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The oxidation behavior of polymer-derived amorphous SiAICNs
was studied in the temperature range of 900°-1200°C. The re-
sults revealed that while at 900°C the oxidation of the SiAICNs
follows typical parabolic kinetics, at higher temperatures the
oxidation rates of the materials decrease with annealing time.
Long-term oxidation rate of the SiAICNs is much lower than the
lowest values reported for chemical vapor deposition of SiC and
SizNy4. Structures of the oxide scales were studied using solid-
state nuclear magnetic resonance. We proposed that oxide
scales formed for the SiAICNs possess a unique network struc-
ture of the oxide scale in which aluminum atoms block the path
of oxygen diffusion, thus lowering the oxidation rates. Such a
unique structure was likely formed gradually with annealing
time, leading to a continuous decrease in oxidation rate.

I. Introduction

ECAUSE of their excellent thermo-mechanical properties, Si-

based ceramics are considered as one of the most promising
candidates for high temperature structural applications. Recent-
ly, this class of materials has been alternatively synthesized by
pyrolysis of polymeric precursors (referred to as polymer-
derived ceramics (PDCs)). The materials in Si-C—N ternary or
Si—-C-N-M (M is the fourth element) quaternary systems have
been prepared in the past decade.' The direct chemical-to-
ceramic route of PDCs offers many advantages over traditional
ceramic technologies based on powder processing. For example,
the technique leads to a simple, cost-efficient and near-net shape
approach to manufacture ceramic components and devices with
inconvenient shapes, such as fibers, coatings, composites, micro-
electro-mechanical systems, and nanostructures.*® The tech-
nique also offers an opportunity to manipulate the structures
and composites, and thereby the properties, of the final ceramics
at atomic/nano-scale by tailoring the chemistry of the precur-
sors. While synthesized at relatively low temperatures (pyrolysis
is usually performed at 800°-1000°C), PDCs show excellent high
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temperature properties, such as resistance to creep
large-scale crystallization.>

One of the key considerations for using silicon-based ceram-
ics in high-temperature applications is that they can be oxidized
to form an oxide layer, which results in material degradation.
Oxidation behavior of PDCs was investigated in several previ-
ous studies.'*> It was found that the PDCs in Si-C-N and Si—
B—C—N systems exhibited similar oxidation behavior as conven-
tional silicon carbide and silicon nitride.?* Recently, An et al?
reported that polymer-derived SiAICN ceramics possess ex-
tremely high resistance to oxidation and hot-corrosion. At
1200°C, the oxidation rate measured for the PDC SiAICN con-
taining 1.4 at.% Al is an order of magnitude lower than the
lowest rates measured from chemical vapor deposition (CVD) of
SiC and Si;Ny. The same material also shows great resistance
to corrosion at 1200°C in either NaCl or water vapor environ-
ments.

In this paper, we report a detailed study on the oxidation
behavior of the polymer-derived SiAICN ceramics in the tem-
perature range of 900°-1200°C. The oxidation kinetics are de-
termined by measuring the thickness of the oxide layer as a
function of annealing time. Structures of the oxide scales are
studied using X-ray diffraction (XRD) and solid-state nuclear
magnetic resonance (NMR). The effect of aluminum on the ox-
idation behavior of the SiIAICN ceramics is discussed.

1L

Fully dense SiAICN discs were prepared using a novel pressure-
assisted pyrolysis technique as described previously.'>?* First,
liquid-phased polyaluminasilazane precursors were synthesized
by the reaction of commercially available polyurea (methylvinyl)
silazanes (Ceraset, Kion, Huntingdon Valley, PA) and alumi-
num isopropoxide (Als, Alfa Aesar, Ward Hill, MA) at 150°C
for 4 h in flowing argon. The obtained liquid poly-
aluminasilazanes were mixed with 3 wt% dicumyl peroxide
(Acros Organics, Morris Plains, NJ) as thermal initiator, and
then cast into a Teflon tube of 0.5 in. inner diameter and solid-
ified by heat-treatment at 150°C for 0.5 h. The obtained rods
were cut into discs of 1 mm thick, and then cross-linked
(400°C x 4 h) and pyrolyzed (1000°C x 4 h) in nitrogen. The
cross-linking and pyrolysis were carried out under the isostatic
pressure of 50 MPa to prevent the formation of cracks and pores
within the samples. Two types of SiAICNs containing different
amounts of aluminum were synthesized by changing the ratio of
Ceraset to Als. For comparison, fully dense SiCN discs were

