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Abstract

Liquid-phase (LPS) sintered silicon carbide ceramics with additive systems containing aluminium nitride and rare earth oxides in
combination are candidate materials for good high temperature performance in terms of creep behaviour and oxidation resistance.

In the present work, creep testing in four-point bending geometry and scanning electron microscopic observation of oxidized sur-
faces were performed on yttrium and lutetium sesquioxide containing materials, demonstrating that Lu2O3-containing sintering
additives give rise to largely improved properties. In particular, strain rates of about 1 � 10�9 s�1 were measured at both 1400 �C/
100 MPa and 1300 �C/300 MPa in air. Oxidation resistance of LPS-SiC sintered with Lu2O3 was measured in the temperature range

1200–1500 �C for 100 h and improved behaviour was observed as compared to other liquid phase sintered SiC with different
additives.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Liquid phase sintered (LPS) silicon carbide is a can-
didate material for high temperature structural compo-
nents. Sintering additives such as Al2O3–Y2O3 and
AlN–Y2O3 were extensively used to obtain fracture
resistant LPS-SiC ceramics.1�9 Although numerous
studies on silicon nitride, silicon carbide and sialons
were carried out by using rare earth oxide-containing
densification aids,10�17 it was only recently that Lu2O3
was discovered to impart remarkably good high-tem-
perature properties to Si3N4 ceramics.

18 This new rare
earth sesquioxide additive systems were introduced for
the modification of the grain boundaries and inter-
granular phases by highly refractory crystalline rare-
earth disilicates leading to improved high temperature
properties. In contrast, aluminium compounds as an
ingredient of the sintering aid tend to compromise the
high-temperature properties. This is because aluminium
ions are able to act as network modifiers in siliceous
glass,19 decreasing its viscosity. However, aluminium

compounds, to lower the eutectic temperature, cannot
normally be avoided in LPS-SiC (as opposed to Si3N4
sintering) since rare earth oxides alone do not generate a
sufficient amount of liquid phase at temperatures viable
for sintering (<2100 �C). On the other hand, AlN is
able to form forms a solid solution with SiC and thereby
improves the high temperature properties as compared
to the generic additive, Al2O3 [8]. Therefore, SiC sin-
tered with Lu2O3–AlN additive is expected to be a good
canditate for high temperature structural application. In
the present paper, the relative merits of LPS-SiC mate-
rials with the additive systems AlN–Y2O3 and AlN–
Lu2O3 are compared in terms of creep and oxidation
resistance.

2. Experimental procedure

The starting materials used were commercially avail-
able a-SiC, b-SiC, AlN, Y2O3 and Lu2O3 powders. The
characteristics of these powders are summarized in
Table 1. Powder mixtures were prepared by attrition
milling for 4 h in isopropanol, using Si3N4-balls with a
ball-to-charge weight ratio of 6 to 1. After drying and
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granulation, by sieving with a mesh width of 160 mm,
the processed powders were cold isostatically pressed at
240 MPa. The compositions of the powder premixes are
given in Table 2.
Sintering was performed under N2 atmosphere in a

graphite-heated gas pressure furnace (Fine Ceramics
Technologies, Germany), using heating rates of 20 �C/
min to 1500 �C and 10 �C/min from 1500 �C to a sin-
tering temperature of up to 2100 �C for the additive
system 1Lu-1AlN. A nitrogen overpressure of 10 MPa
was applied after 0.5 h at the sintering temperature. N2
over pressure is applied in order to supress the decom-
position reaction

