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Abstract

Silicon carbide ceramics incorporating sintering additives from the system AlN–Y2O3 can be gas-pressure sintered to theoretical
density. While commonly a combination of sesquioxides is used such as Al2O3–Y2O3, oxynitride additives offer the advantage that
only a moderate nitrogen overpressure is required instead of a powder bed for thermochemical stabilization at the sintering tem-

perature. In the present study aspects of the fracture behavior of these materials are addressed, namely the influence of anisotropic
grain growth and processing flaws, additional toughening at high temperatures and thermal shock characteristics. They are corre-
lated with microstructural data obtained by scanning electron microscopy. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Intense research activities have led to substantial pro-
gress in the properties of silicon carbide ceramics, with
decisive steps being the invention of a solid state densi-
fication process with B and C sintering aids1 and a
liquid phase sintering route using Al2O3 and Y2O3 in
combination.2 Solid state sintered SiC materials (SSiC)
generally offer the advantage of superior strength
retention and creep resistance at high temperatures,
because the highly covalent bonding character of the
base material is conserved to a greater extent. For
advanced structural applications requiring first and
foremost high reliability, however, more favourable
properties may be expected from liquid-phase sintered
materials (LPS–SiC) because the liquid reduces the sin-
tering temperature and allows homogeneous and fine-
grained microstructures to be obtained. Starting from
pure a-SiC or b-SiC powders, average grain sizes below 1
mm are achievable in fully dense ceramics.3,4 If b-SiC
powder containing a small amount of a-SiC seeds is uti-
lized, the b-to-a phase transformation which proceeds

during solution-reprecipitation sintering is accompanied
by anisotropic grain growth.5�7 This leads to platelet-
reinforced microstructures, with grain sizes up to 5 mm,
which exhibit enhanced fracture toughness due to the
combination of the intergranular crack propagation
mode—introduced by the presence of a glassy grain
boundary phase—and energy dissipating processes in
the crack wake.8,9

Oxides like SiO2 and Al2O3, which are normally con-
sidered as thermodynamically stable, are prone to reac-
tions with SiC at temperatures of about 2000 �C,
leading to the formation of gaseous products such as
CO, SiO and Al2O.

10,11 In order to suppress these reac-
tions, a powder bed is generally required. As an alter-
native, the additive system AlN–Y2O3

11,12 was used
where the decomposition of AlN into All and N2 can be
efficiently controlled by using N2 overpressure. Upon
cooling, the melt solidifies and partly crystallizes to
oxynitrides, the remaining amorphous phase forming a
wetting film of about 1 nm 13 thickness between the SiC
grains. The nitrogen content contributes to the refrac-
toriness of the grain boundary phase by increasing its
viscosity.14 As already mentioned, the resistance against
creep and oxidation is of outstanding importance for
the performance of advanced structural ceramics. For
the present rare earth oxynitride-densified LPS–SiC
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ceramics, which turn out to possess excellent creep
and oxidation resistance, these issues will be discussed
elsewhere.15,16

2. Experimental

A conventional powder technology process was fol-
lowed for sample preparation. Appropriate mixtures of
commercially available powders of a-SiC (HCST A10),
b-SiC (HCST BF 12), AlN (HCST Grade C) and Y2O3

(HCST Grade C) were attrition milled in isopropanol,
using polyamide vials and stirrers and Si3N4 milling
media. After drying, the mixtures were granulated by
sieving with a mesh width of 160 mm and cold iso-
statically pressed at 240 MPa. The green bodies were
sintered in graphite-heated gas pressure furnaces (FCT,
Germany) at temperatures up to 2050 �C and N2 pres-
sures up to 10 MPa. The sintering temperatures neces-
sary for complete densification were found by increasing
the temperature stepwise, so that the relative density
determined by Archimedes’ method was at least 99.3%
after a dwell time of 1 h. Increasing the N2 overpressure
from 0.2 to 10 MPa after 0.5 h at the sintering tem-
perature, i.e. after the porosity has closed, leads to
higher strength values as a result of isostatic densifica-
tion.12 Further details of the preparation routine have
been given elsewhere.9

The molar ratio of AlN to Y2O3 in the sintering
additive was varied from 80AlN:20Y2O3 to
40AlN:60Y2O3 while maintaining a constant additive
content of 10 or 7 vol.%. Samples with 20AlN:80Y2O3

showed poor wetting behavior of the liquid phase and
are excluded from the further discussion. SiC mixtures
with different contents of a-SiC and b-SiC were used,
namely 100b, 96b:4a, 90b:10a, and 100a. To complete
the phase transformation to a-SiC and to promote the
evolution of a platelet-reinforced microstructure by
anisotropic grain growth, sintered bodies containing
b-SiC were subjected to heat treatments at 1950 �C
under 0.2 MPa N2 for times between 6 and 32 h.9

