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Composites formed by infiltration of an array of fine alumina fibres with aluminium alloy 
melts have been investigated in terms of fabrication characteristics, microstructural 
features and mechanical properties. A production method has been developed in which 
the application of pressure ensures very low porosity levels and strong fibre-matrix bond- 
ing. Details of the transport phenomena occurring during fabrication have been explored 
with a view to optimizing selection of applied pressure, thermal fields, alloy composition 
and the structure of the fibrous preform. Microstructural examinations revealed an inti- 
mate fibre-matrix bond, but the virtual absence of any chemical reaction a t  the interface. 
Comparison of property measurements with data from unreinforced alloys revealed 
increased elastic moduli and marked improvement in tensile strength a t  elevated tempera- 
ture, accompanied by reductions in elongation. 

1. Introduction 
There has in recent years been a resurgence of 
interest in metal-matrix composites (MMC), 
arising at least in part from the current availability 
of several fibres with attractive features. Attention 
has in general been centred on the reinforcement 
of aluminium and its alloys, with the understand- 
ing that there are other candidates for future 
concerted study. The high performance potential 
of MMC systems (in terms of, for example, specific 
stiffness, tensile strength, wear resistance etc over 
a range of temperature) is well documented, but 
economic factors and, particularly, difficulties in 
developing viable fabrication routes have limited 
their commercial exploitation. 

In this paper, data are presented on the use of 
a fibre recently developed specifically for MMC 
applications [ I ] .  This is known as "Saffil"* alu- 
mina fibre, RF grade. It has a polycrystalline 
structure in which the predominant phase is 
6-alumina. A few of the relevant properties of this 
fibre are compared in Table I with those typical 
of the main current alternatives, although some 
of the figures may conceal significant variations 
among individual fibres, both for a single product 
and between different commercial versions. 

The fabrication and performance of MMCs 
based on these fibres in aluminium alloys is 
receiving intensive study [3-lo]. In most cases 
there are problems in optimizing the wetting/ 
bonding/distribution/damage characteristics during 
the fibre incorporation, although considerable 
progress is being made. The objective of the 
present paper is to outline some results from 
studies into the fabrication, structure and perfor- 
mance of composites containing the 6-alumina 
fibre. 

The fibre is a rather fine one (x 3 pm diameter) 
and for the purposes of composite fabrication 
is chopped, milled and sized to give a preselected 
range of lengths. Typical distributions of diameter 
and length are shown in Fig. I ,  giving in this case 
a fibre aspect ratio of around 100 to 200. For 
much of the composite fabrication, this material 
was further processed into pad-like preforms, 
incorporating a binder (see Section 2.2). 

The 6-A1,0, crystal structure is stabilized 
against transformation (at high temperature) to 
a!-Al2O3 by the presence of about 3 to 4% S i 0 2 ,  
which also tends to inhibit coarsening of the fine 
(50 nm) crystallite size. This silica is distributed 
throughout the &alumina phase and a thin 

*"Saffil" is a trademark of Imperial Chemical Industries plc for its alumina fibres. 
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T A B  L E I Selected fibre properties 

Fibre Mean Density UTS E Reference 
diameter (Mg m - 9  (GPa) (GPa) 
(w-4 

C 8 1.8 2.2 25 0 
Sic 13 2.5 2 190 

PI 

0.2 3.3 
131 

K,O(TiO,), a 7 280 
Cu-precipitated 

PI 

Li,0.A1,0,.4Si02 5 2.6 2 85 
Al,O,/SiO, 2.8 2.6 1.3 120 

[41 

FP or-Al,O, 20 3.95 1.7 380 
PI 

RF Saffil 6-A1,0, 3 3.3 2 300 [ I ]  
[51 

(1-5 nm) silica-enriched layer forms on the free 
surface of the fibre. A 6-0. transformation stimu- 
lates the appearance of the mullite phase 
(3Al2O3-2SiO2), which appears primarily at the 
grain boundaries: this tends to inhibit both further 
transformation and coarsening of the grain struc- 
ture. A number of trace elements are present, but 
the total impurity content is typically < 0.2 wt % 
The material is effectively free from porosity 
Thermal stability is excellent up to around 1500K 
Representative stiffness and room temperature 
tensile strength values were shown in Table I. 

