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Abstract pronounced effect on the microstructure (and ulti- 
mately the properties) of sintered bodies. 

A study is presented of how to obtain very near 
theoretical densities (1994%~) in AI,O&ZC ‘nano- 
composites’ by pressureless sintering. Several fac- 
tors are considered in order to achieve the optimal 
derkjication. The most important factors are: good 
dispersion of Sic particies in the matrix, cold-iso- 
static pressing of green samples and use of a rela- 
tively coarse-sized bedding powder (which allows 
eficient eflusion of carbon monoxide from the sam- 
ple), correct choice of sintering temperature (which 
depends on the size of alumina particles), and the 
use of a nitrogen atmosphere during sintering. 

This paper reports an exploration of the effects 
of some sintering variables on the final density 
and resultant Young’s modulus of Al,O,--SIC com- 
posites with 5%, 10% and 15% (by volume) of 
‘nano’-size SIC particles. The variables studied were: 

(1) the particle size of the alumina; 
(2) the sintering temperature; 
(3) the method of blending the composite powder; 

and 
(4) the type of gas used during the sintering 

process. 

The elastic constants of the nanocomposites pro- This exploration has led to a ‘recipe’ for the pro- 
duced depend on the degree of densljkation. About duction of near fully dense composites by pres- 
2% reduction from theoretical density leads to sureless sintering. In a recent paper,4 we reported 
about a 6% reduction of the Young’s modulus. The that the fracture toughness (K,,) of these pressure- 
experimentally obtained moduli are correlated with less sintered composites is, on average, about 65% 
three models that relate porosity to Young’s modulus. better than that of monolithic alumina of the 
0 1997 Elsevier Science Limited. All rights reserved same grain size. 

1 Introduction 2 Materials and Experimental 

The significantly higher strength of Al,O,-SIC 
(nano-sized particles) composites, relative to mono- 
lithic A1203, is now well established.lm3 Generally, 
such composites have been fabricated to high 
densities by hot-pressing routes. For many poten- 
tial applications of these materials, hot-pressing 
would be prohibitively expensive, and pressureless 
sintering routes would be preferable if near full 
density could be achieved. Borsa et a1.3 fabricated 
Al@-5% SIC composites by a pressureless sinter- 
ing route to a maximum’ of about 96% of the 
theoretical density, and Zhao et aL2 sintered a 5% 
SIC composite to 98.3% theoretical density by 
the same route. However, Zhao et al2 noted that 
in pressureless sintering small differences in the 
processing procedure and variables can have a 

Two types of a-A1203, AES 1 lc (Mandoval, UK) 
and AKP 53 (Sumitomo, Japan), were used; these 
are referred to below as AES and AKP. The parti- 
cle size of AES is 400 nm, while that of AKP is 
200 nm. The SIC powder used was UF-45 (Lonza, 
Germany). The characteristics of these powders, 
as given by the suppliers, are listed in Table 1. 

Al,O, and SIC powders were attrition-milled in 
deionized water with ZrO, balls for 2 h to obtain 
0, 5, 10 and 15 ~01% Sic in alumina. To promote 
the dispersion of Sic powder (which was pre- 
agitated ultrasonically for about 10 min) in the 
slurry, about 15 drops (2 ml) of Dispex A40 dis- 
persant (Allied Colloids, UK) were added. The 
attrition-milled mixtures were then freeze-dried. 

*To whom correspondence- should be addressed. 

SIC usually has a surface film of silica-rich 
phase of variable thickness. Some authors5 suggest 
that the oxidation of SIC through its reaction with 
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Table 1. Characteristics of raw materials 

a-AI,O,(AES) a-Al,O, (AKP) a-Sic (LOMa 4.5) Added C 

Al,O, (wtX) 
SiO, (wt’%) 
Fe,O, (wt%) 
NazO (wt%) 
MgO (wt%) 
cu (wt’%) 
CaO (wt%) 
Mean particle size (pm) 
Density (g cm ‘) 
Free C (wt%) 
Fe?O, (wt%) 
Si metal (wt%) 
02 (WV%) 
Ash (wt’%) 
Extractable phosphate (wt%) 

