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Aluminium-matrix composites were fabricated by liquid metal infiltration of porous particulate 
reinforcement preforms, using AIN, SiC and AI203 as the particles. The quality of the 
composites depended on the preform fabrication technology. In this work, this technology 
was developed for high-volume fraction (up to 75%) particulate preforms, which are more 
sensitive to the preform fabrication process than lower volume fraction whisker/fibre preforms 
as their porosity and pore size are much lower. The technology developed used an acid 
phosphate binder (with P/AI molar ratio=23) in the amount of 0.1 wt% of the preform, in 
contrast to the much larger binder amount used for whisker preforms. The preforms were 
made by filtration of a slurry consisting of the reinforcement particles, the binder and carrier 
(preferably acetone), and subsequent baking (preferably at 200 ~ for the purpose of drying. 
Baking in air at 500~ instead of 200~ caused the AIN preforms to oxidize, thereby 
decreasing the thermal conductivity of the resulting AI/AIN composites. The reinforcement- 
binder reactivity was larger for AIN than SiC, but this reactivity did not affect the composite 
properties due to the small binder amount used. The AI/AIN composites were superior to the 
AI/SiC composites in the thermal conductivity and tensile ductility. The AI/AI203 composites 
were the poorest due to AI203 particle clustering. 

1. I n t r o d u c t i o n  
The infiltration of a liquid metal infiltration into a 
porous reinforcement preform is one of the most 
economical methods for producing metal-matrix 
composites (MMCs). The quality of an MMC depends 
on that of the preform, in addition to that of the 
reinforcement. The preparation of a preform involves 
the use of a slurry consisting of a binder, a liquid 
carrier and reinforcement, and subjecting the slurry to 
filtration, as in paper making. Subsequently the pre- 
form is dried and heat-treated; the heat treatment is to 
allow the binder to become the desired phase and 
possibly to react with the reinforcement to the desired 
degree, so as to enhance the binding ability of the 
binder. The choice of binder, the binder amount and 
the preform heat treatment conditions are critical to 
the quality of the preform. A preform of good quality 
refers to one which is mechanically strong (so that the 
preform does not change dimensions during the sub- 
sequent liquid metal infiltration) and is easy for the 
liquid metal to infiltrate completely. The mechanical 
strength of the preform increases with the binder 
amount in the preform, whereas the ease of liquid 
metal infiltration decreases with increasing binder 
amount. Thus an optimum binder amount is prefer- 
red. This optimum depends on the shape and volume 
fraction of the reinforcement. A low volume fraction 
means the existence of larger open channels for liquid 
metal infiltration, so a larger binder amount may be 
tolerated without decreasing the ease of infiltration. 

Because of the nature of the paper-making process 
used for making preforms, preforms with whiskers or 
fibres as the reinforcement tend to have a lower 
volume fraction than those with particles as the re- 
inforcement. As a result, the binder technology is less 
critical in the case of whisker or fibre preforms than in 
the case of particulate preforms. 

Silica colloid is the most commonly used binder for 
preform fabrication. The acid phosphate binder (made 
from aluminium hydroxide and excess phosphoric 
acid) is a recent development that has been shown to 
be superior to the silica colloid, as demonstrated for 
the case of silicon carbide whiskers (SiCw) as the 
reinforcement I-1-4]. The superiority is in terms of the 
mechanical properties of the preform and the high 
temperature resistance of the resulting aluminium- 
matrix composite. In this work, the acid phosphate 
binder was applied to particles (rather than whiskers) 
as the reinforcement and to reinforcements other than 
SiC. As the binder-reinforcement reactivity affects the 
binding ability, the investigation of reinforcements of 
various reactivities is relevant to the broad appli- 
cability of the acid phosphate binder. This work has 
resulted in the development of a preform preparation 
process for particulate preforms with the acid phos- 
phate binder. Moreover, the binder phases and 
binder-reinforcement reaction products have been 
identified for each of three kinds of particles, i.e. 
SiC, A1N and A120 3. 

MMCs of high thermal conductivity and low 
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thermal expansion are needed for heat sinks, back 
planes, housings and substrates for high-density elec- 
tronics. MMCs for these applications are most com- 
monly made by the infiltration of a liquid metal into a 
porous reinforcement preform, as shaping can be con- 
veniently achieved by machining the preform prior to 
liquid metal infiltration. The preform baking condi- 
tions may affect the thermal conductivity of both 
preforms and composites, as the cleanliness of the 
reinforcement surface or the reinforcement-matrix in- 
terface may be critical to the thermal conductivity. 
The preform baking conditions (temperature and en- 
vironment) are particularly critical if the reinforce- 
ment, such as A1N, is sensitive to moisture, oxidation 
or acid. One objective of this work is to investigate the 
effects of the preform baking conditions on the ther- 
mal conductivity of A1/A1N and A1/SiC composites 
and to improve the thermal conductivity of A1/A1N 
composites by using the optimum preform baking 
conditions. 

The preform baking conditions also affect the mech- 
anical properties of the MMCs. It has been observed 
in [1-4] that SiCw preforms baked in air at 500~ 
resulted in A1/SiCw of the maximum tensile strength. 
In this work, the preform baking conditions of 200 ~ 
in air, 510~ in air, and 500~ in vacuum were used 
to investigate the effect of preform baking on the 
mechanical properties of the resulting A1/A1N com- 
posites. 

2. Experimental procedure and results 
2.1. Particulate reinforcements 
Three kinds of particulate reinforcements were used, 
namely A1N, SiC and calcined A120 3. The A1N (A1Nel 

grade A-100) and SiC (#1200-W) particles were 
kindly provided by Advance Refractory Technologies, 
Inc. (ART) and Electro Abrasives, Inc., respectively. 
The calcined alumina particles. (A-17) were obtained 
from Aluminium Company of America (ALCOA). The 
A1N particle sizes ranged from 2 to 7 lam, with a mean 
at 3.7 lam, but coarse particles of up to 12 gm were 
also present. The SiC particle size ranged from 1 to 
10 gm, with a mean of 3 gm. The alumina particle size 
had an average of 3.0 to 3.5 gm. The properties of the 
three kind of powders are listed in Table I.  The 
composition of A1N was 66.0% A1, 33.0% N, 0.07% C, 
1.0% O, 0.005% Fe and 0.005% Si. The composition 

of SiC was 98.5% SiC, 0.5% SiO2, 0.3% Si, 0.08% Fe, 
0.1% AI, 0.3% C. The calcined alumina contained 
99.7% A1203, 0.08% Na20 , 0.02% SiO2, 0.01% 
F%O3 and 0.001% B/O3. 

Fig. 1 shows SEM micrographs of AIN, SiC and 
calcined AlzO 3 powders (without any binder, prior to 
preform fabrication). Both AIN and SiC had 'clean' 
particle surfaces. However, the calcined A120 3 exhib- 
ited very fine particles surrounding each A120 3 par- 
ticle, so that particle clustering occurred and resulted 
in little space for liquid metal infiltration. Fig. 2 shows 
the A120 3 particle clustering, which resulted in weak 
A1/O 3 composites. No such particle clustering was 
found for the A1N and SiC particles. 

2.2. Binders 
Two kinds of binders, namely a silica colloid binder 
and an acid phosphate binder, were used for preform 
preparation. The silica colloid (30 wt % silica in water) 
was obtained from EM Science Co. Precipitation of 
silica was observed when the silica colloid was mixed 
with acetone (a carrier that is compatible with A1N, 
which reacts with water) at a silica colloid/acetone 
volume ratio of 1/45 or 1/10. This precipitation made 
the silica binder not attractive, as it resulted in pre- 
forms that were much weaker than those obtained 
with the phosphate binder. That the use of the phos- 
phate binder, rather than the silica colloid binder, 
resulted in superior mechanical properties of the pre- 
forms and of the composites has been demonstrated in 
[1-4] and confirmed in this work. Unless mentioned 
otherwise, the phosphate binder was used for the 
preform preparation. 

The phosphate solutions were prepared by mixing 
one part of aluminium hydroxide (AI(OH)3 , obtained 
from J. T. Baker Chemical Co.) with phosphoric acid 
(H3PO4, 85% Technical Grade, Riverside Chemical 
Co.), so that the solutions had the P/A1 molar ratio of 
23. Following [1-4], the phosphate binder of the P/A1 
molar ratio of 23 is denonated as A23. After mixing 
the aluminium hydroxide with phosphoric acid, the 
slurry was stirred and heated to 150 ~ It was held at 
--~ 150 ~ until all the aluminium hydroxide (AI(OH)3) 

was dissolved. 
In order to understand the binder science, the phos- 

phate A23 binder was heat-treated in the absence of 
the reinforcement, but in the same manner as in the 

T A B L E  I Properties of A1N, SiC and A120 3 powders 

A1N SiC A120 3 

Mean particle size (gm) 
Oxygen content (%) 
Specific surface area (m 2 g 1) 
Density (g cm-3) 
Young's modulus (GPa) 
Electrical resistivity (f~ cm) 
Dielectric constant 
Thermal conductivity (W m -  1 K) 
Coefficient of thermal expansion (gm m -  1 C) 
Crystal structure 

3.7 3.0 3.0-3.5 
1.0 
2.5 4.0 3 
3.26 3.18 3.97 

345 400-440 379 
1013 _ ~ 10 TM 

8.2-9.0 - 9.3 
160-220 90 20 

3.3 3.4 7.0 
Hexagonal Hexagonal Corundum 
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Figure 2 SEM micrographs of an A1203 particle cluster (without 
any binder). 

to the fact that a large amount of phosphate binder 
was placed in the glass container with a small inter- 
face area between the phosphate binder and air. If a 
small amount of phosphate binder had been placed in 
a large glass container, the binder would have been 
dried after baking at 200 ~ The incompletely dried 
binder was amorphous while the dried one was 
crystalline. The latter is more suitable for the pre- 
paration of preforms as a large amount of interface 
area exists between the binder and the reinforcement 
in a preform. 

The temperature was increased from 200~ to 
either 510 or 800~ at a heating rate of 1.4~ min -1, 
kept at 510 or 800 ~ for 3 h, and then furnace-cooled 
to room temperature. 

Fig. 3 shows X-ray diffraction (XRD) patterns of the 
phosphate binder, which by itself had been baked at 

Figure 1 SEM micrographs of A1N, SiC and A1203 powders (with- 
out any binder). (a) A1N, (b) SiC, (c) AI203. 

presence of the reinforcement during preform pre- 
paration. Subsequent to the heat treatment, the binder 
was characterized. 

Drying of the A23 phosphate binder was accomp- 
lished by heating the binder first at 200 ~ for at least 
1 week and then at either 510 or 800,~ for 3 h. After 
heating at 200 ~ the phosphate binder was still not 
dried and resembled a viscous emulsion. This was due 
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Figure 3 XRD patterns of the phosphate binder itself baked at 
(a) 200, (b) 510 and (c) 800 ~ for 24 h. (2), Al(PO3)3 (A); *, Al(PO3)3 
(B). 



