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Abstract

Alumina/10 wt% SiC nanocomposites were prepared
by using a number of processing techniques, in
order to produce different microstructures while
keeping a uniform distribution of the SiC particles
in the alumina matrix. Basically, this study used
three techniques, ie. mechanical mixture of
powders, the use of an inorganic precursor for alu-
mina precipitated onto SiC particles and the use of
different polymeric precursors for SiC precipitated
on alumina particles. Hot pressing at 1700°C was
necessary to produce fully dense nanocomposites.
The alumina precursor route produced the smallest
matrix grain size and the SiC precursor route pro-
duced the smallest reinforcement particle size.
Despite the differences in microstructure between
the nanocomposites, the flexure strength remained
the same, and no distinct improvement over the
monolithic alumina was observed. The fracture
mode, however, changed from intergranular to
transgranular with the presence of the SiC particles.
© 1997 Elsevier Science Limited. All rights reserved.

1 Introduction

Engineering ceramics have great potential to
replace and improve upon high-temperature
metals in many demanding applications. Ceramics
possess intrinsic properties which make them
attractive for applications where low density, high
stiffness, high hardness, chemical inertness and
good high-temperature properties are required,
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such as heat exchangers, heat engines and metal
shaping equipment.'

Despite these promising characteristics the
widespread commercial use of structural ceramics
has yet to come about. Monolithic ceramics suffer
from defects which are intimately related to the
specific processing methods used in manufactur-
ing. Such defects, be they pores. cracks, organic
and inorganic inclusions, etc., can severely limit
the mechanical strength of the ceramic material,
leading to catastrophic failure.’

Attempts to improve the strength and the strength
variability of advanced ceramics have, therefore,
been the focus of attention of ceramic researchers
over the past three decades. As a result, a number
of different approaches have been proposed in this
area.’ Of these, the use of second-phase reinforce-
ments (e.g. whiskers, particulates and platelets) is
one of the most prominent. It attempts to create
microstructures with improved fracture resistance
which will also lead to an increase in flexure
strength. The size of these reinforcing phases is
usually several micrometres or more.

Improved strength has also been obtained by
the addition of nano-size second phases as
reported by Niihara and his colleagues* for alu-
mina reinforced by 200 nm SiC particles. In this
case, however, the strength improvement of 300%
achieved was greater than normally obtained for
the use of second-phase reinforcements. The
toughness improved less dramatically, by 50%
over monolithic alumina. Other works in this sys-
tem have also showed some strengthening of this
material although the level of improvement was
lower.>® A number of possible explanations
for these properties have been advanced, but none
has gained great acceptance.*®

A reasonable way of making progress is to
change the microstructural variables of the material
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systematically, such as matrix grain size, rein-
forcement particle size, etc., while keeping an
homogeneous distribution of the second phase.
However, this is frequently very difficult to
achieve because of the preparation techniques nor-
mally used to produce the nanocomposite, i.c.
mechanical mixture of commercial Al,O; and SiC
powders followed by hot pressing. Under these
conditions, the microstructure obtained has an
effectively predetermined alumina grain size, dic-
tated by the pinning force of the SiC particles,
which are randomly distributed throughout the
matrix.” In order to be able to modify the
microstructure of the material, different prepara-
tion techniques must be used.

The aim of this work, was to prepare Al,O,/SiC
nanocomposites having different microstructural
features, such as matrix grain size and shape, and
SiC particle size, and so to provide a better way
of understanding the active mechanisms in this
material. Three different preparation techniques
were used, namely, the mechanical mixture of
powders, use of an inorganic precursor for the
alumina phase, and use of a polymeric precursor
for the SiC. Additionally, the influence of these
changes on the flexure strength of the different
materials is reported and compared with results
from monolithic alumina. The results showed that
the microstructures obtained were easily altered
by the alternative preparation techniques, but the
strength results were not sensitive to these variations.

2 Experimental Procedure

2.1 Preparation of the nanocomposite powder
Homogeneous mixtures of Al,O,/SiC nanocom-
posite powders were prepared using three different
routes as described below.

