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bstract

nterpenetrating composites consist of three-dimensionally interpenetrating matrices of two different phases; in the present work they were alumina
nd aluminium–magnesium alloys and were produced by infiltrating ceramic foams with molten alloys. The foams were made by mechanically
gitating ceramic suspensions to entrain gases and then setting the structure via the in-situ polymerisation of organic monomers, a process known
s gel casting. This resulted in the foams having a very open and interconnected structure that could be easily infiltrated by the molten metals.
revious composites have been produced at Loughborough University using squeeze casting; however, whilst infiltration was usually accomplished

n a matter of seconds, the resulting size and shape of the composite was limited. Hence the present work has focused on investigating the potential
or using gravity-fed infiltration. Whilst this was much slower, often taking several minutes, when optimised it is believed it will offer the potential
or the production of large and complex-shaped pieces.

The composites were produced at atmospheric pressure by infiltrating 2–10 wt.% magnesium content Al–Mg alloys into 20% dense Al O foams
2 3

ith highly interconnected porosity. The processing parameters of temperature, ≥900 ◦C, and atmosphere, flowing N2–Ar, were investigated to
etermine the processing window and infiltration kinetics. In-situ observation of the process shows that infiltration is faster at higher temperatures,
g contents and N2 partial pressures. Both optical and scanning electron microscopy (SEM) have been used to characterise the composites.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

There is a need to improve the mechanical and physical per-
ormance of metals such as aluminium and its alloys in order to
xtend their service limits in applications ranging from automo-
ive components such as cylinder blocks, pistons and connecting
ods, to aeroengine and airframe components, through space-
raft structures to heat sinks for electrical and electronic devices,
liding electrical contacts, golf clubs and bicycle frames.1 A pop-
lar way of achieving this is through the addition of ceramic
einforcements. Commercial approaches to producing these
omposites involve either stirring particles into molten metals
ollowed by casting or infiltrating densely-packed beds of either
articles or fibres, both approaches yielding a discrete phase
ispersed in an otherwise homogeneous matrix material. These
rocessing routes have their limitations however, not least the

nability to vary the volume fraction of ceramic above ∼20% for
tir-casting and below ∼50% for metal infiltration. In addition,
hese routes also suffer from a lack of control of the structure,
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3 foams; Microstructure

igh processing costs and limitations in the range of product
eometries that are possible.

Composites such as those outlined above are defined as 0–3
nd 1–3 respectively,2 that is, whilst the matrix phase is contin-
ous throughout the material, the dispersed phase is either not
nterconnected in any of the three dimensions (0–3) or, if con-
inuous fibres are used, connected in a single dimension (1–3).
owever, a change in connectivity between the phases, from 1–1

phases connected in a single dimension) to 3–3 (both phases
nterpenetrating in all three dimensions) can result in substan-
ially different properties. Although 3–3 connectivity is fairly
ommon in natural composites, e.g. bones and wood, there have
een relatively few attempts at creating it synthetically.3 The
ifficulty with fabricating a truly interpenetrating network lies
n achieving the required connectivity and spatial distribution of
he phases, especially on a fine scale. However, the ability to fab-
icate by design such an interpenetrating microstructure raises
he possibility of developing materials with truly multifunc-
ional properties, each phase contributing its own characteristics

o the macroscopic properties of the composite. For instance,
ne phase might provide high strength or wear resistance whilst
he other contributes a different property such as electrical con-
uctivity. The applications include light weight structural parts,

mailto:j.binner@lboro.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2008.07.034
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After infiltration, samples of the composites were cut lon-
gitudely and mounted in Bakelite, prepared metallographically
and examined optically in the as-polished condition. For this, the
Fig. 1. Typical structure of the ceram

ear resistant applications, and electrical and thermal compo-
ents where good thermal conductivity, reduced coefficient of
hermal expansion (CTE) and good electrical conductivity (via
he connectivity of the metal) can be achieved. In addition,
ince many continuum properties change abruptly at the perco-
ation threshold (the limit where connectivity is gained or lost),
ossibly the greatest potential for making materials capable of
xhibiting novel behaviour lies with those that have marginally
nterconnected microstructures.3 This necessitates the ability to
ontrol the fraction and structure of both phases, preferably
ith a degree of independence. However until more of these

nterpenetrating composites are produced and their properties
ystematically investigated, there is little other guidance as to
ow the interconnectivity might affect the overall properties.