200, 510 and 800~ for 24h. The binder baked at 
200~ showed similar diffraction patterns to that 
baked at 510~ indicating that the crystallization 
occurred even at 200 ~ This  is in contrast to results 
in [1-43, which showed that the same binder was 
amorphous  after heating at 200 ~ This may be ascri- 
bed to the fact that in the previous work the binder 
was not completely dried, whereas the binder was 
completely dried in the present research. After drying 
of the phosphate binder at either 200 or 510~ both 
type A and type B aluminium metaphosphate 
(AI(POa)3) phases formed. The amounts of type A and 
type B aluminium metaphosphate (Al(PO3)3) phases 
were similar for both baking temperatures of 200 
and 510 ~ When baked at 800 ~ the binder formed 
predominantly type A aluminium metaphosphate 
(AI(PO3)3). 

2.3.  P r e fo rm  p r e p a r a t i o n  
The A1N, SiC and AlaO 3 preforms were prepared by 
wet forming, which involved compressing in a die a 
slurry containing A1N, SiC or A120 3 powder, a liquid 
carrier (acetone) and the phosphate binder. Acetone 
was used because it is non-aqueous and A1N reacts 
with H 2 0  to form AI(OH)3 and N H  3. The die allowed 
excessive liquid to be squeezed out from the slurry and 
formed a wet cake. As shown in Table II, A1N or SiC 
preforms were prepared using the A23 acid phosphate 
or silica colloid as the binder and using water or 
acetone as the carrier. Both binders were completely 
miscible with water. The acid phosphate was miscible 

with acetone without precipitation (at, for example, a 
binder/acetone ratio of 1/45). However, silica colloid 
encountered severe precipitation upon mixing (at a 
binder/carrier ratio of 1/10 or 1/45) with acetone. The 
precipitates formed a network, which was believed to 
be silica. A silica colloid binder/carrier ratio of 1/10 
was used only for preform preparation (not for M M C  
fabrication due to non-infiltration). 

The use of the phosphate as a binder and acetone as 
the carrier resulted in the highest compressive strength 
for both A1N and SiC preforms (Table II). For SiC 
preforms, the use of water (instead of acetone) and the 
phosphate binder resulted in a slightly lower com- 
pressive strength. The use of silica colloid (instead of 
the phosphate) and water (instead of acetone) resulted 
in SiC preforms without cracking. However, micro- 
structural observations of the resulting A1/SiC com- 
posite revealed porosity due to incomplete infiltration. 
The use of silica colloid (instead of the phosphate) in 
acetone resulted in the lowest compressive strength 
due to severe precipitation. For  A1N preforms, the use 
of water (instead of acetone) together with silica col- 
loid (instead of the phosphate) resulted in a much 
lower compressive strength than the use of acetone 
together with the phosphate binder; this was due to 
the A1N reaction with water. The A1N preforms pre- 
pared with either phosphate + water or silica colloid 
+ acetone were prone to cracking during preform 

heating as well as during liquid metal infiltration. For  
silica colloid and acetone, the origin of preform crack- 
ing was due to severe silica precipitation and the 
resulting depletion of the silica binder. For the case of 

TAB LE II Observations and compressive strength of A1N and SiC preforms using various binders and carriers" 

Binder Carrier F i l l e r  Observations Compressive 
strength (MPa) 

A23 acid Acetone AtN No binder precipitation in carrier 5.12 (0.76) 
phosphate Low viscous slurry 
(1) (45) Preform suitable for MMC fabrication 

A23 acid Acetone SiC No binder precipitation in carrier 
phosphate Very viscous slurry 
(1) (45) Preform suitable for MMC fabrication 

A23 acid Water A1N No binder precipitation in carrier 
phosphate Viscous slurry, NH 3 gas bubbles in slurry 

Preform cracks during baking 
(1) (45) No infiltration in MMC fabrication 

A23 acid Water SiC No binder precipitation in carrier 
phosphate Very viscous slurry 
(1) (45) 

Silica Acetone AIN 
colloid 

(t) (lO) 

Silica Acetone SiC 
colloid 
(1) (lo) 

Silica Water SiC 
colloid 
(1) (12) 

Severe binder precipitation in carrier 
Viscous slurry 
Surface cracks during baking 
Incomplete infiltration in MMC fabrication 

Severe binder precipitation in carrier 
Very viscous slurry 
Surface cracks during baking 

No binder precipitation in carrier 
Very viscous s!urry 
Incomplete infiltration in MMC fabrication 

3.83 (0.36) 

2.72 (0.01) 

3.23 (0.16) 

2.91 (0.42) 

3.02 (0.33) 

"Preforms were baked at 510 ~ in air. Volume fractions were 55% for either A1N or SiC preforms. Indicated in parentheses in the first two 
columns are the mixing ratios in volume. Indicated in parentheses in the last column is the standard deviation of the compressive strength. 
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phosphate and water, the origin of AIN preform crac- 
king was due to the NH 3 gas evolution. Such A1N 
preforms would have exhibited higher compressive 
strengths if the cracking were diminished. Micro- 
structural observations of the resulting A1/A1N com- 
posites revealed cracks and porosity due to incom- 
plete infiltration. This caused the resulting A1/A1N 
composite to have inferior mechanical properties. 
Therefore, only the combination of the phosphate 
binder and acetone was subsequently used for the 
preparation of MMCs. Two carrier/binder ratios of 
45:1 and 10:1 (by volume) were used in the study of 
preform preparation. Only the preforms made with a 
carrier/binder ratio of 45: 1 were used for fabricating 
composites, as this amount of binder was sufficient to 
maintain rigidity in the preform and an excessive 
amount of binder (as in the case of a carrier/binder 
ratio of 10:1) caused the preform to be not porous 
enough for subsequent liquid metal infiltration even at 
41 MPa. 

The volume fraction of reinforcement in the pre- 
forms can be controlled by adjusting the compressive 
pressure during wet forming, the reinforcement aspect 
ratio, the reinforcement particle size and size distribu- 
tion and the rheology of the carrier/binder solution. 
However, only the pressure was used to vary the 
reinforcement volume fraction in this work; the range 
of volume fraction achieved was quite narrow, as 
shown in Table III for the A1N preforms. The min- 
imum volume fraction achieved with this method was 
55 vol % for both A1N and SiC preforms and was 
60 vol % for A120 3 preforms. 

The preforms used for the composite fabrication 
were cylinders, 4.0 cm in diameter, with a height-to- 
diameter ratio of 0.3-0.5. However, the preforms used 
for the investigation of the reinforcement/binder reac- 
tion and compressive strength were cylinders 1.25 cm 
in diameter, with a height-to-diameter ratio of 1. In 
this paper, 'composite cylinder' refers to the metal- 
infiltrated preform. 

Although all the experimental work described in 
this paper involved preforms prepared by the wet- 
forming technique, the dry-powder compact method 
had been tried and resulted in preforms that were 
fragile and non-uniform in the reinforcement distri- 
bution. 

After removal from the die, the A1N, SiC or A120 3 
compact was dried in a fume hood at room temper- 
ature for 3 h. After drying, which removed most of the 
acetone, the preform was fired by (i) placing the 

T A B L E I I I Effect of applied pressure (during wet forming) on the 
AIN volume fraction of the resulting preform 

Applied pressure (MPa) Vol % A1N 

0 55 
7.8 58-59 
2 x 7.8 60.5 
3 x 7.8 61.5 
4 x 7.8 62.3 
5 x 7.8 65.3 

3132 

Figure 4 (a) Tomography scan photograph of an A1N preform 
showing 45 ~ thermal cracking starting from the bot tom edge por- 
tion of the preform. (b) Tomography scan photograph of a well- 
baked preform. 

preform in a furnace at room temperature; (ii) heating 
to 510~ at a controlled rate of 1.4~ (iii) 
holding at 510 ~ for 3 h; and (iv) cooling in the closed 
furnace. Excessive heating and cooling rates and a 
non-uniform temperature distribution in the furnace 
had to be avoided, as they would cause quick evolu- 
tion of acetone and thermal stresses, thus resulting 
in cracking during the firing. Fig. 4a shows a tomo- 
graphy scan photograph of an A1N preform in which 
thermal cracking existed in the bottom portion of 
preform. A 45 ~ crack from the bottom edge indicated 
that the preform failed in shear. No such cracking was 
found in the well-formed preforms (Fig. 4b). 

Instead of heating at 510~ some preforms were 
heated at 200 ~ for 24 h or at 800 ~ for 3 h, in order 
to study the effect of temperature on the morphology 
of the binder and the preforms. Unless noted other- 
wise, all preform heating was conducted in air. SEM 
was also used to observe the distribution of the binder 
in the preform. 

In order to study the reaction between the reinforce- 
ment (A1N, SiC or AI/O3) and the phosphate binder, 
each kind of reinforcementwas mixed with the phos- 
phate binder without the acetone carrier and similarly 
baked using the above-mentioned baking procedure. 
The mixture was then ground into powders for XRD 
investigation. 

2.4. Preform morphology and binder 
distribution 

Although preforms fabricated with the carrier/binder 
ratio of 45:1 showed no distinct binder under the 
SEM, the preforms fabricated with the carrier/binder 
ratio of 10:1 showed the binder distinctly under the 
SEM. Fig. ha, at the centre and lower left regions, 
shows more binder in the edge of the A1N preform 
fabricated with the carrier/binder ratio of 10:1 and 
baked at 200 ~ than in the centre of the same preform 
(Fig. 6b). The phosphate binder in the preform ap- 
peared spherical and smooth in morphology. At the 
centre, the preform showed no distinct binder, just as 
for preforms with a carrier/binder ratio of 45:1. 

Fig. 6 shows SEM photographs of A1N preforms 
fabricated with a carrier/binder ratio of 10:1 after 
baking in air at 200 and 510 ~ respectively. Only the 
edges of both preforms were examined as less binder 
was present in the centre regions. Some binder existed 



Figure 5 SEM micrographs of an A1N preform fabricated with a 
carrier/binder ratio of 10:1 and baked at 200~ (a) Edge of the 
preform showing spherical binder precipitates of size ~ 5 btm. 
(b) Centre of preform showing no distinct binder. 

separately in spherical shapes and enclosed fine A1N 
particles for both 200 and 510~ indicating no wet- 
ting between the binder and the fine A1N particles. 
The spherical binder particles of size _> 10 btm had a 
smooth morphology at 200 ~ and a rugged morpho- 
logy at 510 ~ suggesting that the binder had different 
phases or compositions at different temperatures. 

Fig. 7 shows an SEM photograph of the centre of an 
A1N preform with a binder/carrier ratio of 1:45. No 
binder was observed distinctly at either the centre or 
the edge of the preform. The resulting dry preform 
contained -.~ 0.1 wt % binder. 

