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An alumina nanocomposite containing 5.0 vol % SiC, which exhibits a fracture toughness of 
more than three times that of conventional alumina ceramics, was fabricated by hot pressing a 
powder mixture consisting of submicrometre alumina and silicon carbide powder particles at 
temperatures in the range 1600-1700 ~ SiC particles, 20-30 nm in size, were observed to oc- 
cur primarily at the intragranular positions in the alumina matrix. The nanocomposite was then 
thermally aged in air for various periods at 1400 ~ The thermal treatment led to the formation 
of a reacted surface scale, the thickness of which increases with increasing ageing time at the 
ageing temperature. The microstructure of the reacted surface scale was studied using XRD, 
SEM and TEM equipped with an EDX analysis facility. At the thermal ageing temperature, SiC 
particles within the surface scale are oxidized to form silica, which subsequently reacts with 
the alumina matrix. The oxidation of the SiC particles and the subsequent reaction with the 
alumina matrix, together with the grain growth of various phases, resulted in the formation of 
a porous microstructure, which consists of alumina grains, mullites of differing composition, 
and amorphous silica and aluminosilicate pockets. Two types of mullite phase, which contain 
a high and a low level of silica, respectively, were identified in the surface scales. The high 
silica-containing mullite phases, the composition of which is close to that of stoichiometric 
mullite, occur as large, irregularly shaped matrix grains. The low silica-containing mullite 
phases (15-20 wt% SiO2), which exhibit a rounded morphology, are observed to occur as 
second-phase particles entrapped within the high-silica containing mullite grains. The nano- 
composite structure in the bulk region remains almost intact when compared with that of the 
unaged nanocomposite. The only noticeable difference is that the alumina matrix in the ther- 
mally aged nanocomposite exhibits a slightly larger grain size than that of the unaged nano- 
composite. 

1. I n t r o d u c t i o n  
Ceramic nanocomposites are a class of relatively new 
materials, which offer a better mechanical performance 
than conventional ceramic materials overa wide tem- 
perature range [1-4]. For example, A1203-SiC nano- 
composites exhibit a fracture toughness of more than 
three times that of monolithic alumina, together with 
a much improved fracture strength at both room 
temperature and elevated temperatures. Following the 
early pioneering research work by some Japanese 
scientists, notably led by Niihara [1, 2,4], there has 
been tremendous interest in developing and character- 
izing nanophase ceramic materials in the advanced 
ceramic community. By definition, a nanocomposite is 
a two or multi-phase system with structural features in 
the 1-50 nm size range and with at least one compon- 
ent being distributed in nanometre scales [5]. Three 
types of microstructure may therefore be categorized, 
including intergranular ceramic nanocomposites, in- 
tragranular ceramic nanocomposites and nano/nano 
ceramic composites. Most of the ceramic nanocom- 
posites studied in the last few years involve SiC as a 

reinforcing phase and several SiC-containing systems, 
including the AleO3-SiC, mullite-SiC, ZrOe-SiC, 
MgO-SiC and Si3N4-SiC systems, have been ex- 
ploited mainly for mechanical performance. A great 
research effort is being focused on the microstruc- 
ture-mechanical property relationships in these nan- 
ophase materials, as many of the processing details 
given in the published work are sketchy and contra- 
dictory and the mechanism by which the mechanical 
properties are improved is unclear [3, 5]. 

For engineering applications at elevated temper- 
atures, it is essential that the structural materials 
exhibit a microstructural stability against a desired 
thermal duration [6]. Many ceramic materials suffer a 
huge microstructural and, therefore, property de- 
gradation when subjected to a high-temperature treat- 
ment. The unwanted grain growth and cavitation at 
the grain boundaries and grain junctions in oxide 
ceramics results in the formation of a poor micro- 
structure and the mechanical performance is rapidly 
deteriorated [7]. The failure of non-oxide ceramics, 
such as SiC, Si3N4, is often associated with the un- 
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desirable oxidation in an oxidizing atmosphere at the 
application temperatures [8, 9]. Therefore, the oxida- 
tion resistance of SiC ceramics has received a great 
deal of attention over the last three decades in the 
advanced ceramic community. Two types of oxidation 
behaviour have been identified: active and passive 
oxidations [10-13]. In a less oxidizing environment, 
the oxidation of silicon carbide grains results in the 
formation of gaseous species such as SiO and CO, 
which do not protect the material from further oxida- 
tion. The continuous oxidation, shown as a con- 
tinuous weight loss, degrades the mechanical proper- 
ties of SiC ceramics by introducing microstructural 
defects or reducing the load-bearing cross-section. In a 
highly oxidizing atmosphere such as in oxygen or in 
air, a dense silica layer is formed on the sample surface 
which acts as an effective protecting barrier against 
further oxidation. The oxidation rate, therefore, rep- 
resented by either the weight gain or the scale thick- 
ness as a function of oxidation time, slows down with 
increasing oxidation time 1-8, 14]. A parabolic rela- 
tionship between the scale thickness and oxidation 
time is observed, although the presence of sintering 
additives may lead to a degree of deviation [15, 16]. 
Oxidation of SiC whisker-reinforced alumina and 
mullite composites was first observed during mechan- 
ical testing at elevated temperatures and was studied 
by Kriven et  al. [17]. They reported that the oxidation 
at temperatures above 700 ~ resulted in a significant 
reduction in the room-temperature flexural strength of 
a 20 vol % SiC whisker-reinforced alumina composite. 
A reacted surface scale, which exhibited a poor micro- 
structure and a mainly transgranular fracture surface, 
was observed to occur in the oxidized materials. The 
SiC whiskers within the surface scale were oxidized at 
the oxidation temperature, forming silica. The res- 
ultant structure consisted of alumina grains, amorph- 
ous silica pockets at the triple grain junctions and 
mullite grains, which are a reaction product between 
the alumina matrix and the silica [18, 19]. 