2.1.1 Mechanical mixture powders

In this route, commercial nano-sized Al,O;
powder (APKS53, Sumitomo, mean particle size
0-2 wm) was mechanically mixed with commercial
SiC powder (UF45, Lonza, mean particle size 0-2
um) or with a chemically vapour deposited SiC
powder, prepared in-house. Details of the CVD
experiment can be found elsewhere.® The prepara-
tion of both nanocomposite materials and the
monolithic alumina (doped with 0-2% MgO),
followed the same steps. In order to improve the
dispersion and to break up the hard agglomerates
of the SiC powder, it was ultrasonically dispersed
in distilled water before mixing with the desired
amount of Al,O;. Small additions of a dispersant
(Dispex A40, Allied Colloids) were used to defloc-
culate the Al,O,. The powders were then attrition

milled for 1-5 h (weight ratio of water to powder
= 1) using magnesia-stabilised zirconia media, floc-
culated by adding HCI and finally dried for 24 h
at 80°C in a plastic tray. The flocculation of the
matrix powder was found to prevent the segrega-
tion and agglomeration of the SiC nano-particles.

2.1.2 Alumina precursor

In this route, SiC powder was coated with a con-
trolled layer of an Al,O; precursor formed by a
heterogeneous precipitation reaction. The method
was used on a route for coating SiC whiskers.’
Urea (CO(NH,),, Aldrich) and hydrated alu-
minium nitrate (AN) (Al,(NO,); -9H,0, Aldrich)
were used as the reagents in the reaction. An
aqueous solution was prepared containing 12 g/
litre of urea and 0-3 M of AN. This was slowly
heated in a spherical flask connected to a con-
denser, to reduce the loss of water, over a period
of 2 h to the process temperature 85°C. The solu-
tion was magnetically stirred and the changes in
the pH were continuously measured by a pH
meter. This condition was maintained until the pH
increased from 1-5 to 4. At this time a pre-heated
aqueous dispersion of 5 g/litre of SiC was added
to the solution (using a 1:1 ratio) and aged for 24 h
under vigorous stirring. Under this condition, the
precipitation of a complex of aluminium hydrox-
ide (CAH) occurred, coating the SiC particles.
Following the coating, the suspension was cooled
to room temperature and allowed to settle, after
which the supernatant was discarded and the
remaining slurry washed with deionised water and
dried at 80°C for 24 h. The resulting powder was
calcined at high temperatures (1150°C) in Ar for
2 h. During this treatment, CAH was converted to
a porous alumina. The powder was then ball
milled in propan-2-ol for 3 h using alumina balls
and dried at 80°C for 24 h.

2.1.3 SiC precursor

For this route two different polymers were used as
source of SiC, a polysilazane (Polyvinylmethylsily-
hydrazine, PV, Elf Atochem) and a polysilastyrene
polymer (PSS 400, Nippon Soda). Both materials
were prepared following similar steps. Initially the
polymer was dissolved in toluene (10 g: 100 ml)
and then mixed with the alumina powder. The dis-
persion was then ball milled for 3 h using alumina
balls and dried under low vacuum. The blend was
broken up using a pestle and mortar and
crosslinked at 400°C for 3 h, then pyrolysed at
1000-1500°C for 2 h. All heat treatments were
done in an Ar/1% H, atmosphere using 5°C/h for
the heating rate in the crosslinking step and
5°C/min for the pyrolysis step. A boat with
graphite powder was placed inside the furnace
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Fig. 1. Schematic diagram illustrating the preparation steps used in the different processing routes.

during the pyrolysis stage in an attempt to reduce
the oxidation reaction of the polymer. The powder
was ball milled in propan-2-ol for 3 h using alumina
balls and dried at 80°C for 24 h.

Figure 1 shows a schematic diagram illustrating
the preparation steps for the different processing
routes.