Fig. 8 shows SEM micrographs at the centres of SiC 
and A1203 preforms which were prepared similarly as 
the A1N preforms. No binder was observed distinctly 
in either SiC or AI/O 3 preforms. Like the A1N pre- 
form, the SiC preform exhibited no particle clustering. 
In contrast, the A1203 preform showed particle 
clustering throughout the preform, such that very fine 
particles were attached to the larger A120 a particles. 
As shown in the top right and left regions of Fig. 8b, 
little empty space was found due tO the particle ag- 
glomeration. Such clustering caused A1/A1203 com- 
posites more difficulty for complete infiltration and 
resulted in inferior mechanical properties compared to 
A1/A1N and A1/SiC composites. 

Figure 6 SEM micrograph ofAIN preforms (at the edge) fabricated 
with a carrier/binder ratio of t0:1 and baked at (a) 200~ 
(b) 510 ~ 

Figure 7 SEM micrograph of an AIN preform (in the centre region) 
fabricated with a carrier/binder ratio of 45:1 and baked at 510 ~ 

2.5. Phases in preforms 
A study of the reaction between the reinforcements, 
i.e. AIN, SiC or A1203, and the phosphate binder was 
accomplished by producing A1N, SiC or AlzO 3 blocks 
(following [1-4]) with the undiluted phosphate binder 
solution, without any acetone addition. This means 
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Figure 9 XRD patterns of the undiluted phosphate binder by itself 
and when mixed with AIN, SiC or A1203 powder at room temper- 
ature (without preform heating). �9 A1N; II, AlP�9 4 (cristobalite); 
/% SiC; O, AlzO 3. 

Figure 8 SEM micrographs of SiC and A1203 preforms (in the 
centre regions) fabricated with a carrier/binder ratio of 45:1 and 
baked at 510~ (a) SiC, (b) A1203. 

that the binder/carrier ratio was oo. Although such 
blocks contained excess phosphate binder blocking 
the passage of infiltration and were not applicable to 
composite fabrication, their high binder content made 
the reinforcement/binder reaction experimentally 
more observable. The blocks were cylinders, 1.25 cm 
both in diameter and in height. Note that preforms 
prepared with binder/carrier ratios of 1/10 and 1/45 
were 4.0 cm in diameter. 

After mixing with the undiluted binder at room 
temperature, the A1N, SiC and A120 3 mixtures were 
directly used for XRD study. Upon mixing at room 
temperature, A1N reacted with the undiluted binder 
and produced heat. The A1N mixture then became 
dried by its own heat, while the SiC and A120 3 
mixtures were still wet. Fig. 9 shows the XRD patterns 
of the undiluted binder and of the A1N, SiC and A120 3 
mixtures. The undiluted binder was amorphous at 
room temperature. For the A1N mixture, cristobalite 
aluminium orthophosphate (A1POJ was observed at 
room temperature (no preform baking), indicating a 
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Figure 10 XRD patterns of A1N blocks made by using the undiluted 
phosphate binder and baked at (a) 200, (b) 510 and (c) 800~ �9 
A1N; II, A1POa (cristobalite); *, AI(PO3) 3 (B). 

reaction of A1N with the undiluted binder. For SiC 
and A120 3, no reaction was observed. 

Fig. 10 shows the XRD patterns of the A1N blocks 
made with the undiluted phosphate binder and baked 
in air at 200, 510 and 800~ When the A1N blocks 
were dried in air at room temperature, they expanded 
due to the gas reaction product (presumably NH 3 or 
phosphorous gas), indicating a reaction between A1N 
and the phosphate binder. Upon mixing to form the 
block, the A1N reacted with the phosphate binder and 
released heat. No such expansion was observed for the 
SiC or A1203 blocks or for the AIN preforms prepared 
with a binder/carrier ratio of 1/10 or 1/45. The cristo- 
balite ALP�9 was formed due to the reaction between 
A1N and the phosphate binder at room temperature 
during mixing. At 200, 510 and 800~ the main 
reaction product was also cristobalite A1POr In addi- 
tion, a small amount of type-B aluminium meta- 
phosphate (Al(PO3)3) formed in the blocks baked at 
510 and 800~ The amount of cristobalite AlP�9 4 
increased with increasing baking temperature. 

Fig. 11 shows the XRD patterns of the SiC blocks 
similarly prepared and baked in air at 200, 510 and 
800~ It shows that a small amount of reaction 
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Figure 13 XRD patterns of(a) AIN, (b) SiC and (c) A1203 preforms 
(at the edge) fabricated with a carrier/binder ratio of 10:1 and 
baked at 510~ �9 AIN; II, A1PO,~ (cristobalite); &, SiC; O, 
A1203. 

product was formed in the block baked at 200 ~ Two 
forms of silicon phosphate (SiP2OT) were formed from 
the reaction of SiC with the phosphate binder for the 
SiC blocks heated at both 510 and 800 ~ The binder 
phase found for these two blocks was type-B alumi- 
nium metaphosphate (Al(PO3)3) (Fig. 11). The SiC- 
phosphate binder reaction increased with increasing 
baking temperature from 200 to 510 ~ and then did 
not change up to 800 ~ 

Fig. 12 shows the XRD patterns of the A120 3 
blocks similarly prepared and baked in air at 200, 510 
and 800 ~ It shows that at 200 ~ berlinite alumi- 
nium orthophosphate (A1PO4) was dominant, to- 
gether with a small amount of cristobalite aluminium 
orthophosphate (A1PO4). Both berlinite and cristo- 
balite A1PO, were probably formed due to the reac- 
tion between A120 3 and the phosphate binder. The 
amount of cristobalite A1PO4 increased at the 
expense of berlinite A1PO 4 with increasing baking 
temperature up to 800~ At 800~ no berlinite 
A1PO4 was observed. Type B aluminium metaphosph- 
ate (Al(PO3)3) was present in the blocks baked at 
800 ~ 
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Figure 12 XRD patterns of AlzO 3 blocks made by using the un- 
diluted phosphate binder and baked at (a) 200, (b) 510 and 
(c) 800 ~ A, A1PO 4 (berlinite); II, A1PO, (cristobalite); 0, A1203; 
*, AI(PO3) 3 (B). 
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Figure 14 XRD patterns of AIN, SiC and A1203 preforms (at the 
edge) fabricated with a carrier/binder ratio of45:1 and baked under 
various conditions. (a) AIN preform baked at 660 ~ for 43 h. (b) A 
mixture of A1N and AI203 particles (1 wt %) showing clear AlzO 3 
X-ray diffraction peaks. (c) SiC preform baked at 510~ for 8 h. 
(d) AlzO3 preform baked at 510~ for 8 h. �9 AIN; &, SiC; 0, 
A1203. 

Fig. 13 shows XRD patterns of A1N, SiC and A1203 
preforms baked at 510~ for 3 h. The carrier/binder 
ratio was 10: 1. Both A1N and A1203 preforms showed 
a small amount of cristobalite A1PO, as the reaction 
product of the phosphate binder with either MN or 
A1203. The amount of reaction product was limited as 
less phosphate binder was used compared to the case 
of the undiluted binder (binder/carrier ratio of oc). 
No reaction product peak was found in the SiC 
preform due to less reactivity between the phosphate 
binder and SiC than between the binder and either 
A1N or A1203. 

Fig. 14 shows XRD patterns of A1N, SiC and A1203 
preforms heated at various conditions. No binder 
peak was observed, as the amount of binder in the 
preforms was too small to be detected. 

2.6.  C o m p r e s s i v e  s t r e n g t h  o f  p r e f o r m s  
Compression testing was performed to determine the 
binding ability of the binder for A1N, SiC and AI/O 3 
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preforms. The preforms were 0.5 in diameter and in 
height. Table IV shows the compressive strength of 
AIN preforms made by using the phosphate binder at 
various binder/carrier ratios and baked in air at 
510 ~ The A1N preforms made with a binder/carrier 
ratio of 1/10 exhibited the highest compressive 
strength, whereas the A1N preforms made with un- 
diluted binder (binder/carrier ratio of 1/0) showed the 
lowest compressive strength. As described in the pre- 
vious section, the A1N reacted with the undiluted 
binder and resulted in gaseous porosity in the A1N 
preforms, so a binder/carrier ratio of 1/0 gave the 
lowest compressive strength. All A1N preforms made 
with various binder/carrier ratios exhibited shear 
cracks around the cylindrical edge. Although the A1N 
preform made with a binder/carrier ratio of 1/10 had 
a higher compressive strength compared to that made 
with a binder/carrier ratio of 1/45, it could not be used 
for composite fabrication. The excess binder in the 
A1N preform blocked the infiltration passage (espe- 
cially at the cylindrical edge where the presence of 
binder was distinctly observed) and resulted in incom- 
plete infiltration or even non-infiltration for A1N pre- 
forms made with a binder/carrier ratio of 1/10. 

Table V shows the compressive strength of A1N, SiC 
and A120 3 preforms made wi tha  binder/carrier ratio 
of 1/45 and baked at 510~ for 3h. The A120 3 
preform exhibited the highest compressive strength, 
indicating the largest binding strength between the 
phosphate binder and A120 3. On the other hand, the 
SiC preforms showed the lowest compressive strength. 
As shown in Fig. 13, less reaction occurred between 
SiC and the binder at 510~ compared to that be- 
tween either A1N or A120 3 and the binder. 

2.7. Thermal  c o n d u c t i v i t y  of p re fo rms  
Laser-flash thermal diffusivity testing was performed 
to determine the effect of baking conditions on the 
thermal conductivity of A1N, SiC and A120 3 preforms. 
The thermal diffusivity was measured using a laser- 

flash thermal diffusivity analyser and the specific heat 
was measured using a differential scanning calori- 
meter (Perkin-Elmer DSC7). The thermal conducti- 
vity of A1N, SiC and A120 3 preforms were obtained by 
multiplying together the preform density, the specific 
heat and the thermal diffusivity. Two baking condi- 
tions were considered: in air or in vacuum. The pre- 
forms were 0.5 inch in diameter and 0.20-0.25 inch in 
height. The preforms were made with a binder/carrier 
ratio of 1/45 and were baked at 510~ in a i r  or in 
vacuum ( ~  10 -3 torr). All preforms were coated on 
both surfaces with a thin layer of gold and sub- 
sequently a thin layer of carbon for good thermal 
measurements. 

As shown in Table VI, A1N preforms exhibited the 
highest thermal conductivity, followed by A120 3 pre- 
forms, and SiC preforms exhibited the lowest thermal 
conductivity. The A120 3 preform had a higher ther- 
mal conductivity than the SiC preform due to its much 
higher volume fraction (i.e. a denser structure). The 
thermal conductivity of A1N and SiC preforms were 
slightly increased by baking in vacuum instead of 
baking in air, whereas the thermal conductivity of the 
A120 3 preform was not affected by the baking envir- 
onment. This is consistent with the fact that A1N and 
SiC can be oxidized to form less conductive A120 3 and 
SiO2, respectively, whereas A120 3 cannot be further 
oxidized. 