Alumina-SiC nanocomposite is a thermodyn- 
amically metastable system at elevated temperatures 
[20]. Similar to the conventional SiC ceramics and 
SiC whisker-reinforced ceramic composites, SiC par- 
ticles in the nanocomposite, specially those near to the 
sample surface, are susceptible to oxidation at temper- 
atures above 1000 ~ forming silica which may sub- 
sequently react with the alumina matrix. Therefore, a 
reacted surface scale is expected to form in the 
AI203-SiC nanocomposites when subjected to an 
oxidation in air at high temperatures. Furthermore, 
microstructural change, such as grain growth and 
cavitation at the grain boundaries, may occur in the 
bulk region of the aged nanocomposite although 
oxidation may not take place in this region. The aim of 
the present work was to investigate the response of an 
A120 3 SiC nanocomposite when thermally aged at 
1400~ in air. 

2. Experimental procedure 
The A1203-SiC nanocomposite selected for the ther- 
mal stability study was fabricated using a well-estab- 
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lished processing route, using commercially available 
alumina (CR15, Baikowski Chemic, Annecy, France) 
and silicon carbide (ENEA, Frascati, Italy) powders as 
the starting materials [3, 5]. The as-received alumina 
powder had an average particle size of 0.3 gm and 
silicon carbide powder an average particle size of 
19 nm. Appropriate amounts of the alumina powder 
and silicon carbide powder, for the composition of 
A120 3 5.0 vol % SiC, were mixed together by ball 
milling in isopropanol using zirconia balls as milling 
medium for 16 h. The milled powder suspension was 
dried on a hot plate. The A120 3 SiC powder compact 
was densified at a temperature 1650 ~ and a pressure 
of 20 MPa, resulting in a sintered density of 96.5 % 
theoretical density. The as-hot pressed nanocomposite 
sample, which had a dimension of 50 m m x  50 mm 
x 3 mm, was cut into bars of 50 mm x 8 mm x 2.5 mm. 

Thermal ageing was then carried out at 1400 ~ in air 
for various periods from 0-90 h. 

Both the thermally aged and unaged A120 3 SiC 
nanocomposites were characterized for phases and 
microstructure. XRD phase analysis was employed to 
identify phases present in each material. Both the 
fracture and polished and then thermally etched sur- 
faces were examined using scanning electron micro- 
scope (SEM, Joel-5200). An analytical TEM study, 
together with an energy dispersive analysis (EDX), 
were carried out on the nanocomposites thermally 
aged at 1400~ for various periods. As will be dis- 
cussed as follows, the thermally aged nanocomposites 
exhibited a sandwich-like structure: consisting of a 
reacted surface layer (scale) and the retained nano- 
composite structure in the bulk region. As shoWn in 
Fig. 1, two types of TEM specimens were prepared for 
each thermally aged nanocomposite: from the reacted 
surface scale and from the bulk (central) region, re- 
spectively. For the reacted surface scale, a 150 gm 
thick slice was cut in the direction parallel to the 
sample surface, using a diamond slicing wheel. The 
slice was further reduced to an approximate 80 gm 
thickness by grinding the cut surface using 800 grit 
silicon carbide slurry. Discs, 3 mm diameter, were 
obtained from the slice, followed by further polishing 

Reacted surface layer /" ~ \ 
(phases ??) ~ TEM specimen 

(aNlan2ic~ S I C ) @  TEM specimen 

Figure 1 A schematic drawing showing that the thermally aged 
nanocomposites exhibit a sandwich-like structure. Two types of 
TEM specimen were prepared, from the reacted surface scale and 
from the retained nanocomposite in the bulk region, respectively. 