2AlN ! 2Al lð Þ þN2 gð Þ

at sintering temperature. The advantage of sintering in
nitrogen over argon atmosphere was disscussed else-
where [16].
Post-sintering annealing treatments were carried out

at 1950 �C under N2 at ambient pressure, using a gra-
phite furnace (Astro Industries, USA). Further details
on the techniques adopted for sintering can be found
elsewhere [9].
Sintered densities were measured using Archimedes’

water displacement method. Sintered and annealed
samples were cut and ground to fine powder for quali-
tative phase analysis using X-ray diffraction (XRD,
Siemens D 5000, filtered Cu Ka radiation). Specimen
preparation for scanning electron microscopy (SEM)
included a final polishing step with 1 mm diamond sus-
pension and subsequent plasma etching in a O2/CF4
plasma (BioRad, Germany). A conventional SEM (S200,
Cambridge Instruments, GB) equipped with an energy-
dispersive spectrometer (EDS) was used for imaging and
X-ray microprobe analysis. Carbon coating had to be

applied at an acceleration voltage of 15 kV in order to
avoid specimen charging effects.
Four-point bend creep testing was performed in air on

test specimens with dimensions 3 mm�4 mm�50 mm,
using a universal testing machine (Zwick, Germany).
The tensile surface of the bars was polished to a 3 mm
diamond finish and the tensile edges beveled to avoid
stress concentrations and large edge flaws caused by
sectioning. The creep rate measurements are performed
at temperatures of 1200, 1300, 1400, and 1500 �C with
different applied stress levels varying from 50 to 300
MPa for a maximum duration of 60 h. The stress (�4p),
calculated assuming elastic response to the imposed
bending moment, is given by:20

�4p ¼
3

2
	
F lo � lið Þ

bh2
; ð1Þ

where �4p=4_point bending strength (MPa), F=force
(N), lo and li are the respective length between the two
outer (40 mm) and inner supports (20 mm), b and h are
breadth and height of the specimen, respectively. The
strain ("4p) is calculated using the actual specimen dis-
placement 	f relative to the inner load application
points and can be expressed as:21

"4p ¼ 4	
h		f

l2i
: ð2Þ

Oxidation experiments were conducted at different
temperatures varying from 1200 to 1500 �C over a per-
iod of 100 h in air. Rectangular pellets (2 mm � 10 mm
� 17 mm) are cut from the bulk specimen, ground and
carefully mirror polished to 3 mm. The weight gain as a
function of time is recorded by intermittently removing
the specimens from the furnace after 1–36 h intervals for
weighing and then putting them back.

3. Results and discussion

Relative densities in excess of 99% were achieved with
all three additive systems. The SiC grains were equiaxed
after sintering for 1 h, with plate-like morphologies
evolving after prolonged annealing treatments of up to

Table 1

Characteristics of the starting powders

Powder Designation/

manufacturer

Chemical

analysis [wt.%]

Particle size distribution Specific area

[m2/g]

Density

[g/cm3]

d10 [mm] d50 [mm] d90 [mm]

a-SiC A-10 H.C. Starck,Germany C–30.0, O–0.9, Al–0.03, Ca–0.01, Fe–0.05 0.18 0.51 1.43 11.1 3.22

b-SiC BF-12 H.C. Starck C–30.0, O–1.2, Al–0.05, Ca–0.005, Fe–0.03 0.25 0.89 3.50 17.8 3.22

Y2O3 Grade C H.C. Starck Al–0.005, Ca–0.003, Fe–0.005 1.21 4.48 8.08 12.9 5.02

AlN Grade C H.C. Starck N–30.0, C–0.1, O–2.5, Fe–0.005 0.34 0.92 3.07 5.0 3.26

Lu2O3 STREM, USA Lu–99.9 – – – – 9.45

Table 2

Compositions of powder premixes

Designation SiC:additive

[vol.%]

b-SiC:a-SiC
[mol%]

Additive A:B

[mol%]

1Lu–1AlN 90:10 90:10 50 Lu2O3:50 AlN

1Y–1AlN 90:10 90:10 50 Y2O3:50 AlN

3Y–2AlN 90:10 90:10 60 Y2O3:40 AlN
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60 h at 1950 �C (not shown here).22 Phase analysis by
XRD shows the existence of b-SiC and a-SiC along with
silicon oxynitride and rare earth disilicates as minor
phases. The grain boundary phases are mostly amor-
phous, with small amounts of crystalline phases at triple
junctions.22

