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Polymer-derived SiAlCN ceramics resist oxidation at 1400 �C
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The oxidation kinetics of polymer-derived SiAlCN ceramics are determined at 1400 �C by measuring oxide-scale thickness as a
function of oxidation time. The results reveal that the SiAlCN ceramics possess much better oxidation resistance than polymer-
derived SiCN without Al, pure SiC and Si3N4. X-ray diffraction studies reveal that the oxide scales consist of cristobalite, plus a
small amount of mullite for the sample with high aluminum-content. The reason that the SiAlCNs exhibited better oxidation resis-
tance is discussed.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Silicon-based non-oxide ceramics such as SiC and
Si3N4 are currently considered as structural materials
for high-temperature applications due to their excellent
thermomechanical properties [1]. Traditionally, these
materials are prepared by sintering corresponding
powders with oxide sintering aids such as Y2O3 and/or
Al2O3, which promote densification by forming liquid
phases at sintering temperatures. However, the same
liquid phases result in severe high-temperature property
degradation and limit the applications of the materials.
Alternatively, these materials can be synthesized by ther-
mal decomposition of polymeric precursors, referred to
as polymer-derived ceramics (PDCs). This direct chemi-
cal-to-ceramic route possesses many advantages over
traditional powder-based ceramic processing. For exam-
ple, the technique leads to a simple and cost-efficient
approach to manufacturing of ceramic components
and devices in useful shapes, such as fibers, coatings,
composites, micro-electro-mechanical system (MEMS)
and nanostructures [2–5]. While synthesized at relatively
low-temperatures (pyrolysis is usually performed at
800–1000 �C), PDCs show excellent high-temperature
properties, such as resistance to creep [6–9] and to
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large-scale crystallization [10], thus showing promise
for applications at elevated temperatures.

The structural materials assigned to high-temperature
applications in oxygen-containing environments must
embody excellent resistance to oxidation. Therefore,
the oxidation behavior of PDCs has been the subject
of several previous studies [11–16]. It was found that
the polymer-derived ceramics of Si–C–N and Si–B–C–
N systems exhibited similar oxidation resistance to
conventional silicon carbide and silicon nitride [17].
Recently, An and co-workers reported that polymer-de-
rived SiAlCN ceramics exhibited much better oxidation
and hot-corrosion resistance than other silicon-based
ceramics at temperatures up to 1200 �C [18–20].

In this paper, the oxidation behavior of the polymer-
derived SiAlCN ceramics is studied at 1400 �C with the
objective of seeing if the excellent oxidation resistance of
the SiAlCNs can be retained at higher temperatures
where the oxide scale transforms to crystalline phases
instead of amorphous phases.

Fully dense polymer-derived SiAlCN and SiCN
discs were prepared by using a pressure-assisted pyroly-
sis technique described previously [4]. For the SiCN,
commercially available polyurea(methylvinyl)silazanes
(PUMVS) were used as the precursor. For the SiAlCNs,
the precursors were polyaluminasilazanes, which were
synthesized by reaction of PUMVS and aluminum
sevier Ltd. All rights reserved.
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Table 1. Precursors and compositions of obtained ceramics

Materials Starting materials
(PUMVS:AIP)

Ceramic
compositions

SiCN 100:0 SiC0.99N0.85

SiAlCN-10 90:10 SiAl0.04C0.83N0.93

SiAlCN-20 80:20 SiAl0.08C0.80N0.95

SiAlCN-30 70:30 SiAl0.12C0.78N0.91
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Figure 2. The square of the thickness of the oxide scale as a function of
oxidation time for SiCN, SiAlCN-10, SiAlCN-20 and SiAlCN-30.
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isopropoxide (AIP) using procedures described in Ref.
[21]. Three types of SiAlCNs containing different amounts
of aluminum were synthesized by varying the ratio of
PUMVS to AIP. The ceramics obtained were amor-
phous in nature, and their chemical compositions were
measured and are listed in Table 1. The samples also
contain less than 3 wt.% oxygen.

For oxidation studies, one side of the disk was
polished to 0.5 lm finish using diamond-lapping films.
The sample was then put in a high-purity alumina
combustion boat with the polished side facing up. The
oxidation was carried out in a high-temperature tube
furnace in flowing dry air at 1400 �C for various oxida-
tion times up to 200 h. After oxidation, the pre-polished
surface of the specimen was glued to a thin glass slide
using Epoxybond 110TM to protect it from possible dam-
age during further machining. A cross-section was cut
from the specimen and polished to 0.5 lm finish using
diamond-lapping films and etched using buffered oxide
etchants to delineate the oxide layer from the substrate.

The oxide scales were observed using scanning
electron microscopy (SEM), and their thickness was
measured from the SEM images. The crystal structures
of the oxide scales were characterized using X-ray dif-
fraction (XRD).

The oxide scales were first examined by observing
the cross-section of oxidized samples under SEM.
Figure 1 shows a typical SEM image of the cross-section
of an oxidized specimen. The observations reveal that all
oxide scales are dense and free of bubbles and cracks
regardless of oxidation times and substrate materials.
The thickness of the oxide scale is uniform through
the sample.