Specimen preparation for scanning electron micro-
scopy (SEM) included a final polishing step with 1 mm
diamond suspension prior to plasma etching in an
equimolar mixture of CF4 and O2 (BioRad, Germany)
to reveal the grain boundary phase. Microstructures
were examined using either a conventional SEM (Cam-
bridge Instruments, UK) or an instrument with thermal
Schottky field emission cathode (Zeiss DSM 982, Ger-
many), the acceleration voltage of which can be reduced
to 3–5 keV while maintaining high resolution in order to
avoid specimen charging. Grain sizes and aspect ratios
were determined using an image analysis software
(Imtronic, Germany).
Four-point bend strength testing was performed using

fixtures with outer and inner spans of 40 and 20 mm,

respectively. Samples with dimensions of 3�4�45 mm3

were cut from larger sintered bars by means of a dia-
mond saw. After grinding, the tensile surfaces were
polished to a 3 mm finish and the tensile edges were
bevelled. Room temperature testing was conducted with
a servohydraulic test machine (Schenk, Germany) by
loading the samples with a constant cross head speed of
5 mm/s. For each strength value, at least six measure-
ments were averaged. Fracture toughness at ambient
temperature was determined by the indentation crack
length method. After polishing to a 1 mm finish, at least
10 Vickers indentations per specimen were introduced
with a load of 100 N and loading times of 15 s. KIc

ICL was
calculated from the lengths of edge cracks and indenta-
tion diagonals using a formula valid for semi-circular
crack systems.17 Young’s moduli were measured by the
pulse-echo method. For the KIc calculations, a value of
400 GPa was used throughout. High-temperature frac-
ture toughness at crack tip temperatures between about
700 and 1060 �C was measured using the thermal stress
method of Schneider et al.18 This involves selective
heating of the center of a notched disc (1 12�0.3 mm,
surfaces polished to 1 mm finish) by means of a halogen
reflector lamp in order to generate a temperature gra-
dient. The temperature distribution across the disk is
recorded using an optical pyrometer. The tangential
stress field that is generated due to the temperature
gradient causes crack initiation and growth at the notch
root. After a short initial period (where a sharp starter
crack is produced), the crack propagation is stable. The
crack length during stationary heating is monitored by a
long-distance microscope and recorded on videotape.
From the thermally induced stress distribution, which
can be derived analytically from the temperature field,
KIc
TS is then calculated.19 The indentation technique and

the thermal stress technique were also utilized to intro-
duce cracks for fractographic analysis at ambient and
high temperature, respectively.

3. Results and discussion

3.1. Phase transformation and microstructural evolution

Using the CALPHAD method, phase diagram calcu-
lations in the AlN–Y2O3 system by Jeutter20 predict a
eutectic point at 60 mol% Y2O3. In contrast, sintering
studies 9 show the lowest sintering temperature of LPS–
SiC with AlN–Y2O3 additives to occur at 40 mol.%
Y2O3. Residual yttria is also present down to an
AlN:Y2O3 ratio of 60:40,16 and the rate of transforma-
tion of b-SiC to a-SiC shows a maximum at that com-
position. For different materials with 10 vol.% of
additives and a b-SiC:a-SiC ratio of 90:10 in the starting
powder, the annealing times at 1950 �C after which
either an a-SiC content of 90% or a fracture toughness
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of KIc
ICL=5 MPa

p
m are reached, are plotted in Fig. 1 as

a function of the AlN:Y2O3 ratio. These observations
suggest that the eutectic point in the SiC-containing
system is in the vicinity of 40 mol% Y2O3.
Apart from the composition dependence, the amount

of phase transformation occurring during the first hour
of sintering and the quickness of formation of the pla-
telet microstructure increase with increasing volume
fraction of the sintering aid and with increasing amount
of a-SiC seeds. It has been argued that interfacial reac-
tions rather than transport through the melt are rate-
limiting for grain growth and microstructure develop-
ment in the present LPS–SiC materials,9 with nitrogen
increasing the dissolution rate of SiC in the liquid phase.
Since the overall kinetics is slow, grain growth is rather
sluggish. Although the quantification of grain sizes in
the SEM images is not straightforward due to the
changing aspect ratio of the grains, the largest grain
diameters observed range from 2 mm in as-sintered
materials to 7 mm after annealing for up to 32 h at
1950 �C. Within the present range of compositions,
plate-like grains with aspect ratios 44 are obtained.

