to this composition, the crystalline product composed
f SiC, SiO2 and Al2O3 should contain 6.4 wt.% free carbon.

n
S
p
d

30 5 – 30

The Si3N4 matrix powder and pyrolysed SiAlOC additives
ere mixed in weight ratios 85:15 (samples SNA15) and 70:30

samples SNA30). The mixtures were mechanically activated
y high energy milling (Pulverisette 6, Fritsch, Germany) for
0 min in argon atmosphere. The starting powder mixtures
assed through a 42 �m sieve were pressed into disks of 12 mm
iameter with a uniaxial pressure of 100 MPa. The samples
ere densified by hot-pressing under a load of 30 MPa in static
2 + CO atmosphere. BN powder bed was used to minimize the
ossible reaction with the graphite die at elevated temperatures.
he sample compositions and applied sintering conditions are

isted in Table 1.
Densities of sintered samples were measured by the

rchimedes method in mercury. Samples were cut, polished and
tched in CF4 + O2 gas mixture (Plasma barrel etcher, Polaron
T7150). The microstructures of etched cross-sections of the
ot-pressed samples were examined by SEM (Zeiss EVO 40
V). Phase composition was identified by X-ray diffraction

nalysis (Bruker D8-Discover, Cu K� radiation). Precise pow-
er XRD measurements were conducted also in Debye-Scherrer
ransmission geometry (STOE Stadi-P, Germany) using Co K�
adiation (λ = 0.178892 nm); data acquisition was performed
ith a position-sensitive detector. The Vickers hardness (HV)
as measured on polished cross-sections of pellets with a load of
.8 N (LECO Vickers Hardness Tester, LV100). The indentation
racture resistance (KIC) was measured on the same equip-
ent with a load of 98 N and calculated according to Shetty’s

quation.29 The presence and form of free carbon was investi-
ated by Raman spectroscopy (Raman Spectrometer LabRam
R 800) using Ar-ion laser with λ = 514.5 nm. The compres-

ive creep tests were carried out at 1400 ◦C in air under a load of
00 MPa for 24 h. Preliminary transmission electron microscopy
TEM) results were obtained with a FEI CM20 microscope
perating at 200 keV.

. Results and discussion

.1. Thermodynamic analysis

The preliminary sintering curves recorded up to 1800 ◦C in

itrogen atmosphere showed that the softening of pyrolysed
iAlOC in Si3N4 matrix starts at ∼1250 ◦C in SNA30 sam-
les, followed by densification above 1320 ◦C. However, the
ensification rate was slow. A simple increase of sintering tem-
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erature to accelerate the densification rate could not be applied
n this case because partial decomposition of the polymer-
erived SiAlOC sintering aid was observed above 1400 ◦C. For
hat reason thermodynamic analysis of the studied system was
ecessary. Only the proposed crystalline phases were taken into
ccount in the calculations, because there are no available data
or SiAlOC glasses.

Harshe et al.28 reported that the phase separation in
iOC glass prepared from the same MK precursor (poly-
ethylsilsesquioxane, Wacker-Besil PMS) used in this work

tarts at temperatures around 1300 ◦C and can be described by
he following reaction:

iOxCy(s) → β-SiC(s) + SiO2(a) + C(s) (1)

he phase separation products are nanocrystalline �-SiC, amor-
hous silica and free carbon. Other authors showed that the
evitrification of SiOC glass with different composition can
tart at temperatures even as low as 1200 ◦C.30–33 However,
he pyrolysed SiAlOC used in this work remains amorphous
p to 1500 ◦C.28 The presence of aluminium in the SiOC glass,
ogether with free carbon inhibits crystobalite formation and
evitrification of the amorphous SiAlOC matrix. Owing to this
roperty, the densification of Si3N4 with SiAlOC additive should
e easier compared to more rigid SiOC aid.34 However, above
500 ◦C the decomposition of SiAlOC can retard the densifi-
ation of Si3N4 due to gas formation. Our preliminary results
howed mass loss in SNA30 samples above 1430 ◦C in nitrogen
tmosphere. At these temperatures, in addition to the crystallisa-
ion of �-SiC from amorphous SiAlOC, carbothermal reduction
f silica can proceed according to the overall reaction (2), which
ncludes reactions (3) and (4) with SiO(g) as an intermediate
roduct/reactant. It was reported that all SiC(s), Si3N4(s) and
i2N2O(s) formation from SiO2 occurs via the reaction with
aseous SiO(g).35 Although the equilibrium rate constant Kp

s low for reaction (2), at these temperatures only SiO2 nan-
domains are present in the system studied herein and their
eactivity with excess free graphene is expected to be much
igher as compared to the micrometer size crystalline grains
he JANAF data are based on:

SiO2(s) + 3C(s) → SiC(s) + 2CO(g)

Kp(1430 ◦C) = 0.072 (2)

iO2(s) + C(s) → SiO(g) + CO(g) (3)

iO(g) + 2C(s) → SiC(s) + CO(g) (4)

ontrary to the desirable formation of SiC via reaction (2), silica
eacts with SiC at higher temperatures and both can decompose
nto gaseous SiO and CO according to reaction (5):36

SiO2(s) + SiC(s) → 3SiO(g) + CO(g) (5)

Fig. 1 shows the equilibria curves obtained from the JANAF

hermodynamic data37 for both reactions (2) and (5). The CO
ressure was kept between the two calculated equilibrium curves
uring sintering and annealing of samples, in order to promote
he formation of SiC within the composite materials, while its

c
s
f
o

ig. 1. Calculated equilibrium pressures of CO(g) and SiO(g) for the reactions
2) and (5).15,37 Dashed line shows the applied CO(g) pressure.

ecomposition by reaction (5) should be avoided. It is worth
o point out that the lower bound in Fig. 1 represents the total
quilibrium pressure of CO and SiO gaseous species of reaction
5).15

Apart from the CO pressure, particular attention must be
aid to the partial pressure of nitrogen during sintering of
i3N4-based ceramics. The coexistence of Si3N4 matrix and
iC nanoparticles, which are formed from the SiAlOC glass at

he applied hot-pressing temperatures t ≤ 1780 ◦C, is limited by
everal factors: (i) decomposition of Si3N4 in inert atmosphere
nd/or low-pressure nitrogen (pN2 < 0.1 MPa) according to the
eaction:

i3N4(s) → 3Si(l) + 2N2(g), (6)

nd (ii) the nitridation of SiC in nitrogen atmosphere (reac-
ion (7)), which can proceed at relatively low temperatures
∼1440 ◦C and a nitrogen pressure 0.1 MPa38).

SiC(s) + 2N2(g) → Si3N4(s) + 3C(s) (7)

he equilibrium N2 pressures for both reactions (6) and (7) were
btained from the JANAF thermodynamic tables.37 Results of
he thermodynamic calculations shown in Fig. 2 indicate the
ange of temperature and N2 pressure, where SiC and Si3N4
oexist.

The thermodynamic considerations outlined above resulted
n the application of a mixed N2 and CO atmosphere during
ot-pressing of Si3N4/SiAlOC pellets. Both CO and N2 were
ntroduced by gas-flow meters according to the required border
onditions shown in Figs. 1 and 2.

With the exception of the main non-oxide components in the
roduct, the oxygen containing crystalline phases have also to be
onsidered, owing to the rather high amount of SiAlOC additive
n the samples. At temperatures above 1400 ◦C, the amorphous
iAlOC glass can crystallise either by phase separation or by

arbothermal reduction of amorphous silica in nitrogen atmo-
phere. Apart from SiC, SiO2, Al2O3 and C, also Si2N2O can
orm.40,41 Although the carbothermal reduction and nitridation
f silica can result in Si2N2O formation according to the follow-
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ig. 2. Thermodynamic stability range for the coexistence of Si3N4 and SiC in
itrogen.37,39 Dashed line shows the applied N2 pressure.

ng reaction:42,43

2SiO2(s) + 3C(s) + N2(g) → Si2N2O(s) + 3CO(g),

ΔG◦(1530 ◦C) = −64.6 kJ mol−1, Kp = 75.1 (8)

he direct reaction between Si3N4 and silica cannot be avoided
t the applied hot-pressing temperatures (t ≤ 1780 ◦C):