Fig. 1 shows the creep curve of different samples
under 100 MPa stress at 1400 �C. It is obvious that the
ceramic with the sintering additive Lu2O3–AlN has the
lowest creep rate of all tested materials. Since annealing
of material 3Y–2AlN (16 h at 1950 �C) decreases the
creep rate substantially it is expected that 1Lu–1AlN
will exhibit even lower creep rates after an appropriate
heat treatment. Fig. 2 gives the temperature dependence
of the strain rate at a constant stress of 300 MPa for SiC
sintered with the Lu2O3–AlN additive.
The creep tests were analyzed by applying the Norton

power-law relationship,

"
:
¼ A	�n 	e�Q=RT; ð3Þ

where "
:
is the strain rate, A is a constant, � is the

creep stress, n is the steady state stress exponent, Q is
the activation energy, R is the gas constant and T is the
temperature in K. Since steady state creep was not
reached after 60 h, stress exponents were calculated
using the strain rates measured after t=20 h. For dif-
ferent levels of stress and at different temperatures,
creep parameters are determined from incremental
stress or temperature changes using a general con-
stitutive creep quation described in Eq. (3). Stress
exponents, n, and activation energies, Q, are determined
from the logarithmic plots strain rate ("

:
) vs stress (�),

and log"
:
vs. reciprocal of the temperature (1=T),

respectively. The stress exponents were calculated to be
1.3–1.7 within the temperature range of 1300–1500 �C
(Fig. 3). Apparent activation energies of 410, 310 and
400 kJ/mol were calculated for the stress levels of 100,
200 and 300 MPa, respectively (Fig. 4), which is in
agreement with published values.23,24

The microstructure after creep testing is shown in
Fig. 5. Due to the small total strain accumulated during
testing (<0.5%) in bend geometry, there is no obvious

Fig. 1. Strain rate vs. time for different materials tested at 1400 �C in

air, at a stress of 100 MPa.

Fig. 3. Stress dependence of the strain rate for 1Lu–1AlN samples.

Fig. 2. Temperature dependence of the strain rate at 300 MPa for

1Lu–1AlN samples.

Fig. 4. Arrhenius plot of strain rates vs. reciprocal of temperature at

different stress levels.
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change in the bulk microstructure (Fig. 5a). Some creep
damage is visible underneath the tensile surface
(Fig. 5b). However, creep cavitation damage and
vaporization from the near-surface region of the sam-
ples may be superimposed, making it difficult to draw
conclusions concerning the creep cavitation deforma-
tion mechanism from the microstructural observation.
Nagano et al.25 found that flow stress dependency in

compression and tension tests were almost same below
the strain of 0.5%. So, main deformation mechanisms
were thought to be the same in compression and in ten-
sion. In general, the linear flow stress dependency sug-
gest the creep process is controlled by the diffusion
process.26 It is reported that viscous flow with a stress
exponent n=1 is assumed to be probable deformation
mechanism in an amorphous solid.27 A somewhat higher
stress exponent indicates that other mechanisms may
also contribute to the deformation. Stress exponents of n

2 suggest that bending creep is primarily influenced by
interfacial reaction, intergranular glass phases, solution-
reprecipitation, grain-boundary sliding and cavity for-
mation.24,25,28,32 Among these, microstructural evidence

rules out the possibility of solution-reprecipitation dur-
ing testing because there is no morphological change in
the SiC-grains.
Activation energy is not considered as a sharp criter-