Higher aspect ratios can be achieved by reducing the
amount of a-SiC seeds21 or by starting from ultrafine
b-SiC and using a liquid phase with lower viscosity to
reduce the annealing temperature.4

3.2. Fractography

During the evolution from globular to platelet micro-
structure, KIc

ICL gradually increases from 4.0�0.5 to
6.0�0.5 MPa

p
m as energy dissipating processes in the

crack wake become more efficient. In LPS–SiC, crack
deflection, elastic bridging, mechanical interlocking and
platelet fracture are commonly observed (Fig. 2),
whereas pull-out of platelets is rarely encountered.
Examples of the paths of cracks initiated by purely
thermomechanical loading are shown in the SEM ima-
ges of Fig. 3 (KIc

TS samples with a maximum crack tip
temperature of 1060 �C, same material as in Fig. 2).
Compared with the room temperature cracks, elastic
bridging is much more extensive. In addition, platelet
pull-out and viscous crack bridges are frequently
observed, indicating the beginning of softening of the

Fig. 1. Annealing times at 1950 �C that are necessary for reaching

90% a-SiC content (*) and KIc
ICL=5 MPa m (&), respectively. Start-

ing composition is 90b:10a-SiC, 10 vol.% additive content.

Fig. 2. Toughening mechanisms at room temperature in sample

90b:10a-SiC, 10 vol.% additive (60AlN:40Y2O3), post-sintering anneal

for 16 h at 1950 �C.

Fig. 3. Toughening mechanisms at crack tip temperatures up to

1060 �C in air, same material as in Fig. 2.
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intergranular phase. This is reflected in a KIc
TS value of

7.5�0.6 MPa
p
m, which is significantly higher than the

room temperature value of KIc
ICL=6.2�0.3 MPa

p
m. It

is interesting to note that in this material, the strength
retention is still 100% at 1000 �C (and 87% at 1200 �C).3

This means that the high-temperature fracture tough-
ness is a quite sensitive indicator for the softening of the
grain boundary phase.
Fig. 4 shows a plot of KIc

ICL versus s4pt
RT for various

sample compositions. There appears to be a reciprocal
relationship between the fracture toughness and the
bending strength at room temperature—or, in other
words, a correlation between the fracture strength and
the grain size and/or shape distributions. For LPS–SiC
materials with the present oxynitride additive system,
the combined toughness and strength values can be
improved, at a given composition, by subjecting the test
specimens to an oxidation treatment (e.g. 0.2 h at 1200
or 1300 �C in air: broken curve in Fig. 4). For this oxi-
dation-induced strengthening effect, different explana-
tions are currently being considered, namely the
creation of compressive stresses by selective oxidation of
the intergranular oxynitrides3 and/or the crystalline
structure of the oxide films formed.16 In both cases,
surface and sub-surface flaws are effectively removed to
a depth of tens of micrometers. Fractographic analysis
frequently shows the fracture origins in samples which
fractured under a high bending load (s4pt > 600 MPa)
to be processing defects (pores) in the bulk of the mate-
rial, in a zone which is not affected by the surface
strengthening but still exposed to a high enough bend-
ing moment in 4-point geometry. The flaw size is gen-
erally in good agreement with the Griffith theory if one
takes the average KIc

ICL of the material as fracture
toughness. For example, Fig. 5 shows a flaw with a
diameter of about 30 mm to be the fracture origin at
s4pt=650 MPa and KIc

ICL=5.5�0.5 MPa
p
m.

For grains without shape anisotropy, the fact that the
fracture strength is correlated with both grain size and
flaw size distributions has been discussed in-depth by
Zimmermann and Rödel.22 Essentially, the problem can
be traced back to the question how the pair formed by a
stress concentrator (a pore) and a potential microcrack
origin (a large grain) responds to the applied stress to
form the critical flaw. The basic conclusions drawn in 22

are expected to be equally valid in the present, aniso-
tropic microstructures.