2. Composite fabrication 
2.1. Fibre wetting and exploratory 

experiments 
A number of studies [l l-151 have confirmed that 
wetting is very poor between different forms of 

( a) Fibre diameter (pm) 

A1203 and molten aluminium, reported contact 
angles ranging from n near the melting point to 
2 n/3 at 1800 K. Small changes in fibre or melt 
composition are unlikely to effect dramatic 
reductions in these values by a purely physical 
mechanism and most expedients aimed at improv- 
ing the wetting have thus been designed to stimu- 
late chemical reactions, often by way of fibre 
coatings or alloying additions. While artificial 
coating is cumbersome, alloying additions that 
can react chemically at the fibre/melt interface 
look attractive. For example, A1203 reacts with 
several divalent transition metal oxides to form 
ahminates isostructural with spinel (MgO . A120,), 
offering the potential for the formation of strong 
interatomic bonds with both matrix and fibre. 
However, it would appear [6, 16-19] that only 
lithium (which forms Li20 5Al2o3) can rapidly 

(b) Fibre length (mm) 

Figure 1 Distributions of (a) diameter and (b) length of 6-alumina fibres employed. 
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Figure 2 Schematic illustration of the rig designed for 
sorting of alloy droplets in terms of their propensity 
for wetting a fibre pad. 

stimulate a suitable reaction (without requiring 
oxygen introduction, for example by agitation). 
Unfortunately, the incorporation of lithium can 
be associated with certain fabrication and handling 
problems. 

A preliminary indication of the wetting behav- 
iour of a range of alloys in contact with the fibre 
was obtained using the apparatus shown in Fig. 2. 
Small samples of up to 8 alloys were placed on a 
preformed pad of alumina fibres. The assembly 
was heated under vacuum, or controlled atmos- 
phere, until the samples melted and their inter- 
action with the pad was then observed. In no case 
was the droplet fully absorbed into the pad, but 
some wetting and penetration was observed. (This 
is a severe test since all aluminium alloys when 
heated in this way form a tenacious surface oxide 
film which inhibits padldroplet contact.) Evidence 
of a degree of wetting was observed with some 
Al-Mg alloys and certain other systems exhibited 
marginal pad penetration. The test does not give a 
direct indication of the contact angle, because of 
the sensitivity to the oxide layer formation (which 
is influenced by the alloy composition). Neverthe- 
less, and despite the limited scope of the tests, 
they provided a useful means of selecting the 
most promising alloy systems for subsequent 
work. Some hot-stage SEM studies were also 
helpful in this respect (see Section 3.2). 

Initial fabrication attempts started with manual 

stirring of bulk and milled fibre into melts that 
were slowly cooling from initial superheats of up 
to about 300 K. The resultant mass was then 
decanted and manually tamped down into a 
warm (x 500 K) ingot mould. This produced 
porous but moderately compact and homogeneous 
ingots (with fibre volume fractions up to about 
0.15 to 0.2) using Al-lOwt%Mg (LM10) and 
some other Al-Mg and AI-Si alloys: the oper- 
ation was not successful with some melts, because 
of difficulties in wetting the fibres. These ingots 
were then densified by heating close to the nomi- 
nal liquidus temperature and squeezing in a cylin- 
drical die, using pressures of around 25 MPa. The 
resulting billets were generally sound (although 
containing some fine residual porosity and en- 
trapped oxide). 

While it proved to be possible, by using tech- 
niques such as the above sequence (and with 
methods involving premixing of fibres with metallic 
powder), to produce billets of reasonable quality, 
studies in these directions were superceded by the 
development of a melt infiltration technique 
offering an attractive combination of rapid pro- 
cessing and effective incorporation of fibres into 
the matrix. 