The thickness of the oxide scale was measured from
SEM images. Figure 2 plots the square of the thickness
of the oxide scale (h2) as a function of oxidation time t.
It can be seen that SiCN obeys typical parabolic kinetics
(linear relationship between h2 and t). While the linear
Figure 1. SEM image obtained for SiAlCN-10 ceramic oxidized for
20 h, showing the typical morphology of the cross-section of an
oxidized sample.
dependences of h2 on t are also observed for the three
SiAlCN specimens, the extrapolations of the lines have
positive intercepts with the y-axis. This suggests that
the oxidation rates of the SiAlCNs are much higher in
the short-term than in the long-term. The similar asym-
metric oxidation behavior has also been observed for the
SiAlCNs at lower temperatures of 1000–1200 �C [19]. It
was found that in the lower temperature range the oxide
scales were Al-doped amorphous silica, and the asym-
metric oxidation was due to rearrangement of aluminum
positions with oxidation times.

The parabolic oxidation rate constants, kp, can be
measured from the slope of the lines presented in Figure
2 according to the expression [22]:

h2 ¼ kpt ð1Þ
where h is the thickness of the oxide scale and t the
annealing time. The measured oxidation rates for SiCN
and the SiAlCNs are summarized in Table 2, together
with the lowest oxidation rates of other silicon-based
ceramics reported previously, which were measured
from chemical vapor deposited (CVD) SiC and Si3N4

[23]. It can be seen that the oxidation rate of SiCN is
close to those of CVD SiC and Si3N4. However, the
SiAlCNs exhibit lower oxidation rates. It can also be
noted from the table that the oxidation rates of the SiAl-
CNs depended on aluminum content. The SiAlCN-20,
in which the ratio of Si to Al is � 1:0.08, shows the
lowest oxidation rate, which is more than an order of
Table 2. Comparison of oxidation rates and lattice parameters of
cristobalite between different silicon-based ceramics

kp · 1018 (m2/s) Lattice constants of
cristobalite (nm)

a c

SiCN 9.7 0.4936 0.6780
SiAlCN-10 1.2 0.4939 0.6960
SiAlCN-20 0.47 0.4979 0.7104
SiAlCN-30 1 0.4946 0.7007
CVD SiC [23] 16.4 – –
CVD Si3N4 [23] 6.2 – –
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Figure 3. XRD patterns of SiCN, SiAlCN-10, SiAlCN-20 and
SiAlCN-30 oxidized at 1400 �C for 200 h.
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magnitude lower than those for all other silicon-based
ceramics.

For further understanding of the oxidation behavior
of the SiCN/SiAlCNs, the oxide scales were character-
ized using XRD. The results (Figure 3) reveal that the
oxide scales are crystalline. For SiCN and SiAlCN-10
the oxide scales were cristobalite only; for SiAlCN-30
the oxide scale consisted of mullite in addition to a
major cristobalite phase; and the oxide scale of the
SiAlCN-20 also contained a very small amount of mull-
ite besides cristobalite. The XRD patterns were used to
calculate lattice parameters of the cristobalite formed on
different substrates and the results are listed in Table 2.
It can be seen that the presence of aluminum caused an
increase in the lattice parameters, suggesting that alumi-
num dissolved into the cristobalite. The cristobalite
formed on SiAlCN-20 showed larger lattice parameters
than that formed on SiAlCN-10 and is due to the former
having a higher aluminum concentration. The cristoba-
lite that formed on SiAlCN-30 had smaller lattice
parameters than that formed on SiAlCN-20 and is likely
due to the formation of mullite, which consumed alumi-
num and results in a lower aluminum concentration in
the cristobalite.

A recent study [24] clearly demonstrated that the
oxygen transportation mechanism in cristobalite is the
same as in amorphous silica, which is oxygen molecule
diffusion through six-membered SiO4 rings [25]. Conse-
quently, we propose that the better oxidation resistance
exhibited by the SiAlCNs is due to the aluminum atoms
dissolving in cristobalite and blocking the rings, leading
to a decrease in the diffusion rate of oxygen. The more
aluminum atoms dissolved in the cristobalite, the lower
the oxidation rate becomes. We further propose that the
formation of the unique structure where aluminum
atoms block the six-membered SiO4 rings of cristobalite
occurred gradually, which led to the asymmetric oxida-
tion kinetics in the short-term (Figure 2). This is similar
to what occurred at lower temperatures [19]. However, it
took much longer times (50–100 h) to rearrange alumi-
num into equilibrium positions at lower temperatures
[19] than at 1400 �C (<20 h).
The oxidation behavior of polymer-derived SiCN
and SiAlCN ceramics has been studied at 1400 �C.
The results show that the SiAlCN ceramics exhibit a
much better oxidation resistance. The lowest oxidation
rate observed for SiAlCN-20 is more than an order of
magnitude lower than the lowest values reported in the
literature for pure SiC and Si3N4. A structural model
where aluminum atoms block the oxygen diffusion in
cristobalite is proposed to account for the observed
phenomena.
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