on the cut surface side using a dimpler machine and 
then dimpling (Model 515, South Bay Technology Inc, 
CA). The thin foils were finally polished in an ion 
beam thinner (Gaton Model 600, Corby, UK) and 
coated with carbon. It was estimated that the distance 
between the region to be examined in TEM and the 
as-aged Sample surtace is approximately 10 gm. Thin 
tbils from the bulk region of the thermally aged nano- 
composites were prepared by following a similar 
route. The only difference was that the latter were 
prepared by reducing the foil thickness on both sides 
of the thin slice and then specimen discs. The analyt- 
ical TEM study was carried out on both types of the 
thin foils using a Joel 4000CX equipped with an EDX 
facility, at an operation voltage of 300 kV. 

3. Results and discussion 
The as-hot pressed A1203-5.0 vol % SiC nanocom- 
posite exhibited a black appearance, which is similar 
to other engineering ceramics fabricated via hot pre- 
ssing in a graphite die. XRD phase analysis (CuK=) 
indicated that it consisted of an c~-alumina matrix and 
silicon carbide. Fig. 2a and b are two bright-field 
transmission electron micrographs showing the 
microstructure of the as-hot pressed A1203-5.0 vol % 
SiC nanocomposite. The conventional ball milling in 
propanol resulted in a mixed degree of dispersion 
uniformity of the SiC particles in the alumina matrix. 
On the one hand, most of the SiC particles are dis- 
persed in and entrapped by the alumina grains. On the 
other hand, an estimated 20 % of the SiC particles are 

situated at the grain boundaries and grain junctions of 
the alumina matrix. These intergranularty positioned 
SiC particles formed particles agglomerates of 
50-300 nm in sizes. Furthermore, the intragranutarly 
positioned SiC particles are not uniformly distributed 
in the alumina matrix, although they do not form any 
degree of agglomeration. Specifically, the number of 
the engulfed SiC particles varies considerably from 
one alumina grain to another and a fraction of the 
alumina grains do not contain any SiC particles. 
Within each SiC-containing alumina grain, the disper- 
sion of SiC particles is rarely uniform. Dislocation 
networks are shown to occur in many alumina grains 
containing SiC particles. However, certain SiC-con- 
taining alumina grains do not exhibit any dislocation 
networks. The SiC particles underwent little grain 
growth at the hot-pressing temperature, as indicated 
by their particle sizes (20-30 nm), compared to the 
average particle size of 19 nm of the as-received SiC 
powder. In fact, little necking was observed between 
neighbouring SiC particles within the SiC agglomera- 
tes at the triple grain junctions of the alumina matrix, 
implying that a large degree of densification was not 
occurring within these particle agglomerates at the 
hot-pressing temperature. The alumina matrix dem- 
onstrated a quite narrow grain-size distribution with 
the average grain size being 0.70 btm, as measured by 
the linear interception technique. Abnormal grain 
growth of the alumina matrix, up to 2 gin, was, how- 
ever, found in the regions where few or no SiC par- 
ticles are present. This indicates that the SiC particles 
acted as an effective grain-growth inhibitor for the 
alumina matrix at the hot-pressing temperature. 

Figure 2(a, b) Two bright-field transmission electron micrographs showing the microstructure of the as-hot pressed AI203--5.0 vol % SiC 
nanocomposite. The conventional ball milling resulted in a mixed degree of mixing homogeneity of the SiC particles in the alumina matrix. 
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The as-hot pressed A1203-5.0 vol % SiC nanocom- 
posite demonstrated improved mechanical properties 
over monolithic alumina matrix fabricated using an 
identical hot-pressing route. As an example, the for- 
mer exhibits a three-point bend strength of 700 MPa 
and an indentation toughness of 10.3 MPa m ~ com- 
pared with a three-point bend strength of 300 MPa 
and an indentation toughness of 2.7 MPa m ~ for the 
latter. The presence of processing-related microstruc- 
tural defects, such as lamination flaws which were 
observed to occur in the as-hot pressed materials, are 
responsible for the low fracture strength measured. As 
shown in Fig. 3, the fracture surface of the as-hot 
pressed nanocomposite is mainly transgranular. This 
agrees well with the fracture surface observed by 
Niihara and co-workers [1, 5] and Zhao and co- 
workers [3] in alumina-SiC nanocomposites. 