One route to achieve tailorable 3–3 composites is via the
nfiltration of a second phase into porous materials that display
omplete pore interconnectivity. Provided that the structure of
he initial porous material can be controlled sufficiently in terms
f the degree of porosity, the size and shape of the pores, the
ize of the windows between them and the nature of the struts
eparating them, then there is the opportunity to design and fab-
icate interpenetrating composites with customised structures.
ence the infiltration of cellular ceramics offers the potential for
roducing tailored 3–3 interconnectivity interpenetrating com-
osites.

. Experimental

Four aluminium–magnesium alloys containing approxi-
ately 2, 6, 8 and 10 wt.% Mg were produced from

ommercially pure aluminium and a Mg–Al master alloy, AZ81.
he Al was melted in a covered clay-graphite crucible in air,

hen a piece of AZ81 of the correct size was immersed into the
elt. After the AZ81 was melted, the melt was stirred using an
l2O3 rod, the slag was removed and the melt was poured into a

teel mould. To compensate for Mg loss during casting, 16 wt.%
xcess AZ81 (∼15 wt.% Mg) was used for each composition.

he initial microstructures consisted of course columnar grains

or the 2 and 6 wt.% Mg alloys and dendritic columnar grains
or the 8 and 10 wt.% Mg alloys. Al–Mg intermetallic phase,
l3Mg2, was observed in the 8 and 10 wt.% Mg alloys.

F
f

ms made by the gel casting process.

Following casting, sections were cut and ground on all
urfaces using successively finer grades of SiC paper from
20 to 1200 grit to remove any defects or residual oxides.
hese samples were placed on top of blocks of alumina
eramic foam preform measuring 70 mm × 20 mm × 9 mm or
0 mm × 20 mm × 16 mm and manufactured by Dytech Corpo-
ation Ltd., UK, using a gel casting technique.4 The foams had

density of 20%, a spherical cell size of ∼350 �m, the lat-
er being fully interconnected by windows with a diameter of

90 �m (Fig. 1).
To infiltrate the molten metals into the ceramic foams, the

etal/ceramic assemblies were heated inside a tube furnace
Fig. 2) at temperatures from 900 to 940 ◦C using a heating rate
f 30 ◦C min−1. Heating was performed in pure argon to min-
mise nitridation, once the desired temperature was reached the
urnace atmosphere was either maintained as pure Ar or changed
o Ar–25% N2, Ar–55% N2 or 100% N2 (BOC Gases, oxygen
ree, N2, Manchester; Ar, Surrey). The process was monitored
hrough a quartz window on the end of the furnace tube and the
ime for infiltration noted. The composites were then furnace
ooled to room temperature in pure Ar.
ig. 2. The experimental arrangement for the pressureless infiltration of ceramic
oams with alloy.
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amples were anodized using fluroboric acid and observed using
olarized light microscopy. The infiltration height was mea-
ured on the polished cross-section and the average infiltration
ate of the sample was then calculated based on the infiltration
eight and time. Small un-mounted samples were also surface
on beam milled to obtain a good enough finish for EBSD to
e performed. The samples were examined in a LEO VP 1530
EG SEM equipped with a TSL EBSD which has the capacity

o collect simultaneous EDS data. The samples were inclined to
0◦ using a pre-tilted holder and the SEM was operated at 20 kV.
rocessing of the data was carried out using OIM analysis with

he results presented as inverse pole figure (IPF) maps or chem-
cal EDS maps. No cleaning algorithm was applied to any of the
ata collected.

