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High-temperature oxidation of AlN–SiC–TiB2 ceramics in air
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Abstract

The oxidation behaviour of AlN–SiC–TiB2 composite materials with 2, 5 and 10 mass% TiB2 and 3 mass% Fe additive obtained using
powder metallurgy methods was studied in air up to 1500◦C by thermogravimetry (TG) and differential thermal analysis (DTA) techniques. The
phase composition and structure of the oxide films formed were investigated using metallography, X-ray diffraction (XRD) and electron probe
microanalysis (EPMA) methods. The two-stage character of non-isothermal oxidation kinetics (heating rate of 15 grade/min) of composites
was established. During the first oxidation stage (up to 1350◦C), the formation of�-Al 2O3, TiO2 (rutile), B2O3 and�-cristobalite as well
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s different aluminium borates was found. They formed as a result of interaction between Al2O3 and melted B2O3. During the second sta
above 1350–1400◦C), the mullite 3Al2O3·2SiO2 proved to be a main oxidation product in the scale; besides, some amounts of�-Al 2TiO5

ere formed as well. The iron additive dissolved in the mullite and aluminium titanate phases that led to the stabilization of a scale
as established that for the three different TiB2 contents, oxidation isotherms follow the parabolic or paralinear rate law. The slope cha

he Arrhenius plot given by the dependence of the parabolic rate constants on the reciprocal temperature, suggests a change of
echanism in the temperature range of 1300–1350◦C. For example, for the (AlN–SiC)–5% TiB2 composite specimen, the calculated va
f apparent activation energy are equal to 285 kJ/mol (1100–1300◦C) and 500 kJ/mol (1350–1550◦C), respectively. The AlN–SiC–TiB2
eramics developed here can be recommended as high-performance materials for a use in oxidizing medium up to 1450◦C.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

AlN-based ceramics can be considered as the only non-
xide ceramics to compete with Si3N4 and SiC for high-

emperature applications.1–5 Oxidation of AlN–TiB2 and
lN–SiC binary ceramic systems has been studied earlier.6,7

xidation behaviour of a HIPed AlN–TiB2 composite has
een investigated in flowing oxygen in the temperature range
00–1300◦C.6 It was established that the material under
tudy possesses a very good oxidation resistance below
050◦C. Therefore, the enhanced oxidation and formation
f thick oxide scales at higher temperatures can limit its
igh-temperature application. Nevertheless, the formation of
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the aluminium borates (Al4B2O9 and Al18B4O33) by entrap
ment of boron oxide by alumina is interesting because
duces the volatilization of boron oxide, which seals pores
cracks.

Concerning AlN–SiC ceramics, it was shown7 that the
scale formed in air at the temperatures up to 1550◦C consists
of three oxide layers. In the inner layer, both Al10N8O2 oxyni-
tride and�-cristobalite phases were found; in the interm
ate one, the�-SiAlON was determined for the samples w
a lower content of SiC and�-Al2O3 for the greater AlN con
tent. The outer layer contains mullite (3Al2O3·2SiO2) as the
main phase, which ensures high protective properties o
scale. The AlN–SiC ceramics can be related to materials
ing an extremely high oxidation resistance up to 1400◦C.7,8It
has been hypothesized that the corresponding ternary s
AlN–SiC–TiB2 will have a high corrosion resistance too
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addition to the significant improvement of mechanical char-
acteristics by comparison with the AlN–SiC system.

2. Materials and experimental

The AlN–SiC–TiB2 composite materials were manufac-
tured by hot pressing of ternary powder mixture (AlN and
SiC: average particle size <2�m, and TiB2 <5�m). The pow-
ders were preliminarily ground inside a ball mill with the iron
balls during 10 h. The duration of hot pressing process was
30–40 min in the temperature range of 1750–1820◦C under
pressure of 30–40 MPa. The final porosity of samples was less
than 3%. They had a heterogeneous structure with an aver-
age grain size of 1–3�m. TiB2 preserves its lattice parameters
while AlN and SiC are known to form a solid solution.

In this work, the oxidation of AlN–(28–20) mass%
SiC–(2–10) mass% TiB2 ceramics was studied up to 1500◦C
in air. Three batches (samples—with 2, 5 and 10 mass% TiB2)
were studied. Kinetics of high-temperature oxidation was in-
vestigated using TG and DTA method (a Setaram device-
1600), the oxidation products and the scale peculiarities were
established with the aid of XRD (a DRON-2.0 apparatus),
SEM and EPMA (a Camebax MS 46) methods.
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Fig. 1. DTA and TG curves for high-temperature oxidation of 70%
AlN–28% SiC–2% TiB2 samples: (a) powders; (b) hot-pressed ceramics.

Al2TiO5 titanate phase which was formed by solid-phase
reaction of Al2O3 and TiO2. The outer scale layer is only
3Al2O3·2SiO2 mullite; it has a strong adhesion to the inner
film.