On thermal ageing at 1400~ in air, the black 
appearance of the as-hot pressed A1203-5.0vol% 
SiC nanocomposite faded off quickly with increasing 
ageing time. For example, the nanocomposite is slight- 
ly faint with a few white spots on the surface when 
aged for 5 h. Both the density of the white spots and 
the size of each white spot increased with increasing 
ageing time. The thermally aged nanocomposite ex- 
hibited a white appearance when aged at 1400~ for 
more than 15 h. XRD phase analysis showed that SiC 
disappeared from the aged surface and mullite emer- 
ged at the same time. Fig. 4a-d are scanning electron 
micrographs showing the sandwich-like structure of 
the thermally aged nanocomposites at 1400 ~ for 8, 
40, 55 and 90 h, respectively. There is a reacted surface 
scale, which has a different contrast to the retained 
nanocomposite inside, in each thermally aged mater- 
ial. It is also seen from these micrographs that crack- 
like pores occur in the reacted surface scales, especially 
in those of the thermally aged nanocomposites at 
1400~ for a long period. To illustrate further the 
poor microstructure of the reacted surface layer, 
Fig. 5a-c show scanning electron micrographs of the 
fracture surfaces of the thermally aged nanocomposi- 
tes at 1400 ~ for 8, 40 and 90 h, respectively. Unlike 
the microstructure of the retained nanocomposite in 
the bulk region, the reacted surface scales appear 

Figure 3 A scanning electron micrograph showing the primarily 
transgranular fracture surface of the as-hot pressed nanocomposite. 

porous and do not show a mainly transgranular frac- 
ture surface. They also demonstrate a wider grain-size 
distribution and a more rounded grain morphology 
than the nanocomposite structure in the bulk region. 
More rounded grains were observed to occur in the 
nanocomposite aged for a longer period than that 
aged for a shorter period. Their fracture surfaces 
consist of both intragranularly fractured large grains 
and intergranularly fractured small grains. 

To establish the oxidation mechanism of SiC par- 
ticles in the as-hot pressed A1203-5.0 vol % SiC nano- 
composite, the thickness of the reacted surface scale 
versus ageing time is plotted in Fig. 6. Two parabolic 
stages are observed over the time range investigated in 
the present work from 0-90 h; (i) the thickness of the 
reacted surface scale increases dramatically with in- 
creasing ageing time from 0-2 h. The increase rate 
then slows down with a further increase, up to 15 h, in 
ageing time; (ii) the increase rate picks up again over 
the time range of 15-50 h, followed by a decrease in 
the increase rate when aged for more than 50 h. The 
increase rate in the scale thickness over the period of 
2-90 h is much lower than the initial increase rate, 
although it goes up and down at the second parabolic 
stage. Therefore, the second parabolic stage may simp- 
ly be regarded as a deviation from the first parabolic 
stage. It may thus be concluded that the oxidation of 
the A1203-5.0 vol % SiC nanocomposite at 1400 ~ in 
air is a passive type [14, 15]. To support this conclu- 
sion further, a parabolic relationship between weight 
gain and ageing time was observed for the nanocom- 
posite during a preliminary TGA study at 1400 ~ in 
air. 

As mentioned earlier, the passive oxidation rate is 
controlled by the diffusion rate of a particular gaseous 
species, either the inward diffusion of oxygen or the 
outward diffusion of product gases such as CO or 
CO 2, through the oxidation scale [10]. Both single- 
crystal and high-purity polycrystalline SiC ceramics 
demonstrate a single parabolic relationship between 
the surface scale thickness and ageing time in an 
oxidizing atmosphere, such as in air, at elevated tem- 
perature [8, 14]. The presence of a sintering additive 
phase or an impurity phase at the grain boundaries 
and grain junctions often results in the occurrence of 
multi-parabolic stages [21]. Specifically, the oxidation 
rate increases with the increasing amount of additive 
phase, due to the impact of the additive phase on the 
physical and structural characteristics of the surface 
scale and therefore on the diffusion rate of gaseous 
species through the surface scale [16, 22]. The scale 
thickness-ageing time relationship shown in Fig. 6 is 
very similar to the multi-parabolic stages observed by 
Maeda et al. [21] in a sintered A120 3- 
containing polycrystalline SiC ceramic when sub- 
jected to a long-term oxidation. They attributed such 
b'ehaviour to various microstructural changes in the 
surface scale, involving subsequential crystallization 
of the amorphous silica, phase transformation of the 
crystalline silica and viscosity change of the oxide 
scale due to migration of the sintering additives. It is 
therefore interesting to compare the experimental res- 
ult shown in Fig. 6 with that of a polycrystalline SiC 
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Figure 4 The sandwich:like structure of the thermally aged nanocomposites at 1400 ~ for (a) 8, (b) 40, (c) 55 and (d) 90 h. The reacted surface 
scale has a different contrast to the retained nanocomposite structure inside. 
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Figure 5 Scanning electron micrographs showing the fracture sur- 
faces of the thermally aged nanocomposites at 1400 ~ for (a) 8, (b) 
40 and (c) 90 h. 