2.2 Densification of the materials

The dried nanocomposite powder produced by the
different preparation routes was broken up using
a pestle and mortar and passed through a 180-um
sieve. For pressureless sintering experiments, the
powders were uniaxially pressed with the aid of
a binder (PVA 2 wt% of the Al,O; content) at 170
MPa and calcined in air at 600°C (apart from
the organic route samples) for 5 h. Sintering was
carried out in a closed end recrystallised Al,O,
tube furnace, heated by molybdenum disilicide
elements, under an Ar-1% H, atmosphere. The
pellets were surrounded by SiC powder and heated
at 1700°C for the nanocomposite and between
1400 and 1550°C for pure Al,O; for 2 h using a
heating rate of 5°C/min. In addition, calcined
powders were uniaxially hot-pressed in a graphite
die (1 h/25 MPa/Ar) at 1700°C for the nanocom-
posites and at 1400°C for the monolithic Al,O.

2.3 Characterisation techniques
Sintered densities were measured using the
Archimedes method; X-ray diffraction was used to

check for the presence of extra phases arising
from oxidation or reaction. For microstructural
observation, the samples were polished using dia-
mond paste to a 3-um finish. The Al,O; and the
nanocomposite were thermally etched between
1350 and 1450°C/lh using a closed end AlLO;
tube furnace in either vacuum (10° MPa) or
Ar/1% H,. The etched sections were carbon coated
and examined using SEM (JEOL 6300). The aver-
age grain size was measured by the linear intercept
method. TEM (JEOL 200 CX) was used to check
the particle size and the morphology of the powders
used, and the distribution of nano-particles inside
the grains. Thin samples were prepared by dim-
pling the samples down to 60 um and by ion
beam thinning until a hole was produced in the
material. X-ray mapping was used to identify
the elemental composition of the materials.

The four-point bend test was used to evaluate
the strength of the hot-pressed materials. The
samples (25 mm X 2-5 mm X 2-0 mm), were pro-
duced as follows. First the discs were diamond
ground flat to a thickness of 2-1 mm. Then the
beams were cut using a diamond saw, after which
the tensile face and the two sides of the beam were
polished by removing 100 um of material with
3-um diamond in order to eliminate any residual
stresses generated by the machining step. The ten-
sile edges were bevelled to reduce the effect of
edge cracks, by waxing the bars (two each time) in
a 90° grooved brass and polishing for 25 min
with a 3-um diamond. The tests were performed in
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an Instron machine using a speed of 0-5 mm/min
and a load cell of 500 kg. The strength of the alu-
mina precursor material could not be determined
owing to the small amount of material produced.

3 Results and Discussion

3.1 Powder characterisation

Figure 2 shows TEM micrographs of the commer-
cial Al,O; and SiC powders used in the mechani-
cal mixture of powders route. The observed
average particle size of the SiC powder (Fig. 2(b))
is in agreement with the recommended size for its
use as a reinforcement phase in nanocomposite
materials, i.e. <300 nm.* However, a vigorous mix-
ing step in well-controlled conditions (where both
powders are stabilised in the medium) is necessary

(b)

to achieve an homogeneous material by this
processing route.

For samples prepared by the alumina precursor
route, Fig. 3 shows a TEM micrograph of com-
mercial SiC particles coated by a porous phase
formed by the precipitation reaction of an alu-
minium precursor. The coated phase transformed
to a-alumina upon heating at 1150°C. The elon-
gated aspect ratio of the coating phase was
reduced after ball milling.

Figure 4 shows a TEM micrograph of the alu-
mina powder coated by nano-sized SiC particles
prepared by the PSS-SiC precursor route. The
nano-sized SiC was obtained by the controlled
thermal decomposition of a polymer at the tem-
perature of 1500°C. This temperature is necessary
to crystallise the SiC particles, which can, how-
ever, lead to the formation of sintered structures

Fig. 3. TEM micrograph of the coated SiC particles obtained
by the precipitation reaction in the alumina precursor route.

Fig. 4. TEM micrograph of alumina powder coated by 10-
20 nm SiC particles obtained by the controlled thermal

Fig. 2. TEM micrographs of the commercial powders used in
decomposition of the PSS polymer at 1500°C.

the mechanical mixture route: (a) alumina, and (b) SiC.
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Fig. 5. TEM micrograph of the SiC whisker network mixed
with the alumina particles formed by thermal decomposition
of the PV polymer at 1500°C.

as shown by the arrows of Fig. 4. An efficient
milling stage is then needed to break down these
agglomerates.

