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The fabrication of metal matrix composites
by a pressureless infiltration technique

M. K. AGHAJANIAN, M. A. ROCAZELLA, J. T. BURKE, S. D. KECK
Lanxide Corporation, Newark, Delaware 19714-6077, USA

A novel technique for fabricating metal matrix composites by the spontaneous (pressureless)
infiltration of filler preforms with molten aluminium alloys is described. Numerous reinforcing
materials, including Al,O5 and SiC of various configurations, such as particles, agglomerates,
and fibres, have been incorporated as fillers. The effects of processing variables, such as alloy
chemistry, process temperature, and filler material, on the infiltration kinetics and resultant
microstructures are discussed. Comparisons with existing infiltration technology and prelim-

inary composite properties are presented.

1. Introduction
Metal matrix composites have been receiving signific-
ant attention in recent years, particularly in the area of
processing techniques. In many instances the proper-
ties of a reinforced metal have been shown to provide
a performance advantage over a monolithic metal, but
the high cost of producing the composite has pro-
hibited widespread commercial use. Of the many po-
tential metal matrix systems, aluminium alloy matrix
composites have been the object of much research,
primarily due to the light weight, low cost, and ease of
fabrication of aluminium [1]. Within the class of
aluminium alloy matrix composites there exist two
distinct material systems, namely (i) discontinuously
reinforced composites, with the reinforcement taking
the form of a particle, a platelet, a whisker, or a
chopped fibre, and (ii) continuously reinforced com-
posites, with the reinforcement being a unidirectional
or a multidirectional array of continuous fibres.

Discontinuously reinforced aluminium alloys have
been fabricated by various means, including solid-
state processes, such as powder metallurgy techniques
(blending of metal and ceramic powders followed by
hot pressing) [2], and liquid-state processes, such as
compocasting (blending ceramic powder and molten
aluminium, agitating and casting) [3-5] and pres-
surized liquid-metal infiltration [6, 7]. The solid-state
processes have been most successful to date, but are
costly. Liquid-metal processes have the potential to be
more economical; however, the non-wetting nature of
many ceramics by molten aluminium, which results in
poor ceramic/metal interfaces and incomplete infiltra-
tion, has been an obstacle [8]. For example, Girot et
al. [5] found that a squeeze-casting process sub-
sequent to compocasting was necessary to obtain a
satisfactory composite with an Al-4.5Cu alloy matrix
reinforced with chopped Al,O, fibres.

Continuously reinforced composites have also been
produced by both solid- and liquid-state methods. The
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primary solid-state process is diffusion bonding, where
reinforcing fibres are sandwiched between sheets of
aluminium alloy to form a tape. A composite is then
formed through two hot-pressing operations, the first
to consolidate the tape and the second to laminate
several tapes together [9]. Liquid-phase processing of
composites containing continuous reinforcement gen-
erally involves liquid—metal infiltration. The infiltra-
tion can either be pressure assisted, such as with
squeeze casting {10, 117, or vacuum assisted [12].

The present paper discusses a novel liquid—metal
infiltration technique for the production of aluminium
alloy matrix composites containing either discon-
tinuous or continuous reinforcement.* Via the use of
proper process conditions, the infiltration occurs
spontaneously (as used, spontaneously means without
the aid of any externally applied pressure or vacuum).
The requirements for infiltration, which include the
use of a magnesium containing alloy and a nitro-
genous atmosphere [13], and examples of mechanical
and wear properties that can be achieved [14], have
been previously presented. Herein, the bounds of the
process are reviewed, the effects of the process condi-
tions on infiltration rates and product microstructures
are described, and examples of mechanical and ther-
mal properties of the composites are reported. In
addition, comparisons are made between the charac-
teristics of the present infiltration process and the
existing infiltration and wetting information available
in the literature.