As shown in Table VII, all preforms had measured 
thermal conductivities which were much lower than 
those of the corresponding reinforcements (in their 
fully densified state) or the calculated values based on 
the ROM parallel model, but higher than the calcu- 
lated values based on the ROM series model. The 
ROM parallel and series models were basically 
suitable for describing the thermal conductivity of 
continuous fibre composites in longitudinal and trans- 
verse directions, respectively. The measured thermal 
conductivity of each reinforcement preform was ex- 
pected to be lower than the ROM parallel prediction, 
as the continuous phase (i.e. air) in the preform was 

TAB LE IV Effect of the binder/acetone ratio on the compressive strength of the AIN preforms baked at 510 ~ for 3 h 

Binder/acetone A1N volume fraction Compressive strength Fracture mode 
ratio (MPa) 

1/0 ~ 0.27" 4.18 (0.73) Shear cracks 
1/10 ~ 0.55 8.19 (1.33) Shear cracks 
1/45 ~ 0.55 5.12 (0.76) Shear cracks 

Shown in parentheses are the standard deviations. 
Preform expanded due to the A1N-phosphate binder reaction. 

TABLE V The compressive strength and calculated binder amount of A1N, SiC and Al203 preforms fabricated with a carrier/binder ratio 
45:1 and baked at 510~ for 3h 

Reinforcement Volume fraction Compressive strength Binder amount 
(%) (MPa) (wt %) 

A1N 55 5.12 (0.76) 0.1 
SiC 55 3.83 (0.36) 0.1 
AlzO 3 60 10.43 (1.47) 0.1 
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T A B L E  VI The room temperature specific heat, thermal diffusivity and thermal conductivity" of A1N, SiC and A120 3 preforms 

Filler Baking Volume Density Specific Thermal Thermal 
condition fraction (g cm-  a) heat diffusivit y conductivity 

( j  g-1 ~ (mm 2 s -1) (W m -1 ~ 

A1N In air 0.535 1.744 (0.042) 0.846 (0.027) 1.08 (0.05) 1.60 (0.16) 
In vacuum 0.575 1.875 (0.014) 0.827 (0.032) 1.13 (0.13) 1.75 (0.28) 

SiC In air 0.495 1.590 (0.026) 0.734 (0.010) 0.56 (0.02) 0.65 (0.04) 
In vacuum 0.506 1.623 (0.021) 0.746 (0.025) 0.59 (0.06) 0.71 (0.11) 

AI20 3 In air 0.617 2.454 (0:010) 0.842 (0.040) 0.55 (0.08) 1.14 (0.22) 
In vacuum 0.619 2.453 (0.041) 0.852 (0.012) 0.53 (0.06) 1.11 (0.16) 

a Standard deviation shown in parentheses. 

T A B L E  V I I  Comparison of the measured thermal conductivities of A1N, SiC and A120 3 preforms with the theoretical predictions" 

Filler Volume Measured thermal ROM ROM Empirical 
fraction conductivity b parallel series geometric 

(W m-1 ~ model ~ model a mean model e 

Air 1.0 0.0262 - - 

AIN 1.0 163 - - 
SiC 1.0 9O - - 

AlzO 3 1.0 20 - - - 

AIN 0.535 1.60 (0.16) 87.2 0.056 2.8 
SiC 0.495 0.65 (0.04) 44.6 0.052 1.5 
A120 3 0.617 1.14 (0.22) 12.35 0.068 1.6 

" Preforms were baked in air at 510~ The continuous phase was assumed to be air. 
b Standard deviation shown in parentheses. 

ROM or Halpin-Tsai theoretical model, K~ = Kfv f  + k m (1 - vf). 
d Halpin-Tsai theoretical model, 1/K~ = v f / K f  + (1 - v f ) / K  m. 

Ratcliffe empirical model, K c = K'[fK~m m. 

thermally insulating. On the other hand, the ROM 
series model is valid only if the reinforcement particles 
were enclosed in air without any contact between the 
particles. The measured thermal conductivity was 
closest to the prediction of the geometrical mean 
empirical model [5] due to partial reinforcement con- 
tacts in the preform.  

Although negligible improvement in preform ther- 
ma l  conductivity was achieved for each kind of re- 
inforcement due to baking in vacuum, the thermal 
diffusivity of A1/A1N composites increased due to 
baking in vacuum (instead of air) at 510 ~ or in air at 
200 ~ (instead of 510 ~ This indicates that a suit- 
able preform baking environment or temperature 
diminishes the oxidation of the A1N particles and 
provides a cleaner reinforcement-matrix interface in 
the resulting composite. Since A1 is more thermally 
conducting than A1N, a clean A1-A1N interface is 
important. The thermal conductivity of A1/A1N was 
improved by preform baking in vacuum, while that of 
A1/SiC was not; this is due to the superior oxidation 
resistance of SiC compared to A1N. 

2.8. Composite f ab r i ca t ion  
Pure aluminium (170.1) was used; its composition was 
99.77% A1, 0.16% Fe and 0.07% Si, as supplied by 
Roth Bros. Smelting Corp. The melting temperature 
of A1 is 660 ~ 

The MMCs were fabricated by vacuum infiltration 
of a liquid metal into a porous preform under an 
argon pressure. The mould chamber was evacuated 
using a mechanical pump. A series of inert gas (argon) 
bottles were connected to the chamber with tubes and 
a valve. If the pressure of the inert gas in the bottle was 
lower than that in the chamber, a compressor had to 
be used to increase the chamber pressure when 
needed. The compressor was capable of pressurizing 
the mould chamber at a rate of 5.5 MPa min-1. 

The chamber wall was strong enough to allow 
simultaneously high pressure and temperature - at 
least 55.2 MPa and 800 ~ The inner wall surface of 
the mould chamber was coated with a graphite paste 
for ease of demoulding, if the mould was made of steel. 
The graphite paste was a mixture of graphite powder 
(G-67, Fisher Scientific Co., grade #38) and silica 
colloid (30% SiO2 in water, EM Science SK0140-1). 
The graphite paste also prevented severe iron contam- 
ination of the aluminium alloy melt and composite by 
the steel mould. Thermocouples were in contact with 
the outer wall of the mould chamber - one near 
to the aluminium melt in the upper part and one near 
to the preform at the bottom of the mould chamber. 

The mould chamber was heated using a graphite 
heating element. The temperature in any part of the 
chamber was approximately the same before liquid 
metal infiltration. However, after complete infiltra- 
tion, the mould chamber was cooled so that the 
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temperature of the bottom part of the chamber was 
40 ~ lower than that of upper part of the chamber. 
This temperature difference ensured that the alumi- 
nium melt solidified upward from the bottom of the 
mould chamber. The aluminium melt also solidified 
radially inward from the mould surface. 

The procedure used for the fabrication of MMCs is 
schematically illustrated in Fig. 15 for an infiltration 
temperature of 780 ( + 20)~ The entire procedure 
may be divided into seven steps, which are described 
below. 

Ao-A 1 The preform was placed at the bottom of a 
steel mould. Above the preform was placed an alumi- 
nium ingot. The mould chamber was then sealed and 
evaculated to a pressure of 6.7 to 26.7 Pa. 

A1-A 2 The chamber and its loadings were super- 
heated 100-150~ above the liquidus temperature 
of the alloy, i.e. 800~ for the infiltration temper- 
ature of 780 ( + 20)~ In the meantime, evaculation 
continued. 

A2-A 3 The temperature was maintained for a 
period to ensure that the alloy melted completely and 
that the temperature of any part of the chamber was 
approximately equal. 

Aa-A 4 The temperature was allowed to drop at a 
rate of 3.0 to 10.0~ -1 to or near the liquidus 
temperature - in this case 670 ~ When the temper- 
ature just started to drop from 800 ~ argon gas was 
introduced to pressurize the mould chamber from 
0Pa  to the infiltration pressure of 24, 31, 41 or 
55 MPa. This pressure (called the infiltration pressure) 
was applied to the surface of the melt to force the melt 
to penetrate the porous preform completely (Fig. 14). 
The chamber temperature dropped to about 760~ 
when the pressure reached 41 MPa. The average 
mould temperature of 780 (4-20)~ is considered 
the infiltration temperature, A time of 3-7 min was 
required to reach the infiltration pressure, depending 
on the value of the infiltration pressure. 

Pressure 
Temperature 

800 oC 

670 oC 

300o(;, 

Ao Al Az A3 A4 
0 40 80 100 

6000 psi 

14.7 psi 
(1 arm) 
(9.7- 38.7) 
x 10-4 psi 

A~ A6 A7 
110 

Time (min) 

Figure 15 Schematic diagram of the temperature ( ) and pres- 
sure (- - - )  variations in the process of liquid metal infiltrationl 
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A4-A5 The temperature and pressure of the cham- 
ber was maintained in this period to make sure that 
the infiltration of liquid aluminium into the preform 
was complete. 

A s - A  6 The chamber started cooling for the alumi- 
nium melt to solidify. In order to increase the cooling 
rate of the chamber, a cooling water jacket outside the 
chamber was used. The pressure was maintained dur- 
ing the solidification period. A lower temperature 
profile in the bottom region, compared to the top 
region, of the mould chamber resulted due to the use 
of the water jacket. This caused the aluminium melt to 
start solidification inward and upward from the circu- 
lar edge and the bottom of the mould. 

A 6 - A  7 When the mould temperature reached 
300 ~ the outlet valve was opened to release the inert 
gas: Premature release would result in shrinkage, and 
thus in cavities in the composite. The lid of the 
chamber was then opened, and the composite material 
was demoulded from the chamber. 

The inert gas used was argon, due to its inertness 
and availability. Although nitrogen was lower in price 
and provided a beneficial effect to the infiltration of 
aluminium [6], it was not .used. The nitrogen may 
react with the aluminium melt, especially in the pres- 
ence of magnesium and silicon, to form aluminium 
nitride (A1N). 

Unless stated otherwise, the infiltration temperature 
and pressure used were 780 ( _+ 20) ~ and 41 MPa for 
the fabrication of all composites. 

2.9. S t ru c tu r e  of c o m p o s i t e s  
Fig. 16 shows optical micrographs of polished (not 
etched) sections of A1N composites prepared at infil- 
tration pressures of 24, 31 and 41 MPa. The porosity 
decreased with increasing pressure: 12.4% at 24 MPa 
(Fig. 16a), 5.4% at 31 MPa (Fig. 16b), and 1.1-1.4% at 
4 1 M P a  (Fig. 16c) for  a composite containing 
58.6 vol % A1N. Fig. 16c, for the composite fabricated 
at 41 MPa represents one of the most thoroughly 
infiltrated composites in this work. A higher 
magnification SEM image of a similar composite con- 
taining 62.5% A1N is shown in Fig. 17; the porosity 
was 0.5%. 

Fig. 18 shows an optical micrograph of a polished 
(not etched) section of a composite containing 
60vol % A1N, made with AI-5Mg as the matrix at 
an infiltration pressure of 24 MPa. The porosity was 
2.7~ Thus, Mg in the matrix alloy enabled the 
required infiltration pressure to decrease to 24 MPa. 

