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bstract

his paper describes the results of the investigation of the oxidation behaviour of 50 wt.% SiC–50 wt.%AlN composites obtained by means of
ressureless sintering with Y2O3 as sintering-aid and without using a powder bed to limit the weight loss. Sintered bodies show high density
>98%T.D.) and the microstructure reveals a matrix composed by SiC–AlN solid solution with Y10Al2Si3O18N4 as grain boundary phase. This
aterial exhibits a parabolic oxidation kinetic in the temperature range 1200–1500 ◦C. Long term oxidation (200 h) induces the formation of a
rotective oxide scale, composed by mullite, cristobalite and yttrium disilicide, up to 1400 ◦C. At higher temperature (1500 ◦C), SiC oxidation
ehaviour changes from “passive” to “active” and the oxide layer consequently shows porosity due to the formation of gaseous species like SiO
nd CO.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon carbide (SiC) and aluminium nitride (AlN) form a 2H
olid solution which has received considerable attention owing
o its high potential for application in chemically aggressive
nvironments.1,2 The SiC–AlN composites were preferably sin-
ered by hot pressing in inert3 or nitrogen atmosphere4 or in
acuum.5 Gas pressure sintering (GPS) was also developed,6

hile pressureless sintering with liquid phase forming additives
LPS) was partially inhibited due to the large amount of evapo-
ation loss associated with various chemical reactions.7 In this
ase a powder bed was normally used to limit the effects of the
ecomposition of species like yttria, added as sintering aids to
he SiC–AlN mixture, and alumina.8,9 In a previous paper, we
ave already demonstrated that high density SiC–AlN ceram-
cs can successfully be obtained by liquid phase pressureless

intering without using a powder bed.10

In addition, many studies reported in literature were aimed to
he investigation of the correlation between mechanical proper-
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ies (toughness, flexural strength) and microstructural features
f hot pressed SiC–AlN ceramics in order to understand the
ole of 2H solid solution and �SiC-�SiC transformation from
he toughening point of view.11–14 In contrast, only few studies
an be found on the oxidation behaviour of this material.15–17

ain experimental results in this field put in evidence that oxida-
ion resistance depends on factors like SiC/AlN ratio, sintering
rocedure, sintering-aids. In particular, Lavrenko et al.15 demon-
trated that hot pressed 50 wt.% SiC–50%AlN ceramics were
ore oxidation resistant than 20 wt.% SiC–80 wt.% AlN due

o the formation of an outer layer of mullite that ensured high
rotection against oxidant environments. These authors per-
ormed oxidation tests only for 6 h, while long term oxidation
ests were conducted by Sciti et al.16 on pressureless sintered
lN-rich materials (78 wt.%) for 100 h and by Pan et al.17 on
ipped SiC-rich materials (85 wt.%) for 30 h. AlN-rich materials
howed a low oxidation resistance at 1400 ◦C due to the poros-
ty and defects located in the brittle surface scale containing free
lumina, while SiC-rich materials exhibited a better oxidation

esistance.

To our knowledge, there are not studies applied to the inves-
igation of the oxidation behaviour of 50 wt.%SiC–50 wt.%AlN
omposites obtained by liquid phase pressureless sintering. In
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Table 1
Characteristics of the starting powders

Powder Purity (wt.%) Specific surface area (m2/g) Particle size (�m)

�-SiC >97.0 15.6 0.48
AlN >97.0 3.6 0.1–0.5
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for liquid phase sintered ceramics. In the case of SiC–AlN com-
posites, plasma etching is useful to put in evidence SiC grains
and grain boundary phases, while 2H solid solution is not etched
by plasma.22 It is clearly showed in the micrograph reported in
2O3 99.9

his study, we characterized the long term (200 h) oxidation
ehaviour of SiC–AlN ceramics manufactured by liquid phase
ressureless sintering without using a powder bed and we com-
ared our material with analogous materials obtained with other
intering routes from the high temperature resistance point of
iew.

. Experimental procedure

Commercially available �-SiC (UF10, H.C. Starck, Ger-
any), AlN (Pyrofine A, Atochem, France) and Y2O3 (H.C.
tarck, Germany) were used as starting powders. Characteris-

ics of these powders are reported in Table 1.
A batch of powder composed by 48 wt.% SiC, 48 wt.% AlN

nd 4 wt.% Y2O3 was wet-mixed in ethanol for 12 h using SiC
rinding balls. After drying and sieving, the powder was com-
acted by die pressing at 67 MPa and was subsequently pressed
t 150 MPa by CIP.