1/2Si3N4(s) + 1/2SiO2(s) → Si2N2O(s),

ΔG◦(1780 ◦C) = −92.4 kJ mol−1, K = 226.8 (9)

ence, the presence of Si2N2O in the sintered composites is
xpected.44,45

.2. Sintering conditions and phase compositions

The temperature regime for the hot-pressing of
i3N4/SiAlOC samples was optimised for the samples
ith higher additive content (30 wt.%) on the base of previous

hermodynamic calculations and recorded sintering curves
p to 1800 ◦C. The first holding time was applied at 1400 ◦C
or 30 min (Table 1) to promote densification via viscous
ow. At this temperature, the viscosity of SiAlOC glass
ecreases (tg = 1250 ◦C)28 and the densification is initiated via
iscous flow of the glassy phase. The second dwell at 1600 ◦C

orresponds to the observed rapid densification rate at this
emperature. An additional heating to 1780 ◦C for a short time
5 min) was applied in the case of sample SNA30-C to enhance
ucleation of nanosized SiC from the SiAlOC glass.43 After

O
(
s
f

able 2
ensities and phase composition of SNA samples.

ample Density (g cm−3) Rel

NA30-A 2.87 99.8
NA30-C 2.81 97.8
NA30-D 2.78 96.7
NA15 2.56 85.1
Fig. 3. XRD patterns of sintered SNA30 samples (see Table 1).

ot-pressing, a prolonged crystallisation of the SiAlOC glassy
hase was carried out at 1530 ◦C for 16 h (sample SNA30-D,
able 1).

The densities of sintered samples are summarized in Table 2.
ample SNA30-A is almost fully dense after hot-pressing
t 1600 ◦C for 30 min with a relatively high fraction of the
morphous phase (and a low fraction of nanosized pores), as
onfirmed by SEM analysis. The decreased densities of sam-
les SNA30-C (97.8%) and D (96.7%) were due to the mass
oss and pore formation caused by the partial decomposition
f the residual SiAlOC glass. Although the mass loss of sam-
les with 15 wt.% of SiAlOC was negligible, their densification
as difficult and resulted in a relative density as low as 85%.
he result indicates that 15 wt.% of pyrolysed SiAlOC sintering
id is not sufficient for densification of Si3N4 under the applied
xperimental conditions.

The X-ray diffraction patterns of hot-pressed SNA30 samples
re compared in Fig. 3. The phase composition of sample sin-
ered at 1400 ◦C for 30 min is only the original �-Si3N4 and the
morphous SiAlOC. This result together with TEM observation
hat the Si3N4 particles have sharp, not dissolved edges confirms
hat the main densification mechanism at this temperature is the
iscous flow. The major crystalline phase in sample SNA30-A
fter hot-pressing at 1600 ◦C is �-Si3N4, but the formation of
′-sialon with very low aluminium substitution was observed.
′
-sialon is a solid solution derived from silicon oxynitride

Si2N2O) by substitution of Al–O for Si–N and can be repre-
ented by the formula Si2−xAlxO1+xN2−x. The x value can vary
rom zero to 0.2.46,47 The formation of O′-sialon confirms that

. density (%) Phase composition

�-Si3N4, O′-sialon, SiAlOC (amorph.)
O′-sialon, �-Si3N4, SiC
O′-sialon, �-Si3N4, SiC
O′-sialon, �-Si3N4, SiC
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ig. 4. Detailed XRD pattern of SNA30-D sample (Co K� radiation) confirming
he presence of (nano)crystalline �-SiC.

t 1600 ◦C �-Si3N4 dissolves in the SiAlOC melt and the den-
ification proceeds also via liquid phase sintering. Apart from
he crystalline phases determined, a broad peak near 20◦ to 22◦
n the SNA30-A sample indicates the presence of the remaining
morphous silica and/or SiOC glass.31