ion for the creep mechanism, but comparison of the
values can give some information about possible creep
mechanisms. Activation energies (338–434 kJ/mol) were
observed by Lane et al.33 and Nixon et al.34 in their
respective studies with stress exponents of 1.4–1.7,
which is well in accordance with the values obtained in
this study. The creep mechanism in their studies is grain
boundary sliding accomodated by grain boundary dif-
fusion. The activation energies are very close to the
activation energy for viscous flow of pure SiO2 (�440
kJ/mol).35,36 Comparing the activation energies asso-
ciated with creep deformation along with the stress
exponent, the controlling creep mechanism in the pre-
sent systems is supposed to be grain boundary sliding
accomodated by diffusion along the grain boundary
film/silicon carbide interface. A parallel mechanism,
namely cavitation, may be operative above 1400 �C.
However, from the microstructural observation, it is
difficult to establish this fact due to the simultaneous
occurrence of volatilization of the intergranular phase
near the surface region.
Oxidation tests with 1Lu–1AlN samples were also

conducted for 100 h at 1200, 1400 and 1500 �C in air.
Fig. 4 shows the specific mass gain (mass gain per unit
area) for specimens oxidized in air at temperatures
between 1200 and 1500 �C. The oxidation kinetics are
observed to be of the parabolic type, i.e. they are gov-
erned by the rate equation

	W2 ¼ kp t; ð4Þ

where 	W is the weight gain per unit surface area, kp is
the rate constant of parabolic oxidation and t is the
exposure time. The calculated parabolic rate constants
are shown in Fig. 6. From the Arrhenius plot (Fig. 7),

Fig. 5. Secondary electron images of 1Lu–1AlN samples after 60 h of

creep deformation at 1400 �C/100 MPa: (a) bulk microstructure, (b)

tensile surface.

Fig. 6. Parabolic relationship between weight gain and time at differ-

ent temperatures.

1102 K. Biswas et al. / Journal of the European Ceramic Society 23 (2003) 1099–1104



the activation energy between 1200 and 1500 �C is
found to be 500�60 kJ mol�1. It has been proposed
that parabolic oxidation behaviour of ceramics indicates
that the rate-determining step is a diffusional process
associated with the migration of additive cations and
anions along the secondary phases to the interface
between the ceramic and the surface oxide.10,37 A high
activation energy, as it is found in the present study,
suggests that oxidation proceeds not only by the diffu-
sion of oxygen ion through the SiO2 layer (Qox 
150 kJ
mol�1), but also by interfacial reactions between the
growing SiO2 layer and Lu2O3. So, oxidation is domi-
nated by a surface or interface reaction controlled
mechanism.38

A comparative plot of the oxidation kinetics (Fig. 7)
shows that inspite of LPS-SiC, the oxidation behaviour
is comparable with other silicon carbides, e.g. hot
pressed with Al2O3 [39], solid-state sineterd with
boron,39,40 and CVD-SiC.41 However, present material
shows superior oxidation resistance to conventional
liquid phase sintered SiC materials, particularly at
higher temperatures—for comparison see, e.g. Refs.
42–44.
A tentative explanation for the superior creep and

oxidation resistance would have to take into account
anomalously strong bonding within the intergranular
silicate phase, due to the small size of the Lu3+ cation,
leading to high viscosity and reduced oxygen diffusivity.
Another possibility would be reduced wetting between
Lu2O3-rich liquid and SiC grains, as it was encountered
in Lu2O3-doped Si3N4 ceramics.

18 In that study, how-
ever, stress exponents higher than 6 were measured in
tensile creep, indicating that the creep mechanism was
not a viscous flow of the grain boundary phase. SEM
micrographs of the present material (Fig. 5a) do not
provide any evidence for poor wetting between the sili-
con carbide grains and the intergranular phase.

4. Conclusions

Silicon carbide can be liquid phase sintered to theo-
retical density using the new additive system Lu2O3–
AlN. Excellent creep resistance as well as oxidation
resistance was obtained already for a material contain-
ing as much as 10 vol.% of this additive. Stress expo-
nents and activation energies suggest that creep
deformation is primarily controlled by grain boundary
sliding accomodated by grain boundary diffusion. The
parabolic oxidation behaviour shows that the kinetics of
the oxidation process is complex and mainly controlled
by surface reaction.
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