Regarding the PV-SiC powders, the heat treat-
ment at high temperatures formed a network of
whiskers instead of particles as shown in Fig. 5.
This can be explained by considering the higher
presence of oxygen in the as-received PV (54
wt%). In these conditions, SiC whiskers can be
synthesised from a known reaction between Si
atoms transferred as (SiO,) and carbon atoms as
CH, and C,H, by the vapour-liquid-solid (VLS)
process.'® Therefore, lower pyrolysis temperatures
had to be used for this matenal, ie. 1300°C,
which avoided whiskers formation, but was not
enough to eliminate undesirable substances which
will react with the alumina at high temperatures
forming a range of second phases. This fact pre-
vented the use of hot pressing for this polymer.
However, pressureless sintering experiments could
be carried out if the material was pyrolysed as a
pressed pellet covered with SiC powder bed rather
than as loose powder. In these conditions, the
material was well protected from the furnace
atmosphere and VLS reactions which can lead to
the formation of whiskers were avoided.

3.2 Densification behaviour

Pressureless sintering of these powders did not
lead to full densification, which 1is desirable
for meaningful evaluation of the strength of the
nanocomposites. The reasons for this, already
discussed in previous works,*’ are related to the
presence of the nano-sized SiC particles. For the
polymer-precursor route, however, the excess of
carbon present in the pyrolysed nanocomposite
powders could further reduce the densification of

the materials, by the formation of gaseous prod-
ucts (SiO or CO) during the sintering process.
Furthermore, PV contains nitrogen and should
form Si;N, in addition to SiC, which reacts with
carbon at temperatures higher than 1440°C releas-
ing N,. The presence of these gases may also
introduce voids in the material to the detriment of
the mechanical properties.

Hot pressing at 1700°C was then used for most
of the routes, except the PV-SiC precursor route,
as discussed in the last section. Pressureless sinter-
ing at 1700°C was used in this case and a density
of 92% of the theoretical value was achieved.

3.3 Microstructure analysis

Figure 6 shows TEM micrographs of nanocom-
posite materials prepared by the different process-
ing routes. Significant differences between their
microstructures can be observed, with variations in
matrix grain size and morphology, and particle size
and distribution. Table 1 presents a summary of the
microstructural characteristics for each material.

Nanocomposite materials processed by the
mechanical mixture of powders showed a variety
of behaviours. Whereas the samples prepared from
commercial powders contained an homogeneous
dispersion of the SiC particles mainly inside the
alumina grains (Fig. 6(a)), samples prepared by
using the CVD-SiC powder displayed coarsened
SiC particles, poorly dispersed and situated
mainly at the grain boundaries of the alumina
(Fig. 6(b)). This difference in microstructure prob-
ably derived from the difficulties of dispersing the
very fine SiC powder produced by the CVD reac-
tion which remained agglomerated throughout the
processing.

Samples prepared using SiC precursors (Figs
6(c) and (d)) contained very small SiC particles, as
expected from the in-situ chemical formation
of the particles during the decomposition of the
polymer."" The PSS-derived nanocomposite, how-
ever, had a heterogeneous dispersion of the SiC
particles with matrix grain size varying from
0-5 um to 10 um, in contrast to the PV-derived
materials where an homogeneous distribution of
SiC was achieved in an equiaxed alumina matrix.
The better homogeneity and smaller particle size
of PV- compared to PSS-derived materials can be
explained based on the differences in the disper-
sion of these polymers during the homogenisation
step. PSS, a neutral polymer, does not provide
steric deflocculation for the alumina powder
in organic media. This results in a heterogeneous
mixture of the ingredients, which remains through-
out the process, leading to abnormal grain growth
of the matrix in regions where there are no par-
ticles, and growth of the SiC particles where their
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0. 5um

(e)

Fig. 6. TEM micrograph of dense nanocomposite materials prepared by different processing routes: (a) mechanical mixture
of powders. commercial; (b} mechanical mixture of powders, CVD SiC: (¢) PSS-SiC precursor; (d) PV-SiC precursor; and
(e) alumina precursor.
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Table 1. Summary of the microstructural characteristics for each material

