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The present study aims to investigate the oxidation behaviour of an AlN-SiC composite,
pressureless sintered with the addition of Y2O3. Two main aspects are considered: (1) the
evaluation of the oxidation kinetics in the temperature range 1300–1450◦C for short term
tests (30 h) and (2) the degradation of the flexural strength after oxidation at temperatures
from 1000 to 1400◦C for 100 h, in relationship with the microstructure of the exposed
surfaces.

The material starts to oxidize notably at temperatures higher than 1300◦C. The oxidation
kinetics is parabolic in the temperature range 1350–1450◦C, the oxidation products are
dependent on temperature and exposure time and are mainly constituted by crystalline
mullite and alumina.

The surface modification induced by long term oxidation does not affect mechanical
strength until 1200◦C, while after oxidation at 1400◦C, the residual strength is about 25% of
the starting one. These results are discussed in terms of the microstructure modifications
induced by oxidation. C© 2004 Kluwer Academic Publishers

1. Introduction
Aluminum nitride and silicon carbide have attractive
properties for many potential applications in the fields
of electronics and at high temperatures. AlN possesses
excellent physical properties such as high thermal con-
ductivity, low thermal expansion and high electrical re-
sistivity, while SiC is considered to be one of the most
important structural ceramic due to its excellent high
temperature properties.

Recently, the combination of these two materials has
been studied in detail, since it was found that under
proper sintering conditions, AlN and SiC form a 2H
solid solution, which is very promising in terms of me-
chanical properties [1–9]. In contrast, few studies can
be found on the oxidation behaviour of this compos-
ite [9–12] and there are still questions concerning the
kinetics governing the oxidation process. This class of
materials presents high oxidation resistance but oxida-
tion behaviour depends on many factors, such as the test
temperature, the AlN/SiC ratio, the sintering procedure,
etc. It was reported, for instance [10], that for oxida-
tion temperature <1550◦C SiC-rich materials are more
resistant, while at temperatures higher than 1550◦C,
AlN-rich materials show a better oxidation behaviour.
The temperature strongly influences the types of oxi-
dation products: tests carried out at temperatures lower
than 1300◦C led to the formation of cristobalite and
aluminium oxynitride, while at higher temperatures or
longer exposures, mullite was the main reaction prod-
uct [11]. For SiC-rich composites and at temperatures
in the range 1250–1370◦C, a post-hipping treatment
was observed to improve the resistance to oxidation of

hot pressed composites [9]. However, further investiga-
tions are necessary to define the factors influencing the
oxidation behaviour in order to exploit the potential of
these materials for high temperature applications.

The studies found in literature were carried out on
ceramics densified by hot pressing or by hot isostatic
pressing. In this work, the oxidation behaviour was
studied on a pressureless sintered AlN-SiC compos-
ite, in the temperature range 1000–1450◦C. Moreover,
the degradation of bending strength was studied after
oxidation treatments for 100 h in the temperature range
1000–1400◦C.

2. Experimental
2.1. Preparation of the materials
The raw powders used for the preparation of the com-
posite materials are as follows:

AlN Grade C powder (H.C. Starck, Berlin, Germany)
with d50 2.29 µm, oxygen content of 1.8 wt% and spe-
cific surface area of 4.3 m2/g; SiC BF-12 (H.C. Starck,
Berlin, Germany) with mean particle size 0.23 µm,
oxygen content of 0.88 wt% and specific surface area
of 11.6 m2/g; and Y2O3 grade C (H.C. Starck, Berlin,
Germany) which was used as a sintering aid.