Experimental Procedures
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Tablel. Precursors and Composition of Obtained Ceramics

Starting materials

Samples (CER:Als weight ratio) Ceramic compositions
SiAICN-5 9.5:0.5 SiA10'02C0'84N0A90
SiAICN-10 9:1 SiAlg.04Co.83No.93
SiCN 10:0 SiC0A99N0'85

Al, aluminum isopropoxide.

also prepared via the same procedure by using pure Ceraset as
precursor. The chemical compositions of the SiCN and SiAICN
ceramics are listed in Table 1.2® The samples also contain
~3 wt% oxygen.

For oxidation studies, one side of the disk was polished to
0.5 pm finish using diamond-lapping films. The sample was then
put in a quartz tube with the polished side faced up. The oxidation
was carried out in a high-temperature tube furnace in flowing
dry air at temperatures from 900° to 1200°C for various anneal-
ing times up to 200 h. Oxidation kinetics was determined by
measuring the thickness of the oxide scale. First, the oxidized
surface of the disk specimen was coated with the chromium
protective layer and then cut into half. The cross-section of the
specimen was polished to 0.5 pm finish. The polished cross-
section was etched using Buffered Oxide Etchants (BOE, Ash-
land Chem., Boonton, NJ) to delineate the oxide layer from the
substrate. The oxide scales were observed using scanning elec-
tron microscopy (SEM, JOEL 6400F, Tokyo, Japan) and their
thickness was measured.

To study the structures of the oxide scales, powders of ~1-3
um diameter were prepared for SiCN, SiAICN-5, and SiAICN-
10. The powders were oxidized together with the disk samples.
After oxidation, the powders were first analyzed using XRD.
Further characterization of the oxidized powders was carried
out by »Si solid-state magic angle spinning (MAS) NMR using
a Chemagnetics 300 MHz Infinity spectrometer (Cambridge,
UK) with a Larmor frequency of 59.6 MHz. A standard CP/
MAS probe with a 7.5 mm pencil rotor was used. Sample spin-
ning rates of 5 kHz were used for all the experiments. All spectra
were acquired using a standard single pulse sequence with a tip
angle of about 45° and a recycle delay time of 10 s with accu-
mulation numbers varied from several hundred to 30 000 scans.
The *°Si chemical shifts were referenced to TTMS as external
standard.

III. Results

The oxide scales were first examined using SEM and XRD (on
powder samples). The results revealed that all oxide scales are
amorphous, dense, and free of bubbles and cracks regardless of
oxidation conditions and substrate materials. Figure 1(a) is a
typical SEM micrograph showing the cross-section of an oxi-
dized specimen. Figure 1(b) gives typical XRD patterns of ox-
idized powders, revealing the amorphous nature of the oxide
scales.

Figure 2 plots the square of the thickness of the oxide scales
as a function of annealing time for the SiCN and SiAICNs at
temperatures of (a) 900°, (b) 1000°, (c) 1100°, and (d) 1200°C,
respectively. The slope of the curve in such a kind of plot is a
parabolic rate constant according to the equation®’

" = kyt (1)

where / is the thickness of oxide scale, 7 the oxidation time, and
ky, the parabolic rate constant. Several features can be seen from
Fig. 2. At 900°C, all three materials follow typical parabolic
oxidation kinetics—linear dependence of /#* on annealing time.
At this temperature the oxidation rate constants measured for
three materials are comparable with each other (Table II). At
higher temperatures (1000°-1200°C), the oxidation of the SICN
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Fig.1. (a) Scanning electron micrograph showing the morphology of
the cross-section of the SIAICN-5 oxidized at 1100°C for 20 h. (b) X-ray
diffraction patterns of SiAICN-10 (top) and SiCN (bottom) oxidized at
1200°C for 200 h.