99.9 99.995 0.03 - 
0.04 0.0016 
0.01 0.00 1 - 
0.03 0.0002 - 
0.04 0.0004 

>O.OOl 
0.02 
0.4 0.2 0.2 
3.96 3.986 3.2 

0.58 
- 0.05 - 
- 0.22 - 

3.5 
3 

- 0.5 

this film [reaction (1) below] leads to non-optimal 
mechanical properties of the composites. To sup- 
press this reaction, some powder mixes had 0.8 
wt% added carbon (Aldrich, UK; see Table 1) so 
as to promote the thermodynamically favoured 
reaction (2): 

2Si02 + Sic + 3 SiO + CO (1) 

SiOz + C + SiO + CO (2) 

As well as preventing the Sic from reacting with 
SiO,, we also wished to investigate what effect any 
contaminating carbon (from powder processing 
and furnace linings), or the CO generated by reac- 
tion (2), could have on the sintering process. 

Dried powders were uniaxially consolidated 
with about 20 MPa (to facilitate handling), and 
then isostatically cold-pressed (CIP-ed) at 140 MPa. 

A graphite-lined furnace (Astro Industries Inc., 
CA, USA) and Sic powder bedding were used. 
Two different particle sizes of the Sic bedding 
powder - 600 and 120 grit sizes - were used. 
The 120 grit size was used only for the composite 
with added carbon. After exploratory experiments 
to determine optimal sintering temperatures and 
times, 1700 and 1775°C for 4 h were used. 

Smith et al.’ observed that a static atmosphere 
promotes better mechanical properties than a 
flowing atmosphere. For this reason .only static 
atmospheres were used here. Coble6 argues that 
nitrogen is better than argon in the sintering of 
alumina. The effect of these two gases was investi- 
gated on 5 and 10 ~01% Sic-A&O3 (AES) blends. 

For comparison, monolithic AES alumina pow- 
der was also sintered at 1560°C for 3 h in air, 
using the same alumina powder as the bed. The 
aim was to obtain the same degree of densification 
and grain size as in the composites. The mono- 
lithic alumina was also attrition-milled, freeze- 
dried and CIP-ed at 140 MPa before sintering. 

Attempts to sinter the alumina in a reducing 
atmosphere (as used for the composites) resulted 
in a low density product. (Another study of the 
sintering behaviour of alumina7 also concluded 
that a reducing atmosphere is harmful). 

Density measurements were carried out in 
deionized water by Archimedes’ principle. Ground 
and polished composite samples were etched so as 
to observe grain structures, using orthophosphoric 
acid at about 250°C and by thermal etching (in 
both argon and vacuum) at 1400°C for 1.5 h. 
Thermal etching led to oxidation of the Sic 
particles, while chemical etching left the particles 
intact. The alumina sample was thermally etched 
in air at 1400°C for 2 h. The grain structure of the 
alumina sample was further studied using trans- 
mission electron microscopy (TEM; Philips CM 20). 
Grain sizes were determined by the linear intercept 
method. Elastic constants - Young’s modulus (E), 
shear modulus (G> and Poisson’s ratio (v) - were 
determined using a Grindosonic instrument (MK4i). 

3 Results and Discussion 

Table 2 gives a summary of the various sintering 
schedules used and the grain sizes obtained. Table 
3 shows the elastic constants of the samples. A 
comparison of the experimental values of E with 
those calculated according to different models 
using the observed volume fraction of pores (see 
Section 3.6) is given in Table 4. We discuss below 
the effects of the experimental variables on the 
densification of the composites. 

3.1 Powder beds 
The low density of sample 3 (with added carbon) 
in Table 2 is due to poor evacuation of the gases 
produced according to eqn (2). The SIC bed here 
was 600 grit size. The fineness of the powder bed 
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Table 2. Sintering schedules and results 

Serial vol’% AN, Sintering Dwell Power bed Atmosphere Density Density Gruin 
no. Sic” particle temp. (“C) time (g cm -‘) (X th) size (prnJh 

size (nm) (h) 