2. Experimental procedure

Two experimental arrangements were employed in
this work, shown schematically in Fig. 1a and b. In
both cases, an aluminium alloy ingot was placed
above a loose bed of reinforcement material that was
contained within a refractory vessel. The alloy/filler
pairs were then placed into a controlled atmosphere

pressureless metal infiltration process.
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furnace that was evacuated to 1 x 1072 torr (1 torr =
133.322 Pa) at room temperature and back-filled with
an atmosphere that was nitrogen-containing and
nominally oxygen-free until a positive flow was ob-
tained. To prevent unwanted gases from entering the
furnace chamber, all experiments were conducted
under a slight positive pressure that was achieved by
bubbling the exit gas through a 25 mm column of oil.
The furnace was ramped to temperature at a rate of
200°Chr ™1, held at temperature for the specified time,
and allowed to cool to 675°C, at which time the
samples were removed from the furnace and cooled to
room temperature. All the ceramic fillers were ob-
tained commercially. The particulate fillers were speci-
fied to be at or less than a specific sieve size, and are
referred to by average particle size in the text.

The first experimental arrangement (Fig. 1a) em-
ployed a gas-permeable refractory vessel that had
inside dimensions of about 65mm diameter and
150 mm high, The aluminium alloy had a mass of
about 500 g in each case, and the filler material had a
height that was great enough to prevent full infiltra-
tion under the process conditions (i.e. a more-or-less
infinite column of filler material). After processing, the
amount of infiltration (distance from original alloy/
filler interface) for the specific process conditions was
measured, and the composite was sectioned and exam-
ined both macro- and microstructurally. The measure-
ments of infiltration distance per process time include
both the incubation period prior to the start of infilt-
ration and the time during which infiltration occurs,
and thus provide engineering kinetics rather than a
true infiltration rate. As used herein, the terms kinetics
and rate refer to this engineering value.

The second experimental arrangement (Fig. 1b)
employed fixed quantities of alloy (about 50 mm x
25mm x 12 mm) and filler (about 70 g), and contain-
ed them in a sintered alumina tray measuring about
100 mm x 45 mm x 20 mm. After infiltration, the per
cent weight gain of the samples was calculated (change
in weight of the sample divided by the original alloy
weight). Because the infiltration occurs in a nitroge-
nous atmosphere, aluminium nitride precipitates may
form within the aluminium alloy matrix. The per cent
weight gain provides a measure of the amount of
aluminium nitride that forms during processing. For
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Figure 1 Schematic drawing of the experimental arrange-
ments used to fabricate the metal matrix composites:
(a). “Infinite” column of filler to determine infiltration
kinetics, and (b) fixed quantities of alloy and filler to
compare nitride formation.

comparison, the total conversion of pure aluminium
to aluminium nitride produces a weight gain of 52%.
Because this experimental arrangement produced a
constant volume of composite in all cases where full
infiltration occurred, the weight gains of many ex-
periments could be directly compared, thus indicating
the effect of the process conditions on the formation of
aluminium nitride (ignoring any weight losses due to
volatilization of high vapour pressure species).

Using an experimental arrangement similar to that
shown in Fig. 1b, several plates measuring about
200 mm x 100 mm x 25 mm were fabricated and
characterized. The processing conditions for the pro-
duction of the plates were such that minimal AIN
would form. Measurements of tensile strength were
made using flat, hour-glass-shaped specimens ma-
chined from the plates. The specimens had outside
dimensions of 150 mm x 12.5 mm x 2.5 mm with a
20 mm long reduced section having a width of
8.75 mm. The reduction in width to the reduced sec-
tion was accomplished with a 75 mm radius. The
specimens were tested at room temperature with a
Sintech universal testing machine under displacement
control at a cross-head speed of 1 mmmin~1. Addi-
tionally, each specimen was instrumented with a strain
gauge which provided a measure of the strain to
failure.

The elastic constants were measured at room tem-
perature using the resonance (standing wave) tech-
nique [15]. The Young’s modulus and shear modulus
were determined from the flexural and torsional
models of vibration, respectively, on rectangular bars.
Poisson’s ratio was then calculated as (E/2G) — 1. The
values of Young’s modulus obtained with the reson-
ance technique were confirmed by the stress—strain
data obtained during the tensile tests. The coefficient
of thermal expansion was determined by measuring
the displacement induced when strain—gauge in-
strumented samples were soaked at a range of temper-
atures from 25 to ~ 100°C. The measurements com-
pensated for the expansion of the gauge. The thermal
conductivity was calculated as the product of the
density, the thermal diffusivity, and the specific heat.
The thermal diffusivity and specific heat were meas-
ured by laser pulse and calorimetric techniques,
respectively.
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Figure 2 Relationship between magnesium content in an Al-Mg
alloy and infiltration kinetics (obtained using process conditions of
a 5h soak at 900°C, a nitrogen atmosphere, and an 18 um fused
Al Oy filler).