still follows parabolic behavior. However, the two SiAICNs
show the decrease in the oxidation rates with annealing time.
For the SiAICNs, the oxidation data can be classified into three
regions: the initial stage, the transition stage where oxidation
rate decreases, and the steady stage where the oxidation rate
becomes constant at a lower level. The oxidation rates of the ini-
tial stage (for 1000° and 1100°C, the first 50 h data were used;
while for 1200°C, the first 20 h data were used) are close to that
of the SiCN (Table II). For the samples oxidized at 1200°C, the
steady-stage oxidation rates for the SiAICN-5 and SiAICN-10
were calculated using last 100 h data to be 0.3x 107" and
0.025 x 107'® m?/s, respectively. These oxidation rates of the
SiAICN-5 and SiAICN-10 are ~20 and 200 times lower than
that of the SiCN (4.8 x 107! m?/s), respectively.?> The long-
term oxidation rate of the SiAICN-10 is even an order of mag-
nitude lower than the lowest data measured from CVD SiC
(0.55 % 107" m?/s) and SizN, (0.22 x 107'® m?/s) obtained at
similar conditions.”> For the samples oxidized at 1000°C and
1100°C, it seems that the steady stage was not fully reached; the
oxidation rate calculated by using the last 100 h data is higher
than that obtained from samples oxidized at 1200°C.

The apparent activation energy of the oxidation can be cal-
culated from the rate constants measured at the different tem-
peratures using the Arrhenius equation:

kp = Ao exp <— %) 2

where Q, is the oxidation activation energy. Figure 3 plots the
In(k,) as a function of reciprocal temperatures (the earlier-stage
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Fig.2. Plots of the square of the oxide scale thickness as a function of annealing times for the SiCN, SiAICN-5, and SiAICN-10 at temperatures

(a) 900°, (b) 1000°, (c) 1100°, and (d) 1200°C.

data listed in Table II are used for the SiAICNGs). It can be seen
that fairly good linear relationships are obtained for all three
materials. The activation energies calculated for the three ma-
terials are very close to each other (Table IT), and are also similar
to that for high purity SiC (such as CVD and/or single crystal
SiC) and single crystal silicon, but much less than that of CVD
silicon nitride.”®? This suggests that at low temperature or high
temperature short-term, the oxidation of the SiAICNs follows
the same mechanism as the SiCN, which is similar to that for the
oxidation of SiC.

Figure 4 shows 2°Si spectra of the SiCN and SiAICN oxidized
at different conditions. The signals between 0 and —75 ppm re-
sult from the un-oxidized substrates.”® The spectra suggest that
at 900°C, the oxide scale is thin and a significant amount of
SiCN and SiAICN substrates remain un-oxidized after 50 h an-
nealing while at 1200°C, most of the substrates were oxidized.
This result is consistent with oxide scale thickness measurement.
The strong signal centered at —100 ppm is assigned to SiOy tet-

TableIl. The Parabolic Rate Constants and Activation
Energies for the SiCN and SiAICNs
Parabolic rate constants ( x 10'® m%/s)
Activation
Materials 900°C 1000°C 1100°C 1200°C energy (kJ/mol)
SiCN 0.39 1.3 2.8 4.8 120
SiAICN-5 0.56 1.2 2.3 53 115
SiAICN-10  0.39 0.98 1.6 3.9 115

rahedral,>® formed because of oxidation. It can be seen that the
position of this signal remains unchanged for all samples, sug-
gesting the aluminum atoms are not incorporated into the SiO,
network.?'? Furthermore, the signals from the SiCN oxidized
at all conditions and the SiAICNs oxidized at 900°C show

5
44

g @ SIAICN-5

N

E 31

&

©

% 2] A SIAICN-10

g

c

= 9] ¢ SicN
0 T T
06 07 08 09

1000/T, 1/K

Fig.3. Plot of log parabolic rate constants as a function of reciprocal of
temperatures for the SiCN, SiAICN-5, and SiAICN-10. The rate con-
stants of the SIAICN-5 and SiAICN-10 for temperatures higher than
1000°C were calculated using initial stage data.
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Fig.4. 2Si NMR spectra of the SiCN and SiAICNs oxidized at
(a) 900°C x 50 h, (b) 1200°C x 20 h, and (c) 1200°C x 200 h.

similar shape, suggesting the SiO, network structures formed
under these conditions are similar to each other. However, at
1200°C the signals from SiAICN specimens are sharpened with
annealing time, suggesting that the SO, structures become more
ordered. The results also suggest that the structures of the SiO,
scale formed on the SiAICNs are rearranged with time at higher
oxidation temperatures.