1 0 400 1560 3 AlzO, Air 3.96 99.9 3-5 k 1.3 
2 5 400 1775 4 Sic, 600 grit N, 3.91 99.8 4f 1.1 
3 5, WC 400 1775 4 SIC, 600 grit N, 367 93.6 4.8 + 0.7 
4 5, WC 400 1775 4 Sic, 120 grit Nz 3.85 98.2 nd 
5 5 200 1775 4 SIC, 600 grit Nz 3.92 99.2 6.3 f 2.3 
6 5 200 1700 4 SIC, 600 grit N, 3.95 99.9 3.2 f 0.6 
7 5 400 1775 4 Sic, 600 grit Ar 3.85 98.2 nd 
8 10 400 1775 4 SIC, 600 grit N2 3.87 99.7 2.9 k 0.5 
9 10 400 1775 4 SIC, 600 grit Ar 3.81 98.2 nd 

10 15 400 1775 4 Sic, 600 grit Nz 3.83 99.6 2.6 IL 0.3 
11 5 400 1700 4 SIC, 600 grit Nz 3.87 98.7 nd 
12 10 40@ 1700 4 SIC, 600 grit Nz 3.69 95.1 nd 
13 15 400 1700 4 Sic, 600 grit Nz 3.52 91.5 nd 

‘Mixtures without carbon, except WC = with carbon. 
bnd = Not determined. 

led to poor effusion of gases from the sample, and 
the sample appeared bloated (Fig. 1). Sintering 
the same batch with a coarser Sic powder bed 
(120 grit), sample 4, improved the achieved den- 
sity to 3.85 g cme3, 98.2% of the theoretical density 
of 5 ~01% Sic composite. Figure 2 illustrates this 
effect clearly. 

Figure 3 shows thermally etched samples of 
5 ~01% Sic-AES alumina composite, sintered 
under identical conditions, with carbon [sample 4, 
Fig. 3(a)] and without carbon [sample 2, Fig. 3(b)]. 
The small holes correspond to oxidized Sic parti- 
cles. Figure 4 shows the same samples etched in 
orthophosphoric acid. Although the chemical 
etching gives exaggerated grain boundary widths 
and a rather poor appearance (due to the re-emer- 

gence of etchant trapped in surface pores or in 
crevices’), the Sic particles remain intact, and 
show as smail points of bright contrast. 

Figures 3 and 4 suggest that the samples with 
added carbon show more uniformity in grain size 
distribution. Samples with carbon have a slightly 
larger grain size of 4.4 f 0.7 pm, compared with 
4.0 f 1.1 pm of those without carbon. The rela- 
tively non-uniform grain size distribution of the 
samples without added carbon can be explained 
on the basis of the thickness of the SiO,-rich film 
on the Sic particles. As this varies, so also will be 
the extent to which the Sic particles are oxidized 
according to eqn (1) above. Grain facets with thick 
SiO, films will tend to oxidize the Sic particles 
that would impede grain boundary motion. 

Table 3. Elastic properties of AES alumina and composites 

Material Sintering Density 
gas (X th) 

A1203 

5 ~01% SiC/Al,O, 
5 ~01% SiC/AI,O, 
10 ~01% SiC/A1203 

Air 
N2 
Ar 
N2 

10 ~01% SiC/A1203 
15 ~01% StC/A1203 

Ar 
N2 

99.9 397.4 f 3 
99.8 399.5 k 4 
98.2 381.1 f 3 
99-7 407.2 f 2 
98.2 386.8 f 2.5 
99.6 409.5 f 4 

(Gia) (GGPU, V 

160+2 o-249 
159f 1 0.254 
152f 1 0.241 

162.5 f 2 0.25 
154.7 f 1.5 0.24 

1651k 1 0.237 

Table 4. Comparison of experimental Young’s moduli with modelled values 

Ma&Vial Sintering 
gas 

Porosity 

P 
(vol “A) 

(GEa) 
Predicted E (GPa) 

Phani” Duckworth’ Wang” 
lean (3)l [w (4)l ksn (5)l 

40, .4ir 0.1 397.4 f 3 397.9 398.2 400.6 
5 ~01% SiC/Al,O, N2 0.2 399.5i4 398.9 399.5 404.3 
5 ~01% SiC/Al,O, Ar 1.8 381.1 f 3 350.9 357.1 398.0 
10 ~01% SiC/Al,O, N2 0.3 407.2 f 2 399.8 400.7 408.0 
10 ~01% SiC/Al,O, Ar 1.8 386.8 f 2.5 354.5 360.8 402.0 
15 ~01% SiC/Al,O, N2 0.4 409.5 z!z 4 400.7 401.9 411.7 
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Fig. 1. Optical micrograph of bloated sample (25 mm diameter) 
of 5 ~01% Sic composite (with added C) sintered using SIC 

powder bed of 600 grit size. 