The following composition: 78.6 vol% AlN +
21.4 vol% SiC, to which 2 wt% of Y2O3 was added
as sintering aid, was selected on the basis of prelim-
inary experiments. The powder mixture was prepared
by ball milling for 24 h in absolute ethanol using silicon
nitride balls. The slurry was dried in a rotary evaporator
and sieved.
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Two different types of samples were prepared: (i)
for short term oxidation tests (30 h), billets of 40 mm
diameter and 10 mm thickness and (ii) for long term
oxidation tests (100 h), sample bars with green dimen-
sions 4 mm × 5 mm × 30 mm. All the green bodies
were formed by uniaxial pressing followed by cold iso-
static pressing under 350 MPa. They were then pres-
sureless sintered in a 80 AlN/20 BN (wt%) powder bed
at 1900◦C for 70 min in flowing nitrogen. Sintered den-
sities were measured using the Archimedes method.

2.2. Short term oxidation tests
From the sintered billets, rectangular plates of dimen-
sions about 10 mm × 10 mm × 1 mm, were cut. One
surface of each platelet was polished up to 6 µm with
diamond paste. After the dimensions of the samples
were measured, they were cleaned in acetone in an ul-
trasonic bath, then dried at 80◦C for 12 h and carefully
weighed (precision of 0.01 mg).

Short term oxidation tests were carried out on sam-
ples at 6 different temperatures (1000, 1200, 1300,
1350, 1400 and 1450◦C) for different times from 2 to
30 h in order to evaluate the kinetics of the oxidation
process. The experiments were carried out in an eleva-
tor furnace and the samples were introduced once the
furnace had reached the selected temperature, in order
to avoid the contribution of the oxidation during heating
up. Surfaces and cross sections were analyzed by scan-
ning electron microscopy and energy dispersive micro-
analysis (SEM-EDS). Crystalline phases were deter-
mined by X-ray diffraction and diffraction data were
analysed using the PowderCell program [13] employ-
ing the March-Dollase orientation function [14].

2.3. Long term oxidation tests
Long term oxidation tests were carried out on bar
specimens in a conventional furnace. The polishing
treatment consisted of surface grinding with lapping
machine in order to clean the surface from deposits de-
riving from sintering.

Polished bars were then oxidized in batches of five
at 1000, 1200 and 1400◦C for 100 h in laboratory air in
order to study the degradation of the flexural strength as
a consequence of the surface microstructure variation.

Before oxidation, the specimens were measured,
cleaned in acetone in an ultrasonic bath, dried at 80◦C
for 12 h and weighed (precision of 0.01 mg).

Differently from the short term oxidation tests, the
weight gain per unit surface area after oxidation �W/S
(mg/cm2) was recorded only at the end of the oxidation
cycle; oxidized sample surfaces were analysed using
X-ray diffraction.

Sample surfaces, polished cross sections and frac-
ture surfaces were analyzed by scanning electron mi-
croscopy and energy dispersive microanalysis (SEM-
EDS).

Fracture strengths of as-sintered and long term oxi-
dized bars were measured using a four point bending jig
with a lower span of 20 mm and an upper span 10 mm on
an universal screw-type testing machine Zwick/Roell

Z050 (Zwick/Roell, Germany) with a crosshead speed
of 0.5 mm/min. Five bars were tested for each oxidation
temperature.

3. Results
3.1. Microstructure of the starting material
There is not much porosity present in the sintered
AlN/SiC composites, as shown in Fig. 1a and b. The
relative density measured on sample bars after polish-
ing is 99.7% of the theoretical density. The crystalline
phases, determined from XRD analysis are: hexagonal
AlN, β-SiC, Y3Al5O12 (YAG). Extensive formation of
AlN-SiC solid solutions can be ruled out, since β-SiC
peaks are clearly visible in the XRD spectra (Fig. 2).
However, comparing the relative intensities of the main
peaks of AlN and SiC, the calculation of the corre-
sponding amount of these phases, yields 7.5 vol% of
SiC in the AlN-SiC mixture after sintering, which is
considerably lower than its starting amount. Moreover,
the variation of the cell parameters of AlN (compared
to pure AlN) suggest that about 10 vol% of SiC has
formed a solid solution with AlN. Owing to the rela-
tively low temperature, the formation of solid solution
was not completed; on the other hand a sintering tem-
perature of 1900◦C is a lower limit for AlN-SiC solid
solution formation in the composition range of 20 to
80 wt% SiC [1].

