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Abstract

Silicon carbide (SiC)—aluminium oxynitride (Alon) ceramic composites exhibited improved mechanical properties, but the high temperature
oxidation behaviour was unknown. The aim of this investigation was to identify oxidation characteristics and kinetics of 8 wt% SiC—Alon composites
over a temperature range between 700 °C and 1200 °C in air. The Alon matrix and SiC particles near the surface were oxidized to form Al,O; and
Si0,, respectively. The starting oxidation temperature of Alon was observed to be about 1000 °C. While the addition of nano-sized SiC particles
resulted in a reduced starting oxidation temperature due to the large cumulative surface area and high total surface energy, the oxidation resistance
at higher temperatures of 1100 °C and 1200 °C was remarkably enhanced. The oxidation kinetics changed from a linear weight gain for pure Alon
into a logarithmic weight gain for the composites due to the formation of a dense protective oxidation layer arising from the presence of SiO,.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Spinel aluminium oxynitride (Alon) is a solid solution of
Al,03 and AIN.!2 Due to its excellent chemical and mechani-
cal properties such as high rigidity, good chemical stability and
good wear resistance against steel, Alon has become a potential
ceramic material for high-performance structural and advanced
refractory applications.>* Oxidation resistance is an impor-
tant property of materials for high-temperature applications. At
present oxides are widely used as refractory materials. However,
varying working conditions and severe environments require the
development of new refractories. In general, densified oxides
have excellent corrosion resistance, but their thermal shock resis-
tance is poor,’ e.g., alumina (Al,03) being such a type.® On
the other hand, silicon nitride and silicon carbide possess good
mechanical properties but exhibit rather poor oxidation resis-
tance. These ceramic materials are in a major competition with
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the newer type of Alon and Sialon systems developed in the
early 1970s.% For example, Goeuriot et al.” reported that the
performance of Alon at high temperatures, such as the corrosion
resistance against molten steel, is superior to that of alumina.

A number of researchers’:8~1? have studied the oxidation
behaviour of Alon and SiC. However, the reported results of
Alon ceramic are not always consistent with each other, and the
oxidation mechanism is still far from being completely under-
stood. Corbin' reported that the oxidation of Alon produced a
protective oxide layer up to 1200 °C. But some other authors
did not observe such a protective layer.'? Lefort et al.!! reported
that the oxidation could not be observed below 1200 °C and a
maximum weight gain was reached at about 1550 °C. However,
Wang et al.® found that Alon could be oxidized at a temperature
of about 1000 °C in air and the oxidation product formed a pro-
tective layer which offered resistance to further oxidation below
1200°C. Goursat et al.'> observed that the oxidation started
even at about 650 °C and reached a maximum weight gain at
1150 °C. When heating was beyond this temperature a weight
loss occurred. It can be seen that there are still some inconsistent
results on the oxidation of Alon below 1200 °C.

The oxidation behaviour of Alon ceramic at high tempera-
tures could be improved by adding other particles, e.g., TIN'4
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and SiAl;0,N7.15 SiC particles were normally added into Alon
ceramic to improve the mechanical properties and enhance the
resistance to damage arising from thermal quench due to good
thermal conductivity of SiC,'0 and form a solid solution owing
to the similarity in the crystal structure of y-Alon and B-SiC.!”
To the authors’ knowledge, there is no report regarding the oxi-
dation of SiC—Alon composites in the literature. It is unclear
if the oxidation of SiC—Alon ceramic composites can occur
below 1200 °C, to what extent the SiC addition can improve the
oxidation resistance of Alon ceramic, and if mullite can occur
when the SiC—Alon composites become oxidized. It should be
noted that mullite, with a chemical composition ranging from
3A1,03-2Si0; to approximately 2A1,03-Si0,,!8 is a stable
crystalline phase in the aluminosilicate system under normal
atmospheric pressure at room through elevated temperatures.'®
The aim of the present study was, therefore, to evaluate the
oxidation characteristics and kinetics of SiC—Alon composites
below 1200 °C in air and identify the underlying mechanisms of
oxide formation.