The main crystalline phase was O′-sialon in samples SNA30-
and D. It was shown that O′-sialon preferably forms at

ower temperatures (1500–1750) ◦C, while at ∼1800 ◦C O′-
ialon redissolves and a more nitrogen-rich �′-sialon phase
recipitates.48,49 According to these observations, the conditions
or O′-sialon formation were favourable in our experiments, sup-
ressing the nucleation of �′-sialon. The presence of crystalline
iC was not confirmed by XRD analysis in sample SNA30-
. However, �-SiC diffraction peaks were observed in samples
NA30-C and D annealed at 1780 ◦C (Fig. 4) parallel to a high
egree of �- to �-Si3N4 phase transformation even within 5 min.
he shrinkage of samples during holding time at 1780 ◦C for
min was negligible. As it was mentioned above, the main
urpose of the short annealing at 1780 ◦C was to enhance the
rystallisation and partly the growth of SiC nanoparticles. The
iC particle size after 5 min holding time at 1780 ◦C was in the
ange 30–60 nm. These nanoparticles have a positive influence
n the hardness, strength and creep resistance of O′-sialon matrix
see Section 3.5).

The aluminium content in O′-sialon (Si2−xAlxO1+xN2−x) of
he SNA30-D sample was determined from the precise XRD

easurements carried out on a STOE diffractometer operated in
ransmission mode. It is known that the orthorhombic structure
f Si2N2O (x = 0 in O′-sialon) is composed of puckered Si–N
ayers linked by Si–O–Si bridges. Within the solid solubility
ange in Si2−xAlxO1+xN2−x, the unit-cell parameter a perpen-
icular to the Si–N planes increases with increasing aluminium

nd oxygen content, while no significant change is seen for the
ther unit-cell parameters.46 Lindquist et al.50 found a nearly
inear correlation between the (Si,Al)–O(2) bond length and the
value in Si2−xAlxO1+xN2−x.

i
G
b
G

nd Jack46 and for pure Si2N2O (x = 0) from Sjöberg et al.51 (PDFs No. 33-1162,
9-1539 and 79-1540). The calculated Al substitution in sample SNA30-D with
(2 0 0) = 4.4410 Å is x = 0.056 (symbol �).

In this work, the substituted Al content in the oxynitride
tructure was determined from the shift of the (2 0 0) diffrac-
ion peak. The position of the (2 0 0) peak of O′-sialons
Si2−xAlxO1+xN2−x) with x values 0.04, 0.16 and 0.40 were
aken from the work of Lindquist et al.50, x = 0.2 from Trigg and
ack (PDF No. 40-672),46 and the data for pure Si2N2O were
ublished by Sjöberg et al.51 The dependence of the (2 0 0) peak
osition on the x value is shown in Fig. 5. Using the linear fit
f the data in Fig. 5 and the plane distance d(2 0 0) = 4.4410 Å
rom the diffraction pattern of SNA30-D specimen, the value
f x = 0.056 was calculated, which is consistent with the result
f x = 0.06 obtained by elemental analysis of this sample. The
esults suggest that this experimental procedure can be used for
he rough estimation of the aluminium substitution in O′-sialon.

According to the starting composition of the amorphous
iAlOC sintering aid, free carbon should be present in the crys-

alline product. Although carbon was not apparent from the
RD and SEM investigations, preliminary TEM investigations

howed the presence of turbostratic graphite (compare Fig. 7).
herefore, Raman spectroscopy studies were also carried out on
ll hot-pressed composites.

.3. Raman spectroscopy

Disordered graphite-like carbon was confirmed by Raman
pectroscopy in all SNA30 samples, as shown in Fig. 6. The
pectra have characteristic bands observed in disordered sp2

arbons: the disordered D band located at ∼1355 cm−1 and
he “graphite-like” G band lying between 1500 and 1600 cm−1

1581 ± 1 cm−1 for graphite52,53). The D peak originates from
he breathing mode (A1g) of aromatic rings and is active only

n the disordered network of imperfect graphite structure. The

peak arises from the in-plane bond stretching (E2g) of car-
on atom pairs hybridized in sp2 configuration.54 Near the

band, the so-called D′ band can also be seen in Fig. 6,
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Table 3
Position of D and G bands of carbon in Raman spectra and the calculated in-
plane crystal size La of graphite using eqv. from Refs. Tuinstra and Koenig56

and Cançado et al.57.

