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The oxidation behavior of polymer-derived SiAlCN ceramic in a water vapor
environment was studied at 1400 °C. The oxidation and corrosion rates of the SiAlCN
are much lower than those of SiCN and pure silicon-based ceramics. The material
retains about 75% of its original strength after exposure in water vapor for 300 h at
1400 °C. It is believed that the superior resistance of the SiAlCN to water
vapor-related oxidation and corrosion is due to the formation of an aluminum-doped
silica layer, in which the aluminum has reduced the activity of the silica.

Because of their excellent thermal and mechanical
properties at elevated temperatures, covalent ceramics
based on silicon carbide and nitride are under investiga-
tion for the fabrication of engine and turbine parts.1,2

However, these important applications are limited by the
fact that Si-based materials suffer severe degradation
when exposed to high-temperature water vapor contain-
ing environments,3,4 which exist when fossil fuel is con-
verted to energy by combustion. The oxidation and cor-
rosion of Si-based ceramics in water vapor occur through
two distinct concurrent processes3: a reaction between
silicon and water vapor to form a silicon dioxide scale
(referred to as oxidation), and a reaction between the
silica scale and water vapor to form volatile Si(OH)4

(referred to as corrosion). The material degradation as-
sociated with the corrosion is twofold: (i) material reces-
sion, which reduces the dimensions of components, and
(ii) surface defects, such as bubbles and cracks,5,6 which

cause a marked decrease in mechanical strength.7 Water
vapor induced material degradation is a long-standing
problem and is the most critical limiting factor for ap-
plications of Si-based ceramics.

In this communication, we describe a SiAlCN ceramic
that has remarkably high resistance to water vapor related
oxidation and corrosion at 1400 °C. We demonstrate that
the oxidation and corrosion rates of the material are about
an order of magnitude lower than the lowest values re-
ported for silicon carbide and nitride. Furthermore, the
material shows no corrosion-related surface defects, and
more than 75% of its original strength is retained after
long-term exposure to water vapor.

The polyaluminasilazane precursor used in this study
was synthesized by dissolving 2 g aluminum isopropox-
ide powder (AIs; Alfa Aesar, Ward Hill, MA) into 8 g
liquid-phased polyureamethylvinylsilazane (Ceraset,
Kion, Huntingdon Valley, PA) by stirring for 1 h at room
temperature. The mixture was then placed in a vacuum
oven and heat-treated at 150 °C for 4 h. The resulting
polyaluminasilazane was a viscous liquid with a pale
yellow color. The fully dense ceramics were obtained
using a pressure-assisted pyrolysis technique.8 The liquid
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precursor was first solidified into a transparent solid by
annealing at 150 °C for half an hour in ultrahigh-purity
N2 with the additive of 3 wt% dicumyl peroxide as an
initiator. The solid was then cut into 12.5-mm-diameter
disks that were 2–3 mm thick. The disks were pyrolyzed
at 1400 °C for 6 h under 50 MPa isostatic pressure using
ultrahigh-purity N2 as the pressure media. The resultant
ceramic disks were fully dense and about 10 mm in
diameter and 1.5–2 mm thick. For comparison, fully
dense SiCN disks were also prepared by the same pro-
cedure using pure Ceraset as the precursor. The compo-
sitions of the SiCN and SiAlCN ceramics were measured
using elemental analysis and secondary hydrochloric acid
inductively coupled plasma (ICP). The results are listed
in Table I.

For the oxidation/corrosion tests, the ceramic disks
with polished surfaces were annealed at 1400 °C in
a mixture of 50%H2O–50%O2, flowing at a rate of
4.4 cm/s. The weight change of the samples was meas-
ured as a function of annealing time. The collective sur-
face area of the samples was chosen to be over 15 cm2 to
ensure accuracy. The surface of the oxidized samples
was observed using scanning electron microscopy (SEM;
JEOL 6400F, Tokyo, Japan). The phases of the oxide
scale were determined by x-ray diffraction (XRD;
Rigaku, Tokyo, Japan).

For measuring the retained strength, testing bars 8 mm
long and 1 × 2 mm in cross-section were cut from the
disks and annealed under the same conditions as above.
The strength of the annealed bars was then measured
using a three-point bending method.

Figure 1 plots the weight change as a function of an-
nealing time for the SiAlCN and SiCN. The oxidation
and corrosion kinetic constants were obtained by fitting
the experimental data with a paralinear kinetic model,
which is expressed as4,9
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where kp is the oxidation parabolic rate constant in the
units of mg2/(cm4h), kl is the linear rate constant in
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where MW is the molecular weight. The calculated kl and
kp are listed in Table I, together with those for chemical
vapor deposited (CVD) SiC and Si3N4. It can be seen that
the kl and kp of the SiAlCN are, respectively, 5–7 and
10–80 times lower than those for the SiCN, CVD SiC,
and Si3N4. These improvements are significant for water
vapor related oxidation and corrosion. The corrosion rate
of the SiAlCN is even lower than that of mullite, which
is currently under development as an environmental bar-
rier coating for protecting silicon carbide and nitride.10

TABLE I. Materials and their oxidation and corrosion kinetic constants.