2. Materials and methods

In the present study the raw materials were nano-sized Al,O3
(40-100 nm, Nanjing Emperor Nano Material Co., Ltd., China,
99.5%), AIN (30-100 nm, Shenzhen Honesty Nano-Tech Co.,
Ltd., China, 99%), SiC (40-90 nm, Nanjing Emperor Nano
Material Co., Ltd., China, 99.5%) powders and a small amount
micro-sized Al powders (4-8 wm, Gaizhou City Metal Pow-
der Factory, China, 99.63%). A mixture with a weight ratio of
81:18:1 for Al,O3:AIN:Al was selected to synthesize monolithic
Alon. Then 8 wt% nano-sized SiC particles were added to the
mixture. The thoroughly mixed powders were attrition milled
for 24 h using ethanol as a milling medium, then dried at 80 °C.
The dry mixed SiC—Alon powders were crushed using mortar
and then sieved through an 180 wm mesh. The mixed powders as
well as pure Alon powders were put in a graphite die and sintered
at 1850 °C under a pressure of 25 MPa for 40 min in nitrogen
atmosphere using a heating rate of 10 °C/min below 1400 °C and
then 5 °C/min up to the selected sintering temperature. Finally
the sintered SiC—Alon composites were furnace-cooled down to
room temperature.

To examine the oxidation characteristics of Alon and
SiC—Alon composites, the weight change of the speci-
mens was measured. The specimens with a dimension of
Smm x 5mm X 30 mm were cut and machined from the hot-
pressed samples. The oxidation tests were carried out in an
electric furnace in air environment with a heating rate of
5 °C/min at a constant temperature ranging between 700 °C and
1200 °C for 40h. The weight gains resulting from the oxida-
tion were measured by an electric balance with a resolution
of 0.1 mg. Within the first 8 h the weight gain was measured
every hour, and then it was measured every 8 h. To identify the
oxidation behaviour of Alon and SiC—Alon composites differ-
ential scanning calorimetry (DSC) tests were performed in an
air atmosphere using a heating rate of 10 °C/min from 200 °C to
1500 °C.

The microstructures of both powders and oxidation products
were examined using a scanning electron microscope (SEM).
The elemental concentration profile of the microstructure was
determined using energy dispersive X-ray spectroscopy (EDS).
To determine the thickness of the oxidation layers from the cross
section, two samples were clamped together using an aluminium
holder, and then ground and polished to a surface finish down
to 1 wm diamond paste in the same way so as to protect the oxi-
dation layer. To achieve a better resolution on the SEM images,
the specimens were sputter-coated with a thin film of gold.

The phase and crystallinity were analyzed via X-ray diffrac-
tion (XRD) using CuK,, radiation at 45kV and 40mA. The
diffraction angle (26) at which the X-rays hit the sample var-
ied from 10° to 90° with a step size of 0.05° and 1 s in each step.
After the peaks corresponding to (11 1) of SiO; and (00 6) of
SiC had been identified, a much lower (i.e., 40 times slower)
scan rate at a step size of 0.01° and duration time of 8 s in each
step was used with a diffraction angle range varying from 34.6°
to 36.3° for an more detailed analysis.

3. Results
3.1. Raw powders and synthesized Alon analysis

Fig. 1 shows the SEM micrographs of the prepared Alon
powders and SiC powders. It is seen from Fig. 1(a) that the
prepared Alon powders had an average size of about 5 wm and a
spinel-type structure as reported by Corbin.! Fig. 1(b) shows that
most of SiC particles were nano-sized (<100 nm), but there also
appeared a conglomeration because it was normally difficult to
disperse nano-sized particles on a copper plate after ultrasonic
vibration for SEM imaging.