Sintering was performed in a graphite elements furnace
n flowing nitrogen at 1 atm with green bodies put inside a
raphite crucible without powder bed. Sintering was performed
t 1950 ◦C for 30 min, while an annealing step was conducted
t 2050 ◦C.

The bulk densities of the sintered samples were determined
sing the Archimede method. The microstructures were charac-
erized using scanning electron microscopy (SEM), while X-ray
iffractometry (XRD) using Cu K� radiation was performed in
rder to determine the crystallographic composition of the sin-
ered samples before and after the oxidation treatments.

Oxidation experiments were carried out at different temper-
tures in the range 1200–1500 ◦C over a period of 200 h in air.
ectangular pellets (11 mm × 12 mm × 8 mm) were prepared

rom the bulk specimen with a diamond saw. After grounding to
educe superficial roughness, the specimens were cleaned in an
ltrasonic bath and degreased with acetone and ethanol. Dried
amples were then weighed and the exact dimensions were mea-
ured in order to calculate the surface area. The experiments were
onducted in a furnace having molybdenum disilicide heating
lements.

. Results and discussion

.1. Sintering and microstructure
Bulk density of the sintered samples was 98%T.D. Residual
orosity was due to the weight loss associated to the formation
f gaseous products of redox reactions between SiC and SiO2,

F
w

an Ceramic Society 26 (2006) 3407–3413

l2O3 or Y2O3:

iC + 2SiO2 ⇔ CO(g) + 3SiO(g) (1)

iC + Al2O3 ⇔ CO(g) + SiO(g) + Al2O(g) (2)

iC + 2Y2O3 ⇔ CO(g) + SiO(g) + 4YO(g) (3)

otal weight loss associated to the sintering was experimentally
etermined equal to 2.5 wt.%. Previous work focused on the
tudy of LPS-SiC clearly showed that the main contribution to
he weight loss comes from reactions (1) and (2), while weight
oss is not greatly influenced by the decomposition of yttria
reaction (3)).18 In fact, among the species present in the sample,
ttria is the most thermodynamically stable one and unlikely to
ecompose under carbothermally reducing conditions at tem-
eratures up to 2000 ◦C.19 On the other hand, yttria participates
o the formation of Y10Al2Si3O18N4, which has frequently been
etected with Y2O3–AlN as sintering additives.20,21 In our case,
his crystalline phase acts as liquid phase that assists densifica-
ion during pressureless sintering10 and precipitates at the grain
oundary during cooling. This phase was detected as secondary
hase with XRD analysis, while 2H SiC–AlN solid solution
nd �-SiC were identified as major crystalline phases (Fig. 1).
inor crystalline phases are identified to be SiO2 (cristobalite)

nd Al2SiO5 (andalusite).
Furthermore, SEM micrograph, obtained with back-scattered

lectrons and reported in Fig. 2, put in evidence the bright spots
f the liquid phase having a higher average atomic number
nd revealed that the grain boundary phase Y10Al2Si3O18N4
s homogenously distributed in the sample. This fact confirms
hat we are able to control the weight loss during sintering even
hough a powder bed to protect the green bodies is not used.18

dditional microstructural investigation was performed after
lasma etching (70% CF4–30% O2 for 30 min). The method
f plasma etching has mainly been used for Si-based com-
ounds (Si3N4, SiAlON, SiC) and it is particularly indicated
ig. 1. XRD pattern of 50 wt.%SiC–50%AlN composite pressureless sintered
ithout powder bed.
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Fig. 4. EDS spectra of (a) SiC–AlN solid solution indicated by A in Fig. 3; (b)
SiC grain indicated by B in Fig. 3 and (c) Y10Al2Si3O18N4 indicated by C in
Fig. 3.
ig. 2. SEM back-scattered electrons image of the sintered SiC–AlN composite.

ig. 3, where dispersed SiC grains (indicated by arrow B) and
olidified liquid phase (indicated by arrows C) could be qualita-
ively distinguished from 2H solid solution (indicated by arrow
) by means of EDS X-ray microprobe analysis (Fig. 4). In

ddition, EDS pattern of 2H solid solution reported in Fig. 4a
hows that the AlN content is higher than that of SiC. This fact
as already interpreted by Lee et al.22 as indication that the SiC
iffusion rate in the AlN grains is faster than that of AlN in the
iC grains.

.2. Oxidation behaviour

Fig. 5 shows the relation between the square of the weight
ain and the oxidation time for specimens oxidized in air at
emperature between 1200 and 1500 ◦C. For all temperatures,
xidation kinetics were of the parabolic type. Thus, the oxidation
ehaviour is governed by the parabolic rate equation:

W2 = kt (4)
here �W is the specific weight gain, k is the kinetic constant
f parabolic oxidation and t is the oxidation time.