ceramic, if the A1203-5.0 vol % SiC nanocomposite is 
simply regarded as a SiC ceramic containing an excess 
amount of A1203. For a given ageing duration, the 
surface scale formed in the nanocomposite investig- 
ated in the present work is much thicker than that 
formed in a polycrystMline SiC ceramic on ageing at 
1400~ in air [15]. The difference in the oxidation 
rate is related to the difference in microstructure 
between the two materials. The nature of the surface 
scale formed during thermal ageing is therefore differ- 
ent between the two materials. A continuous protec- 
tion layer of amorphous silica formed on the oxidized 
surface is responsible for the lowered oxidation rate in 
the SiC ceramic. In contrast, SiC particles are a minor 
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Figure 6 The relationship between the thickness of the reacted surface layer (scale) and the ageing time in the thermally aged nanocomposite 
at 1400 ~ in air. 
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constituent (5 vol%), which does not form a con- 
tinuous phase in the nanocomposite. The alumina 
grain boundaries will act as an easy path for the 
gaseous species and therefore oxidation proceeds from 
the SiC particles at the grain boundaries and grain 
junctions to those entrapped inside alumina grains. 
The resulting surface scale is discontinuous in nature, 
by inheriting grain boundaries from the polycrystal- 
line A120 3 matrix. These grain boundaries then func- 
tion as a fast diffusion channel for the gaseous species 
across the surface scale, offering a low degree of 
protection for the nanocomposite inside from oxida- 
tion. The SiC particles in the nanocomposite are much 
smaller in size (20-30 nm) than the grains of conven- 
tional SiC ceramics and therefore are more susceptible 
to oxidation than the large SiC grains. 

As shown in Fig. 6, the thickness of the surface scale 
increases with increasing ageing time. The increase 
rate would decrease with the increasing ageing time by 
following a single parabolic relationship between the 
scale thickness and ageing time, if no other physical 
and microstructural changes except the thickness in- 
crease took place within the surface scale [14]. Large 
microstructural defects, such as large cracks and/or 
crack-like pores, have been observed to occur in the 
surface scales, see Fig. 4a-d. There is no doubt that 
the oxidation of SiC particles and the subsequent 
reactions within the surface scales created new struc- 
tural flaws. These microstructural defects will appar- 
ently facilitate the diffusion, both inward and outward, 
of gaseous species through the surface scale, leading to 
an increase in oxidation rate of the nanocomposite. 
This explains the pick-up in the increase rate of scale 
thickness at around 15 h in Fig. 6. As discussed earlier, 
the dispersion of SiC particles in the as-hot pressed 
nanocomposite was not uniform enough. SiC particle 
agglomerates of as large as 300 nm, within which little 
densification was achieved at the hot-pressing temper- 
ature, were shown to occur at the grain junctions of 
the alumina matrix. The porous SiC particle pockets 
are more susceptible to oxidation than the well-dis- 
persed SiC particles entrapped within the alumina 
grains and may result in the formation of large micro- 
structural defects in the oxidized surface scale. The 
residual microstructural defects present in the as-hot 
pressed nanocomposite, including the lamination 
cracks, pores and porous areas, may also result in the 
formation of large structural defects in the surface 
scale. They have a dramatic impact on the oxidation 
resistance of the nanocomposite. Fig. 7 is a scanning 
electron micrograph showing the fact that the surface 
scale formed around a large residual pore is thicker 
than that in the nearby regions where no large pores 
are present. 

With increasing scale thickness at the ageing tem- 
perature, microstructural evolution takes place in the 
surface scale. This involves the reaction between silica 
and alumina and the grain growth of various phases. 
Therefore, the microstructure of the surface scale is 
strongly affected by the ageing time. Fig. 8a-d are 
bright-field transmission electron micrographs taken 
from the surface scale just behind the oxidation front 
in the nanocomposite aged at 1400 ~ for 26 h. The 

Figure 7 A scanning electron micrograph showing the effect of a 
large residual pore on the surface scale thickness in the nanocom- 
posite thermally aged at 1400 ~ for 55 h. 