As previously reported [6, 7], the densification of
AlN-SiC mixtures is attributed to the formation of
a liquid phase, that originates from reaction between
the added Y2O3 and the Si- and Al-oxides which are
present on the surface of SiC and AlN particles. In the
sintered material, SiC and AlN grains are not distin-
guishable neither in secondary electron imaging, nor in
back scattered electron imaging due to the very close
atomic number, as revealed by Fig. 1b. The grains are
surrounded by a brighter, gray grain boundary phase
(Fig. 1b), that formed from the liquid phase during cool-
ing from the sintering temperature. The composition of
the grain boundary phase detected by EDS analyses is
close to that of the YAG phase (Al5Y3O12), however
the presence of glassy yttrium silicates cannot be ex-
cluded. The micrographs of the microstructure suggest
that the grains (either AlN or SiC) have dimensions in
the 0.5–2.5 µm range.

3.2. Short term oxidation curves
No weight gain was observed after oxidation at 1000◦C,
a very low weight gain was measured in the range
1200–1300◦C, whereas at temperatures above 1350◦C
the weight grain increased rapidly (Table I). Experi-
mental data were fitted according to either a linear or
a parabolic law, and the values of the parabolic/linear
rate constants and of the fit goodness (R2) are reported
in Table I. The data from the test at 1300◦C (not shown)
are best fitted to a linear law, whilst the data from the
tests carried out at 1350, 1400 and 1450◦C, correspond
to a parabolic rate law: (�W/S)2 = Kt (see Fig. 3).

The thickness of the oxidised layer (Table I), mea-
sured on SEM micrographs of polished cross sections,
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T ABL E I Short term tests (1300–1450◦C, 30 h); weight gain per unit surface area (�W/S), kinetics and oxidation rate constants (K ), fit goodness
(R2), thickness and composition of the oxide layer

�W/S Layer Mullite/alumina Mullite Al2O3

T (◦C) (mg/cm2) Kinetics (K ) R2 thickness (µm) vol. ratio orientation orientation

1300 0.65 Linear/3.1 × 10−9 g/cm2 s−1 0.965 10 80/20 111 No
1350 2.79 Parabolic/7.3 × 10−11 g2/cm4 s−1 0.992 25 87/13 111 110
1400 10.75 Parabolic/1.1 × 10−9 g2/cm4 s−1 0.996 190 90/10 001 110
1450 13.94 Parabolic/1.8 × 10−9 g2/cm4 s−1 0.999 260 92/8 001 110

Figure 1 SEM micrographs of AlN-SiC sample: (a) fracture surface (secondary electron image) and (b) polished surface (backscattered electron
image).

shows good agreement with weight-gain measure-
ments. No measurable oxide layer was visible at the
surface of the samples treated for 30 h in the temper-
ature range 1000–1300◦C. At 1300◦C, the thickness
was about 10 µm and it increased up to 260 µm at
1450◦C.

A hot pressed material with the same relative amount
of AlN and SiC, but without Y2O3, has a parabolic
oxidation rate constant at 1350◦C ranging between 1
and 3 × 10−10 g2 · cm−4 · s−1 [11] which is about twice
the value (7.3 × 10−11 g2 · cm−4 · s−1) calculated in the
present study for the same oxidation temperature.
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Figure 2 XRD spectra of sample surface as sintered and after the 30 h oxidation tests. Legend: M = mullite; A = α-Alumina; Y = YAG phase; T =
trydimite; O = hexagonal AlN.

0

50

100

150

200

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Oxidation time (min)

[
W

/S
]2  (

m
g

/c
m

2 )2

1400 °C  

1450 °C  

1350 °C 

∆

Figure 3 Squared weight gain per unit surface area vs. oxidation time in
the range 1350–1450◦C, and superimposition of fitting lines according
to parabolic kinetics.