. Results and discussions

Fig. 3 shows the infiltration rate as a function of the process-
ng parameters investigated, viz. (a) magnesium content in the
luminium alloy, (b) furnace atmosphere and (c) temperature.
t can be seen that the infiltration rate increased with increasing
agnesium content, the fraction of nitrogen present in the atmo-

phere and the infiltration process temperature. Given that the
nly driving forces in the system were from capillary action and
ravity (since the infiltration direction was downward), and the

atter was the same for all experiments, the results in Fig. 3a can
e explained by the increased wettability of the alloys that con-
ained more magnesium. With respect to the furnace atmosphere
Fig. 3b) the maximum rate was achieved when the infiltration

t
t
t
p

ig. 3. Infiltration rate of Al–Mg alloys into Al2O3 foams with a cell size of ∼350 �

urnace atmosphere (balance argon) for 10 wt.% Mg at 910 ◦C and (c) temperature fo
eramic Society 29 (2009) 837–842 839

ook place in 100% nitrogen, although it was observed that to
inimise nitridation an argon atmosphere was required during

eating and cooling of the samples. Saravanan et al.5 studied the
ffect of nitrogen on the surface tension of pure aluminium and
oncluded that for temperatures higher than 850 ◦C, nitrogen
ecreases the surface tension well below that obtained in pure
rgon as a result of the formation of aluminium nitride. EDS
nalysis was performed on the composite produced at 900 ◦C
n a 100% nitrogen atmosphere, where nitridation of the alloy
as identified.6 This was not unexpected, as at the process-

ng temperature of 915 ◦C and a 100% N2 atmosphere, AlN
s thermaldynamically stable,7 although the nitridation process

ay be complex. Hence, whilst it was believed desirable to min-
mise the extent of nitridation of the alloy, the formation of some
itride during infiltration probably facilitated the infiltration. As
ar as the influence of temperature on the infiltration process was
oncerned (Fig. 3c), it can be seen that to obtain substantial infil-
ration a minimum temperature of around 910 ◦C was required.
tudies on the wettability of molten aluminium on alumina8

ave shown that the contact angle decreases with increasing
emperature and hence less time is needed for wetting at higher
emperatures. Hence, as expected, wettability underpins all three
esults.

Fig. 4 shows the effect of the furnace atmosphere on the
omposite microstructure. With just 25% nitrogen (Fig. 4a),

he pores in the ceramic foams were incompletely filled with
he alloy, whilst at 55% nitrogen and above (Fig. 4b and c),
he pores were completely filled and there was little residual
orosity. Note that in Fig. 4b a second phase may be observed

m versus (a) wt.% Mg at 910 ◦C in pure nitrogen, (b) nitrogen content in the
r 10 wt.% Mg in pure nitrogen.
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ig. 4. Optical micrographs of the Al2O3 foam/Al–10% Mg composite infiltrat

t the interface between the infiltrated metal and the ceramic
oam walls, this will be discussed further below. For the pure
itrogen atmosphere (Fig. 4c), this second phase appeared to be
omogeneously spread throughout the metal.

Fig. 5 shows a back-scattered electron micrograph and EDS
aps for a sample infiltrated under the same conditions as that

hown in Fig. 4c. The structure within the Al–Mg alloy can
e clearly seen and consists of a number of acicular particles
nd a two-tone grey structure; the darker grey being present
ither throughout the alloy within each pore or being more con-
entrated near the metal/ceramic interface. Whilst, as expected,
he aluminium and oxygen concentrations were highest within
he metal and ceramic, respectively (Fig. 5b and c), the darker
rey structure in Fig. 5a appears to correlate with a reduc-
ion in the aluminium concentration within the pores (Fig. 5b).

nterestingly, the magnesium concentration (Fig. 5d) shows the
pposite distribution, being greatest where the aluminium con-
entration was lowest within the alloy. Magnesium is critical
o the infiltration process, although the mechanism is probably

e
t
t
c

ig. 5. (a) Back-scattered electron micrograph of an Al2O3/Al–10% Mg composite p
agnesium and (e) iron.
(a) 25% nitrogen, (b) 55% nitrogen and (c) 100% nitrogen (balance argon).