IV. Discussion

As described above, polymer-derived SiAICN ceramics exhibit-
ed unique oxidation behaviors, including: (i) the oxidation rate
decreases with annealing time, (ii) the steady-stage oxidation
rate measured for SiAICN-10 at 1200°C is ~ 10 times lower than
the lowest values reported for CVD SiC and Si;Ny obtained at
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Fig.5. Two-dimensional schematic showing the proposed structure of
silica oxide scale, in which aluminum atoms sit in the center of the 6-
membered rings of Si-O to block the diffusion of oxygen.
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similar conditions, and (iii) the oxidation rate decreases with
increasing aluminum content. Here, we would like to emphasize
that the decrease in oxidation rates with time observed for the
SiAICNSs is not the same as that observed in porous materials
through weight change measurement.'®** In porous materials,
the decrease in weight gain is because of pore sealing and can
only be detected by measuring weight change.'® In contrast, the
oxidation rates shown in Fig. 2 were obtained by directly meas-
uring the thickness of oxide scale.

The oxidation rate of silicon-based materials is controlled by
oxygen diffusion through the oxide layer (under the current
condition—temperatures <1200°C, oxygen diffusion occurs by
interstitial transportation of oxygen molecules),”®?° leading to
parabolic kinetics. For silicon and silicon carbide, the oxide
scale comprises of a single layer of SiO, while for silicon nitride,
a bi-layer structure consisting of SiO, outer-layer and Si,N,O
middle-layer between the SiO, layer and the substrate was ob-
served.** As the oxynitride layer has a lower permeability to
oxygen than SiO, and thus acts as a diffusion barrier,**>* silicon
nitride has a lower oxidation rate and higher activation energy.
However, the theory of the silicon oxynitride layer is not appli-
cable to the SIAICN:Ss as (i) the oxynitride layer was not observed
in the oxide scales, (ii) the oxidation rate of the SiAICN is even
much lower than that for SizNy, and (iii) the undoped SiCN
exhibits oxidation behavior similar to that of SiC.

Consequently, the only possible explanation for the decrease
in the oxidation rate of the SiAICNs is that the aluminum atoms
modified the network structure of the oxide scale. Here let us
first summarize the current understanding of silica network
structure and oxygen diffusion within it. The structure of amor-
phous silica can be characterized by connected rings comprising
of SiO, tetrahedral,®® which gives a medium-range ordering to
the material. Raman spectrum studies’’ >’ indicated that the
majority of these rings are 6-membered or higher; only a few
percentages of them are 3- or 4-membered. Previous study* re-
vealed that the calculated activation energy of oxygen molecules
passing through 6-membered rings was comparable with that
measured for the oxidation of silicon/silicon carbide. These re-
sults suggest that the 6-membered rings are the barriers for the
diffusion of oxygen molecules in amorphous silica. Among all
simple oxides, SiO, possesses lowest oxygen permeability.*' The
presence of impurities usually damages the network structure of
the SiO, and results in the increase in oxygen diffusion and
higher oxidation rates?®2? by providing an easier diffusion path.

The XRD stud%/ indicates that all oxide scales in this study are
amorphous. The 2°Si NMR results (Fig. 4) suggest that the ox-
ide scale formed on the surface of the SiAICN samples became
more ordered with annealing time (the signal corresponding to
SiO, sharpened with time). Here we argue that the ordering of
the oxide scale cannot cause the decrease in oxygen diffusion.
The ordering can decrease the diffusion by decreasing the aver-
age free volume only when the diffusion is controlled by free
volume mechanism. In case of oxygen molecules’ diffusion
through interstitials of silica glass, the barrier is the 6-mem-
bered SiO rings.*® The size of these rings should not be changed
(at least not significantly) with ordering, thus oxygen transpor-
tation should not be affected. We can even extend this argument
to crystalline silica, in which interstitial oxygen molecule diffu-
sion should not be much different from that in amorphous form
as in both cases it is the 6-membered rings that controlled the
diffusion. Recently, Ramberg and Worrell** experimentally
demonstrated that there is no difference between the rates of
interstitial oxygen transport in amorphous SiO, and in
B-cristobalite.