3.3. Microstructural characterization
XRD spectra of the surface of the sample after the 30 h
oxidation tests are shown in Fig. 2. After oxidation at
1000◦C, as well as the peaks of AlN and YAG, traces

of crystalline corundum were detected; these were a
little stronger after oxidation at 1200◦C. At 1300 and
1350◦C, peaks of AlN and YAG are still visible, due
to the low oxide layer thickness. The main reaction
products are mullite, α-alumina and traces of trydimite.
At 1400 and 1450◦C only mullite, α-alumina and traces
of trydimite are visible, due to the masking effect of the
thick oxide scale.

Mullite peaks show a preferential orientation along
111 planes after treatment at 1300 and 1350◦C. At
1400◦C, there is a change in the orientation of mullite
from 111 to 001 (the angle between the two families of
planes is about 30). The extent of orientation increases
with temperature.

On the other hand, alumina is oriented along 110
planes after oxidation at T > 1350◦C.

In order to determine the relative amounts of alu-
mina and mullite in the product layer, the X-ray spectra
were analysed using the PowderCell program, consid-
ering the March-Dollase orientation function to take
into account of the orientation observed. The results,
reported in Table I show that that the mullite content
in the oxide layer increases with increasing oxidation
temperature.

Observation of the surfaces after 30 h exposure at
the selected temperatures (Fig. 4a–d) shows that the
original surface is covered by crystals of newly formed
phases, but this layer has some porosity. The crystals
appear to be connected by glassy phase. Cracks were
observed on the scales formed at T > 1400◦C.
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Figure 4 Surface of the oxidised samples after 30 h at (a) 1300◦C, (b) 1350◦C, (c) 1400◦C and (d) 1450◦C.

SEM analyses of the cross sections (Fig. 5a–d) high-
light the increase of the oxide scale thickness, reported
in Table I. Although some oxidation occurs at 1000
and 1200◦C, the oxide scale is not clearly distinguish-
able from the unoxidised bulk. For samples treated at
1300, 1350 and 1400◦C, the oxide scales are adherent
to the bulk; the reaction interface is well defined and
clearly separates the oxidation products from the unre-
acted bulk (an example is shown in Fig. 6a and b along
with the EDS analysis of both parts).

A common feature, observed in the oxide scales, is
the presence of a porosity gradient through the thick-
ness of the scale. In the sample oxidised at 1350◦C
(Fig. 5b), a 10 µm thick portion of the scale next to the
reaction interface contains approximately 5% of poros-
ity; as the upper layer of the oxide scale is traversed,
the porosity increases in amount and size. Through im-
age analysis performed on SEM pictures it was cal-
culated that in the upper layer porosity is about 25%
and the mean pore size is about 1 µm. Whilst in the
sample oxidised at 1400◦C (Fig. 5c), the porosity looks
more uniform, the layered structure of the oxide scale
is particularly evident in samples oxidised at 1450◦C
(Fig. 5d). A detailed view, reported in Fig. 7, shows
the presence of at least three layers. The first, close
to the reaction interface, is a very porous layer (about
20 µm thick) with rounded or rod-like particles. Ac-
cording to EDS analyses, this layer is very poor in sil-
icon, which probably indicates that once the silicon
carbide oxidized, Si diffuses (probably as SiO) towards
the upper part before reacting with α-alumina to form
mullite.

The intermediate layer is 150 µm thick and has a
porosity of about 16% and mean pore size 1 µm (pore
range 0.6–8 µm ). The outer layer (about 100 µm) has
a porosity of about 30% and mean pore size 1.2 µm
(pore range 0.9–11 µm).

Observation by back-scattered electrons of the outer
part of the oxide scale (Fig. 8) reveals a microstruc-
ture comprising α-alumina grains and elongated mullite
grains, which look “sintered” due to the effect of liquid
phases. The morphological features show good wet-
ting of α-alumina and mullite by these phases, which
therefore result in a appearance similar to the “grain
boundary phases” in sintered ceramics; their composi-
tion varies from a glassy silica phase to Y-containing
glassy silicates. Large pores are also present.