The addition of carbon did not improve the 
degree of densification, and its positive effect on 
grain size distribution may not be significant in 
improving mechanical properties. However, where 
there is the possibility of CO generation, for 
example by the presence of traces of carbon in the 
mixture in mixtures milled with organic liquids 
and/or sintering in graphite-lined furnaces, atten- 
tion must be given to the particle size of the bed- 
ding powder. Even if it is assumed that calcining 
at lower temperatures burns out all the organics, 
it has been demonstrated’ that sintering in 
graphite-lined furnaces generates CO, above about 
1200°C by the oxidation of some of the graphite 

linings. CO entrapment in pores after pore closure 
has been shown’O to retard the densification of 
crystalline oxides. A related effect appears to act in 
our materials (compare specimens 2 and 5 in Table 2). 

3.2 Attrition-milling/freeze-drying 
Figure 4 shows that a uniform distribution of Sic 
particles was achieved within 2 h by attrition- 
milling in deionized water. The freeze-drying, 
which follows immediately after milling, ensures 
that the particles are frozen in at their respective 
positions without a tendency to flocculate. Good 
distributions of Sic particles were also obtained in 
10 and 15 vol”/o SIC-AES alumina composites, 
which had average grain sizes of 2.9 f 0.5 pm and 
2.6 f 0.3 Frn respectively (Fig. 5). 

The use of this attrition-milling/freeze-drying 
method makes the use of organic liquids (which 
could contaminate the mixture) unnecessary. 
Attrition-milling also drastically reduces the time 
used for blending the powders; a typical blending 

(a) W 
Fig. 2. Optical images of polished samples of 5 ~01% Sic composites (with added C) sintered using Sic bed of grit size 600 grit (a) 

and 120 grit (b). 

(4 04 
Fig. 3. SEM micrographs of AES alumina/S ~01% SIC composite thermally etched at 1400°C for 1.5 h: (a) with added carbon 

prior to sintering; (b) without added carbon. Note the greater uniformity of grain size distribution of (a) relative to (b). 
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time in a ball mill is about 48 h.2 This short pro- 400 nm alumina showed reductions in densifica- 
cess time also considerably reduces the possibility tion, of about 1% for 5 ~01% Sic, 5% for 10 ~01% 
of contamination by the material of the balls used Sic and 8% for 15 ~01% Sic (samples 11, 12 and 
in attrition-milling. 13 in Table 2). 

3.3 Effect of sintering atmosphere 
Figure 6 shows typical micrographs of polished 5 
~01% Sic composite sintered under the same condi- 
tions in nitrogen [Fig. 6(a)] and in argon [Fig. 6(b)] 
atmospheres, samples 2 and 7 respectively in Table 2. 

The nitrogen atmosphere gives better densifica- 
tion. Coble6 argued that gases which (albeit very 
negligibly) are chemically active with the solid are 
more soluble than inert g,ases, and so have a higher 
diffusivity. ‘Active’ gases will thus provide less 
resistance to final pore closure. However, we did 
not find any data in the literature on the solubility 
of these two gases in alumina and/or Sic. Another 
similar explanation could be that nitrogen is more 
soluble (and/or diffuses more readily) in the silica- 
rich intergranular phases. 

It is possible that the optimal sintering tempera- 
ture might depend on the volume fraction of the 
Sic particles, since the degree of densification 
decreases slightly with increasing volume fraction 
of Sic particles at 1775°C (samples 6, 8 and 10 in 
Table 2). However, the variation in final density 
with Sic volume fraction is higher for samples sin- 
tered at 1700°C (samples 11, 12 and 13 in Table 2). 