The A1/SiC composite fabricated at 41 MPa exhib- 
ited less porosity than the A1/AtN composite fabri- 
cated at the same pressure because of the superior 
wettability between AI and SiC. The superior wett- 
ability was due to the interfacial reaction of SiC with 
A1. It has been reported [7] that a 52% SiC particulate 
compact of 9.63 lam particle size could be infiltrated 
with pure aluminium at 800 ~ and just 724 kPa. 

As shown in Fig. 19, different microstructures (after 
mechanical polishing) were found between the cylin- 
drical edge and body centre regions of the A1/SiC 
composite cylinder fabricated at an infiltration 



Figure 17 SEM micrograph of Al/AlN (62.5 vol % A1N) fabricated 
at an infiltration pressure of 41 MPa. Porosity, 0.5%. 

Figure 18 Optical micrographs (after mechanical polishing, with- 
out etching) of AI-5Mg/AIN fabricated at an infiltration pressure 
of 24 M Pa. 

Figure 16 Optical micrographs (after mechanical polishing, with- 
out etching) of A1/A1N fabricated at an infiltration pressure of(a) 24, 
(b) 31 and (c) 41 MPa. Porosity decreased with increasing infiltra- 
tion pressure. 

temperature of 780 ( + 20) ~ The difference in micro- 
structure is related to the more extensive interracial 
reaction between A1 and SiC in the edge region, which 
was next to the excess aluminium. More A1-SiC reac- 
tion occurred around the edge due to the proximity to 
the excess aluminium and a longer metal-particle 
contact time during infiltration. The edge region in- 
deed showed a lower density of SiC particles than the 

centre region. On the other hand, the brittle reaction 
product weakened the A1/SiC interface, probably 
causing some SiC particles to be partly removed 
during polishing. As compared to Fig. 6 of [8] (which 
shows a reaction product non-uniformly lining the 
A1/SiC interface after heating at 997 ~ for 1 h), the 
clear-cut outlines of SiC particles in the centre region 
(Fig. 19) is an indication of relatively little reaction 
between A1 and SiC. In comparison, as shown in 
Fig. 19, the edge and central regions of A1/A1N com- 
posite cylinder (60 vol% AIN) show essentially no 
difference in microstructure. 

Further evidence for the AI-SiC reaction is pro- 
vided by the observation of silicon precipitates 
( ~ 5 vol %) in the excess aluminium case around the 
composite cylinder. (This aluminium contained no 
preform.) Optical microscopy of a polished section 
(Fig. 20a) showed faeeted A1-Fe-Si precipitates 
(about 100 gm in size) touching the edge and outside 
the edge of the A1/SiC composite. Smaller needle- 
shaped Si, binary AI-Fe and ternary A1-Fe-Si pre- 
cipitates were also present non-uniformly in the grain 
boundaries of the excess aluminium cast farther away 
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Figure 19 SEM micrographs (after mechanical polishing, without etching) of AI/A1N and Al/SiC in the edge and central regions of the 
composite cylinders. 

Figure 20 Optical microscope photographs of a polished section of the A1/SiC composite, showing (a) faceted ternary A1 Fe Si precipitates 
(bright) touching the edge of the composite (dark) and residing in the excess aluminium region (the right 1/5 of the photographs), (b) needle- 
shaped and smaller ternary AI-Fe Si, binary Al-Fe and Si precipitates in the excess aluminium region further away from the edge of the 
composite. (b) At a higher magnification than (a). 

from the A1/SiC composite cylinder (Fig. 20b). The Si 
was the product  of the reaction between A1 and SiC. It 
was first formed in the edge region of the composite 
during infiltration and probably  resulted in an A1-Si 
solution, which diffused outward into the surrounding 
A1 melt. N o  AI-12Si eutectic or dendritic morphology  
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was microscopically observed within the A1/SiC com- 
posite itself. 

In contrast  to A1/SiC, the A1/AI20 3 composites 
fabricated under the same conditions (41MPa ,  
800 ~ showed more porosity than A1/A1N. Fig. 21a 
shows an optical micrograph of a polished (not 



534Nmin  -1. Dogbone-shaped specimens were ob- 
tained by cutting the as-cast composite cylinder paral- 
lel to the cylindrical axis to form two plates, which 
were then double-side grooved to the required dimen- 
sion, as shown in Fig. 22a. The dimensions of the 
specimens are shown in Fig. 22b. The Young's modu- 
lus was measured using a strain gauge at low loads. 

Typical stress strain curves of A1/A1N, A1/SiC, 
A1/A120 3 and pure A1 are shown in Fig, 23. In con- 
trast to the ductile A1 matrix, all A1/A1N, A1/SiC and 
A1/A1203 composites exhibited failure strains less 
than 1.0%. Table VIII  shows the tensile properties at 
room temperature of A1/A1N, A1/SiC and A1/AI20 a 

Figure 21 (a) Dark-field optical micrograph of A1/A1203 (61.4 
vol % A12Oa), showing small ( < 50 pm) but uniformly distributed 
pores throughout the composite. (b) SEM micrograph of the same 
composite. Particle cracking was readily observed in (b). 

(a) 

etched) AI/AlzO 3 (61.4 vo l% A1203) composite, in 
which small ( <  50 gm) but uniformly distributed 
pores existed throughout the composite. These pores 
were A120 3 powder aggregates which were not in- 
filtrated and were therefore removed during specimen 
polishing in metallurgical sample preparation. 
Fig. 21b shows an SEM micrograph of the same 
sample in which A120 3 particle cracks were readily 
observed, indicating a weaker particle strength for 
A120 3. The porosity was 3 to 5%. 

A similar morphology of pores was observed for 
the A1/A1203 composites fabricated at 41 MPa  and 
1000~ and at 55 MPa  and 800~ This indicates 
that increasing either the infiltration temperature to 
1000 ~ or the infiltration pressure to 55 M P a  could 
not further facilitate aluminium infiltration into the 
A120 3 preform. 

2 .10.  M e c h a n i c a l  p r o p e r t i e s  of  c o m p o s i t e s  
Tensile testing was performed using a hydraulic 
mechanical testing system. The loading rate was 
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Figure 22 (a) In a composite cylinder, the central slab was used for 
X-ray diffraction investigation, while the two adjacent slabs were 
machined into the dog-bone shape for tensile test samples. 
(b) Specimen geometry for tensile testing. Numbers shown are 
dimensions in mm; dashed lines indicate gauge length markings on 
the specimen. 
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Figure 23 Typical stress-strain curves of A1/A1N, A1/SiC, 
AI/AI20 a and pure aluminium. 

composites. The strength and modulus were much 
increased and the ductility much decreased by the 
addition of A1N, SiC or A1203. A1/A1N and A1/SiC of 
similar reinforcement volume fractions (2nd and 3rd 
rows of Table VIII) exhibited similar tensile strengths, 
but the ductility was slightly higher for A1/A1N than 
AI/SiC. Comparison of A1/A1N and AI/A1203 of 
similar reinforcement volume fractions (4th and 5th 
rows of Table VIII) showed that AI/A1N had much 
higher strength and ductility than A1/A1203. For both 
A1/A1N and A1/AI203, the measured modulus and 
that calculated using the model of Hashin & Shtrik- 
man [9] agree well with each other, but A1/SiC had a 
measured modulus which was larger than the theoret- 
ical value based on this model. This may be ascribed 
to the large aspect ratio ( > 3 based on Fig. 19) of the 
SiC particles - a factor which was not considered in 
the Haslin & Shtrikman model. Is contrast, the A1N 
and A1203 particles were equiaxed (aspect ratio = 1). 
Among the three kinds of reinforcement; A1/AI203 
exhibited the lowest tensile properties due to particle 

clustering in the preform and incomplete liquid metal 
infiltration during composite fabrication. 

Fig. 24 shows the tensile properties and porosity of 
A1/AIN (59-60 vol % A1N) fabricated at infiltration 
pressures of 24, 3t, 41 and 55 MPa. The modulus, 
strength and ductility of A1/A1N increased with in- 
creasing infiltration pressure up to 41 MPa and re- 
mained essentially unchanged upon further increase in 
pressure. Note that the strength and ductility of A1/ 
A1N increased linearly with increasing infiltration 
pressure up to 41 MPa. The modulus and strength of 
A1/A1N fabricated at an infiltration pressure of 
55 MPa were similar to or slightly higher than those 
of A1/A1N fabricated at an infiltration pressure 
of 41 MPa is an optimum pressure for making sound 
A1/A1N composites. As shown in Fig. 24d, the poros- 
ity of AI/A1N composites decreased with increasing 
infiltration pressure, thus resulting in increasingly bet- 
ter tensile properties. The infiltration pressures of 24, 
31 and 41 MPa yielded composites containing 12.4, 
54.0 and 1.1 ~ 1.4% porosity, respectively. 

Table IX shows the tensile properties of A1/A1N 
composites, the preforms of which had been heat- 
treated under various conditions. The tensile strength 
of AI/A1N may be unchanged or slightly increased due 
to preform baking either in air at 200 ~ or in vacuum 
at 510 ~ while the modulus and ductility were not 
affected by the baking conditions. The slight increase 
in tensile strength may be due to a cleaner and 
stronger A1-A1N interface. 

Room temperature tensile fracture surfaces are 
shown in Fig. 25 for A1/A1N (58.6 vol % A1N) and 
A1/SiC (55.0 vol % SIC). Both fracture surfaces exhib- 
ited cleavage surfaces of the filler particles and micro- 
dimples in the A1 matrix, but the proportion of 
cleavage surfaces is lower in A1/A1N than in A1/SiC, 
indicating higher ductility in A1/A1N. Moreover, no 
particle pull-out was observed in A1/A1N whereas 
particle pull-out was observed in A1/SiC, as shown by 
the SiC particle ( ,,~ 5 pm in size) located in the lower 
half of the A1/SiC photograph in Fig. 25. This indic- 
ates stronger bonding between A1 and A1N than be- 
tween A1 and SiC. Note the presence of typical serratic 
fracture surfaces in the SiC particles in Fig. 25. In 
contrast, A1/A120 3 exhibited fewer but coarser micro- 
dimples and little particle cleavage (Fig. 26). Small 
clusters of A120 3 particles without being infiltrated 

T A B L E  V I I I  Room temperature tensile properties" of A1/A1N, A1/SiC and AI/AlzO 3 composites 

Volume Strength (MPa) Modulus (GPa) 
fraction 

Measured Theoretical b 

Ductility (%) 

0 72.7 (1.1) 61.7 (3.4) 
55.0% SiC 313.0 (37.5) 183.4 (15.0) 
58.6% A1N 300.9 (25.2) 144.3 (4.2) 
63.3% A1N 406.3 (33.9) 163.5 (6.5) 
61.2% A1203 275.8 (14.6) 161.6 (6.9) 
70.2% A120 3 237.8 (8.4) 181.4 (10.8) 

158.5 
146.7 
159.4 
158.9 
187.8 

22.8 (1.9) 
0.7 (0.3) 
1.1 (0.4) 
1.0 (0.2) 
0.5 (o.1) 
0.4 (0.1) 

a Standard deviation shown in parentheses. 
b Hashin & Shtrikman [91. 
Enl N = 345 GPa, Esi c = 440 GPa, En12o 3 = 379 GPa. 
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Figure 24 Tensile properties and porosity of AI/AIN (59-60 vol % AIN) and A1 5Mg/AIN (60 vol % AIN) as a function of the infiltration 
pressure. (a) Tensile strength, (b) modulus, (c) ductility, (d) porosity. 