Fig. 2 shows the XRD patterns of pure Alon and 8 wt%
SiC-Alon composites prior to oxidation. In both Fig. 2(a) and
(b), the atomic ratio of Alon phase allowed the determination of
the y-Alon formula as Al g103.56Np.44, which was the same as
that reported by Goeuriot et al.” It is seen from Fig. 2(a) that the
obtained Alon exhibited a typical XRD pattern of Alon without
decomposition (i.e., no other by-products present). It should be
pointed out that there was, however, a little bit residual Al,O3
presented in the pure Alon or SiC—Alon composites. This was
due to the fact that the Alon powders were synthesized from
Al,O3 and AIN in a nitrogen atmosphere. The synthesized Alon
powders by solid reaction method normally contained a little
remaining Al,O3 or AIN.?%2! Fig. 2(b) shows the XRD results
of 8 wt% SiC-Alon composites fabricated using hot pressing
technique. The spectra revealed that the main phases were <y-
Alon, SiC and a small amount of Al,O3 as well. Again, no other
new phases or impurities could be identified in the pattern. Thus
the XRD results shown in Fig. 2 suggested that the structure of
Alon and SiC—Alon composites obtained in the present study
was thermally stable enough after hot-press sintering at 1850 °C
in a nitrogen atmosphere.

3.2. DSC analysis and microstructure

Fig. 3 shows the curves of DSC and thermogravimetry (TG)
for 8 wt% SiC-Alon composite sample. It is seen that there



X.J. Zhao et al. / Journal of the European Ceramic Society 31 (2011) 2255-2265 2257

Fig. 1. SEM images of raw powders for the (a) micro-sized Alon powders and (b) nano-sized SiC powders.

was no decalescence (or absorption of heat) in the range of
200-1350 °C, but there was a significant weight gain after the
temperature reached about 700 °C from the TG curve in Fig. 3.
This would be attributed to the occurrence of oxidation starting
at about 700 °C. When the temperature reached about 1370 °C,
there was an obvious decalescence peak on the DSC curve
in Fig. 3. This was likely due to a solid-state transformation
occurred from the metastable y-Al,O3 to a-Al,O3. As Wang
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Fig. 2. XRD patterns of (a) pure Alon and (b) 8 wt% SiC—Alon composites
sintered in a nitrogen atmosphere at 1850 °C.

et al.3 reported, the product formed at lower temperatures was
metastable y-Al,O3, being a protective layer which offered
resistance to further oxidation. The y-Al,O3 was then trans-
formed to a-Al,O3 since the product was clearly identified to
be a-Al,O3 when the temperature was above 1370 °C. Since
the weight gain seen from the TG curve in Fig. 3 started from
about 700 °C, indicating the onset of oxidation, the subsequent
oxidation tests were carried out from 700 °C to 1200 °C.

To demonstrate the microstructure (grain size and SiC parti-
cles), SEM micrographs of fracture surfaces of the sintered pure
Alon and 8 wt% SiC—Alon composites without oxidation after
three-point bending tests are shown in Fig. 4. The Alon matrix
grains and tiny SiC particles could be seen from the fractographs,
with some SiC particles homogeneously distributed in the Alon
matrix and some located at grain boundaries or triple junctions
of Alon grains (as indicated by arrows in Fig. 4(b)), but they
still remained to be nano-sized after sintering at 1850 °C. It is
of interest to note that the addition of nano-sized SiC particles
effectively restricted the growth of grains and led to a refined
Alon matrix grain size, as compared Fig. 4(a) with (b) taken at the
same magnification of 5000 x. This was due to the pinning role
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Fig. 3. Curves of DSC and TG for 8 wt% SiC—Alon composite sample.
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Fig. 4. SEM images of fracture surfaces after three point bending tests before oxidation experiments: (a) pure Alon, and (b) 8 wt% SiC—Alon.

(Zener pinning pressure) of the nano-sized SiC particles posi-
tioned at grain boundaries or triple junctions of Alon, since the
pinning by dispersed particles was one of the well-recognized
processes that reduced the driving force for grain growth.?>23
Such nanocomposites would exhibit a strong resistance to crack
initiation during plastic deformation as reported recently by Guo
and Todd.>*