2.2. Pressure-assisted network infiltration 
to form composites (PANIC) 

2.2.1. Theory 
Experimentation revealed that good composites 
could be produced by applying pressure to a fully 
liquid charge on the surface of a fibre pad located 
within a die. The apparatus is illustrated schemati- 
cally in Fig. 3. Considerable interest is now being 
generated in the squeeze-infiltration of fibrous 
networks, and some studies have been recently 
reported: there are papers covering the squeezing 
of pre-mixed composites [6-91 and the pressurized 
infiltration of cylindrical Sic fibre bundles [3] 
and of a skeletal network of copper-precipitated 
devitroceramic fibre [2]. In addition, the patent 
literature contains guidelines [20-221 on con- 
ditions during pressurized pad infiltration. The 
process does not appear, however, to have been 
subjected to systematic process modelling analysis, 
although some recent Russian work has explored 
certain features [23,24].  

Resistance to penetration of the melt through 
the fibre network, which must be overcome by 
the applied pressure (perhaps assisted by capil- 
larity), arises from at least two identifiable sources. 



3 A C  melt F 

Launder 

Figure 3 Schematic illustration of the set-up employed 
for pressure-assisted network infiltration to form com- 
posites (PANIC). 

These are the effect of enforced meniscus curva- 
ture at the infiltration front and the resistance 
to flow (at a finite velocity) offered by the inter- 
stitial channels after passage of the front. The 
former is described by the familiar Kelvin equation 

where AP is the pressure drop across a surface 
exhibiting principal radii of curvature ri, and y 
is the interfacial energy. The curvatures imposed 
on the front depend on the volume fraction, Vf, 
radius, Rf, and distribution of the fibres: the 
assumption made about the degree to which 
fibre-melt wetting at the front reduces the curva- 
tures is also important. If, as seems probable, 
wetting is insufficiently rapid (when the melt 
is penetrating relatively quickly) to allow curva- 
ture relaxation, and the minimum radius imposed 
corresponds to twice the inter-fibre spacing, the 
following expressions are obtained for different 
types of fibre array 

: R,=1 .5 ym 

4 - 
- 1-0 bundle 

: - - 2-0 square mesh 
. - - - - - - 3-D cubic array 

Figure 4 Predicted dependence of the pressure drop 
across the infiltration front on the volume fraction of 
fibre, for penetration of an aluminium melt into different 
types of fibrous array. 

these relating to a one-dimensional bundle, two- 
dimensional square mesh and three-dimensional 
cubic array, respectively. Using the value [ 2 5 ]  of 
0.84 J m-2 for y of aluminium, the behaviour 
predicted by these equations for fibres with the 
dimensions of "Saffil" is shown in Fig. 4. These 
curves suggest that the excess pressure to generate 
the curvature necessary for infiltration of even a 
fine, dense network is no greater than a few tens 
of atmospheres (or perhaps slightly more to ensure 
complete penetration into every fine crevice). 

The second source of flow resistance is des- 
cribed by the Blake-Kozeny equation [26], which 
in the present case gives the following expression 
for the pressure gradient in the melt necessary to 
generate a flow velocity, u :  

where 17 is the dynamic viscosity of the melt 
(s Pa sec for aluminium). This equation is 
valid only for laminar flow and the onset of 
turbulence [27] (expected for a packed-bed 
Reynolds number higher than 2) is predicted for 
pressure gradients greater than a critical value 



Figure 5 Predicted variation with volume fraction of 
fibre of the pressure gradient necessary to generate flow 
of an aluminium melt through a fibrous bundle at differ- 
ent velocities. 