Sample D band (cm−1) G band (cm−1) ID/IG La1
56 (nm) La2

57 (nm)

SNA30-A 1358 1589 1.819 1.82 9.25
S
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a
r
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t
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p
(
t
a
w
b
s
the SiAlOC glass via reaction (2) cannot be excluded. Few
nanosized pores can be found in both SNA30-C and SNA30-
D samples as a result of reactions (1)–(5), i.e., oxycarbide glass
decomposition, which proceed at the employed sintering tem-
ig. 6. Raman spectra of SNA30 samples show the presence of D, G, D′ and
D carbon bands. Si2N2O peaks are present in samples sintered at 1780 ◦C for
min.

hich was observed especially in defected graphite around
620 cm−1.52

Except for the first order Raman scattering also the second-
rder D peak appears at ∼2700 cm−1, referred to as 2D band
two phonon process).55 The second-order peak arises in dis-
rdered graphite with a high c-axis ordering and, therefore, a
artial clustering of carbon is assumed in the SNA30 samples.
ue to this fact, we have tried to determine the in-plane cluster

ize La of carbon particles from the ratio of the D and G band
ntensities ID/IG. Tuinstra and Koenig56 showed that the ratio
D/IG is inversely proportional to the diameter or length (La) of
anographite particles according to the following equation:

ID

IG

= C(λ)

La

(10)

here C = 4.4 nm for λ = 514.5 nm. However, the minimum of
a for which Eq. (10) was verified is 2 nm. Cançado et al.57

erived a general expression for the calculation of La from the
ntegrated intensity ratio ID/IG, which includes also the exci-
ation laser energy (expressed here with the laser wavelength
= hc/E), which has an influence on the line intensities:

a(nm) = (2.4 × 10−10)λ4
(

ID

IG

)−1

(11)

here λ is the laser line wavelength in nanometer units.
The results of Raman spectroscopy with the position of D

nd G bands and the calculated in-plane crystal size of graphite
a are summarized in Table 3. The expression for the La calcu-

ation based on Tuinstra and Koenig56 (La1) is more applicable
o nanocrystalline graphite since it underestimates the La

20,32

onitored in the SNA30 samples. More reliable values of La for
he mixed amorphous-crystalline materials studied in this work

ives the general equation of Cançado et al.57 (La2 in Table 3).
he calculated crystal size of graphitic carbon is in the range of
–16 nm in the SNA30 samples, where La increases with rising
emperature and annealing time. Preliminary TEM observations

F
i
N
F

NA30-C 1358 1588 1.135 1.44 14.82
NA30-D 1358 1587 1.033 1.37 16.28

re in good agreement with the calculated size of La since they
eveal features of turbostratic graphite ranging between 10 and
0 nm (Fig. 7).

.4. Microstructure

The microstructures of sintered SNA30-A, SNA30-C and
he annealed SNA30-D samples are shown in Fig. 8. Sample
NA30-A consists of equiaxed �-Si3N4 grains with a particle
iameter of about 0.3 �m embedded in the O′-sialon matrix. The
-Si3N4 grains can be distinguished from the sialon phase owing

o their different etching rate in CF4 and O2 mixture, �-Si3N4
s etched faster (equiaxed pits in Fig. 8a). Few islands of the
esidual SiAlOC glass are dispersed throughout the entire bulk
f the samples.

The microstructures of samples SNA30-C and D are com-
osed of elongated O′-sialon grains with a diameter of
0.2–0.4) �m and a length up to 1.5 �m. Fig. 8b and c confirm
hat the temperature of crystallisation was set low enough to
void abnormal growth of O′-sialon grains. �-SiC nanoparticles
ith a diameter up to 50 nm are located mainly intergranularly
etween O′-sialon grains. These are formed mainly by phase
eparation of SiAlOC, however the carbothermal reduction of
ig. 7. HRTEM image of a grain-boundary region within sample SNA30 reveal-
ng the formation of turbostratic carbon in close proximity to SiC nanoparticles.
ote that the size of the excess free carbon phase of approximately 10 nm (cf.
ourier-filtered images to the right) is in good agreement with the Raman data.
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out the crystallisation step) at 1400 ◦C and a load of 100 MPa
showed a promising low creep rate of 8.6 × 10−8 s−1, which
is lower than the compressive creep rate of a comparable
alumina-containing Si3N4 sample with 5% Y2O3 and 2%
ig. 8. SEM micrographs of sintered SNA30 samples: (a) SNA30-A: 1600 ◦C/3
ation at 1530 ◦C/16 h. Etched out pits are �-Si3N4, needle-like grains are O′-si