In this paper, we propose that the oxide scale formed on the
SiAICNs has a unique network structure, namely aluminum at-
oms (at least part of them) sit in the center of the 6-membered
rings (Fig. 5). These aluminum atoms block the path of oxygen
diffusion so that oxygen molecules have to take a longer trans-
portation path, leading to lower oxidation rate for SiAICNS.
While the aluminum content is relatively low (ratio of Al to Si is
0.02 and 0.04 for SiAICN-5 and SiAICN-10, respectively), the
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number of the blocked rings may already reach percolation val-
ues. We further propose that the unique network structure of
Al-blocking 6-membered Si—O rings is formed gradually with
time through structural rearrangement, as evidenced in the
NMR spectra (Fig. 4). The rearrangement requires high tem-
perature and time for the kinetic reason. At 900°C or initial
stage of higher-temperatures, the rearrangement did not occur
or just started because of the low temperature or shorter time,
thus the oxidation of the SiAICNs is similar to that for the
SiCN. At higher temperatures, the structural rearrangement
leads to the decrease in oxidation rate. This model can also eas-
ily explain the fact that the oxidation rates decrease with in-
creasing aluminum content because more rings are blocked.

Here we like to compare the proposed model with other Al-
containing Si-based ceramics. The decrease in oxidation rate
with time has also been observed previously in sialon ceramics at
a temperature range of 1400°~1600°C.*** The authors attrib-
uted this to the formation of a fused silica layer containing oc-
tahedral AL.** However, the reason that octahedral Al can slow
the oxidation was not discussed. It is possible that these alumi-
num atoms also sit in the center of 6-membered SiO,4 rings. Ox-
idation behavior of PDCs SiBCNALI ceramics has been reported
recently.**® These studies revealed that compared with alumi-
num-free SiBCNs, aluminum-containing SIBCNAI exhibited a
slight higher oxidation rate. But aluminum did help to improve
the oxide scale quality in terms of adhesion, cracking, bubble
formation, and crystallization. Compared with our materials,
these previously studied materials contain boron and higher Al-
to-Si ratios. This could be reason why improved oxidation re-
sistance was not observed in these SIBCNAI materials.

Finally, we would like to make following comments:

(i) The formation of the unusual diffusion-blacking struc-
ture should not be limited to the polymer-derived SiAICN sys-
tem. Any aluminum-containing silicon-based system may have
the chance to form such structure if the aluminum distribution is
uniform initially.

(i) The formation of the blocking structure should not be
limited to aluminum-doping only. Other elements could also sit
in the center of the ring or cage to block oxygen diffusion and
reduce oxidation rate.

(iii) There should be a limitation on aluminum content to
form effective blocking structures because the amount of atoms
that can be accepted by the suitable sites may be limited, similar
to solubility in solid solution. Extra atoms may cause the struc-
tural relaxation to cancel the blocking effect or even increase
oxygen diffusion by providing an alternative diffusion path.

V. Summary

The oxidation behaviors of polymer-derived SiAICN ceramics
were studied in the temperature range of 900°-1200°C. The ox-
idation kinetic measurement revealed that at 900°C, the oxida-
tion of the SiAICN:Ss is similar to the SiCN, following parabolic
kinetics. At higher temperatures, the oxidation rates of the Si-
AICNSs decrease with annealing time. NMR study revealed that
the network structure of the vitreous silica formed during oxi-
dation is changed with annealing time.

A unique structural model in which aluminum atoms sit in
the middle of the 6-memebered Si—O rings is proposed to ac-
count for the observed oxidation behavior of the SIAICN. The
further research is undergoing to examine this model by meas-
uring other properties of the oxide scales.
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