alumina matrix retained its original grain structures, 
although the SiC particles had completely disap- 
peared. No unoxidized SiC particles and free carbon, 
which was observed to occur in SiC whisker-rein- 
forced alumina composites when oxidized [17, 18], 
were found in this region. Both amorphous silica and 
aluminosilicates of differing composition were ob- 
served to occur at both intergranular and intragranu- 
lar positions in the alumina matrix. The glassy alum- 
inosilicate phases (up to 500 nm in size), which were an 
oxidation products of the SiC particle agglomerates in 
the as-hot pressed nanocomposite, were largely con- 
centrated at the grain junctions. As discussed earlier, 
the conventional ball milling did not result in a high 
enough mixing homogeneity of the SiC particles in the 
alumina matrix. An estimated 20 % of the SiC par- 
ticles, occurring mainly as particle agglomerates of 
50 300 nm in size, were situated at the grain bound- 
aries and grain junctions of the alumina matrix. The 
oxidation of these SiC agglomerates will apparently 
lead to the formation of large silica phases. Alumina 
content in these intergranularly positioned glass pock: 
ets varies considerably, from negligible amount up to 
that in stoichiometric mullite. Both small amorphous 
silica (30 60 nm) and large aluminosilicate pockets 
(100-200 nm) were found at the intragranular posi- 
tions in the alumina matrix. They were oxidation 
products of the well-dispersed SiC particles entrapped 
within the alumina grains. Each SiC particle resulted 
in the formation of a small rounded amorphous silica 
phase when oxidized at the ageing temperature, al- 
though some SiC particles were oxidized prior to 
others. As shown in Fig. 8a and b, the intragranularly 
positioned aluminosilicate pockets exhibit a prismatic 
morphology, indicating that the amorphous silica dis- 
solves the surrounding alumina grain at the ageing 
temperature. The co-existence of the small rounded 
amorphous silica and large prismatic aluminosilicate 
pockets within the same alumina grain is due to the 
fact that these micrographs were taken from" the area 
just behind the oxidation front. The ageing time was 
not long enough for the rounded amorphous silica 
pockets to react with the alumina matrix and for 
mullite phases to precipitate out from the aluminosil- 
icate pockets. 
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Figure 8 (a-d) Bright-field transmission electron micrographs showing the microstructure of the surface scale just behind the oxidation front 
in the nanocomposite aged at 1400 ~ for 26 h. Both amorphous silica and aluminosilicate pockets were found to occur at the grain junctions 
and within alumina grains. 
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Phase equilibrium may never be reached in the 
surface scale, although a more complete reaction be- 
tween the amorphous silica and the alumina matrix is 
expected when the nanocomposite is kept at the age- 
ing temperature for a longer period. The situation is 
very similar to that in mullite ceramics prepared via 
reaction sintering or some sol-gel based processing 
routes [23-25]. There often exist grains of differing 
composition and/or differing morphology in each of 
these materials. Furthermore, amorphous silica and 
glassy aluminosilicate pockets, the composition of 
which may be approaching that of stoichiometric 
mullite, have been found to occur in many mullite 
ceramics. Fig. 9a and b are two bright-field micro- 
graphs taken from the surface scale approximately 
30 gm from the oxidation front in the nanocomposite 
aged at t400~ for 90 h. It was estimated that the 
surface scale in this region was subjected to a thermal 
duration of > 60 h at the ageing temperature, follow- 
ing the completion of oxidation reaction at the reac- 
tion front. It is porous, consisting of large, irregularly 
shaped grains (up to 3 gm) and clusters of small 
equiaxial grains (submicrometrc range). The grain 
structure of the alumina matrix, together with the SiC 
particles, have completely disappeared. Owing to the 
non-uniform distribution of SiC particles in the alu- 
mina matrix, the silica content varies considerably 
from one alumina grain to another and from one part 
of an alumina grain to another part of the same grain. 
The large, irregularly shaped grains were identified 

as mullite-type phases and exhibited composi- 
tions approaching that of stoiehiometric multite 
(3At~Oa'2SiO2), as indicated by EDX analysis. Dis- 
location networks and second-phase particles are ob- 
served to occur within them. The large sizes and 
irregular shapes are related to the rapid grain growth 
rate of mullite ceramics at 1400 ~ It is very probable, 
on the one hand, that some of the dislocation net- 
works entrapped within these large mullite grains are 
inherited from the A1203 grains containing SiC par- 
ticles in the as-hot pressed A1203-5.0 vol % SiC nano- 
composite. As shown in Fig. 2a and b, many SiC- 
containing alumina grains exhibit a dislocation net- 
work. The dislocation structure within an alumina 
grain may not be necessarily eliminated during the 
oxidation of SiC particles and the subsequent reaction 
processes. On the other hand, new dislocation net- 
works may be generated in the mullite grains at the 
thermal ageing temperature, where the grain growth 
rate of the mullite phase is high and certain second 
phase particles are engulfed by the fast growing mul- 
lite grains [263. The small equiaxial grains were identi- 
fied as alumina, the occurrence of which was a direct 
result of the non-uniform dispersion of SiC particles in 
the as-hot pressed nanocomposite. 