3.4 Sintering temperature, SIC fraction and A&O3 
particle size 
Temperatures lower than 1775°C lead to lower 
densities. At 1700°C all the composites made with 

To achieve a given shrinkage, a powder with 
smaller particles should require a lower sintering 
temperature, due to the increased surface area and 
surface energy per unit volume.” The 5 ~01% SIC 
composite with AKP alumina (200 nm particle 
size) was sintered at 1775 and 1700°C. A density 
of 99.2% was achieved at 1775”C, while at 1700°C 
this rose to 99.9% (samples 5 and 6 respectively in 
Table 2). The 1775°C sample has a grain size of 
6.3 f 2.3 pm [Fig. 7(a)], while that sintered at 
1700°C has a grain size of 3.2 f 0.6 pm [Fig. 7(b)]. 

The pressureless sintering temperature of these 
materials must thus be closely matched with the par- 
ticle size. A small increase in sintering temperature 

fa) (W 
Fig. 4. SEM micrographs of the same sample as in Fig. 3, but thermally etched with H3P0, acid; (a) with carbon; (b) without 

carbon. Note the presence of SIC particles, unlike in Fig. 3. 

ia) (b) 
Fig. 5. Distribution of Sic particles in alumina (AES) matrix for composites with 10 ~01% SIC (a) and 15 ~01% Sic (b). 
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(4 04 
Fig. 6. Optical micrographs of polished 5 ~01% SiC/AES alumina composite showing the degree of densification in samples 
sintered in atmospheres of (a) nitrogen (the Vickers indent is unrelated to this paper) and (b) argon. Note the level of porosity in 

the composite sintered in argon. 

(a) 0-4 
Fig. 7. SEM micrographs showing the relationship between sintering temperature and alumina particle size of 5 ~01% W/alumina 
(AKP) composite: (a) sintered at 1775°C - compare with Fig. 4(b) (same volume fraction of Sic in a 400 nm size matrix powder 

and sintered at the same temperature for the same duration); (b) sintered at 1700°C. 

for the 200 nm alumina gives a near doubling of 
the average grain size. The slightly lower density 
obtained for the 5 ~01% Sic-200 nm AKP alu- 
mina composite sintered at 1775°C may be con- 
nected with abnormal grain growth.12 

3.5 Abnormal grain growth 
The grain size distribution for the sample made 
from the 200 nm AKP powder at 1775°C is rela- 
tively non-uniform, which suggests abnormal 
grain growth has occurred [Fig. 7(a)]. This did 
not occur for material made from the 400 nm 
AES powder, sintered at the same temperature 
[Fig. 4(b)]. The absence of abnormal grain growth 
in the 400 nm alumina may be due to its higher 
MgO content, about 100 times greater than in the 
200 nm alumina (see Table 1). MgO is believed13 
to suppress abnormal grain growth by reducing 
the mobility difference between unwet grain 

boundaries (by solid-solution pinning) and those 
wet by an intergranular liquid film. 

However, the 400 nm alumina showed abnormal 
grain growth, with varying grain aspect ratios, 
when sintered without SIC at 1560°C [Fig. S(a)]. 
Therefore the higher MgO content of this powder 
is not solely responsible for suppressing abnormal 
grain growth in the 5 ~01% SiC400 nm alumina 
composite sintered at 1775°C. Of the several 
grains investigated in the TEM, two are shown in 
Fig. 8. Aspect ratios >3 were found [Fig. 8(c)]. In 
contrast, Borsa et aL3 obtained an equiaxed grain 
structure by hot-pressing this AES alumina pow- 
der at 14OOOC for 1 h. This suggests that, irrespec- 
tive of a powder’s composition, hot-pressing, with 
its relatively low temperatures and shorter dwell 
times, is capable of suppressing abnormal grain 
growth. For some applications, say for enhanced 
flaw tolerance,14 where these high aspect ratios are 
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‘(4 W 

Fig. 8. Microstructure of 400 nm particle size alumina (AES): (a) optical micrograph of thermally etched sample (the Vickers 
indent is unrelated to this paper); (b), (c) bright-field TEM micrographs showing various aspect ratios of >2 (b) and >3 (c). Note 
the impurity phases (murkiness) of the basal facets (marker W) in comparison with the cleanness ofihe areas (marked C) at the 

ends of the lath-like grain. Inset is the diffraction pattern from zone axis [lo lo]. 

desirable, sintering these materials by the pres- 
sureless route could be preferable. 