T A B L E  IX Effect of preform baking conditions on the room temperature tensile properties" of A1/A1N composites 

Volume Preform baking Strength (MPa) Modulus (GPa) Ductility (%) 
fraction condition 

58.6% AIN 510~ in air 300.9 (25.2) 144.3 (4.2) 1.1 (0.4) 
58.0% AIN 510 ~ in vacuum 353.5 (57.3) 144.0 (t3.4) 0.9 (0.3) 
59.0% AIN 200~ in air 331.8 (23.8) 147.7 (6.2) 1.0 (0.1) 

Standard deviation shown in parentheses. 

Figure 25 SEM micrographs of the tensile fracture surfaces of A1/AIN (58.6 vol % AlN) and A1/SiC (55.0 vol % SiC) tested at room 
temperature. 
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Figure 26 SEM micrograph of the tensile fracture surface of 
AI/AI203 (61.4 vol % A1203) tested at room temperature. 

were observed on the fractured surface, and resulted in 
a poor tensile strength. Small pores were also ob- 
served on the fraction surface. 

2.1 1. Thermal conduct iv i ty  of composites 
Both the thermal diffusivity and the specific heat of A1, 
A1/A1N and AI/SiC were measured in order to obtain 
their thermal conductivities. In order to find the 
optimum thermal diffusivity, the measured thermal 
diffusivity was obtained by utilizing an iterative pro- 
cedure. Fig. 27a shows a typical data set of temper- 
ature rise against time for an A1/A1N composite 
(60 vol % A1N); a theoretical straight-line fit for the 
optimum thermal diffusivity for the corresponding 
data set is shown in Fig. 27b. The specific heat 
was measured by differential scanning calorimetry 
(Perkin-Elmer DSC7) using a Saffire reference. Table 
X shows the measured density, specific heat, thermal 
diffusivity and the resulting thermal conductivity of A1 
(170.1), A1N substrate, SiC substrate, A1/A1N (various 
A1N volume fractions), and A1/SiC (55 vol % SIC). 
The preforms of such composites were baked in air. 
The thermal diffusivity and conductivity of A1N com- 
posites decreased with increasing volume fraction of 
the reinforcement. The A1N composites had higher 
thermal conductivities than SiC composites, even 
though the filler volume fraction was higher in 
A1/A1N than A1/SiC. This implies that A1/A1N had 
a larger thermal conductivity than A1/SiC of the same 
filler volume fraction. 

As also shown in Table X, A1N composites, the 
preforms of which were baked in air at 510 ~ exhib- 
ited lower thermal diffusivities than those with the 
preforms baked in vacuum at 510~ or in air at 
200 ~ This is due to the oxide or oxynitride layer on 
the AIN particles. As confirmed by thermogravimetric 
analysis, oxidation of A1N occurred in air at 500 ~ 
but essentially not at 200~ (See Appendix 1). The 
oxide or oxynitride layer prevented an intimate inter- 
face between A1 and A1N, thus resulting in a lower 
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Figure 27 (a) Typical data set of thermocouple temperature rise 
against time for an AI/AIN composite (60 vol % A1N). (b) Straight- 
line theoretical fit for the optimum thermal diffusivity of (a). 
a = 52.46 x 10-6m2s -1. 

thermal diffusivity for the AI/A1N composite. In con- 
trast, the A1/SiC composite exhibited essentially no 
increase in thermal conductivity as the SiC preform 
was baked in vacuum (instead of air). However, no 
improvement in thermal conductivity was observed 
for both A1N and SiC preforms (not composite) baked 
in vacuum. 

3. Discussion 
3.1. Effect of b inder-re inforcement 

reactivity 
The phosphate binder was found to be reactive with 
A1N, SiC and AI20 3 powders. Table XI summarizes 



T A B L E  X Room temperature specific heat, thermal diffusivity and thermal conductivity of A1/AIN and A1/SiC composites, as well as pure 
A1, pure AIN and pure SiC a 

Material Density Specific heat 
(gcm-  a) (j g 1 ~ 

A1 2.697 

A1N ~ 3.236 

SiC d 3.103 

60.0 vol % AIN 3.036 
62.7 vol % AIN 3.019 
64.6 vol % AIN 3.062 
55.0 vol % SiC 2.979 

58.0 vol % A1N 2.992 
(in vacuum ~ 510~ 
59.0 vol % A1N 3.016 
(in air, 200 ~ 
55.0 vol % SiC 2.959 
(in vacuum e, 510 ~ 

0.92595 ( _ 0.0019) 

�9 0.75968 ( 4- 0.0038) 

0.70704 4- 0.0184) 

0.81866 4- 0.0643) 
0.81332 + 0.0400) 
0.81800 + 0.0005) 
0.80486 ( + 0.0025) 

0.84241 ( _+ 0.0138) 

0.83730 ( _ 0.0287) 

0.81910 ( + 0.0063) 

Thermal Thermal 
diffusivity conductivity 
(mm z s -  1) (W m -  1 ~ 

84.7 (2.4) b 211.8 (6.4) 

65.4 (2.3) 160.7 (6.4) 

54.0 (2.1) 118.5 (7.7) 

53.8 (1.2) 133.7 (13.5) 
52.6 (0.9) 129.2 (8.6) 
51.4 (1.5) 128.7 (3.8) 
52.4 (2.9) 125.6 (3.1) 

62.7 (1.4) 158.0 (6.1) 

62.1 (2.3) 156.9 (11.2) 

53.7 (2.7) 130.2 (7.5) 

Unless stated otherwise, the preforms were baked in air at 510 ~ 
b Standard deviation shown in parentheses. 
c A1N substrates obtained from Advanced Refractory Technologies, Inc. 
a SiC substrates obtained from Carborundum Company. 
~ ~ 10- 3 torr. 

T A B L E  XI Summary of binder and reaction product phases in A1N, SiC and AI20 a blocks fabricated with binder/carrier ratio of 1 : 10 and 
baked at various temperatures 

Baking A1N SiC AI20 3 Undiluted 
temperature block a block block binder 
(~ (no reinforcement) 

25 Strong reaction No reaction No reaction 
RP: AIPO 4 (Cr) RP: none RP: none 
BP: none BP: none BP: none 

RP: A1PO 4 (Cr) RP: none RP: AIPO 4 (Bet), 
200 A1PO 4 (Cr) 

BP: none BP: none BP: none 

RP: A1PO 4 (Cr) RP: SiP20 v RP: AIPO 4 (Cr), 
510 A1PO~ (Ber) 

BP: AI(POa) 3 (B) BP: none BP: AI(PO3) 3 (B) 

RP: A1PO 4 (Cr) RP: SiPaO 7 RP: AIPO 4 (Cr), 
800 A1PO4 (Ber) 

BP: AI(PO3) 3 (B) BP: none BP: AI(PO3) 3 (B) 

BP: AI(PO3) 3 
(A + B) 

BP: AI(PO3) 3 
(A + B) 

BP: AI(POa) 3 (A) 

RP, reaction product; BP, binder phase; Cr, Cristobalite; Ber, Berlinite. 

the presence or absence of reaction and the associated 
reaction product phase in various preforms at various 
temperatures. At room temperature, the phosphate 
binder strongly reacted with A1N. No reaction be- 
tween phosphate and SiC or A120 3 was observed at 
room temperature. For  the case of A1N, the reaction 
product was cristobalite A1PO 4 at room temperature 
and various heating temperatures. The binder phase in 
A1N preform was AI(PO3) 3 (B), which existed only at 
510 and 800 ~ (not at 200 or 25 ~ For  the case of 
SiC, no reaction product or binder phase was ob- 
served at 25 or 200 ~ At 510 or 800 ~ the reaction 
product silicon phosphate, SiPzO 7, was dominant, 
with no binder phase observed. No reaction between 
the binder and A120 3 was observed at room temper- 
ature. However, the reaction occurred at 200~ or 
above to form predominantly berlinite A1PO 4 and 

cristobalite A1PO4. The amount of cristobalite A1PO 4 
increased, at the expense of berlinite A1PO4, with 
increasing baking temperature. The binder phase at 
510 and 800 ~ was AI(PO3) 3 (B). 

Although AI(PO3) 3 (A) was the only bind6r phase at 
800 ~ for the undiluted binder, AI(PO3) 3 (B) was the 
only binder phase in the presence of A1N or A120 3. No 
binder phase was observed in the presence of SiC. This 
may be due to the reaction of the binder with A1N or 
AI20 3 at low temperatures, or with SiC at 510 ~ It is 
expected that all the binder reacted with A1N, SiC or 
A1203 in the case of a binder/carrier ratio of 1/45, 
even though no reaction product or :binder phases 
were observed by XRD for all preforms prepared 
with a binder/carrier ratio of 1/45 (Fig. 14). However, 
the binder-reinforcement reactivity had little effect on 
the mechanical properties of A1/A1N, A1/SiC or 
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A1/AI20 3 composites due to the small amount of 
binder used. 

The relative reactivity and relative amounts of the 
binder phases for the phosphate binder and various 
kinds of reinforcements were obtained and shown in 
Table XII, based on the methods in [1-4]. The relative 
reactivity of each reaction product was measured by 
dividing the sum of the intensities of all XRD peaks 
from that reaction product by the sum of the in- 
tensities of all peaks from the particular reinforcement 
(i.e. A1N, SiC or A1203). The relative binder amount 
was obtained by summing the contributions from all 
binder phases, such that the relative amount of each 
phase was measured by dividing the sum of the in- 
tensities of all XRD peaks from that phase by the sum 
of the intensities of all peaks from the particular 
reinforcement. The total relative reactivity (or total 
relative binder amount) was obtained by the sum of all 
relative reactivities (or relative binder amounts) of all 
reaction products (or all binder phases). 

As shown in Table XII, the undiluted binder (con- 
taining no reinforcement) was amorphous at room 
temperature and was crystalline at elevated temper- 
atures ( > 200 ~ The binder phases were aluminium 
metaphosphates, Al(PO3)3 (A) and AI(PO3) 3 (B), at 
both 200 and 510 ~ However the binder phase was 

AI(PO3) 3 (A) only at 800~ At the expense of 
AI(PO3) 3 (B), the amount of AI(PO3) 3 (A) increased 
with increasing temperature. Both AI(PO3) 3 (A) and 
AI(PO3) 3 (B) were present in this work at 200 and 
510~ In contrast, the undiluted binder in [1-4-1 
exhibited only AI(PO3) 3 (A) at 500~ and was 
amorphous even at 200 ~ This small difference in 
binder phase may be due to the method of drying the 
binder. In the present work, a small amount of binder 
was used, so that it could be dried completely, whereas 
the binder was not totally dried in [1-4]. Moreover, 
the particulate preform provided more reinforcement 
surface area than the whisker preform for more effic- 
ient binder drying. 