On the basis of Eq. (4), parabolic rate constants for each tem-
erature were determined from the slope of the straight lines

ig. 3. SEM micrograph of plasma etched surface of the sintered SiC–AlN
omposite.

Fig. 5. Square of the weight gains as a function of time at 1200, 1300, 1350,
1400 and 1500 ◦C.
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Table 2
Comparison of the weight gains and parabolic rate constants (k) of the SiC–AlN composite developed in this study with those of SiC–AlN materials obtained by
other authors

Reference Sintering Additive SiC/AlN weight ratio Weight gain (mg/cm2) Parabolic rate constant
(kg2 m−4 s−1)

This study LPPS without powder
bed

Y2O3 50/50

0.50 (1200 ◦C, 200 h) 5.63 × 10−12 (1200 ◦C)
0.80 (1300 ◦C, 200 h) 1.00 × 10−10 (1300 ◦C)
1.30 (1350 ◦C, 200 h) 2.50 × 10−10 (1350 ◦C)
2.16 (1400 ◦C, 200 h) 6.53 × 10−10 (1400 ◦C)
7.77 (1500 ◦C, 200 h) 8.29 × 10−9 (1500 ◦C)

Lavrenko et al.23 Hot pressing 50/50 1.5 (1350◦, 6 h) 0.9 × 10−8 (1350 ◦C)

Sciti et al.16 LPPS with powder
bed

Y2O3 22/78
2.79 (1350 ◦C, 30 h) 7.3 × 10−9 (1350 ◦C)
10.75 (1400 ◦C, 30 h) 1.1 × 10−7 (1400 ◦C)

C 97/3 1.99 (1400 ◦C, 192 h) 3.67 × 10−9 (1400 ◦C)

P 85/15 3.00 (1370 ◦C, 30 h) n.d.
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hoi et al.24 Hot pressing Y2O3

an et al.25 Hot pressing Y2O3

eported in Fig. 5. The values of specific weight gains and
arabolic rate constants are summarized in Table 2 together to
he experimental data of other SiC–AlN composites manufac-
ured in different conditions.16,23–25 These results indicate that
he oxidation resistance of SiC–AlN ceramics pressureless sin-
ered without powder bed can be compared with that of SiC–AlN
omposites obtained with more expensive sintering processes.
n particular, it is interesting to note that our material presents a
pecific weight gain (and a parabolic rate constant) lower than
ot isostatic pressed material manufactured without sintering-
id.

Parabolic oxidation behaviour of ceramics normally indicates
hat the rate-determining step is a diffusional process associated
ith the migration of ions.26 In the case of solid state sintered

iC, Luthra27 reviewed many studies on oxidation of SiC and
oncluded that, although most observed parabolic oxidation rate,
ixed diffusion/reaction rate mechanism must be controlling the

xidation of SiC. Recently, Biswas et al.28 found high activation

ig. 6. Arrhenius plot of parabolic rate constants for oxidation in the temperature
ange 1200–1500 ◦C. Fig. 7. XRD patterns of the oxidized surface of SiC–AlN composite.
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nergies (250–560 kJ/mol) for the oxidation process in lutetia-

oped SiC–AlN composites and consequently suggested that
xidation proceeds not only by the diffusion of oxygen through
he silica layer, but also by interfacial reactions between the
rowing silica layer and lutetia. On the basis of the parabolic

a
A

k

ig. 8. SEM micrographs, carbon and oxygen X-ray mapping of the cross-sections of
nd (e) 1500 ◦C for 200 h.
an Ceramic Society 26 (2006) 3407–3413 3411

ate constants reported in Table 2, we were able to determine the
◦
ctivation energy between 1200 and 1500 C on the basis of the

rrhenius law:

= k0 exp

(
− Q

RT

)
(5)

the oxidized specimens at (a) 1200 ◦C; (b) 1300 ◦C; (c) 1350 ◦C; (d) 1400 ◦C;
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here k0 is a material constant, Q is the oxidation activation
nergy, T is the absolute temperature and R is the gas constant.
he apparent oxidation activation energy, calculated from the
lope of the straight line reported in Fig. 6, was found to be
15 kJ/mol, higher than the activation energy associated to the
iffusion of oxygen both through the silica (150 kJ/mol)28 and
ullite layer (260–290 kJ/mol).29 This value suggests that not

nly the diffusion of oxygen through the silica-based surface
xide scale have to be considered as rate-controlling mecha-
ism, but also the interfacial reactions between SiO2 and Al2O3,
xidation products of SiC and AlN, which led to the formation
f mullite:

iC(s) + 3
2 O2(g) ⇔ SiO2(s) + CO(g) (6)