Abnormal grain growth in Al,O, has been 
attributed13 to the anisotropic wetting of grains by 
the MgO-rich intergranular phase. Grain bound- 
aries with high dihedral contact angles of 140 to 
180” - typically the long basal facet - favour 
more wetting relative to those boundaries in con- 
tact at the ends of the lath-like grain. The latter 
show close to normal dihedral angles of 120”, and 
could be devoid of any wetting. Figures 8(b) and 
8(c) show that the contact points on the basal 
facets of sintered Al,O, are ill-defined (marked W 
on the micrographs), possibly due to enhanced 
wetting. These facets are perpendicular to the 
[0006] g vector. Selected area diffraction patterns 
taken from these regions showed diffuse rings, char- 
acteristic of the presence of an amorphous phase. 

The boundaries at the ends of the laths [marked C 
in Fig. 8(b)] appear much cleaner, and diffraction 
patterns from these regions showed no diffuse rings. 

Adding 5 ~01% of nano-sized SIC particles com- 
pletely suppresses this anisotropic growth provided 
the optimal sintering temperature is used; compare 
Fig. 8(a) with Fig. 4(b) (5 ~01% SIC-AES alumina 
sample). 

3.6 Elastic properties 
The measured values of E, G and v for the com- 
posites are shown in Table 3. Note the reduction 
of E, G and v for the materials sintered in argon 
(as a result of higher porosity); 1% porosity leads 
to a reduction of about 2.9% in E. 

Several porosity-Young’s modulus relationships 
have been suggested in the literature. These rela- 
tionships might permit the evaluation of E just 
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from porosity measurements. The models pro- used, abnormal grain growth occurs (though 
posed by Phani, I5 Duckworth’ and Wang” listed to a lesser degree than in monolithic alu- 
below were checked against the experimental val- mina). This slightly reduces the degree of 
ues of E observed in this study: densification. 

E = E,(l -up) (Phani”) (3) 

E = E&J’ (Duckworth16) (4) 

E = Eoe_(bP + cP? 
Wang”) (5) 

where E,, is the Young’s modulus of the material 
with O”/o porosity. In Phani’s model, n = 2 and 
1 I a 5 3.85, increasing with reduced porosity; 
considering the very low porosities of our samples, 
a was taken as 3.85. In Duckworth’s model, b = 7 
independent of the material. In a development of 
Duckworth’s model, Wang showed that b and c 
vary according to E/E, and the volume fraction of 
pores. For the highest values of E/E0 (as would be 
the case here), Wang gave b = O-946 and c = 2.54. 

The porosity-Young’s modulus (E) relationship 
models that were reviewed were found to predict 
the experimentally determined moduli of the stud- 
ied composites fairly poorly. For higher levels of 
porosity (1.8%) only Wang’s model” predicted E 
with any accuracy. 
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calculated according to the law of mixtures, using 
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References 

1. 

The models are compared with experimental 
results in Table 4. All of the models give errors 
large compared with the variations in E with Sic 
content and porosity. The reliability of the models 
is worse when the porosity is high; only Wang’s 
approach gives reasonable values here. 

Niihara, K., New design concept of structural ceramics: 
ceramic nanocomposites. In The Centennial Memorial 
Issue of the Ceramic Society of Japan, !B[ lo] (1991) 
974-982. 

2. 

3. 

4. 

4 Conclusions 

High density (199.6% theoretical) alumina-sic 
‘nanocomposites’, with up to 15 ~01% Sic, have 
been fabricated by a pressureless sintering route. 

To achieve this, attention is needed to a wide range 
of experimental variables. The key factors include: 

5. 

6. 

7. 

(2) 

(3) 

(4) 

(5) 

(1) Attrition-milling/freeze-drying in an aqueous 
medium, to give faster and more efficient 
powder-blending. 
Cold-isostatic pressing (CIP) of prior- 
consolidated green composites; a pressure of 
140 MPa is sufficient. . 