The relative reactivity between A1N and the phos- 
phate binder basically increased with increasing 
heating temperature. At 25~ A1N reacted with the 
phosphate to form cristobalite A1PO4, such that it 
exhibited the highest binder-reinforcement reactivity 
among the three reinforcements at 25 ~ The relative 
reactivity of A1N with the phosphate binder remained 
essentially unchanged from room temperature to 
200~ but increased from 200 to 510 and to 800~ 
No binder phase was observed at room temperature 
and 200 ~ while similar amounts of binder phase, 
AI(PO3)3 (B), existed at both 510 and 800 ~ Most of 

T A B L E  X I I  Relative reactivity and relative amount  of the binder in various preforms a 

Reinforcement 25 ~ 200 ~ 510 ~ 800 ~  

Undiluted 
binder, no 
reinforcement 

AIN 

SiC 

AI20 3 

sic~ 

Undiluted 
binder b, no 
reinforcement 

(Cr): n o n e  (Cr): none (Cr): none 
I-M] (Ber): none  (Ber): none (Ber): none 

(A)/(B) = (A)/(B) = (A)/(B) = 
0.714/1 0.839/1 1/0 

(Cr): 0.206 (Cr): 0.213 (Cr): 0.248 (Cr): 0.296 
(Ber): none (Ber): none  (Bet): none (Ber): none 
St: 0.206 St: 0.213 Sr: 0.248 St: 0.296 
(A): none (A): none (A): none (A): none 
(B): none (B): none (B): 0.089 (B): 0.091 
Sb: 0.0 Sb: 0.0 Sb: 0.089 Sb: 0.091 

(Z): none (Z): 0.024 (Z): 0.205 (Z): 0.217 
St: 0.0 S ;  0.024 St: 0.205 S~: 0.217 
(A): none (A): none (A): none (A): none 
(B): none (B): none (B):. 0.051 (B): 0.061 
SD: 0.0 Sb: 0.0 Sb: 0.051 Sb: 0.061 

(Cr): none (Cr): 0.038 (Cr): 0.216 (Cr): 0.209 
(Ber): none (Ber): 0.285 (Ber): 0.091 (Ber): none 
Sr: 0.0 St: 0.323 Sr: 0.307 St: 0.209 
(A): none (A): none (A): none (A): none 
(B): none (B): none (B): none (B): 0.150 
SD: 0.0 Sb: 0.0 Sb: 0.0 Sb: 0.150 

(Z): 0.141 (Z): 0.189 
S~: 0.141 S ;  0.189 

I,M] I-M] (A): 0.057 (A): 0.050 
(B): none (B): none 
Sb: 0.057 Sb: 0.050 

(Cr): none (Cr): none  
[M]  [-M] (Ber): none (Ber): none 

(A)/(B) = (A)/(B) = 
1/o 1/o 

" Reaction products: (Cr), cristobalite A1PO4; (Bet), Berlinite AIPO4; (Z), S iP20  7 (15-564 & 15-563); I-M], amorphous.  Binder phases: 
(A), AI(PO3) 3 (A); (B), AI(PO3) 3 (B). St, total (summation of) relative reactivity; S b, total relative amount  of all binder phases. 
b F rom [1-4] .  
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the phosphate binder reacted with A1N to form the 
reaction product, cristobalite A1PO4, so that relatively 
little binder phase remained at all temperatures. 

Although the relative reactivity between AI20 3 and 
the phosphate was small at room temperature, AlzO3 
exhibited a higher relative reactivity at 200 ~ than 
A1N. For A1203, the total relative reactivity decreased 
with increasing heating temperature from 200 to 510 
or to 800 ~ This means that most reaction occurred 
at 200 ~ by the formation of mainly berlinite A1PO 4 
and a little cristobalite A1PO4. No further reaction of 
A120 3 with the phosphate binder occurred upon 
heating from 200 to 510 or to 800 ~ At 510 or 800 ~ 
the relative reactivity apparently decreased, probably 
due to a phase transformation from berlinite A1PO4 at 
200~ to cristobalite AtPO4 at 510 or 800~ 

The relative reactivity between SiC and the 
phosphate also increased with increasing heating tem- 
perature. However, SiC exhibited the least relative 
reactivity among the three kinds of reinforcements, 
except at 800 ~ No binder phase was observed at 
room temperature and 200 ~ while similar amounts 
of binder phase, AI(PO3) 3 (B), existed at both 510 and 
800~ Most binder reacted with SiC, so that little 
binder was left. Compared to the relative relativity of 
SiC w in [1-4] (also shown in Table XII), the relative 
reactivity was higher for particulate SiC (this work) at 
510 and 800~ This is probably due to the fact that 
SiCw has higher crystallinity than SiCp (SiC particles). 

The A1N-binder reactivity at room temperature 
was probably the largest, followed by AlzO3, and then 
SiC, as only A1N reacted with the phosphate binder 
during mixing at room temperature. Although A1203 
exhibited the highest total relative reactivity and the 
highest preform compressive strength (Table V), 
AI/AI20 3 exhibited the lowest composite strength. 
This may be due to the particle clustering as well as 
the highest relative reactivity. The use of a binder 
should be minimized in view of the reactivity. 

3.2. Role of preform baking 
Preform baking conditions are particularly critical if 
the reinforcement is moisture sensitive or easy to 
oxidize. As shown in Tables IX and X, the preform 
baking condition at 510~ in vacuum or at 200~ 
in air resulted in AIN composites of higher thermal 
conductivity but of similar tensile properties. This 
indicates that the preform baking conditions (or 
AI-A1N interface cleanliness) is more important to the 
thermal conductivity than to the mechanical proper- 
ties of A1N composites. For moisture or oxidation- 
resistant reinforcements, such as SiC, little effect of 
reinforcement cleanliness on either mechanical or 
thermal conducting properties was observed. 

In view of processing cost and composite thermal 
conductivity, the preform baking condition of 200 ~ 
in air represents an optimum for fabricating high 
volume fraction A1/AIN composites. Such a preform 
baking condition results in A1/A1N composites with 
similar mechanical properties, but higher thermal con- 
ductivities compared to composites with their pre- 

forms baked in air at higher temperatures. In contrast, 
the preform baking condition of 500 ~ (not 200 ~ in 
air represents an optimum for fabricating A1/SiC w 
composites of good mechanical properties [1-4]. The 
difference in the optimum baking condition between 
A1N particle preforms and SiC whisker preforms is 
mainly due to the smaller amount of binder used in the 
former case (i.e. 0.1 wt % phosphate binder in AIN 
particle preforms against 3-5 wt % phosphate binder 
in SiC whisker preforms). The small binder amount 
makes the binder-reinforcement and binder-matrix 
reactions not important, so that the optimum preform 
baking temperature is unrelated to the optimum reac- 
tion temperature. This means that the preform baking 
in the case of preforms with a small binder amount is 
not for the purpose of causing these reactions, but 
rather is merely for drying the preforms. For AI/SiCw, 
the optimum baking temperature of 500~ corres- 
ponded to the development of optimum bonding be- 
tween the phosphate binder and SiC whiskers I-1-4]. 
On the contrary, for A1/SiCp and A1/A1Np, the 
optimum preform baking temperature of 200 ~ cor- 
responded to the attainment of dried preforms. The 
use of acetone instead of water provided a faster way 
of preform drying, so acetone is preferred to water, 
though it is environmentally less desirable. As shown 
in Fig. 3, the drying of the phosphate binder was 
achieved at 200 ~ The phosphate binder had similar 
crystallity at 200 and 500 ~ 

3.3. Binder and preform fabrication technique 
for particulate preforms against whisker 
preforms 

The choice of binder is the first important issue in 
preform technology. Silica colloid is the most com- 
monly used binder for preform fabrication. In [-1-4], 
the acid phosphate binder was demonstrated to give 
better mechanical properties for both preforms and 
the A1/SiCw composites than the silica binder. The 
benefit of using the phosphate over the silica colloid 
was attributed to higher binder-reinforcement re- 
activity and the nature of the binder phases [1-4]. 
However, the beneficial attribute offered by the use of 
the phosphate is less critical in whisker- or short-fibre- 
reinforced MMCs than particle-reinforced MMCs, as 
a large amount of binder could be used in the former 
case without sacrificing the ease of metal infiltration. 
The benefit of using the phosphate as the binder is 
more significant for particle reinforcements than 
whisker or fibre reinforcements, as the phosphate 
provides a larger binding strength than silica colloid 
at the same amount. 

The binder amount is the second issue in preform 
technology. The amount of binder used should not 
block the passage of liquid metal infiltration. This is 
more important for particulate reinforcements than 
whisker- or short-fibre reinforcements. The amount of 
binder used in the whisker or fibre preform was as 
large as 5 wt% of the preform [1-4], while the 
optimum amount of binder used in this work was only 
0.1 wt %. In general, the optimum amount of binder 
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decreases with increasing volume fraction of the re- 
inforcement. 

The interaction of the carrier with the binder and 
with the reinforcement is the third important  issue in 
preform technology. The carrier should not cause any 
floeculation or segregation of the reinforcement in the 
slurry or the preform, as this would cause incomplete 
infiltration during M M C  fabrication. In this work, the 
use of silica colloid together with water or acetone as 
the carrier resulted in incomplete infiltration or non- 
infiltration in the A1/A1N or A1/SiC composites due to 
the flocculation problem. In contrast, the use of the 
phosphate binder and acetone as the carrier led to no 
flocculation and resulted in good mechanical prop- 
erties for both A1N and SiC preforms and for the 
resulting composites. 

The preform fabrication technology relies on the 
combined effect of the binder, reinforcement, carrier 
and the interactions among these. For moisture- 
or oxidation-sensitive reinforcements, the preform 
baking temperature should be minimized in order to 
avoid oxidation, particularly if the oxide is lower in 
thermal conductivity than the original reinforcement 
and a high conductivity is desired. 

The discussion in the last section was based on the 
investigation of the use of the undiluted acid phos- 
phate binder together with each kind of reinforcement. 
In practice, a very small amount  of binder (in this 
work, 0.1 wt % of the preform) is sufficient to maintain 
the rigidity of the particulate preform during liquid 
metal infiltration. This small amount  of phosphate 
binder is expected to lead to negligible binder-  
reinforcement reaction and negligible binder-matr ix  
reaction. In particular, no binder-matr ix  reaction 
(which would produce AlP) was observed in this work, 
whereas AlP was observed in the case of a large binder 
amount  (namely 3-5 wt % binder in the preform) in 
the SiC whisker preforms of [1-4-]. On the other hand, 
with the undiluted binder, the binder SiC reaction 
(which produced Si2P207) was observed in both this 
work and [1-4].  This is because of the large reinforce- 
ment volume fraction in this work, so that the 
binder-reinforcement reaction was observed in spite 
of the small amount  of binder used. The products of 
the binder-reinforcement and binder-matr ix  reac- 
tions act as in situ binders that add to the binding 
action [1-4],  thereby enhancing the high temperature 
resistance of the composite in the case of [1-4],  which 
used a large binder amount. However, in this work 
due to the small binder amount,  the in situ binders 
were so small in amount  that their effects may be 
neglected. 