3.3. Weight change during oxidation

Fig. 5 shows the weight changes of the pure Alon and
SiC-Alon specimens oxidized at various temperatures with
time. It can be seen that when the oxidation occurred, the weight
all increased with increasing oxidation time. As seen from
Fig. 5(a), the weight of Alon specimen hardly changed before
900 °C. But when the temperature was higher than 1000 °C, the
specimen began to be oxidized, and the weight gain exhibited
a linear-like increase. Similar linear kinetics of Alon oxida-
tion was reported by Goeuriot et al.” This was related to the
microstructure of the oxidation layer to be shown later. Further-
more, the oxidation rate (i.e., the slope of the curve of weight
gain vs. time) increased with increasing temperature. On the
other hand, it can be seen from Fig. 5(b) that almost all the
curves had typically a high weight increase in the initial stage
but it slowed down in the later stage, following basically a log-
arithmic relationship. This suggested that the nano-sized SiC
particles added to the Alon matrix played a key role in chang-
ing the kinetic behaviour of oxidation in SiC—Alon composites.
When the temperature was 700 °C, the weight of SiC—Alon
increased slightly with increasing oxidation time. Before the
temperature reached up to 1000 °C, the oxidation rate increased
with increasing temperature. However, when the temperature
further increased to 1100°C and 1200 °C, the rate of weight
gain considerably decreased especially at 1100 °C. A detailed
explanation will be presented in Section 4.

3.4. Microstructural change during oxidation

Fig. 6 shows some typical SEM micrographs of the surfaces
of the specimens after oxidation at various temperatures, where
different morphologies appeared on the sample surfaces. The

oxidation products of both Alon ceramic and SiC—Alon com-
posites observed at 900 °C (Fig. 6(a) and (b)) basically lay in the
initial oxidation stage, with similar microstructural morphology
(tiny needle-like features). With increasing oxidation temper-
ature to 1100 °C (Fig. 6(c) and (d)), the needle-like oxidation
products became larger. At 1200 °C the morphology of the oxi-
dation layer significantly changed and the needle-like oxidation
products were no longer present (Fig. 6(e) and (f)). Compared
Fig. 6(e) with (f), an obvious denser oxidation layer was seen
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Fig. 5. Weight changes as a function of oxidation time for (a) pure Alon and (b)
8 wt% SiC—Alon composites at various temperatures.
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Fig. 6. SEM micrographs of specimen surfaces after oxidation in air for 40 h: (a) pure Alon at 900 °C; (b) SiC—Alon composites at 900 °C; (c) pure Alon at 1100 °C;
(d) SiC—Alon composites at 1100 °C; (e) pure Alon at 1200 °C; and (f) SiC—Alon at 1200 °C.

to form in the SiC—Alon composites, mainly resulting from the
formation of SiO,. The details will be presented in Section 4.
Fig. 7 shows an EDS line scan indicating the profile of oxy-
gen element across the boundary between the oxidation layer
and Alon matrix along the cross section of the sample oxidized
at 1200 °C in air for 40 h. It is clear that the oxygen was consid-
erably higher in the layer near the specimen surface. It should
be noted that the white surface layer was partially gone during
grinding and polishing even though two samples were attached
side by side to have a better protection of the surface layer. This
was mainly due to the looseness of the oxidation products, as
shown in Fig. 6. Beyond this layer in the inner part of the sample,
the oxygen decreased only slightly. That is, an abrupt change in
the oxygen composition from the EDS line scan can be easily

identified. Based on the information of both the oxygen compo-
sition change and the white surface layer reflecting its looseness,
the white surface layer was considered as the oxide layer in the
present study, and the thickness of the surface oxide layer was
assessed accordingly.

Fig. 8 shows the thickness changes of the surface oxide layer
in the Alon and SiC—Alon composites that were oxidized at var-
ious temperatures for 40 h. It is seen that the Alon and SiC—Alon
composites did not exhibit an obvious change up to 700 °C, with
an oxide layer thickness of about 5-10 pm in the two specimens
oxidized at 700 °C in air for 40 h (Fig. 8(a) and (b)). When the
specimens were oxidized at 900 °C, the Alon sample still had
no significant change (Fig. 8(c)), but an oxide layer of about
90 pwm in the SiC—Alon specimen occurred (Fig. 8(d)). However,
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Fig. 7. EDS line scan showing the distribution of oxygen along the cross section of a polished Alon sample that was oxidized at 1200 °C in air for 40 h, (a) overall

view and (b) magnified view of the compositional variation.

at 1200 °C the Alon specimen had an oxidation layer of about
180 pm (Fig. 8(e)), whereas the oxidation layer of SiC—Alon
specimen became thinner (about 70 wm). These observations
corresponded well to the results of weight gain shown in Fig. 5.
One can also see from Fig. 8 that the non-oxidized samples (at the
lower portion of the images) were pretty dense which matched
with the relative density of more than 97% measured.