The oxidation of 70% AlN–25% SiC–5% TiB2 powders
starts at 830◦C, and up to 1350◦C only two peaks are noticed
on DTA curve (1000–1050 and 1200◦C) while the oxidation

T
P D data)

T ion of oxide film (main phases)

7 e), Al10N8O2, �-SiO2 cristobalite, Fe2O3 (traces)
-SiO2 cristobalite, Fe2TiO5 (traces),�-Al2TiO5 (small amount)
alloyed with Fe2TiO5, �-Al2O3, 3Al2O3·2SiO2 (mullite)

7 e), Al10N8O2, �-SiO2 cristobalite
-Al2TiO5, �-SiO2 cristobalite, Fe2TiO5 (traces)
-Al2TiO5 alloyed with Fe2TiO5, 3Al2O3·2SiO2

7 e), Al10N8O2, �-SiO2 cristobalite, Fe2O3 (traces)
-Al2TiO5, �-SiO2 cristobalite, Fe2TiO5 (traces), 3Al2O3·4B2O3 (small amounts)
-SiO2 cristobalite,�-Al2TiO5 alloyed with Fe2TiO5, 3Al2O3·2SiO2
. Results and discussion

The oxidation of the first powder grade (70% AlN–2
iC–2% TiB2) starts at 770◦C. Three DTA peaks are o
erved during non-isothermal oxidation—at 880, 990
280◦C (Fig. 1). In the case of the composite of same com
ition, there are only two DTA peaks (1220 and 1420◦C), and
t 1450◦C the mass gain per surface unit reaches 0.5 mg2.

In the range of 1300–1350◦C, an evolution of the ox
ation mechanism takes place. Undoubtedly, this beha
ay be related to a change of the scale composition

able 1). At lower temperatures (1200–1350◦C), the scal
onsists essentially of rutile (TiO2), Fe2O3 and Fe2TiO5. At
he same time, near the substrate, some amounts of Al10N8O2
nd�-cristobalite were detected. Between 1400 and 150◦C,

he inner scale layer contains TiO2, �-Al2O3, and�-SiO2
cristobalite), growing together with a fine-dispersed�-

able 1
hase composition of oxide film on different AlN–SiC–TiB2 ceramics (XR

ype of ceramics (mass%) Temperature range (◦C) Composit

0% AlN–28% SiC–2% TiB2 1200–1250 TiO2 (rutil
1350 �-Al2O3, �

1450 �-Al2TiO5

0% AlN–25% SiC–5% TiB2 1200–1250 TiO2 (rutil
1350 �-Al2O3, �

1450 �-Al2O3, �

0% AlN–20% SiC–10% TiB2 1200–1250 TiO2 (rutil
1350 �-Al2O3, �

1450 �-Al2O3, �
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Fig. 2. DTA and TG curves for oxidation of 70% AlN–25% SiC–5% TiB2

samples: (a) powders; (b) hot-pressed ceramics.

of the dense composite material is characterized by only peak
at 1100◦C (Fig. 2). The composite ceramics has a similar
oxidation resistance in air (Fig. 4). For this grade, the oxide
film formed in air at 1450◦C consists of two main phases:
elongated�-Al2TiO5 grains tight together with the mullite
grains. Herein the mullite has in its lattice up to 1% TiO2
and 2–3% Fe2O3 as dissolved additives; it conforms to the
appropriate phase diagrams. The oxide film on these ceramics
is very dense, without porosity and prevents oxygen access
to the core.

The isothermal oxidation of ceramics with 2% TiB2 fol-
lows a parabolic rate law only in the temperature range of
1200–1250◦C whereas at higher temperatures the paralin-
ear dependence of mass gain on time duration takes place
(Fig. 3). For the ceramics with 5% TiB2 the paralinear law
of oxidation (Fig. 4) is observed in all temperature range
(1200–1450◦C). Both these kinds of samples show a high
oxidation resistance.

The 70% AlN–20% SiC–10% TiB2 powder begins to ox-
idize at a significantly lower temperature, 600◦C (Fig. 6).
A greater amount of TiB2 in the ceramics leads to a lower

Fig. 3. Oxidation isotherms for 70% AlN–28% SiC–2% TiB2 ceramics: (1)
1200◦C; (2) 1250◦C; (3) 1300◦C; (4) 1350◦C; (5) 1400◦C; (6) 1450◦C.

Fig. 4. Oxidation isotherms for 70% AlN–25% SiC–5% TiB2 ceramics: (1)
1200◦C; (2) 1250◦C; (3) 1300◦C; (4) 1350◦C; (5) 1400◦C; (6) 1450◦C.

of oxidation resistance (Fig. 5). The mass gain in this case
was somewhat higher at the same temperatures although here
comparatively small�m/S values are, obviously, compen-
sated by essential contribution of B2O3 evaporation. It must

Fig. 5. Oxidation isotherms for 70% AlN–20% SiC–10% TiB2 ceramics:
(1) 1200◦C; (2) 1250◦C; (3) 1300◦C.
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Fig. 6. DTA and TG curves for high-temperature oxidation of 70%
AlN–20% SiC–10% TiB2 powders. Fig. 7. DTA, TG and DTG curves for oxidation of 70% AlN–20% SiC–10%

TiB2 compact samples.
Fig. 8. EPMA spectra of elements distribution on the surface of scale formed on 70% AlN–25% SiC–5% TiB2 ceramics at 1450◦C.
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be noted that under non-isothermal oxidation of monolithic
samples (Fig. 7) at 1500◦C, �m/S= 5.5 mg/cm2 that is al-
most by seven times higher than that for ceramics containing
5% TiB2 (Fig. 2).