AlN(s) + 3O2(g) ⇔ 2Al2O3(s) + 2N2(g) (7)

SiO2(s) + 3Al2O3(s) ⇔ 3Al2O3·2SiO2(s) (8)

avrenko et al.15 demonstrated that mullite and SiO2 (�-
ristobalite) were the main constituents of the surface scale of
0/50 weight ratio SiC–AlN composites oxidized at 1500 ◦C for
h. In our case, XRD analysis performed on the oxidized surface
fter oxidation in the range 1200–1500 ◦C for 200 h confirmed
hat the main oxidation products were mullite and silica, but
ith T > 1200 ◦C yttrium disilicate (�-Y2Si2O7) was also found

n the oxide scale as reported in Fig. 7.
After oxidation at 1200 ◦C, �-cristobalite and mullite were

nly formed (reactions (6)–(8)) and 2H solid solution SiC–AlN
as detected as major phase (6H-SiC was also found). At this

emperature grain boundary phase (Y10Al2Si3O18N4) was also
dentified, but its content was lower than that of the as-sintered
ample.

At higher temperature (≥1300 ◦C), �-Y2Si2O7 was likely
ormed from the decomposition of the grain boundary phase,30

hile �-cristobalite and mullite contents increased. At 1500 ◦C,
ullite and 2H solid solution were detected. Cristobalite was

ot detected because of SiC oxidation at very high tem-
erature (≥1500 ◦C) proceeds on the basis of the following
eactions31–33:

iC(s) + O2(g) ⇔ SiO(g) + CO(g) (9)

iC(s) + O2(g) ⇔ SiO2(g) + C(s) (10)

iO2(s) + C(s) ⇔ SiO(g) + CO(g) (11)

hile reaction (6) represents the SiC “passive” oxidation, reac-
ions (9)–(11) describe the SiC “active” oxidation.32,33 There-
ore, at very high temperature, �-cristobalite, formed by means
f reactions (6) and (10), reacted with alumina, produced by
eaction (7), to obtain mullite (reaction (8)). At the same time,
iO2 also reacted with graphite, produced by reaction (10), to
btain volatile species SiO and CO (reaction (11)). Residual
raphite coming from reaction (10) was revealed by SEM-EDS
t the interface between oxide layer and substrate in the sam-

le oxidized at 1500 ◦C for 200 h (see the carbon X-ray map
f Fig. 8e). The occurrence of graphite was already reported
n previous studies focused on the oxidation of Al2O3–SiC
hiskers composites,34 Al2O3–ZrO2–SiCw composites35 and
ean Ceramic Society 26 (2006) 3407–3413

ot pressed 37 wt.% SiC–63 wt.%AlN.36 In our case, this con-
rms that the SiC oxidation mechanism changes from “passive”

o “active” at very high temperature (≥1500 ◦C) following the
eaction sequences proposed in this paragraph. An additional
onsequence of the SiC “active” oxidation is the formation of
aseous species, SiO and CO. The formation of these compounds
aused the creation of defects (holes, bubbles) in the oxide layer
s reported in Fig. 8e. In this figure the SEM micrograph of
he cross section of the sample oxidized at 1500 ◦C for 200 h
s shown. This sample presents an oxide layer of 100–150 �m
nable to act as protective barrier against oxygen diffusion as
onfirmed by the EDS oxygen X-ray map. On the contrary,
ame analysis performed on the samples oxidized in the range
200–1400 ◦C confirmed that the thin oxide layer (from 5 �m
t 1200 ◦C up to 20 �m at 1400 ◦C), composed mainly by mul-
ite, is able to improve the oxidation resistance of pressureless
intered 50 wt.%SiC–50 wt.%AlN composites.

. Conclusion

50 wt.%SiC–50 wt.%AlN composite can be pressureless sin-
ered without powder bed with Y2O3 as sintering aid. Oxi-
ation resistance of this material in the temperature range
200–1500 ◦C is comparable with that of SiC–AlN composites
btained by means of more expensive sintering processes. In par-
icular, the detail analysis of the parabolic oxidation behaviour
howed that the kinetic of the oxidation process is quite complex
nd is not only controlled by the diffusion of oxygen through
he oxidized layer, but also by surface reactions. The oxide layer
s mainly formed by mullite and cristobalite at 1200 ◦C, while
ttrium disilicate is also detected at temperature higher than
200 ◦C. The oxide scale represents an efficient barrier against
xygen diffusion in the temperature range 1200–1400 ◦C, while
t higher temperature (1500 ◦C) it presents large porosity due to
he “active” oxidation of SiC.
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