The use of relatively coarse SIC bedding 
powder, to promote the effusion of gases 
from the material being sintered. 
Nitrogen rather than argon as a sintering 
gas, and the use of a static atmosphere. 
Close matching of the sintering temperature 
to the particle size of the alumina powder. 
Abnormal grain growth (which occurs in 
monolithic A1203) is normally suppressed by 
the SIC in the composites. However, if a 
higher than optimal sintering temperature is 

8. 

9. 

10. 

11. 

12. 

13. 

14 

Zhao, J., Stearns, L. C., Harmer, M. P., Chan, H. M., 
Miller, G. A. & Cook, R. F., Mechanical behaviour of 
alumina-sic ‘nanocomposites’. J. Am. Ceram. Sot. 76[2] 
(1993) 503-510. 
Borsa, C. E., Jiao, S., Todd, R. I. & Brook, R. J., Pro- 
cessing and properties of A&O,-SIC nanocomposites. 
J. Microsc., 177 Prt 3 (1995) 305-312. 
Anya, C. C. & Roberts, S. G., Indentation fracture 
toughness and surface flaw analysis of sintered alumina/ 
Sic ‘nanocomposites’. J. Eur. Ceram. Sot., 16 (1996) 
1107-1114. 
Smith, S. M., Scattergood, R. O., Singh, J. P. & Karasek, 
K., Effect of silica and processing environment on the 
toughness of alumina composites. J. Am. Ceram. Sot., 
72[7] (1989) 1252-1255. 
Coble, R. L., Sintering alumina: effect of atmosphere. 
J. Am. Ceram. Sot., 45 (1962) 123-127. 
Uretevizcaya, G., Cavalieri, A. L. & Porto Lopez, J. M., 
Densification improvement of A&O,-Sic, composites by 
impregnation. Ceram. Znt., 21 (1995) 97-99. 
Clinton, D. J., A Guide to Polishing and Etching of Tech- 
nical & Engineering Ceramics. Inst. of Ceramics, Stoke- 
on-Trent, UK (1987), pp. 17-18. 
Anya, C. C. & Hendry, A., Pressureless (liquid phase) 
sintering of X-phase and mullite/X-phase powders. 
J. Eur. Ceram. Sot., 12 (1993) 297-308. 
Francois, B. & Kingery, W. D., The sintering of crys- 
talline oxides, II. In Sintering Key Papers, eds S. Somiya 
& Y. Moriyoshi. Elsevier, 1989, pp. 467485. 
Vasilos, T. & Rhodes, W., Solids processing of fine grain 
ceramics. In Sintering Key Papers, eds S. Somiya 8t 
Y. Moriyoshi. Elsevier, 1989, pp. 741-773. 
Bennison, S. J., Grain growth. In Engineering Materials 
Handbook, Ceramics & Glasses, 4 (1991) 304-312. 
Bateman, C. A., Bennison, S. J. & Harmer, M. P., Mech- 
anism for the role of MgO in the sintering of A&O, con- 
taining small amounts of a liquid phase. J. Am. Ceram. 
Sot., 72[7] (1989), 1241-1244. 
O’Donnell, H. L., Readey, M. J. & Kovar, D., Effect of 
glass additions on the indentation-strength behaviour of 
alumina. J. Am. Ceram. Sot., 78[4] (1995) 849-856. 



Sintering and properties of AI@-SiC ‘nanocomposites’ 573 

15. Phani, K. K., Young’s modulus-porosity relation in gyp- 
sum systems. Am. Gram. Bull., 65[ 121 1584-l 586. 

16. Duckworth, W., Discussion on compression strength of 
porous sintered A&O, and ZrO,. J. Am Ceram. Sot., 36 
(1953) 68. 

17. Wang, J. C., Young’s modulus of porous materials, Prts 1 
& II. J. Mater. Sci., 19 (1984) 801-814. 

18. Lehman, R. L., Overview of ceramics design and process 
engineering. In Engineering Materials Handbook. Ceram- 
its & Glasses, 4 (1991) 29-37. 