eratures ts ≤ 1780 ◦C. The authors are confident that these pores
an be eliminated by further optimising the corresponding tem-
erature and gas regimes.

.5. Mechanical properties and creep resistance

Room temperature mechanical properties of the sintered
NA30 samples are summarized in Fig. 9. The lower hard-
ess of sample SNA30-A is caused by the higher amount of
esidual SiAlOC glass, which has a hardness of approximately
–5 GPa.28 The highest hardness and indentation fracture resis-
ance was observed for sample SNA30-C after sintering at
780 ◦C for 5 min (HV = 18.6 GPa, KIC = 4.5 MPa m1/2). The
esults correspond with the published mechanical properties of
i3N4/Si2N2O composites prepared by conventional sintering at
igher temperatures and longer holding times.58–60 It is known
hat the hardness of commercial hot-pressed �-Si3N4 ceramics
s 16 GPa and the hardness values for O′-sialon and Si2N2O
aterials vary from 17 to 20 GPa, depending on the preparation

oute and the sintering additives used.61,62 Moreover, the SiC
anoparticles have also a positive influence on the mechanical

roperties of silicon oxynitride-based matrix.63 The hardness
nd fracture resistance of sample SNA30-D slightly decreased,
s compared to sample SNA30-C, owing to the higher porosity
3–5%) that formed during crystallisation. Despite the promis-

F
S

, (b) SNA30-C: 1780 ◦C/5 min and (c) SNA30-D: 1780 ◦C/5 min and crystalli-
.

ng mechanical properties, the crystallisation conditions require
urther optimisation.

The first compressive creep tests of SNA30-A sample (with-
ig. 9. Vickers hardness (HV) and indentation fracture resistance (KIC) of
NA30 samples.
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l2O3 additives.64 Further improvement of the creep resis-
ance of Si3N4/SiAlOC ceramic composite is expected upon
ptimised/tailored crystallisation.

. Conclusions

Crystalline oxide sintering additives commonly used for the
ensification of Si3N4 ceramics, have been replaced by an amor-
hous polymer-derived SiAlOC sintering aid. Samples with a
elative density of 98–99% were prepared by hot-pressing at
600 ◦C for 30 min from blends with 30 wt.% SiAlOC addi-
ive. The resulting mechanical properties of the samples are
trongly affected by the volume fraction of the remaining
iAlOC glass. An additional short sintering at 1780 ◦C for
min had a major influence on both phase composition and
echanical response of the samples. The predominant phase

etermined upon sintering was O′-sialon, which in turn gov-
rned the mechanical properties of the composite materials
HV = 18.6 GPa, KIC = 4.5 MPa m1/2). The substituted Al content
n the O′-sialon structure (Si2−xAlxO1+xN2−x) was determined
rom the shift of the (2 0 0) diffraction peak and is x = 0.056,
hich is consistent with the value of x = 0.06 obtained from

lemental analysis.
The presence of carbon was confirmed by Raman spec-

roscopy and the in-plane crystallite size of graphitic carbon
as calculated from the Raman spectra to range from 9 to 16 nm,
hich is in good agreement with TEM observations.
The compressive creep test (1400 ◦C/100 MPa/24 h) of the

ense SNA30-A sample sintered at 1600 ◦C for 30 min showed
rather promising low creep rate of 8.6 × 10−8 s−1, which is

xpected to be further improved via a long-term annealing step,
romoting the precipitation of nanosized SiC which in turn limits
rain-boundary sliding.
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