The thermal conductivity of MMCs may be im- 
proved by proper selection of the metal matrix, proper 
selection of the ceramic reinforcement and by having a 
clean interface for intimate bonding between the ma- 
trix and the reinforcement. In this work, both pure 
aluminium and A1N were used to satisfy the first two 
criteria, as both have high thermal conductivity. Al- 
though not used in this work, high-grade single 
crystalline SiC particles, which have similar thermal 
conductivity as A1N particles, may also be used. In 
this work, SiC of moderate thermal conductivity 

(90 W m -  1 K -  1) was used. In order to obtain a cleaner 
interface, the contamination of the oxide or oxynitride 
layer (which is less conducting) in the A1N surface 
must be controlled to a minimum. Between SiC and 
A1N, A1N is more prone to oxidation because of its 
reactivity with moisture (A1N + H 2 0  ~ A 1 2 0  3 
+ NH3). A1N may be contaminated during preform 

forming and preform baking. In this work, it was 
observed (Table XIII), that the thermal conductivity of 
A1/A1N was improved up to 13% by proper preform 
baking. A1/SiC composites exhibited no improvement 
by changing the preform baking condition because of 
the inert nature of SiC. As shown in Table XIII  
A1/A1N (58vol % A1N), the preform of which was 
baked at 200 ~ in,air, exhibited similar modulus and 
ductility as the composite with the preform baked at 
510 ~ in air. The tensile strength of A1/A1N may be 
slightly improved due to preform baking at 200 in- 
stead of 510~ For  AIN, which is moisture- and 
oxidation-sensitive, the preform baking conditions (at 
200~ in air or at 510~ in vacuum) led to cleaner 
A1N particle surface and A1-A1N interface and res- 
ulted in an A1/A1N composite of thermal conductivity 
up to 87% of the R O M  prediction. The A1N preform 
baked at 510~ in air resulted in an A1/A1N com- 
posite of thermal conductivity equal to 73% of the 
R O M  prediction. No change in the mechanical prop- 
erties of A1/A1N resulted from the difference in pre- 
form baking conditions. For  SiC, which is inert, pre- 
form baking at 510 ~ either in air or in vacuum led to 
A1/SiC of similar thermal and mechanical properties. 

This work provides the first comprehensive study of 
the fabrication and characterization of high-volume- 
fraction (up to 75 vol % reinforcement) composites by 
vacuum infiltration of liquid metal. The factors 
studied include preform preparation and properties, 
as well as correlation with the M M C  properties. 

TABLE XIII Comparison of measured against calculated 
(ROM) thermal conductivity of AI/A1N and A1/SiC composites" 

Volume Measured Measured value 
fraction thermal 

conductivity ROM prediction 
(W m- 1~ 

0 vol % A1N 211.8 (6.4) u - 
60.0 vol % A1N 133.7 (13.5) 0.73 
62.7 vol % A1N 129.2 (8.6) 0.71 
64.6 vol % A1N 128,7 (3.8) 0.64 

100 vol % AIN 163 c - 

58.0 vol % AIN 158.0 (6.1) 0.87 
(in air, 200 ~ 
59.0 vol % A1N 156.9 (11.2) 0.86 

(in vacuum e, 510~ 

55.0 vol % SiC 125.6 (3.1) 0.87 
55.0 vol % SiC 130.2 (7.5) 0.90 

(in vacuum ~ 510~ 
100 vol % SiC 90 d - 

" Preforms were baked in air at 510 ~ unless stated otherwise. 
b Standard deviation shown in parentheses. 

Thermal conductivity obtained from Advanced Refractory Tech- 
nologies, Inc. 
a Thermal conductivity obtained from Electro Abrasives, Inc. 
o ~ 10-3torr. 
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Preforms were studied to understand the effect of the 
binder composition and reactivity, the effect of the 
preform heat treatment, and the relationship between 
the preform processing and the preforms' compressive 
strength and failure mode. The MMC properties 
studied included the tensile strength, Young's modu- 
lus, ductility and thermal conductivity. 

This work has shown that AI/A1Np (little studied by 
previous workers) is superior to A1/SiCp (extensively 
studied by previous workers) in thermal conductivity 
and ductility. The superior thermal conductivity of 
AI/AIN is due to the higher thermal conductivity of 
A1N itself compared to SiC itself (at least for the 
conventional grades of A1N and SiC particles used). 
The superior ductility of A1/AIN is due to the better 
filler-matrix bonding resulting from the non-reactiv- 
ity between A1 and AIN, in contrast to the reactivity 
between A1 and SiC. Due to the non-reactivity be- 
tween A1 and A1N, AI/A1N is also superior to A1/SiC 
in the high temperature resistance and shear strength, 
as shown in a related publication [-11]. 

4. Conclusions 
The method of vacuum infiltration of liquid alumi- 
nium under an argon gas pressure up to 41 MPa and 
the use of an improved preform technology were 
shown to result in metal-matrix composites of high 
reinforcement volume fractions (from 55 to 75%). At 
least for A1/A1N, the porosity of the composite de- 
creased with increasing infiltration pressure up to 
41 MPa, and increasing the binder/carrier ratio from 
1/45 to 1/10 resulted in incomplete or no infiltration of 
liquid aluminium into the preforms. Among the three 
reinforcements (A1N, SiC and A1203) used in this 
research, AI/O3 preforms were the least amenable to 
being infiltrated due to severe particle clustering and 
they yielded composites of the poorest tensile proper- 
ties. The use of the acid phosphate binder, instead of 
the widely used silica binder, resulted in A1N or SiC 
particulate preforms with mechanical rigidity and ease 
of liquid infiltration. The optimum amount of the 
phosphate binder was limited to 0.1 wt %. A similar 
amount of silica colloid binder resulted in preforms 
and metal-matrix composites with inferior mechan- 
ical properties due to incomplete infiltration. 

The reaction products and reactivity of the acid 
phosphate binder with three kinds of reinforcements 
(A1N, SiC and A1203) were investigated. The acid 
phosphate binder was in the form of type A and B 
aluminium metaphosphate (Al(PO3)3) at 200 or 
510~ and in the form of type A aluminium meta- 
phosphate (Al(PO3)3) at 800~ Type A aluminium 
metaphosphate (Al(PO3)3) is more stable at high tem- 
peratures than type B. A1N particles reacted with the 
undiluted phosphate binder to form cristobalite 
A1PO 4 upon mixing at room temperature and during 
subsequent heating at 200, 510 or 800~ At room 
temperature, A1N particles had the highest total 
relative reactivity with the undiluted acid phosphate 
binder. A120 3 had the highest total relative reactivity 
with the acid phosphate at 200 ~ forming predom- 
inantly berlinite A1PO 4 and cristobalite A1PO4. The 

cristobalite AIPO 4 increased at the expense of 
berlinite A1PO4. At 800 ~ only cristobalite A1PO 4 
was present. The A120 3 preforms hence exhibited the 
highest compressive strength. 

The preform baking environment and temperature 
were particularly critical to the thermal conductivity 
of A1/A1N composites, as A1N was moisture- and 
oxidation-sensitive. An optimum baking condition (at 
200 ~ in air or 510 ~ in vacuum), which resulted in 
A1N particle surface cleanliness and hence A1-A1N 
interface cleanliness, was obtained. The preform bak- 
ing condition was less critical to 'the mechanical prop- 
erties. For A1/SiC, the baking condition did not affect 
the mechanical properties or the thermal conductivity, 
as SiC was relatively inert. Under proper preform 
baking conditions, the thermal conductivity of A1/ 
A1N and A1/SiC reached 87 and 90%, respectively, of 
the theoretical values based on Rule of Mixture 
(ROM). 
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Appendix 1 
Fig. 28a shows the weight change against time, and 
temperature against time curves of A1N and SiC pow- 
ders heated from 100 to 1000 ~ The weight changes 
of A1N and SiC were monitored using a Perkin Elmer 
TGA7 thermogravimetric analyser, which was sensi- 
tive to + 0.001 mg. The A1N or SiC powder was 
placed in the platinum sample boat and the furnace 
was purged with a constant flow of compressed air at 
20 cm a min -1. The furnace temperature was main- 
tained at 100 ~ for 30 min, raised up to either 500 or 
1000 ~ at a heating rate of 20 ~ and then 
maintained isothermally at either 500 or 1000 ~ for 
5 10h. Both A1N and SiC powders decreased in 
weight during the initial heating at 100 ~ because of 
the loss of moisture. During heating from 100 to 
1000 ~ (Fig. 28b), AIN powder started oxidation at 
about 600 ~ with an onset of 884 ~ On the other 
hand, SiC powder lost weight with an onset of 691 ~ 
due to the oxidation of residue carbon inside the SiC 
powder, and then started to gain weight at about 
878 ~ due to the oxidation of SiC. 

When maintained isothermally at 500 ~ in air, as 
shown in Fig. 28c, the A1N also exhibited a weight 
increase, indicating oxidation of the A1N powder at 
500 ~ The initial oxidation rate (the slope of the 
curve of weight change against time) was 10 -4 h -1 
This is in contrast to the observation [10] that AIN is 
inert to atmospheric air at temperatures below 700 ~ 
for 60 h. Thus the AIN in the preform oxidized during 
preform baking at 500 ~ resulting in more alumi- 
nium oxide in the surface of the A1N powder. The 
weight gain of A1N was 0.1 wt % after heating at 
500~ for 4h. (As shown in Fig. 14, no oxidation of 
A1N was detected with XRD after heating the A1N 
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Figure 28 Thermogravimetric analysis curves obtained for A1N and SiC powders at various isothermal temperatures. (a) Samples were 
o 1 maintained at 100 ~ for 30 min, heated to 1000 ~ at a heating rate of 20 C min - , and then maintained at 1000 ~ for 1 h. (b) Weight change 

against temperature curve of (a) during heating from 100 to 1000 ~ (c) Samples maintained at 500 ~ for 3-4  h. (d) Samples maintained at 
200 ~ for 1 h. 

preform at 660 ~ for 43 h. This may be due to the fact 
that the thin oxide or oxynitride layer on the A1N 
particle surface was too thin to be detected by XRD). 
As shown in Fig. 28d, the A1N exhibited no weight 
change due to heating in air at 200 ~ indicating no 
oxidation of AIN at 200 ~ The baking temperature 
and environment are important to reinforcements 
which are moisture- or oxidation-sensitive. On the 
other hand, the SiC exhibited a weight loss due to the 
oxidation of residual carbon at 500 ~ No oxidation 
of SiC itself was observed. 
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