3.5. Phase change during oxidation

Fig. 9 shows the XRD pattern of the oxidized Alon and
SiC—Alon composites at different temperatures. It is seen that
with increasing oxidation temperature, the contents of oxidation
products as Al,O3 and SiO; increased. Furthermore, according
to the position and intensity of the peaks from the XRD spec-
trum, it can be identified that there were mainly a-Al, O3, which
had a rhombohedral crystal structure and little y-Al,O3, which
belonged to the cubic crystal structure. Compared the product
of Al,O3 between Fig. 9(a) and (b), at a temperature of 900 °C
the XRD pattern was similar in Alon and SiC—Alon compos-
ites. But at 1100 °C or 1200 °C, the intensity of Al,O3 peaks
was seen to be significantly higher than that of SiC—Alon com-
posites oxidized at the same temperature, corresponding well to
the results shown in Figs. 5 and 8. However, it was difficult to
identify the change of SiC and SiO; from Fig. 9(b) since the
intensity of the SiC and SiO, peaks was relatively weak due to
the faster scan. To examine the change of SiC and SiO, peaks
in the SiC—Alon composites with the oxidation temperature, a
much (or 40 times) slower scan with a step size of 0.01° and
duration of 8 s in each step was performed from 34.6° to 36.3°,
within which the strongest peaks of both SiC and SiO; [i.e.
(1 11) peak of SiO; and (0 0 6) peak of SiC] were included. The
obtained spectra are shown in Fig. 10. It is clear that the higher
the oxidation temperature, the higher the intensity of SiO, peak
in the SiC—Alon composites. In other words, the intensity of
SiO, peak increased and, meanwhile, the intensity of SiC peak
slightly decreased as the oxidation temperature increased.

4. Discussion

In the present study, denser Alon and SiC—Alon ceramic
composites with a relative density of 97% have been success-
fully fabricated. While the starting oxidation temperature in the
SiC—Alon composites decreased to about 700 °C, the addition
of nano-sized SiC particles considerably improved the oxidation
resistance of Alon ceramic when the temperature was above
1100°C (Fig. 5(b)). The presence of SiO, at the high tem-
peratures led to the formation of a dense oxidation layer on
the specimen surface, which can protect the material to further
oxidation (Fig. 6(f)).

Initially the Alon samples were dark and the SiC—Alon com-
posites were gray by naked eyes. After the oxidation tests, the
sample color visibly changed. At the lower oxidation tempera-
tures (below 1000 °C) no or little sample color change occurred.
However, at the higher temperatures (1100 °C and 1200 °C)
the surface of Alon samples became whitened and the sur-
face of SiC—Alon composites became darkened. Similar color
changes were also observed during oxidation in the mullite—SiC
composites.>> The oxidation could generally be characterized
by five steps: (1) contact of oxygen in the atmosphere to the
sample, (2) inward diffusion of oxygen through the oxidation
layer, (3) oxidation reaction at the interface between the matrix
and the oxidation layer, (4) outward diffusion of the gaseous
product through the oxidation layer, and (5) outward flow of
product gases away from the surface.°

4.1. Oxidation behaviour of Alon ceramic

As seen from Fig. 5(a), the Alon ceramic could only be oxi-
dized in air at a temperature higher than 1000 °C. This was in
agreement with the result reported by Wang et al.® The weight
gain of Alon ceramic shown in Fig. 5 could be caused by the
following reaction, "’

4Al> 8103 56Np.44 + 1.3102 — 5.62A1,03 + 0.88N3 1, €))
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Fig. 8. SEM micrographs of the cross section of the polished samples after oxidation in air for 40 h for (a) pure Alon at 700 °C, (b) SiC—Alon at 700 °C, (c) pure
Alon at 900 °C, (d) SiC-Alon at 900 °C, (e) pure Alon at 1200 °C and (f) SiC—Alon at 1200 °C.