3.3. Thermal shock

In addition to the quasi-stationary KIc
TS test,18 we per-

formed standard thermal shock/retained strength test-
ing 23 to reveal a possible dependance of the thermal
shock tolerance on microstructural details. For this
purpose, samples with identical chemical composition
(10 vol.% additive, 60 AlN:40 Y2O3) but different
microstructures were selected, as shown in Fig. 6—
globular grains starting from pure 100a-SiC, partly
developed platelets in as-sintered 90b:10a-SiC speci-
mens, and fully developed platelet microstructure after
annealing the 90b:10a-SiC material for 16 h at 1950 �C.
They were heated to various temperatures (up to 700 �C
in air, dwell time of 10 min) and quenched by dropping
in water (T0=20 �C) before measuring their 4-point
bending strength. The s4pt

RT versus T curves show a sud-
den loss of strength at a critical temperature Tc, the cri-
tical temperature difference TS=Tc �T0 ranging from
350 K for the fine-grained globular microstructure to
500 K for the platelet microstructure. Fig. 7 presents the
‘intermediate’ case of as-sintered 90b:10a-SiC material.
A thermal stress parameter which can be interpreted

as critical temperature difference, RS, and a thermal
stress damage resistance parameter, RS

IV, can be esti-
mated according to Hasselmann’s model 23,24 by

Fig. 4. Relationship between KIc
ICL and s4pt

RT for various LPS–SiC

materials with oxynitride additives. Broken line: after surface oxida-

tion for 0.2 h at 1200 to 1300 �C in air.

Fig. 5. Fracture origin of a specimen fractured at 650 MPa. The cri-

tical flaw is a pressing defect surrounded by a zone depleted in sinter-

ing additive (sample composition as in Fig. 2, post-sintering anneal for

7 h at 1950 �C, surface oxidized for 0.2 h at 1300 �C).
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RS ¼ �c 1� �ð Þ= �Eð Þ; ð1Þ

RIVS ¼ KIc=�cð Þ
2: ð2Þ

Assuming E=400 GPa, Poisson’s ratio �=0.28 and
the thermal expansion coefficient a=4.3 � 10�6 K�1,
both quantities are listed in Table 1 together with the
experimental strength and toughness data of the three
materials. Due to the lower critical stress (fracture
strength) values, �c, and higher Young’s moduli, E, the
threshold values RS for crack initiation by thermal
shock are lower in LPS–SiC than in monolithic silicon
nitride ceramics 25 or Si3N4–SiC composites.26 How-
ever, the hierarchy of the TS values suggests that the
thermal shock behavior is more likely to be governed by

Fig. 6. Sample microstructures for thermal shock testing: (a) 100 a-SiC, as-sintered; (b) 90b:10a-SiC, as-sintered; (c) 90b:10a-SiC, annealed for 16 h
at 1950 �C.

Fig. 7. Retained strength of the LPS–SiC ceramics according to Fig. 6(b)

after quenching into water from the temperatures indicated.

Table 1

Thermal shock properties of the LPS–SiC ceramics from Fig. 6(a)–(c)

Microstructure TS
[K]

RS
[K]

RS
IV

[10�4 m]

s4pt
RT

[MPa]

KIc
ICL

[MPa
p
m]

Globular 350 220 0.7 516�68 4.4�0.2

Platelet, as-sintered 455 210 1.1 506�69 4.9�0.3

Platelet, annealed 500 200 1.8 466�42 6.2�0.3
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RS
IV which gives a criterion for the resistance against

crack propagation. In this picture, TS is the temperature
difference where the additional flaws generated by ther-
mal shock become more severe than the flaws normally
leading to failure during the strength test.25

4. Conclusions

1. LPS–SiC sintered with AlN–Y2O3 additives
shows particularly rapid kinetics of phase trans-
formation and microstructural evolution at a
composition of AlN:Y2O3=60:40.

2. Due to an increasing efficiency of crack wake
processes like elastic/viscous bridging and grain
pull-out, the fracture toughness of platelet-rein-
forced microstructures is significantly enhanced
at temperatures where softening of the grain
boundary phase begins. At a composition of 80
AlN:20 Y2O3 and crack tip temperatures of
about 1060 �C, a value of KIc

TS=8.0�0.5
MPa

p
m is reached.

3. Taking advantage of an oxidation-induced
strengthening effect, the combined strength and
toughness of oxynitride-sintered materials can be
enhanced.

4. In high-strength materials, the critical flaws
leading to fracture are processing defects in the
bulk. Removal of these defects by improved
powder conditioning and forming processes is
expected to lead to materials with higher strength
and reliability.

5. The thermal shock temperature is micro-
structure-dependant and reaches values of 500 K
in platelet-strengthened microstructures.

6. The control of grain morphology that is possible
by liquid phase sintering and post-sintering heat
treatments gives an additional degree of freedom
for tailoring mechanical properties.
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