Preparation route Range of SiC

particle size

Predominant location
of SiC particles

Average grain size and
morphology of the
ALO; matrix

Mixture of powders, 50-200 nm
commercial

Mixture of powders. 200-500 nm
CVD-SiC

Al,O; precursor 50-200 nm

PSS-SiC precursor 30-200 nm

PV-SiC precursor 10~70 nm

2-S pum, equiaxial Inside the grains

3-2 pum, equiaxial At the grain boundaries

Both inside and at the
grain boundaries
Inside the grains

11 um. elongated

-5 pm;, equiaxial with
bimodal grain size
distribution

4-2 um, equiaxial Inside the grains

concentration is higher. In contrast, PV is a polar
polymer, so the precursor mixes well with the alu-
mina and the opposite behaviour is observed.

For nanocomposites prepared by the alumina
precursor route (Fig. 6(e)), the most significant
feature is the very small grain size of the alumina
matrix and its elongated morphology. The SiC
particles are well dispersed and are situated both
on the alumina grain boundaries and within the
grains. The reason for this distinctive behaviour of
morphology of the alumina grains is not known in
detail, but since the alumina had a different origin
from the powders used in the other specimens
there is no reason to expect them to give the same
final microstructure.

X-ray diffraction carried out on all materials
confirmed the presence of only Al,O; and SiC
phases.

3.4 Strength results

Table 2 presents the four-point bend strengths of
the different groups of materials. Despite the
significant differences among the microstructures
shown in Fig. 6, the strength results did not vary
greatly. Compared to the monolithic alumina of
similar grain size (2-:6 um), the only specimens to
show a measurable strength improvement were
those prepared using the PSS-SiC precursor, and
the increase was only 10%. Moreover, the group
which gave the highest average value for strength
(PSS-derived material) is the one which has the
most heterogeneous microstructure. This is in con-
trast with most literature data,**'> which show

Table 2. Four-point bend strength for the materials prepared
by different routes

Material Flexure strength (M Pa)
Monolithic alumina 626 + 32
Mixture of powders, commercial 638 + 12
Mixture of powders, CVD SiC 625 + 28
PSS-SiC precursor 688 + 17

gains in strength varying from 30 to 300%.
although these values are quoted for 5 vol%
nanocomposite materials. It seems that factors
other than the microstructure controlled the maxi-
mum strength of the materials in this work, such
as processing defects common to both materials or
surface damage caused by machining. The quality
of the surface finishing can have a strong effect
in this particular system. Porteman et al.'* found
that in tests where no strength improvement over
monolithic alumina was obtained initially, an
improvement of 30% was achieved if a more
gentle machining of the surface was carried out.
No processing defects (pores, agglomerates, etc.)
could be identified at the fracture origin in the
present work, so it is likely that the critical flaws
were caused by machining in this case.

Analysis of the fracture surface of the nano-
composite materials showed that the fracture
passes through the alumina grains as opposed to the
monolithic alumina which fractures along its grain
boundaries. This happened for all nanocomposites
despite the differences in microstructure, which
suggests that this change in path stems directly
from the presence of SiC particles, irrespective of
their size or position in the alumina matrix.

4 Conclusions

1. Alumina/SiC nanocomposites with different
microstructures were prepared using a variety
of processing routes, viz. mechanical mixture
of powders, use of an alumina precursor and
use of a SiC precursor.

2. Hot pressing at 1700°C was necessary to pro-
duce fully dense nanocomposites. Processing
routes involving the in-situ phase formation
produced the smallest size for that phase.
The alumina precursor route produced the
smallest average matrix grain size (1-1 um)
and the SiC precursor route produced the
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smallest average reinforcement particle size
(50 nm).

3. The fracture mode changed from intergranu-

lar in monolithic alumina to transgranular
with the presence of the SiC particles. This
happened for all nanocomposites despite
the differences in the microstructures, which
indicates the strong effect on fracture of the
presence of SiC particles compared to other
variables.

The microstructural variation among the
nanocomposites produced little difference in
strength. Little or no difference in strength
improvement over the monolithic alumina was
observed, despite the change in fracture mode.
This was attributed to the critical flaws being
produced by machining damage rather than
being directly related to the microstructure.
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