For the ceramics with 10% TiB2, the composition of
scale formed at 1350 and 1450◦C is essentially differed

from the previous cases. In particular, at 1450◦C the outer
scale layer consists of mullite with elongated inclusions of
�-Al2TiO5, and the inner scale layer consists of AlN,�-
Al2O3, 3Al2O3·2SiO2 (traces), Fe2TiO5 and�-SiO2 cristo-
balite (Table 1). The aluminium borate 2Al2O3·B2O3 was
partially decomposed with formation of boron oxide. As a

F
o

ig. 9. Distribution of elements through a cross section of scale formed on
xidation: 2 h).
70% AlN–28% SiC–2% TiB2 ceramics at: (a) 1250◦C; (b) 1450◦C (duration of
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result of B2O3 evaporation, the formation of pores and loos-
ening of a scale took place.

In Fig. 8one can see the distribution of different elements
on the surface of 70% AlN–25 SiC–5% TiB2 ceramics sample
which was oxidized in the air at 1450◦C during 2 h. Herein
the images of Al, Ti and oxygen spectra are presented on
the upper picture while the Si, Fe and also O ones—on the
lower picture. These data confirm the XRD data concern-
ing the presence on this surface of Al2TiO5, 3Al2O3·2SiO2
as well as the small amounts of Fe2TiO5 and SiO2 phases.
In Fig. 9 as an example the distribution of different ele-
ments (Al, Si, Ti, B, O, and N) through the cross section
of scale formed under oxidation at 1250 and 1450◦C of 70%
AlN–28% SiC–2% TiB2 ceramic sample is given (Fig. 9a and
b, EPMA images, respectively). Here one can see in the scale
a sharp enough increase of oxygen and decrease of nitro-
gen content compared with the substrate but two scale layers
(seeFig. 9a and b) are characterized by different elements
profiles.

The values of parabolic rate constants for oxidation of all
the kinds of AlN–SiC–TiB2 ceramics were calculated on the
base of experimental mass gain data. For ceramics with 5%
TiB2 content, proceeding from the dependence of parabolic
rate constants on the reciprocal temperature, according to
the Arrhenius plot (Fig. 10), the values of the apparent acti-
vation energy (E) were calculated for different temperature
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lite and Al2TiO5 formation begin to play the main role. These
lead to an essential change of elements diffusion rate in the
scale. Besides, due to a high adhesion of the oxide scale to
the substrate and the sintering of the scale that takes place at
the higher temperature, the oxidation rate significantly slows
down.

For the 70% AlN–28% SiC–2% TiB2 ceramics
and the same temperature ranges,E1 = 180 kJ/mol and
E2 = 335 kJ/mol whereas for the oxidation of 70% AlN–20%
SiC–10% TiB2 ceramics in the temperature range of
1200–1300◦C, E1 = 660 kJ/mol. However, in this case, the
parabolic rate law is observed only up to 1300◦C (seeFig. 5).

4. Conclusion

1. An influence of both composition and phase charac-
teristics on kinetics evolution and mechanism of oxide
scale formation as well as on the composition of re-
action products was noticed. At short time exposure in
air and comparatively low temperatures (1200–1300◦C),
TiO2 (rutile), �-Al2O3 and�-cristobalite were detected
whereas at longer oxidation time and higher temperatures
(1350–1550◦C), mullite (3Al2O3·2SiO2) and�-Al2TiO5
are the main oxides. The high adhesion of mullite phase
(growing together with the aluminium titanate) ensures
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anges. In this case, for the 1100–1300◦C range, this valu
s equal to 285 kJ/mol (E1), whereas for 1350–1550◦C one
2 = 500 kJ/mol. Taking into account the data obtained
an conclude that there is a change of oxidation mecha
etween 1300 and 1350◦C.

If for the first stage (<1350◦C), the oxidation is limite
y individual components interaction with oxygen and
esponding diffusion processes in the film formed, for
econd one (T> 1350◦C), the solid-phase reactions of m

ig. 10. Dependence of the parabolic rate constants on reciprocal tem
ure for oxidation of 70% AlN–25% SiC–5% TiB2 ceramics.
the high protective properties of the scale.
. The AlN–SiC–TiB2 ceramics containing 2–5% TiB2 has

the best oxidation resistance. At higher content of titan
diboride (10% and more), the initial formation of B2O3
and its further evaporation can lead to the partial los
protection of a scale due to pore formation.

. Finally, the AlN–SiC–TiB2 ceramics developed here m
be recommended as corrosion-resistant composite
rials for their application in air up to 1400◦C.
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