SiAlCN SiCN CVD SiC4 CVD Si3N4
6

Precursor (Ceraset-to-Als weight ratio) 8:2 10:0 … …
Compositions SiAl0.08C0.80N0.95O0.15 SiC0.99N0.85O0.11 … …
kl × 103 (mg/cm2h) 0.98 4.9 6.4a 6.2a

kp × 104 (mg2/cm4h) 0.53 4.9 39.3a 10a

akl and kp for CVD SiC and Si3N4 were measured under the same conditions as those used in the present study.

FIG. 1. Weight change of the samples as a function of oxidation time
for the SiAlCN and SiCN. The data points are experimental results; the
solid lines are theoretical fitting using Eqs. (1) and (2).
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Figure 2 shows SEM images of the surfaces of the
SiAlCN and SiCN after annealing for 300 h. The surface
of the SiAlCN appears smooth and almost featureless
[Fig. 2(a)]. In contrast, under the same annealing condi-
tions, the surface of the SiCN (without aluminum-
doping) was severely corroded to form river-bed-rock-
like morphology and cracks [Fig. 2(b)] due to the vola-
tilization of silica. The formation of corrosion-related
defects, which are often observed for silicon carbide and
nitride,3,6,7,11 is one of the most predominant causes of
material degradation.

Lack of surface defects allows the SiAlCN to exhibit
excellent strength retention even after long-term anneal-
ing in water vapor environments (Fig. 3). The retained
strength of the SiAlCN after annealing for 300 h is more
than 75% of its original value, while the strength of the
SiCN is reduced to only 20% of its original strength

under the same annealing conditions. It can also be noted
from the figure that most of the reduction in the strength
of the SiAlCN occurs in the first 100 h of annealing.
Beyond 100 h, its strength remains nearly unchanged,
suggesting that the material should have a long service
life. The severe strength reduction due to water vapor
corrosion was also observed in silicon carbide and ni-
tride.7

To understand the enhanced resistance of the SiAlCN
to water vapor related oxidation and corrosion, the oxide
scales formed on the SiAlCN and SiCN are character-
ized. According to elemental analysis, the oxide scale
formed on the SiCN is pure silica, and that formed on the
SiAlCN is Al-containing silica. X-ray diffraction sug-
gests that both oxides are pure cristobalite (Fig. 4). The

FIG. 2. SEM images showing the surfaces of (a) SiAlCN and
(b) SiCN after annealing for 300 h.

FIG. 3. Fracture strength of SiAlCN and SiCN as a function of an-
nealing time.

FIG. 4. X-ray diffraction patterns of (a) SiAlCN and (b) SiCN after
annealing for 300 h.
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lattice parameters of the cristobalite phases are calculated
using the XRD patterns: for the oxide formed on the
SiCN, a � 0.4972 nm and c � 0.6916 nm, which are
similar to the standard values for cristobalite (PDF card:
00-039-1425); for the oxide formed on the SiAlCN, a �
0.5019 nm and c � 0.7426 nm, which are much larger
than the standard values for cristobalite, suggesting the
formation of an Al2O3–SiO2 solid solution. We believed
that the Al doping in silica plays a key role in improving
the resistance of the SiAlCN to water vapor related oxi-
dation and corrosion.

The activity, aSiO2(Al2O3–SiO2)
, of SiO2 in the Al-doped

silica layer can be estimated by comparison of the cor-
rosion kinetic constant kl of the SiAlCN and SiCN ac-
cording to following equation:

aSiO2�Al2O3−SiO2�

aSiO2

=
kl �SiAl0.08C0.80N0.95O0.15�

kl �SiC0.99N0.85O0.11�
. (3)

If the values of kl for the SiAlCN and SiCN listed in
Table I are inserted and the activity of pure silica, aSiO2

,
is assumed to be equal to unity (standard state), the
aSiO2(Al2O3–SiO2)

can then be calculated as 0.2. This value
is even lower than the activity of the silica in mullite
(0.3–0.4).12 A previous study,13 which experimentally
measured the silica activity, also revealed that the activ-
ity of silica in silica containing a small amount of Al2O3

was lower than that of mullite, which is consistent with
the current results.

In summary, by showing low oxidation and corrosion
rates and high strength retention, we clearly demon-
strated that compared to pure silicon-based ceramics,
SiAlCN has a markedly higher resistance to water vapor
related oxidation and corrosion. Although the origin
of the enhanced oxidation/corrosion resistance is not
fully understood, our results suggest that aluminum plays
a key role in lowering the activity of silica. The new
SiAlCN has great potential for applications in combus-
tion systems, where the direct use of silicon carbide and
nitride is limited. Furthermore, becauser it is synthesized
via a polymeric precursor route, the material lends itself
to making unique ceramic components such as micro-
electromechanical systems, micro-sensors,8 fibers,14 and

ceramic-matrix composites15 that can be operated in
high-temperature corrosive environments.
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