The second-phase particles entrapped within the 
large, irregularly shaped mullite grains were identified 
as alumina and low silica-containing mullite, respect- 
ively, see Fig. t0a-d. The alumina particles tend to be 
more ellipsoidal and more irregular in shape and often 

Figure 9 (a, b) Bright-field transmission electron micrographs showing the microstructure of surface scale approximately 30 tam from the 
oxidation front in the nanocomposite aged at 1400 ~ for 90 h. 
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Figure 10 (a-d) Bright-field transmission electron micrographs and associated SAD patterns for the surface scale in the thermally aged 
nanocomposite at t400 ~ for 90 h. These micrographs show the occurrence of(i) rounded alumina particles at the grain junctions and within 
large mullite grains; and (ii) low silica-containing mullite particles (15 %-20 % silica) entrapped within the mullite matrix grains. 

exhibit a slightly larger particle size than the mullite 
particles, a l though bo th  exhibit a rounded  morpho -  
logy. It  is considered that  these two types of  intra-  
granular ly  posi t ioned second phase  particle have com-  
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pletely different origins. The  a lumina particles occur  
as being en t rapped  by the fast growing mullite grains 
at  the thermal  ageing temperature.  They,  as either an 
a lumina grain or  par t  of  an a lumina  grain in mos t  



cases, did not contain any SiC particles in the as-hot 
pressed nanocomposite. The oxidation and sub- 
sequent reactions in the nearby high SiC-containing 
regions resulted in the formation of mullite grains, 
which then swallowed up these silica-free areas. As has 
been established in mullite ceramics prepared by hea- 
ting a diphasic At203-SiO 2 precursor, the mullite 
matrix has potential to dissolve the engulfed alumina 
particles [27, 28]. The dissolution process continues 
until the alumina content in the mullite matrix is close 
to the highest tolerable amount at 1400 ~ Therefore, 
the particle size of the entrapped alumina particles 
decreases with increasing ageing time, and at the same 
time the alumina content in the muUite matrix in- 
creases. It is likely that many of the small alumina 
particles have disappeared completely into the large 
multite grains. The ellipsoidal morphology of ttie alu- 
mina particle shown in Fig. 10d indicates that it was 
partially dissolved by the surrounding mullite matrix 
at the ageing temperature. 

The occurrence of the low-silica containing mullite 
particles, as a second phase, in the large mullite grains 
is a result of the mullite formation via a dissolution 
and precipitation mechanism and subsequently being 
swallowed up by the high-silica containing mullite 
grains [29]. When oxidized, each well-dispersed SiC 
particle entrapped within an alumina grain results in 
the formation of a similarly sized amorphous silica 
pocket. The tocal mixing scale of homogeneity be- 
tween the amorphous silica pocket and the surround- 
ing alumina is in the nanometre range, although the 
alumina grain is large in size. This is similar to the 
mixing scale in diphasic At203-SiOz precursors, pre- 
pared by certain sol-gel routes for mullite ceramics, 
such as by rapidly hydrolysing salt or alkoxide solu- 
tions [30, 3 t]. As has been established, mutlitization in 
these diphasic precursors of nanometre scale mixing 
homogeneity occurs via a dissolution and precipita- 
tion mechanism, rather than as an inteffacial reaction 
found in reaction-sintered mullite systems. Little mut- 
litization takes place at temperature s below 1200~ 
although transitional phases such as y-At203 and 
spinel may form in the powder precursors over the 
temperature range 1000-1200~ At temperatures 
above 1200~ crystalline alumina or A12Oa-rich 
spinel is slowly dissolving in the amorphous silica. 
Mullite crystallites precipitate out from the siliceous 
amorphous matrix when the alumina content reaches 
the saturation concentration necessary to support 
mullite nucleation [29]. Continuous dissolution of the 
alumina or the spinel phase in the siliceotr.~ matrix 
leads to subsequent growth of the mullite precipitates. 
In the thermally aged A1203-SiC nanocomposite, 
dissolution of the alumina matrix grain into the intra- 
granularly positioned amorphous silica phase, which 
is an oxidation product of the well-dispersed SiC 
particles, is clearly shown by the formation of pri- 
smatic aluminosilicate pockets in the alumina grains 
just behind the oxidation front, see Fig. 8a and b. The 
alumina content in each of these amorphous silica 
pockets increases as the dissolution of the alumina 
matrix continues at the ageing temperature. MuUite 
nuclei form and then grow when the alumina content 

exceeds the critical nucleation concentration for mulli- 
tization. The resulting mullite phases during this ini- 
tial nucleation and subsequent growth period may 
exhibit a silica content approaching the high silica 
limit within the solid solution range of mullite [32]. 
However, the A1/Si ratio in these mullite particles 
increases when they dissolve the surrounding alumina 
matrix. Owing to the presence of excess alumina 
matrix, their compositions move toward the silica- 
deficient direction. EDX analysis indicated that the 
intragranularly positioned mullite particles exhibit a 
silica content of 14-20 wt %. This agrees well with the 