The pressure gradients necessary to generate flow 
at three different velocities are shown as a func- 
tion of Vf for Saffil fibres in Fig. 5 (with a further 
curve for the 100 mm sec-' case for a thicker 
fibre), together with the onset of turbulence 
boundary. This figure shows that (once the fibre 
network has been infiltrated) melt flow through 
the interstitial channels (to allow continued 
advance of the infiltration front) can occur at 
high velocities (-- 10 mm sec-'), even when 
the network is fine and dense, without requiring 
a pressure increment of more than about 10 atm 
(for infiltration depths of the order of a few tens 
of millimetres). 

The Blake-Kozeny treatment refers to a 
steady state, whereas the actual infiltration is 
highly transient in several respects, but the curves 
shown should at least indicate what regime of 
penetration velocity is possible when a known 
external pressure is applied. It should be noted, 
of course, that the generation of a back-pressure 
in the gas ahead of the front (such as would arise 
if the melt flow were such as to isolate regions of 
the uninfiltrated pad from the air escape paths), 
would inhibit penetration and this can be of 
practical importance. In general, the overall 
process is a complex one, particularly when 
account is taken of pad compression and solidifi- 
cation behaviour. The incidence of fibre breakage, 

and local variations in Vf, in the final composite 
will be dependent on the degree of preform 
compression (itself related to local pressure 
gradients) and on the relative progress of the 
solidification fronts advancing from the ram 
and from the die base (after infiltration). Pre- 
liminary experimental and theoretical indications 
are that the contact time between the fibres and 
the quiescent melt is less than about a minute 
for the conditions used. Quantitative study of 
these aspects is currently being initiated. 

2.2.2. Experimental findings 
It has been found that fibre preforms of diameter 
60 mm and up to about 40 mm thickness, con- 
taining fibre volume fractions in the approximate 
range 0.1 to 0.3, could be fully infiltrated by 
placing them in a die preheated to about 600 K 
and adding the alloy melt (superheated by about 
100 to 200 K): this was followed by application 
of pressure in the range 25 to 75 MPa via a ram 
travelling at a nominal 9 mm sec-' . Under suitable 
conditions, composites with very low levels of 
porosity and fibre damage can be produced from a 
range of melt compositions - including A1-Mg, 
A1-Si and Al-Cu alloys. Significant compression 
of the pad was noted under some conditions, and 
there were instances in which differential degrees 
of compaction were generated through the thick- 
ness of a single pad. An example of this is shown 
in Fig. 6. 

The success of infiltration under these con- 
ditions is consistent with the theoretical pre- 
dictions. It is clear from Fig. 4 that the pressure 
drop at the front is not expected to exceed a few 
MPa, while Fig. 5 suggests that the maximum 
infiltration velocity (which is limited in this case 
by the ram speed) requires pressure gradients 
(< 25 MPa m-') which would easily be set up 
under the conditions employed. Turbulence within 
the infiltrating liquid appears impossible (at least 
with these fine fibres). Microstructural evidence 
suggests that the infiltration times are relatively 
short, although it has not yet been confirmed that 
they are as low as the minimum of a few seconds 
imposed by the ram speed. The major point 
remaining to be clarified in this respect concerns 
the possible inhibition of penetration by repeated 
oxide formation at the front. 

2.3. Ef fect  o f  p re fo rm characteristics 
Although both predictions and experience have 



suggested -aluminium melt infiltration of a fine 
fibrous network to be possible under fairly modest 
applied pressures, the degree of wetting and thus 
the achievement of good fibre-matrix bonding in 
the resultant composite might be expected to 
exhibit some dependence on the system chemistry. 
In view of a suspected importance of the silica-rich 
surface layer, attempts were made to infiltrate 
preforms composed of fibres in which: 

1. the normal silica binder level of 2.5 wt % 
had been reduced; 

2. the silica binder had been replaced by a 
fugitive (latex) binding agent; 

3. the silica-rich surface layer had been removed 
by etching with HF; 

4. the 6-phase had been transformed to a- 
alumina by suitable heat treatments; 

5 ,  selected combinations of these treatments; 
and attempts were made to infiltrate these with 
LM6 (Al-12 wt % Si) alloy under a standardized 
set of conditions, the resultant composites then 
being examined by optical metallography. 