3. Results

3.1. Infiltration experiments

Initial experimentation [13] demonstrated that pres-
sureless infiltration of molten aluminium alloys into
compacts or loose beds of various reinforcing mater-
ials could occur if the correct process conditions were
employed. The critical process conditions were found
to be the alloy composition (specifically the magnes-
ium content), the process temperature, the process
time, and the nitrogen content of the atmosphere. It
was observed that the use of a magnesium-containing
aluminium alloy and a nitrogenous atmosphere in
conjunction with an appropriate process temperature
and dwell at temperature resulted in infiltration. No
infiitration occurred without both magnesium in the
alloy and a nitrogenous atmosphere. The following
experiments were performed to provide kinetic data
and to determine the bounds of the process.

The effect of the magnesium content in a binary
Al-Mg alloy on the infiltration kinetics was deter-
mined using the experimental arrangement in Fig. 1a,
with the result shown in Fig. 2. The reinforcing mater-
ial in these experiments was an 18 um fused Al,O,
grain that was simply poured into the refractory
vessel. The process time and temperature were fixed at
5h and 900 °C, respectively, and the atmosphere was
nominally 100% N,. The magnesium content was
shown to be a significant variable, with increases in
magnesium content resulting in an increased amount
of infiltration. Although limited, the data suggest a
linear relationship between magnesium content and
amount of infiltration. Additionally, the data show
that no infiltration occurs until a critical magnesium
content is reached. The critical level changes with
process conditions, but for the present case it is be-
tween 0.5 and 1 wt% Mg, with no infiltration
occurring with alloy Al-0.5 Mg and 3 mm of infiltra-
tion occurring with alloy Al-1 Mg.

The effect of the nitrogen content of the atmosphere
on the infiltration process was determined by conduct-
ing experiments in atmospheres ranging from 100%
N, to 100% Ar. Using the experimental arrangement
in Fig. 1b, alloy AI-10 Mg, a 66 pm fused Al,O; grain,
and process conditions of a 4h soak at 800°C, no
infiltration occurred in 100% Ar, only partial infiltra-
tion occurred in 10% N,/90% Ar and full infiltration
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Figure 3 Dependence of unit weight gain (measure of AIN forma-
tion) on per cent nitrogen in an N,/Ar atmosphere (obtained using
alloy Al-10 Mg, a 66 pm fused Al,O,, and process conditions of a
4h soak at 800°C).

occurred when the nitrogen content equalled or ex-
ceeded 25%.

In addition to affecting the amount of infiltration,
the atmosphere affected the quantity of nitride that
formed within the product. Fig. 3 plots the unit weight
gain against the per cent nitrogen in the atmosphere
for all of the samples where full infiltration occurred.
At high percentages of nitrogen, where infiltration was
rapid, little AIN formed, whereas in dilute atmo-
spheres, where infiltration was slow, observable levels
of AIN were evident. Fig. 4 shows the microstructures
obtained in 100% N, and in 10% N,/90% Ar. When
present, AIN tended to form preferentially at the
matrix/filler interface.

At a constant magnesium level and a fixed nitrogen
content, various other process variables can affect the
infiltration behaviour. Fig. 5 plots infiltration distance
against temperature for otherwise constant process
conditions, and shows that infiltration increased in an
approximately linear manner with temperature. Addi-
tionally, the data show that there is a critical temper-
ature required to induce spontaneous infiltration for a
given set of process conditions. The present data show
that no infiltration occurred at 750°C using alloy
Al-8 Mg, an 18 pm fused Al,O, filler, a 5h dwell at
temperature, and a nitrogen atmosphere, whereas
19 mm infiltration occurred at 800 °C.

In addition to kinetics, the process temperature
strongly affected the quantity of AIN that formed
within the aluminium alloy matrix. Fig. 6 plots the unit
weight gain against temperature for samples produced
using the second experimental arrangement. The ex-
periments employed alloy Al-10 Mg, a 66 um fused
Al, O, grain and process conditions of a 4h soak at
temperature in nitrogen. The results demonstrate that
as the process temperature increases, the quantity of
AIN that forms also increases, and that the increase is
approximately exponential over the temperature
range investigated. These changes can be observed
microstructurally, and appear similar to those evinced
in Fig. 4.