omplex. Whilst it is known to be a good surfactant, increasing
he wettability of the aluminium alloy,9 it is also a strong oxy-
en scavenger and may therefore reduce any surface oxide on
he metal, again aiding infiltration. Note that there were other
ery local areas within the grains that had a very high mag-
esium concentration (Fig. 5d), but which are not evident on
he back-scattered image (Fig. 5a). These are not associated
ith the grey structure and appear to be second phase parti-

les contained within the aluminium alloy grains. The iron map
Fig. 5e) shows clearly that the acicular particles were iron rich.
resent as an impurity within the alloy, it may be a result of iron
ick up from the steel block used as a support for the compos-
tes during infiltration. Further work is needed to investigate the
xtent of iron contamination within the composites. Whilst the
itrogen map (not shown here) was unable to detect any differ-

nce in nitrogen content across the structure, XRD analysis on
he composites infiltrated in 55% and 100% N2 (Fig. 6) shows
hat besides aluminium and alumina, AlN formed in both the
omposites.

rocessed in 100% nitrogen, with EDS maps for (b) aluminium, (c) oxygen, (d)
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ig. 6. X-ray analysis of the Al2O3/Al–10% Mg composites processed both at
15 ◦C (a) in 100% nitrogen and (b) 55% nitrogen.
Fig. 7a shows an image quality/inverse pole fig. EBSD map
f the Al–10% Mg alloy infiltrated under pure nitrogen. Whilst
he pattern quality obtained from both the alumina and the alu-

inium were good and image quality is high over the scan area,

s
g
m
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ig. 7. (a) Image quality (IQ)/inverse pole figure plot for an Al2O3/Al–10% Mg com
or magnesium.
eramic Society 29 (2009) 837–842 841

he step size used in the scan was too coarse to yield full detail
f the alumina structure. However, it is clear that the aluminium
ithin each cell has the same orientation and that each of the

ndividual cells has a different orientation, although they tend
owards (0 0 1) and (1 0 1) type orientations parallel to the infil-
ration direction. Fig. 7b shows a phase map with the aluminium
nd alumina clearly defined. The un-indexed areas are believed
o be porosity. There are two types, the irregularly shaped region
ear the top left of the image either represents an uninfiltrated
ore or, more likely, alloy pull out during specimen preparation,
hilst the curved regions around the edges of the cells may be
ue to shrinkage of the metal on cooling, although the latter also
eem to coincide with an increase in the magnesium concen-
ration (Fig. 7c). Fig. 8 shows a scan over a single cell, in the

ame sample as Fig. 7, which contains two alloy grains with a
rain boundary that runs across the cell. Fig. 8b shows an EDS
ap for magnesium that indicates that there were a number of
agnesium-rich particles on the grain boundary. It is postulated

posite processed in 100% nitrogen, with (b) a phase map and (c) an EDS map
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ig. 8. Inverse pole figure plot of a composite of Al2O3 and Al–10% Mg in
orresponding EDS map for magnesium.

hat the magnesium seen in the grains in Fig. 7 may have initially
recipitated on grain boundaries but, due to the high processing
emperatures, the grain boundaries have migrated away from
he magnesium precipitates. Microstructure of the composite at
he Al(Mg)–Al2O3 interface has been characterised using trans-

ission electron microscopy (TEM) on the dual beam focused
on beam (FIB) prepared samples, in which AlN and MgAl2O4
pinel were identified at the metal-ceramic interface and the
ossible interfacial reactions have been discussed.10

. Conclusions

Interpenetrating composites of aluminium–magnesium
lloys in alumina have been made using pressureless infiltration;
amples measuring 9 mm in height could be fabricated in just
0 min under the optimum conditions. The latter include temper-
tures ≥910 ◦C, a pure nitrogen atmosphere and at least 10 wt.%
agnesium in the aluminium alloy. Although microstructural

nalysis has shown that as the nitrogen concentration increases
he porosity within the cells decreases, there is an increase
n the presence of a second phase within the metal. This
ppears to be magnesium-rich although further work is needed
o ascertain its true nature and effect during processing and
n the final properties of the composite. EBSD has been used
o show that under optimum infiltration conditions the alu-

ina pores are generally filled with a single crystallographic
rientation of Al–Mg alloy. Whilst premature termination of

nfiltration has often been reported by other researchers, this
as not observed in the current work, which suggests that it

s potentially possible to obtain composites several centimeters
igh.

1

% nitrogen showing (a) a cell containing two aluminium grains and (b) the
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