Figure 11 Scanning electron micrographs showing the fracture sur- 
faces of the retained nanocomposites just ahead the oxidation front 
in the materials thermally aged at 1400 ~ for (a) 8, (b) 55 and (c) 
90 h, respectively. They alI demonstrate a mainly transgranular 
fracture surface. 
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experimental results of Aksay and Pask [32], Kriven 
and Pask 1-33] and Li and Thomson [28], who ob- 
served that the bottom limit of silica content in 
metastable mullite is 16.4 wt % at temperatures below 
1450 ~ As discussed above, the oxidation and sub- 
sequent reactions in the high SiC-containing areas, 
either asa SiC particle agglomerate or as an alumina 
grain or part of an alumina grain containing a high 
density of well-dispersed SiC particles, result in the 
formation of the high silica-containing mullite grains. 
These matrix mullite grains undergo a dramatic grain 
growth at the ageing temperature, engulfing both the 
small alumina particles and the low-silica containing 
mullite precipitates. 

Finally, very little difference was found in micro- 
structure between the retained nanocomposite in the 
bulk region of the thermally aged samples and the 
unaged nanocomposite. Fig. 1 la c are scanning elec- 
tron micrographs showing the fracture surfaces of the 
retained nanocomposites just ahead the oxidation 
front in the samples thermally aged at 1400 ~ for 8, 55 
and 90 h. They all demonstrate a mainly transgranular 
fracture surface, which is exactly the same as the 
fracture surface for the unaged nanocomposite, see 
Fig. 3. As expected, SiC particles in these bulk regions 
were not oxidized. Fig. 12 is a bright-field transmis- 
sion electron micrograph showing the microstructure 
of the retained nanocomposite in the material ther- 
mally aged at 1400~ for 90 h. The only difference 
between the thermally aged nanocomposite and the 
unaged nanocomposite, see Fig. 2a and b, is that the 
average grain size of the alumina matrix in the former 

Figure 12 A transmission electron micrograph showing the micro- 
structure of the bulk nanocomposite in the material thermally aged 
at 1400 ~ for 90 h. 
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Figure 13 The average grain size of the alumina matrix in bulk 
nanocomposite dotted against ageing time at 1400 ~ 

is slightly larger than that in the latter. As shown in 
Fig. 13, the average grain size of the alumina matrix 
increases only slightly with increasing ageing time at 
1400~ This implies that the AI203-SiC nanocom- 
posite exhibits a stable microstructure against thermal 
ageing as far as the SiC particles are effectively pro- 
tected from oxidation. Apparently, the SiC particles 
play a critical role in inhibiting grain growth of the 
alumina matrix at the thermal ageing temperature. 

4. Conclusion 
The microstructural stability of an alumina nanocom- 
posite containing 5.0 vol % SiC, which was fabricated 
via a hot-pressing route using submicrometre alumina 
and silicon carbide powders as the starting materials, 
has been studied by thermally ageing the as-hot pre- 
ssed nanocomposite in air for various periods at 
1400 ~ The thermal treatment leads to the formation 
of a surface scale, the thickness of which increases with 
increasing ageing time at the ageing temperature. SiC 
particles within the surface scale are oxidized to form 
silica, which subsequently reacts with the alumina 
matrix. The surface scale exhibits a porous micro- 
structure, consisting of alumina grains, mullites of 
differing composition, and amorphous silica and silic- 
ate pockets. Two types of mullite phase, which contain 
a high and a low level of silica, respectively, have been 
identified in the surface scales. Owing to the non- 
uniform distribution of SiC particles in the alumina 
matrix, mullitization mechanisms operating in the 
surface scales at the ageing temperature include both 
interfacial reaction and dissolution and precipitation. 
The low-silica containing mullite particles are ob- 
served to occur as a second-phase particle entrapped 
within the large, irregularly shaped matrix mullite 
grains, which exhibit a composition close to that of 
stoichiometric mullite. The former was formed via a 
dissolution and precipitation mechanism and was sub- 
sequently swallowed up by the fast growing matrix 
mullite grains. The microstructure in the bulk region 
of the thermally aged nanocomposite remains almost 
intact when compared with that of the unaged nano- 
composite. The only noticeable difference is that the 
grain size of the alumina matrix in the thermally aged 
nanocomposite is slightly larger than that in the un- 
aged nanocomposite. 
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