The level of silica binder was found to have no 
influence on the infiltration behaviour, although 
low values (< 1.0%) result in poor handling 
strength and very high levels (> 15%) are expected 

Figure 6 Optical micrographs of an LM10-18 vol% fibre 
composite: transverse sections taken at heights of approxi- 
mately (a) 5 mrn, (b) 10 mm, and (c) 15 mrn above the 
die base. 

t o  start to inhibit flow of the melt. Preforms made 
with the fugitive binder were very weak and 
friable after the latex had been driven off, but 
they could still be successfully infiltrated. This 
was also true of preforms containing no silica 
(either in the binder or on the fibre surface), 
although there was, in this case, a very slight 
suggestion of a little residual porosity in a few 
inter-fibre crevices. Fibres that had been con- 
verted to the a form were also fully infiltrated, 
although in this case their appearance was slightly 
altered (as a result of the phase transformation 
and attendant changes, such as a large increase 
in grain size). 

The success of the physical penetration and 
envelopment of the fibrous array would thus 
appear to be dependent solely on the physics of 
the process (including the setting up of a suitable 
thermal field), which is consistent with the basis 
of the analysis in Section 2.2.1. The strength of 
the fibre-matrix bond cannot, however, be 
inferred reliably from visual examination and 
investigations of the effect of the fibre chemistry 
in this regard are proceeding. 

3. Microstructural features 
3.1. Fibre distribution 
Little relative fibre motion occurs during the 
PANIC process and the distribution in the com- 
posites was essentially that inherited from the 
pad (normally a random planar array). This was, 
for example, indicated by optical micrographs 
such as those of Fig. 6, in which the fibre texture 
may be deduced by examining the elliptical fibre 
cross-sections in terms of the eccentricity and 



T A B  L E I I Fibre length data before and after incor- 
poration in an A1-9% Si-3% Cu matrix 

Volume fraction Mean fibre length Fraction 
of fibre in pad (pm) < 120 pm 

Initial Extracted Initial Extracted 

orientation distributions of the major axes. Some 
evidence is apparent of a certain degree of fibre 
breakage, although the limited nature of this 
damage under typical conditions was confirmed 
by the fibre length measurements shown in 
Table 11, which compares values from the initial 
pad with those obtained after extraction from the 
composite. It was also noted from micrographs 
such as those of Fig. 7 that the grain structure 
within the infiltrated pad was much finer than 
elsewhere and that grain boundaries were linked 
to fibres. This may be partly a result of many of 
them having acted as effective substrates for 
nucleation of matrix crystals, which is not sur- 
prising in view of the apparently excellent wetting 
under the conditions of infiltration. 

3.2. Interface structure 
Definitive examination of the fibre-matrix inter- 
face region was hindered by the scale of the 
structure, which is, for example, small relative to 
the X-ray emission volume excited by an electron 
beam at normal accelerating voltages. However, it 
was possible, by using X-ray photoelectronspectro- 
scopy (XPS) on virgin and extracted fibres, to 
investigate chemical changes at the fibre surface. 
For example, Fig. 8 compares spectra for (a) 
untreated fibres with (b) fibres extracted from a 

composite formed with LMIO, by dissolution with 
10% iodine in methanol. 