since the molecular weight of oxygen is about 14.2% higher
than that of nitrogen. This reaction could be corroborated by
the presence of some nitrogen trapped in the spinel structure
when the oxidation temperature was less than 1200 °C.” While
no weight change was seen at an oxidation temperature of 900 °C
(Fig. 5(a)), there was still a very thin layer of oxide lying in the
initial stage on the surface (Figs. 6(a) and 8(c)). This suggested
that the weight gain contributed by this very thin layer of oxide
at 900 °C could be negligible. Indeed, the weight gain in the
oxidation of pure Alon ceramic was not so sensitive since it was

only about 3.12% per reaction based on Eq. (1). Furthermore,
the formation of Al,O3 given in Eq. (1) could be directly verified
by the XRD pattern (Fig. 9(a)) where the oxidation product in
the pure Alon was identified to be Al,O3 only.

The oxidation products formed at high temperatures exhib-
ited different microstructural morphologies, as shown in Fig. 6.
For example, the oxidation products at 1200 °C might experi-
ence the initial needle-like morphology (Fig. 6(a) and (b)) and
the subsequent growth of the needle-like crystals (Fig. 6(c) and
(d)). Such needle-like crystals were also observed in the initial
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Fig. 9. XRD patterns of (a) pure Alon and (b) 8 wt% SiC—Alon composites
oxidized in air for 40 h at various temperatures.

stage of oxidation in other ceramic materials.>’*® With increas-
ing oxidation time the oxidation product could become flake-like
crystals due to the fact that the driving force was strong enough
for oxidation products to grow up. At last, the oxide scale on
the surface formed layer-like crystals, which could protect the
matrix from further oxidation depending on the denseness or
tightness.

4.2. Oxidation behaviour of SiC-Alon composites
As reported in,2%30 the addition of SiC particles has been
proven to improve the mechanical properties and oxidation
resistance at high temperatures in other ceramic materials such
as zirconium diboride (ZrB,). As mentioned above, the cur-
rently added nano-sized SiC particles also played an important
role in changing the oxidation characteristics and kinetics of
Alon ceramic from linear to logarithmic weight gains. How-
ever, as seen from Fig. 5, the added nano-sized SiC particles
were observed to decrease the starting oxidation temperature
of Alon ceramic from 1000 °C to 700 °C. This was likely due
to the fact that the nano-sized SiC particles had more cumu-
lative surface area and higher total surface energy than the
micro-sized Alon matrix (Fig. 1). Likewise, Kaur et al.3! studied
the oxidation behaviour of green coke-based carbon—ceramic
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Fig. 10. XRD patterns obtained at a slower scan rate, showing the change of the
(111) peak of SiO; and (00 6) peak of SiC in the 8 wt% SiC—Alon composites
with the temperature of oxidation in air for 40 h.

composites incorporating micro- and nano-SiC particles, and
reported that the weight gain was higher in the composites
containing nano-SiC particles as compared to the compos-
ites containing micro-SiC particles. Similar results were also
observed by Jia et al.>> who reported that the starting temperature
of oxidation was about 843 °C for 1.2 um SiC particles, while it
decreased to 783 °C for 0.2 wm SiC particles. In the present
study, the size of added SiC particles was less than 0.1 pm
(Figs. 1(b) and 4(b)), so that the starting temperature of oxidation
was anticipated to be further lower, and the weight gain appeared
at700 °C (Fig. 5(b)). The weight gain of SiC—Alon composites in
the oxidation tests starting from 700 °C (Fig. 5(b)) was attributed
to the occurrence of SiO; via the following reaction,25:33-3%

2SiC + 302 — 2Si0, +2CO 1. 2)

This was confirmed by XRD results, as shown in Fig. 10. It
should be pointed out that while the SiO, peak was clearly seen
at 1100 °Cand 1200 °C, it just started to appear at 800-900 °C. It
was difficult to identify the SiO; peak at 700 °C due to the small
amount of SiO;, formed, which was believed to be below the
detection limit of XRD even though it was scanned at a very slow
rate. It was clear from Eq. (2) that the occurrence of oxidation
from SiC to SiO; gave rise to an appreciable (49.89%) weight
gain per reaction. If the oxidation of Alon and SiC would occur
following Egs. (1) and (2) concurrently, the weight gain in the
oxidation of 8 wt% SiC—Alon composites would be estimated
to be about 6.86% per reaction based on the following rule of
mixtures,