As shown in Fig. 2, the magnesium content of the
alloy has a marked effect on the infiltration kinetics.
To a lesser extent, other alloying elements also affect
the infiltration behaviour. For instance, silicon addi-
tions to the alloy were shown to enhance infiltration.
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Figure 5 Vatiation of infiltration kinetics with process temperature
(obtained using alloy Al-8 Mg and process conditions of a 5h soak
at temperature, a nitrogen atmosphere, and an 18 pm fused Al,O,
filler).
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Figure 6 Relationship between process temperature and AIN for-
mation (unit weight gain) in aluminium alloy matrix (obtained using
alloy Al-10 Mg, a 66 um fused Al,O; filler, and process conditions
of a 4h dwell at temperature in nitrogen).

Using the experimental arrangement in Fig. 1a,a 5h
dwell at 900 °C in nitrogen, and an 18 pm fused Al,O,
filler, infiltration distances of 25 and 44 mm were
obtained with alloys Al-6 Mg and Al-6 Mg-8Si, re-
spectively. Unlike silicon, copper additions retarded
the process kinetics. A 10 h dwell at 800 °C in nitrogen
yielded 35 mm infiltration into an 18 pm fused Al,O,
filler with alloy Al-10 Mg, whereas only 12 mm infilt-
ration occurred under the same process conditions
with alloy Al-10 Mg-3Cu.
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Figure 7 Relationship between fused Al,0O; particle size and infil-
tration rate (obtained using alloy Al-10 Mg and a 15h soak at
800°C).

Fig. 7 plots infiltration distance against filler par-
ticle size using fused Al,O; particles with average
particle sizes of about 18, 66, 216, 406, and 1035 pm.
The data show that the rate of infiltration into the
finer particle sizes was far greater than that into the
coarse particles. Using the experimental arrangement
in Fig. 1a, alloy Al-10 Mg, a dwell at 850 °C of 5h, and
a nitrogen atmosphere, infiltration was obtained into
the 18 and 66 pm particles but no infiltration occurred
into the 216 pm and larger particles.

The pressureless infiltration technique is applicable
to the production of composites containing a wide
range of reinforcement types. Examples of Al,O; par-
ticle-reinforced composites are shown in Fig. 4. Fig. 8
provides examples of Al,O, platelet and continuous
fibre-reinforced aluminium alloy matrices. Owing to
the marked effect of filler size on the infiltration
process it was not possible to isolate the effect of filler
geometry and in turn quantitatively determine its
effect on infiltration rate; however, it was found that
filler geometry did not significantly affect the infiltra-
tion process. Similarly, the pressureless infiltration
technique is applicable to many filler materials. In
addition to SiC and Al,0,, reinforcement materials
that have been utilized include TiB,, MgO, graphite
coated (by chemical vapour deposition) with SiC, and
AIN. Microstructures of composites containing 66 pm
SiC and 10 um TiB, are shown in Fig. 9.



Figure 9 Examples of particle-reinforced aluminium alloy matrix composites: (a) SiC and (b) TiB,.

3.2. Property data

Mechanical property measurements were made on
three tabular Al,O, particle-reinforced composites in
both the as-fabricated (F) and solution-treated and
naturally aged (T4) conditions, with the results shown
in Table I. The solution treatment was accomplished
by an 18 h soak at 435 °C followed by a quench into
80 °C water. The three composites were produced with
the same alloy (Al-10 Mg), but with different particle
sizes of Al,O, ( — 250, — 149, and — 44 um). An
attempt was made to keep the respective volume
fractions of alloy and filler constant, but due to diffi-
culty associated with the compaction of fine powders,
the — 44 pym Al,O, reinforced sample had a some-
what lower volume fraction of particles. The volume
fractions of Al,O; in the composites that were tested
were 56%, 57%, and 51%, from coarse to fine.

The results show that the ultimate tensile strength
and the strain to failure were inversely related to the
size of the reinforcement, and that the elastic proper-
ties were related to the volume fraction of filler. The
elastic properties were not affected by reinforcement
size at constant volume fraction, but the decrease in
Al,O; content from the samples with the coarse fillers
(— 250 and — 149 um) to the sample with the fine
filler { —44 pm) resulted in lower values of the

Young’s and shear moduli, and a higher value for
Poisson’s ratio.