These data should be interpreted with care. The 
Si2, peak at about 150 eV (representing about 3 to 
4 at % Si) is largely unchanged in magnitude (as is 
the Si/Al ratio) and shows that silicon is present as 
Si02; there is no evidence of a peak corresponding 
to elemental (zero valence) silicon, which would 
have been expected at an easily detectable shift of 
about 4 eV below the Si,,. This suggests that the 
Si02 in the surface layers had not been chemically 
reduced: it should be noted, however, that the 
fibre extraction was not carried out under anaero- 
bic conditions, so that any elemental silicon that 
did form would have been subsequently reoxidized, 
although probably to a depth of only about 1 nm 
or so (as compared to the escape depth for this 
photoelectron of about 5 nm). The implication 
is thus that any reduction of the silica in the fibre 
surface cannot have penetrated beyond a few 
atomic layers. It also follows that, if such a surface 
attack did take place, the reaction products could 
not have been subsequently swept away (sug- 
gesting that the melt must have been quiescent at 
the time). 

However, the appearance of the Mg2+ peaks in 
the second spectrum is also significant. These are 
of three types, corresponding to the 1s photo- 
electrons (at 1305 eV), the Auger KLL electrons 
(at 300 to 400 eV) and the 2p and 2s photoelec- 
trons (at 52 and 89 eV), these having escape 
depths of about 2, 4 and 5 nm, respectively 
[28,29].  The magnitudes of these peaks are 
relatively high in all three categories (and are, in 
fact, of the same order as would be expected for 
the spinel structure), implying that the ~ g ~ '  ion 
is present at appreciable concentrations to depths 
of at least several atomic layers. The occurrence 

Figure 7 (a) Optical and (b) SEM micrographs of an LM10-18 vol% fibre composite, showing the grain structure. 
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Figure 8 XPS spectra from (a) virgin Saffil fibres and (b) fibres extracted from composite with LM10. 

of Mg2' peaks of all three types strongly suggests 
that the magnesium was not simply deposited 
as a hydroxide precipitated as the matrix dis- 
solved during extraction (as might have been 
feared [30]), but rather that the ~ g ~ '  ion is 
present in the lattice throughout the surface 
layers of the fibre. (If all three types of peak 
had been due to excitation from a thick deposited 
Mg(OH), layer, then the silicon and aluminium 
signals would have been lower than those from 
the virgin fibre.) In summary, a chemical reaction 
has occurred in which a melt constituent enters 
the surface layers of the fibre, but if this process 
involves any reduction in the oxidation state of 
silicon within these layers, then it must be a 
highly surface-specific effect. 

The high strength of the interfacial bond was 
evident in several ways. For example, a typical 
fracture surface after tensile testing (see Sec- 
tion 4.1), such as that of Fig. 9 ,  showed no 
evidence of fibre pull-out. Hot-stage SEM work 

also indicated a high melt-fibre affinity: for 
example, imaging of partially unwetted fibres 
(from specimens for which infiltration had been 
deliberately limited) indicated a tendency for 
the matrix, once molten, to move along the 
fibre (Fig. lo), although this was inhibited by 
the presence of the oxide film. 

A further important feature of the behaviour 
of the system at elevated temperature concerns 
the high thermal stability of the fabricated com- 
posite. Certainly, no apparent degradation of the 
structure took place even under protracted con- 
ventional heat treatments. In fact, holding the 
composite at temperatures corresponding to a 
semisolid or fully liquid matrix, while it clearly 
tends to produce some changes in the appearance 
of the matrix (depending in part on how the 
subsequent solidification is carried out), did not 
lead to impaired integrity of the fibre array. The 
structure shown in Fig. 11 is that of a composite 
held for 2 days at 900° C and then slowly cooled. 

Figure 9 SEM micrographs at two magnifications of a fracture surface produced by tensile testing of an LM6-18 vol% 
composite, showing the virtual absence of any fibre "pull-out" or interfacial delamination. 



Figure 10 Hot-stage SEM micrographs showing the root area of an initially unwetted fibre. 

Although there is some evidence of attack in this 
case, the thermal stability under more conven- 
tional conditions is clearly expected to be except- 
ionally high. The stability of these melt-fibre 
mixtures at sustained high temperatures may be 
affected by any phase transformation taking place 
in the alumina, although in this case the 6-phase 
would probably have remained stable [3 11. 