The presence of Y2O3 as a sintering aid in the starting
material, does not seem to influence the oxidation be-
haviour. The YAG phase peaks, detected by X-ray in the
starting samples, were not found after oxidation cycles,
due to the masking effect of the oxide scale. Yttrium is
present in the oxide scale in randomly distributed pock-
ets of glassy Y-silicates. Moreover, previous studies on
AlN oxidation behaviour up to 1390◦C, confirmed that
pure AlN and Y2O3-doped AlN have almost the same
behaviour in terms of oxidation kinetics and oxidation
products [15].

3.4. Strength degradation after long
term tests

The 100 h oxidation tests were mainly performed to in-
vestigate the change in flexural strength in comparison
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T ABL E I I Long term tests at (1000, 1200 and 1400◦C, 100 h); weight gain per unit surface area (�W/S) and thickness and composition of the
oxide layer, 4-pt plexural strength of as-sintered and oxidized samples

Oxidation �W/S Layer Flexural
Sample temperature (◦C) (mg/cm2) thickness (µm) Crystalline phases strength (MPa)

As sintered – – – AlN; β-SiC; YAG; 10 vol% 2H solid solution 379 ± 58
Oxidised 1000 −0.03 0 AlN; β-SiC; YAG; traces: α-alumina 283 ± 44
Oxidised 1200 0.38 0 AlN; α-alumina 266 ± 44
Oxidised 1400 28.75 450 α-alumina; traces: mullite 88 ± 11

Figure 5 Cross sections of the oxidised samples after 30 h at (a) 1300◦C, (b) 1350◦C, (c) 1400◦C and (d) 1450◦C.

to the as sintered material. However microstructural
characterization was performed as well.

After the long term tests, weight changes, reported in
Table II, reveal that the weight gain is appreciable only
at temperature above 1200◦C. Correspondingly, a clear
oxide layer is revealed on SEM micrographs only after
oxidation at 1400◦C and this oxide scale reaches a thick-
ness of 425 µm. The main oxidation product revealed
by XRD is α-alumina which starts to nucleate during
treatment at 1000–1200◦C, while mullite peaks are vis-
ible only after oxidation at 1400◦C. Details of the cross
section of the sample oxidized at 1400◦C (not shown),
evidence the same layered structure as described for the
short term samples oxidized at 1450◦C, i.e., an inter-
mediate porous layer, between the bulk and the oxide
scale.

The fracture strength values for samples oxi-
dized at various temperatures are presented in Ta-
ble II. Compared to the as sintered material, strength
degradation is very limited after oxidation tests at
1000 and 1200◦C, whilst it is significant after the
oxidation at 1400◦C. The fracture originates from

porosity and defects located in the brittle surface
scale.

4. Discussion
There are few works in the literature concerning the
oxidation behaviour of AlN-SiC composites. All the
studies [11] report the formation of a scale of mullite at
temperatures above 1300◦C, through different mecha-
nisms. Also, the kinetics itself are not clear. Xu et al.
[12] assumed a parabolic reaction rate, while Landon
et al. [10] could not apply any kinetic law to their ex-
perimental data.

The composites are composed of two oxidizable
phases, where AlN is usually less stable than SiC
in oxygen-rich atmosphere at high temperatures [12].
At temperatures above 600◦C, monolithic AlN reacts
with oxygen forming alumina which can be amorphous
at T < 1000◦C and becomes crystalline corundum at
T > 1000◦C. Different kinetic models have been pro-
posed for the oxidation of AlN depending on time,
temperature, oxidizing atmosphere and characteristics
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Figure 6 (a) Reaction interface after oxidation at 1400◦C and (b) EDS analysis.

of the samples. Parabolic behaviour is reported by
Lavrenko et al. [16], and oxygen diffusion is indicated
as the rate controlling mechanism. In contrast, in the
work of Bellosi et al. [15], the alumina scale was found
to be non protective, due to porosity, and consequently
the kinetic law was linear.