Thermal property measurements were made on two
SiC reinforced composites. Both composites were in
the as-fabricated condition. Again, the composites
were produced with the same alloy (an Al-Mg alloy
with 15 wt % Si added to minimize Al-SiC reactions),
but with different particle sizes of SiC (about 216 and
66 um). Both composites had about the same loading
of SiC, with respective volume fractions of 54 and 51,
for the coarse and the fine filler. The data, shown in
Table II, demonstrate that both the coefficient of
thermal expansion and the thermal conductivity are
not a function of reinforcement size at nearly constant
volume fraction of reinforcement. Additionally, both
composites exhibited a drop in thermal conductivity
from room temperature to 200 °C.

4. Discussion

4.1. Wetting and infiltration

The pressureless infiltration of molten aluminium al-
loys into preforms or loose beds of reinforcing mater-
ials has not been previously observed except in
various specialized cases, such as when the filler is
reactive {e.g. A-B,C composites [16}). Edwards and
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TABLE I Mechanical properties of Al,O;-reinforced composites fabricated with alloy Al-10 Mg

Reinforcement Condition Ultimate tensile Strain to failure  Young’s modulus Shear modulus Poisson’s ratio
strength (MPa) (%) (GPa) (GPa)
—250pm ALO, F 242 0.169 180 72 0.26
— 149 um Al,O4 F 285 0.201 180 71 0.27
— 44 pm Al,04 F 457 0.476 165 65 0.34
—250pum ALO, T4 286 0.185
— 149 pm Al, O, T4 318 0.236
— 44 pm ALO, T4 506 0.563
None [22] T4 331 16 65
TABLE II Thermal properties of SiC-reinforced composites liquid-solid contact angle (through interfacial reac-
tions), magnesium additions to an aluminium alloy
Reinforcement  Coefficient of Thermal conductivity can affect the pressure required for infiltration.
g;egn%g’igamo“ (Wm™ K™ Little information is available in the literature on
(1 x 1075K "1 25°C  100°C  200°C the effect of a nitrogen atmosphere on wetting. McCoy
et al. [3] found that when fabricating aluminium alloy
216 pm SiC 9.2 166 139 128 matrix composites via compocasting, the use of a
66 um SiC 9.4 7 140 133 nitrogen atmosphere and a bubble-degassing step
None [22] 270 155 with nitrogen yielded composites with much lower

Olsen [7] found that aluminium would not spontan-
eously infiltrate SiC, even under process conditions
where the contact angle for the Al/SiC system was less
than 90°. They suggested that factors such as inter-
facial reaction kinetics or fluid flow end effects could
have inhibited infiltration, claiming that with a con-
tact angle less than 90° spontaneous infiltration
would have occurred if the surface tension force was
the only resistance to infiltration.

The enhanced wetting of ceramic materials resulting
from the addition of magnesium to an aluminium
alloy is well documented [3,4,6,17,18]. Several
mechanisms are generally discussed when the role of
magnesium is considered. Banerji et al. [19] claim that
the addition of an alloying element can enhance the
wetting of a solid surface in three ways, namely (i) by
reducing the surface tension of the alloy, (ii) by de-
creasing the solid-liquid interfacial energy, and (iii) by
promoting a chemical reaction at the solid-liquid
interface. McCoy et al. [3] state that magnesium is
effective in reducing the surface tension of the melt and
inducing interfacial reactions. Oh et al. [6], who found
magnesium to significantly improve wettability, be-
lieve that the promotion of interfacial reactions is the
most active mechanism for enhancing the wetting of a
solid ceramic surface with a molten aluminium alloy.

Few relationships exist that examine the role of
these variables. The Washburn equation, which is
often used to measure pore-size distributions by the
mercury porosimetry technique [20], provides the
pressure, P, required to infiltrate a pore of given
radius. It can be expressed as

P = (2yLycosb)/r (1)

where 7, v is the liquid-vapour surface energy (surface
tension), @ is the liquid-solid contact angle, and r is the
pore or capillary radius. Thus, by changing both the
surface tension of the molten alloy and the
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porosity than those produced similarly with argon,
but these results may not be associated with enhanced
wetting.