3.3. Matrix structure 
In agreement with previous observations [32], 
the structure of the matrix phase in the com- 
posites was found to be different from that in 
unreinforced material solidified under similar 
conditions. There is a reduction in grain size 
(by a factor of perhaps 100 to around 20 to 
40 pm mean diameter) - see Fig. 8. Microhard- 

ness tests were carried out in the matrix material 
on both the fibre-reinforced and fibre-free regions 
of infiltrated billets. The results are presented in 
Table 111. This shows a significant increase in 
hardness in the fibre-reinforced region, which 
may be attributed to changes in the matrix struc- 
ture [32] and constraint from the array of fibres 
nearby. 

There is, in addition to these changes to the 
aluminium solid solution structure, a marked 
tendency for the appearance of any second phase 
to be strongly affected by the presence of the 
fibres. This is illustrated by Fig. 12, consisting 
of two micrographs from a composite produced 
with an A1-Si eutectic alloy. It is clear from the 
micrograph at lower magnification, which shows 
an area near the top of the preform, that the 
eutectic growth mode has been severely disturbed 
by the presence of the fibres. This is an unmodi- 
fied alloy, but the high cooling rate would 
normally give rise [33] to the fine fibrous eutectic 
structure apparent in the upper portion of this 
micrograph. The coupling at the eutectic growth 
front has clearly been disturbed by the presence 
of the fibres and it seems very unlikely that this 

T A B L E I I I Microhardness data from fibre-free and 
reinforced matrices of some aluminium alloys 

Alloy Fibre Mean microhardness 
volume (kg rnm-') 
fraction Inter-fibre Fibre-free 

matrix matrix 

Al-10 Mg 0.18 105 95 
Al-10 Mg 0.30 115 94 
A1-10 Mg 0.40 118 90 

Figure 11 Optical micrograph of an LM10-I8 vol% fibre A1-11.5 Si 0.24 96 72 

composite after holding for 2 days at  900" C. A1-4 Cu 0.24 115 77 



Figure 12 Optical micrographs of an LM6-18 vol% fibre composite, showing the change in microstructure between the 
fibre-free and infiltrated areas. 

could be due to any reduction in the cooling rate 
in this region. 

Inspection of the second micrograph reveals 
that the effect appears to be associated with 
preferential nucleation of the silicon phase on the 
fibre surfaces. This appears not only to have 
disturbed the eutectic growth (producing a coarse 
and partially divorced [34] structure), but also to 
have reduced somewhat the incidence of primary 
aluminium (whch is often appreciable, even in a 
nominally eutectic composition, at high cooling 
rates [33]). It may be noted that changes of this 
type may have unfavourable effects on the mech- 
anical properties, such as an expected increase in 
brittleness for the example shown. This highlights 
the importance of tailoring the alloy composition 
to the fabrication and performance requirements 
of these composites. It would appear, for example, 
that the high melt fluidity for which alloys such 
as LM6 are traditionally favoured is not a pre- 
requisite for successful infiltration and the avoid- 
ance of embrittling constituents should probably 
be given a high priority in formation of these 
composites. Certainly, test pieces produced from 
the specimen shown were very prone to low 
ductility problems. 

4. Mechanical properties 
A number of flexural and tensile test pieces have 
been taken from billets made with the PANIC 
rig. Insufficient testing has been completed to 
fully characterize the materials, but Young's 
modulus measurements around 100 GPa and 
tensile strengths of 280 MPa have been recorded. 
A more extensive programme of testing has been 
undertaken on composites, based on a commercial 

Al-9% Si-3% Cu alloy, produced under similar 
conditions using industrial equipment. Tensile test 
data are shown in Table IV and Fig. 13. 