We = W fm +wpfp’ 3

where w, is the weight change (gain or loss) per reaction in
the composites (in %), w,, is the weight change per reaction
resulting from the oxidation of matrix (in %), wp is the weight
change per reaction arising from the oxidation of reinforcement
particles (in %), f;, is the weight fraction of matrix, and f,, is the
weight fraction of reinforcement particles (f,, =1 —f,). There-
fore, the weight gain per reaction in the oxidation of 8 wt%
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SiC-Alon composites was more than twice that of pure Alon
ceramic (3.12%) per reaction. That is, the oxidation of SiC—Alon
composites was more sensitive to the weight gain due to the
presence of nano-sized SiC particles (depending on the weight
fraction or volume fraction of SiC particles). This would be
another reason for us to detect more easily the weight gain of
8 wt% SiC—Alon composites at lower temperatures of 700 °C,
as shown in Fig. 5(b).

Although the addition of nano-sized SiC particles decreased
the starting oxidation temperature of Alon composites mainly
stemming from the large cumulative surface area and high total
surface energy as mentioned earlier, it can effectively improve
the mechanical properties, %3¢ and remarkably enhance the oxi-
dationresistance of SiC—Alon composites at higher temperatures
of 1100°C and 1200 °C, as shown in Fig. 5(b) (and also in
Fig. 8(f) in comparison with the oxidation layer thickness of pure
Alon at 1200 °C (Fig. 8(e)). This would be attributed to the essen-
tial contribution of the presence of SiO; and Al,O3. As seen from
Fig. 6, the oxidation layer of SiC—Alon composites was gener-
ally denser than that of pure Alon. Similar to the conventional
SiC ceramics and SiC whisker-reinforced ceramic composites,
SiC particles especially those near the sample surface were sus-
ceptible to oxidation at temperatures above 1000 °C, forming
Si0O, which might subsequently react with the oxidation product
Al O3 of Alon matrix.?’ Therefore, a reacted scale was expected
to form on the surface of the SiC—Alon composites during oxi-
dation in air at high temperatures. As Wang et al.3% pointed
out, when the temperature was above 1200 °C, the addition of
SiC was highly beneficial for improving the oxidation resistance
of ZrB,, as a result of the formation of a protective borosili-
cate glass layer. In the present study, the oxidation products in
Fig. 6(f) were also expected to be the phase consisting of SiO»
glass and aluminosilicate glass formed by the reaction of SiO»
and Al;O3. These products can fill and bond the position of pores
and cracks, leading to a dense oxidation surface layer. Such a
dense layer can block the inward diffusion of oxygen through
the oxidation layer (i.e., step 2 of oxidation as mentioned ear-
lier), thus enhancing considerably the oxidation resistance or
reducing the weight gain, as shown in Fig. 5(b). This was simi-
lar to the observations reported by Takahashi et al.,>® where the
SiC could heal the cracks and toughen Al,O3 materials when
the temperature was above 1100 °C. Similar results were also
reported in,>*3%40 where the oxygen diffusion was observed to
be much slower through the silica layer than through the matrix,
and the oxidation was controlled by the inward diffusion through
the Alp03/Si0; layer. Hence, the combined action of Al,O3 and
Si0O; in the SiC—Alon composites resulted in the formation of a
dense protective layer which reduced the rate of further oxida-
tion (Fig. 5(b)), and led to a change of oxidation kinetics from
the linear-like increase in the pure Alon ceramic (Fig. 5(a)) to
a logarithmic-like increase of the weight gain in the SiC—Alon
composites (Fig. 5(b)) which could be expressed as,

W = K1 log(K»t + K3), 4

where Ki, K; and K3 are constants (K3 should be 1 if one
considers zero weight gain at zero time).