The results of the present work demonstrate that
the combination of magnesium in the alloy and a
nitrogenous atmosphere leads to the spontaneous in-
filtration of aluminium alloys into ceramic fillers.
Although a complete explanation is beyond the scope
of this paper, some comparisons can be drawn to
literature observations of wetting of non-metals by
molten aluminium. As previously stated, magnesium
decreases the surface tension of a molten aluminium
alloy. This alone does not induce spontaneous infiltra-
tion, but a nitrogen atmosphere may cause a further
reduction in the surface tension, thus promoting wet-
ting. Additionally, the reactivity of magnesium in-
duces interfacial reactions with solid ceramic surfaces.
These reactions typically are not enough to promote
spontaneous wetting, but in combination with a ni-
trogen atmosphere they may change or be altered,
thus allowing the observed infiltration.

For a given set of process conditions there is a
threshold or critical magnesium content required to
promote spontaneous infiltration, as is shown in
Fig. 2. McCoy et al. [3] found a similar effect when
producing TiB, platelet-reinforced aluminium alloy
composites by compocasting. Without enough mag-
nesium in the alloy, the TiB, platelets were rejected,
whereas at magnesium levels greater than the thre-
shold value, the TiB, platelets were readily wetted.
While working at temperatures near the liquidus, they
found the threshold magnesium level to be between 2
and 3 wt %.

The effect of the viscosity of the molten aluminium
alloy on infiltration is demonstrated by the results
obtained with the silicon- and copper-containing
Al-Mg alloys. Because they are relatively nonreactive,
it is unlikely that either silicon or copper contribute to
interfacial reactions. However, they both cause signi-
ficant changes to the viscosity of molten aluminium.



For instance, the viscosities at 900 °C of pure alumi-
nium Al-5Si, and Al-5Cu are 0.91, 0.85, and 1.01 cP
(1cP = 1073 N'm™2), respectively [21]. The addition
of silicon to the alloy resulted in an increased rate of
infiltration, whereas the addition of copper produced
the opposite effect. This result follows various models
proposed in the literature. For instance, Martins et al.
[8] have developed an intrinsic infiltration rate para-
meter, ¢, which can be expressed as

¢ = (ryLycost)/2p 2

where (ry_ycos ) is the surface tension force term and
u is the viscosity of the melt. ¢ can be used as a figure
of merit where high values infer favourable infiltration
kinetics. Thus, increased infiltration rates are pre-
dicted for alloys with lower viscosities.

It is well documented that filler particle size has a
marked effect on infiltration. McCoy et al. [3] suggest
that as the filler particle size decreases, an in-
creased energy (pressure) is required for wetting to
occur because the metal must deform to a smaller
radius, thereby making infiltration difficult. This is
supported by Equations 1 and 2, where increases in
the capillary radii (as the particle size increases, the
capillaries between the particles also increase) result in
a decrease in the pressure required for infiltration to
occur and an increase in the infiltration rate para-
meter, respectively. The results of the present work
(Fig. 7) contradict those in the literature. It was found
that the fine fused Al,O; particles were easily wet, and
as the particle size increased, the tendency for infiltra-
tion was reduced. This difference in behaviour is
attributed to the nature of the various processes. In
the present process, where wetting is preferred (i.e. the
infiltration occurs spontaneously), the dominant vari-
able with respect to particle size is surface area.
Smaller particles provide a greater area of wettable
surface, thus enhancing infiltration. In other processes
wetting is not preferred and infiltration is achieved via
the use of external pressure or agitation. The resist-
ance to infiltration is then dominated by the force
required to move metal into the channels (capillaries)
between the particles. In this case, large particles are
preferred.

4.2. Mechanical and thermal properties

Owing to the favourable wetting obtained with this
process, there is a strong potential for the production
of pore-free composites with high structural integrity.
Delannay et al. [1] state that enhanced wetting typi-
cally results in increased strength at the metal-ceramic
interface, thus enhancing the mechanical properties of
the composite. Burke et al. [14] presented the mech-
anical properties of Al,O, and SiC particle-reinforced
aluminium alloy composites in the as-fabricated con-
dition that were produced by the present process.
They found that, as suggested, the properties of the
Al, O, reinforced composites can be quite favourable,
exceeding the strength of the base alloy in some cases.
The strength of the SiC reinforced composites, how-
ever, was found to be only about 75% of that of the
AL O;-reinforced composites at constant volume frac-

tion and size of filler. The lower strength was at-
tributed to the high silicon content of the alloys used
in conjunction with the SiC filler.