It will be noted that the tensile modulus at 
room temperature ranges from 100 to 114 GPa 
for these fibre volume fractions. These increases 
(over a value of about 70 GPa for the unreinforced 
alloy) are close to the maximum expected with a 
random planar array [35] of fibres, implying 
both that the fibre-matrix bonding is strong 
and that the fibre aspect ratio is sufficiently high 
for a uniform tensile load to be borne over much 
of their length. The strength at 2S°C is not 
improved significantly when compared with an 
unreinforced pressure casting of this alloy, but at 
elevated temperatures the higher Vf materials 
are markedly stronger. Both strength and modulus 
fall as the temperature is raised; however, the 
modulus at 300' C with only 12% fibre is no lower 
than that of an unreinforced matrix at room 
temperature and the strength retention at 300° C 
(and above) of all the composites represents a 
major improvement on the of conventional cast 
aluminium alloys. It should be noted, however, 
that the strength increases are accompanied, as 
expected, by marked reductions in ductility, 
although some evidence of significant plastic 
deformation starts to appear in the stress-strain 
curves for the higher testing temperatures. The low 
ductility and consequent susceptibility to the 
effe.ct of stress-raisers, is probably responsible 
for the failure to realize the full strengthening 
potential at room temperature: this suggests that 
the use of matrix material with a very high duc- 
tility could result in improvements to certain 
properties. 



T A B  L E I V Tensile properties of composites made by preform infiltration with A1-9% Si-3% Cu 

Fibre Test Young's modulus Tensile Strain to fracture 
fraction temperature (GPd strength (%I 

C c) (MPa) 

25 0 9 3 244 0.6 

Typical as-cast 300 86 196 0.7 

A1-9% Si-3% Cu 300 - 50-100 6 .O 

5. Discussion and conclusions 
A technique has been presented for the fabrication 
of MMC billets, involving the pressurized infiltra- 
tion of a fibrous preform pad with a superheated 
melt. It has been found that, with a suitable com- 
bination of the operating variables and employing 
a fine &-alumina fibre recently made available for 
MMC applications, composites based on a range of 
aluminium alloys can be fabricated in this way. 
A high degree of control is retained over the fibre 
orientation and distribution, which are essentially 
as inherited from the preform. The levels of 
porosity and fibre damage are very low and all the 
evidence points to a very strong matrix-fibre 
interfacial bonding. Some of the characteristics 
of the fabrication process have been explored in a 
preliminary manner, particularly with respect to 
the pressure and infiltration rate characteristics. 
These treatments have shown that only relatively 

Temperature (OC) 

modest pressures should be necessary to ensure 
quite rapid penetration of the fibre network 
concerned, and this has been borne out by the 
experimental information available to date. 

However, it is possible that good fibre-matrix 
bonding is dependent, not only on the setting up 
of suitable pressure and temperature fields during 
the infiltration, but also on the system chemistry. 
The presence of magnesium in the melt seems to 
promote particularly strong wetting, although 
good structures have been produced with a wide 
range of other alloys. The evidence presented 
suggests that the thin, silica-rich layer on the fibre 
surface does not take part in a chemical reaction 
during infiltration and the subsequent melt con- 
tact period (which has been rather short in the 
current work), unless such a reaction extends to 
a depth of no more than a very few atomic layers. 
It is clear, moreover, that after formation of the 
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Figure 13 Tensile strength and modulus of A1-9% Si-3% Cu-based composites, showing the variation with testing 
temperature. 



composite, the fibres remain very stable on heat- 
ing and, indeed, on remelting, of the matrix, even 
under extended treatment at elevated tempera- 
tures. 

A fairly comprehensive series of mechanical 
tests have been applied to MMCs fabricated in 
this way, covering a range of testing temperatures. 
The levels recorded for both stiffness and strength 
confirmed the microstructural impression that 
fibre integrity was unimpaired during fabrication 
and that matrix-fibre bonding was very strong. 
The enhancement in strength when compared 
with an unreinforced as-cast alloy is substantial 
at elevated temperatures. It might prove profitable 
to explore the development of alloys specifically 
designed for MMC applications. 
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