Furthermore, the Pilling—-Bedworth ratio (P-B ratio), R,
might be used to estimate if an oxidation layer is protective.
The P-B ratio, originally proposed for a metal oxide, which is
produced by the reaction of metal and oxygen, is defined as the
ratio of the volume of the metal oxide to the consumed metal
volume,‘“’42

_ Yo Aopm

R=-—"2= &)

vy adAMPo

where « is the coefficient of the metal species for the overall
oxidation reaction, A, is the molecular (or formula) weight of
the oxide, Ay is the atomic weight of the metal, and p, and
pm are the densities of oxide and metal, respectively. In the
present case of ceramic materials, the Alon (Al 8103.56Np.44)
and SiC are assumed to be akin to the above metal matrix.
Then the P-B ratios for the oxidation of Alon and SiC in
terms of Eqgs. (1) and (2) would be estimated to be about 0.96
and 1.82, respectively, based on the densities of 3.688 g/cm?,
3.95 g/em?,3.21 g/em? and 2.65 g/cm? and the molecular weight
of 138.93 g/mol, 101.96 g/mol, 40.10 g/mol and 60.09 g/mol for
Al 8103.56N0.44, Al203, SiC and SiO,, respectively. It follows
that the oxidation product of Al O3 arising from Alon would not
have any protective role since the Al,O3 oxide layer tended to be
porous and was insufficient to fully cover the whole sample sur-
face when R was less than unity.*! This could basically be seen
from the loose morphology in Fig. 6(a), (c) and (e), thus giving
rise to an almost linear kinetic characteristic (Fig. 5(a)). On the
contrary, an R value of 1.82 for the oxidation of SiC just laid
in-between 1 and 2 within which the formed oxide layers were
pointed out to be capable of covering the surface and provide
proper protection to the further oxidation.*! This could be seen
from the dense surface morphology of SiC—Alon composites
after oxidation at 1200 °C (Fig. 6(f)), leading to a progressively
slower logarithmic kinetic feature, as shown in Fig. 5(b) and
expressed by Eq. (4).

Finally, it should be noted that no mullite was formed in
the SiC-Alon composites, since the mullite normally appeared
at a temperature of above 1400°C.?® This was confirmed by
XRD analysis (Fig. 9(b)) where the detected crystalline phases
of oxidation products on the surface were just AlO3 and SiO».
Similar results at oxidation temperatures below 1400 °C were
also reported by Baudin and Moya.>* In a word, there is clear
evidence that nano-sized SiC particle added to Alon ceramic
resulted in an increase in the oxidation resistance at high tem-
peratures up to 1200 °C. More studies are needed to understand
the oxidation mechanisms of SiC—Alon composites at further
higher temperatures at which the mullite phase could be formed.

5. Conclusions

In the present study, the oxidation characteristics
of aluminium oxynitride (Alon) and nano-sized silicon
carbide—aluminium oxynitride (SiC—Alon) composites with a
relative density of 97% was investigated over a temperature
range of 700-1200°C in air. It was observed that the Alon
matrix and SiC particles near the sample surface were oxidized
to form Al,O3 and SiOj, respectively. However, no mullite
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phase was formed within this temperature range. The starting
oxidation temperature of pure Alon ceramic was observed
to be about 1000 °C below which no obvious oxidation was
detected. The oxidation products appeared in the order of
needle-like, flake-like and layer-like forms during the oxidation
process at high temperatures. With the addition of nano-sized
SiC particles, while the starting oxidation temperature was
decreased to about 700 °C due to the large cumulative surface
area and high total surface energy, the oxidation resistance at
higher temperatures above 1100 °C was considerably enhanced.
In particular, the oxidation kinetics changed from almost a
linear weight gain as a function of time for the pure Alon to
a logarithmic weight gain for the SiC—Alon composites. This
was attributed to the formation of denser oxidation layers due
to the presence of SiOy stemming from the added nano-sized
SiC particles, which acted as a protective layer and suppressed
the further penetration of oxygen, thereby effectively improved
the high temperature oxidation resistance of the SiC—Alon
composites. More studies are needed to identify the oxida-
tion mechanisms of SiC—Alon composites at further higher
temperatures where the mullite phase appeared.
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