The tensile strengths of the Al,O; reinforced com-
posites produced in the present work with alloy
Al-10 Mg (Table I) can also be greater than the
strength of the base alloy, depending on the size of the
Al,O, filler. Aluminium alloy 520.0 (nominally
Al-10 Mg) has an ultimate tensile strength of
331 MPa in the T4 condition [22], whereas the
strengths in the T4 condition of the composites con-
taining the — 250, — 149, and — 44 pm Al,O, were
286, 318, and 506 MPa, respectively (Table I). Exam-
ination of the fracture surfaces revealed that, as de-
sired, the mode of fracture was predominantly trans-
granular (i.e. the fracture occurred through, rather
than around, the Al,O, particles).

McDanels [23] found that the strengths of dis-
continuously reinforced SiC/Al alloy composites were
controlled by the strengths of the matrix alloys when
all other parameters were constant, and thus was able
to produce stronger composites via the use of heat-
treatments. The same result was obtained in the pre-
sent study with samples in the T4 condition exhibiting
greater strengths than otherwise identical samples in
the as-fabricated condition (Table I). However, the
increases in strength were only moderate, with gains of
18%, 12%, and 11%, respectively, for the — 250,
— 149, and — 44 pm fillers. This may be due to the
use of a heat-treatment schedule that was developed
for the base alloy. Reviewing the work of others,
Lewandowski [24] found that the heat-treatment
schedules for monolithic alloys are generally not
optimum for composites.

The SiC-reinforced composites do not presently
possess the structural properties of the Al,O;-
reinforced composites, but the combination of the
favourable thermal properties of SiC and the ability of
the pressureless infiltration process to accommodate
high filler loadings allows the formation of composites
with very favourable thermal characteristics. Spe-
cifically, SiC has a high thermal conductivity
(126 Wm~ 'K ™! [25] compared to 29 Wm 'K ™!
for Al,O; [26]) and a low coefficient of thermal
expansion (4.0 x 107®K ™! [25] compared to 8.1

x 1078K ™! for Al,0, [26]). This allows the fabrica-
tion of aluminium alloy matrix composites that main-
tain the high thermal conductivity of the base metal
while possessing coeflicients of thermal expansion that
match or nearly match lower expansion materials,
such as steels, various ceramics, and semiconductors.
The data in Table II demonstrate that a significant
reduction in the coefficient of thermal expansion from
the base alloy can be achieved by infiltrating a loose
bed of SiC particles. Further reductions in the coeffi-
cient of thermal expansion can be realized by infiltra-
ting more highly loaded SiC fillers.

5. Conclusions

A novel process for the production of metal matrix
composites containing either continuous or discon-
tinuous reinforcement is reported. It involves the
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spontaneous (i.e. without the aid of any externally
applied pressure or vacuum) infiltration of aluminium
alloys into loose beds or compacts of reinforcing
materials by proper control of the process conditions.
The processing data presented show that there are two
requirements for the wetting to occur, namely (i) that
the aluminium alloy contains magnesium and (ii) that
the atmosphere be nitrogenous. The infiltration kin-
etics were shown to be strongly affected by the process
variables. Increases in temperature and magnesium
content resulted in increased infiltration rates. AIN
precipitates can form within the aluminium alloy ma-
trix, particularly at high temperatures and in low
nitrogen-content atmospheres. Additions of silicon to
the alloy enhanced infiltration, whereas copper addi-
tions retarded infiltration. With a fused Al,O, filler,
infiltration slowed as particle size increased.

Owing to the enhanced wetting provided by this
process, and thus the good metal-ceramic bond that is
achieved, the Al,O, particle-reinforced aluminium al-
loy matrix composites show favourable structural
properties. The SiC particle-reinforced composites
possess a useful combination of high stiffness, high
thermal conductivity, and low coefficient of thermal
expansion, in most part due to the high particle
loading obtained in the present samples.
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