On the other hand SiC is a very stable phase due to
the development of a SiO2 protective layer. As oxygen
permeability through the SiO2 scale is very low, the
rate controlling mechanism of oxidation is diffusion
of oxygen through the oxide scale, which accounts for
the parabolic kinetics. When AlN and SiC are com-
bined together in the composites, the two main oxi-
dation products, alumina and silica can further react
forming mullite according to the reaction:

3Al2O3 + 2SiO2 → 3Al2O3·2SiO2 (1)

Alternatively, as proposed by Lavrenko et al. [11],
the first stage of AlN oxidation would be characterized
by the formation of Al10N8O2, that afterwards forms
mullite as a result of its reaction with silica.

In presence of AlN-SiC solid solutions, Xu et al. [12]
proposed a two step mechanism involving at first the

formation of Si-Al-O-Ns and carbon (graphite), and
then the final oxidation of the Si-Al-O-Ns to mullite
and silica. In both the second oxidation steps above
described i.e., the formation of mullite from reaction of
Al10N8O2 with SiO2 and the oxidation of sialon to mul-
lite and silica, the nitrogen outward diffusion should be
as limiting as the oxygen inward diffusion for AlN-rich
solid solutions [11, 12]. Whilst an alumina scale can be
protective or not, a mullite scale was usually found to
be protective for AlN-SiC and Al2O3-SiC composites
[17] even if the extent of protection is still a matter of
debate.

In the present work, experimental results indicate
that the oxidation proceeds mainly through formation
of alumina and silica (in the form of trydimite) and
after treatment at temperatures higher than 1300◦C,
mullite forms according to reaction (1). This is sug-
gested because aluminum oxynitride was never de-
tected in the oxidation product and the amount of
AlN-SiC solid solutions in the as sintered mate-
rial is very low, consequently its oxidation cannot
be the rate-controlling step for the whole oxidation
process.

6971



Figure 7 Layered structure in the oxide scale of sample oxidised at 1450◦C/30 h.

Since the starting material has an AlN-rich composi-
tion, the lack of silica does not allow a complete trans-
formation of alumina into mullite. As only traces of
crystalline silica were observed at temperatures lower
than 1300◦C, it is likely that SiC oxidation gives rise to
gaseous Si-O species that diffuse towards the surface.

The parabolic kinetics found in the range 1350–
1450◦C confirm that the mullite-alumina scale is pro-

tective and, therefore, the rate controlling mechanism
is likely to be diffusion of oxygen towards the reaction
interface.

At 1300◦C, deviation from a parabolic behaviour
could be due to the non-protective nature of the oxi-
dation product because of the low thickness and high
porosity of the surface scale and the larger amount of
alumina in the scale.
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Figure 8 External part of the oxide scale observed by back-scattered electrons in sample oxidised at 1450◦C for 30 h.

5. Conclusions
The oxidation of a pressureless sintered AlN-SiC com-
posite, studied both for short term and long term ex-
posure in air, starts at 1300◦C. However, the forma-
tion of a thick oxide scale occurs only for tempera-
tures above about 1350◦C. The oxide scale is formed
mainly by mullite and α-alumina crystals. Traces of try-
dimite were detected up to 1350◦C. The oxide scales
present a gradient of porosity from the reaction inter-
face towards the surface and a layered structure ap-
pears on specimens oxidized at temperature higher
than 1400◦C. The oxidation kinetics are parabolic in
the temperature range 1350–1450◦C, indicating that
diffusional processes are limiting the oxidation. At
lower temperature, the linear kinetics indicate that
the process is governed by chemical reaction at the
interface.

Flexural strength tests carried out on bars after oxi-
dation at 1000, 1200 and 1400◦C for 100 h, evidenced
that, compared to as sintered bars, the strength degra-
dation is very limited in samples oxidized at 1000 and
1200◦C, while it is relevant in samples oxidized at
1400◦C.
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