J Mater Sci (2010) 45:662-668
DOI 10.1007/s10853-009-3983-9

Microstructure and property characterisation of 3-3 Al(Mg)/
Al,O3 interpenetrating composites produced by a pressureless

infiltration technique

Hong Chang - Rebecca Higginson - Jon Binner

Received: 5 June 2009/ Accepted: 13 October 2009 / Published online: 24 October 2009

© Springer Science+Business Media, LLC 2009

Abstract 3-3 Interpenetrating composites, consisting of
3-dimensionally interpenetrating matrices of two different
phases, are interesting materials with potentially superior
properties when compared with traditional metal matrix
composites. In the present research, gel-cast Al,O; foams
with open porosity in the form of spherical cells connected
by circular windows were pressurelessly infiltrated using an
Al-8 wt% Mg alloy. Electron backscatter diffraction
(EBSD) analysis revealed that the alloy had a large grain
size with single grains generally inhabiting multiple cells.
The flexural strength of the composites, tested using 3-point
bending, was ~350 MPa, rather high when compared to
other Al-alloy-based Al,O3; composites. The strength
increased with both decreasing foam density and cell size.
The reasons for the high strength are good metal-ceramic
interfacial bonding, crack bridging by plastic deformation
of the metal phase and crack deflection.

Introduction

It is well known that the majority of metal-ceramic com-
posites exhibit superior fracture toughness and damage tol-
erance when compared to monolithic ceramics. A dominant
toughening mechanism is believed to be crack bridging by
ductile metal ligaments, which provides closure forces in
the crack wake, thereby reducing the crack tip stress [1].
In addition to crack bridging, crack deflection [2] and pro-
cess zone shielding [3] are other possible toughening
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mechanisms, although their effects are believed to be smaller
[4, 5]. A study on the mechanical properties of hot-pressed AL,O5/
NiAl composites showed that the toughening effect was a com-
bination of crack deflection and crack bridging due to the presence
of weak Al,O5/NiAl interfaces and the interconnected NiAl par-
ticles. The increase in the strength observed was partly attributed
to the microstructural refinement of the composite [6].

Amongst the metal-ceramic composites, Al and its
alloys, reinforced with ceramic particles [7—10], fibres [11]
or intermetallic particles [12] are materials in high-perfor-
mance applications due to their superior properties.
Commercial approaches to producing these composites
generally involve stirring particles into molten metals fol-
lowed by casting or infiltrating densely packed beds of
either particles or fibres. Unlike the traditional composites,
where the matrix contains either a completely disconnected
phase (0-3) or, if continuous fibres are used, a dispersed
phase connected in a single direction (1-3), interpenetrating
composites have both phases connected in all three
dimensions (3-3), which can result in substantially different
properties. Prielipp et al. [13] studied the mechanical
properties of Al/Al,O5 interpenetrating composites pro-
duced by gas pressure infiltration of molten Al into Al,O3
preforms and reported strengths up to 810 MPa and fracture
toughnesses up to 10.5 MPam'; the Al contents were 25
and 35 vol.% with metal ligament diameters 0.08, 0.25, and
0.8 um for each Al content. A study of Ni;—Al/Al,O3
interpenetrating composites [14] showed that flexural
strengths of ~700 MPa could be obtained in composites
having 30 vol.% of NizAl; however, with decreasing NizAl
content the flexural strength decreased to 300—400 MPa
(Ni3Al contents <25 vol.%). Delamination between the
ceramic and the NisAl was a possible cause for the low
fracture strength in the latter. Klassen et al. [15] investi-
gated Nb-Al/Al,03; composites containing 54-70 vol.%



J Mater Sci (2010) 45:662-668

663

Al,O5 with an interpenetrating microstructure and found
that the flexural strength of the composites could be
enhanced to ~520 MPa and fracture toughness values of
5.74 MPam'? were obtained.

Although 3-3 connectivity is fairly common in natural
composites, e.g. bones and wood, the difficulty with syn-
thesising a truly interpenetrating network lies in achieving
the required connectivity and spatial distribution of the
phases, especially on a fine scale [16]. However, the ability to
fabricate by design such an interpenetrating microstructure
raises the possibility of developing materials with truly
multifunctional properties, each phase contributing its own
characteristics to the macroscopic properties of the com-
posite. One route to achieve tailorable 3—3 composites is via
the infiltration of a second phase into porous materials that
display complete pore interconnectivity; provided that the
structure of the initial porous material can be controlled
sufficiently in terms of the degree of porosity, the size and
shape of the cells, the size of the windows between them and
the nature of the struts separating them, then there is the
opportunity to design and fabricate interpenetrating com-
posites with customised structures [17]. This research con-
siders the microstructure and flexural property of AI(Mg)/
Al,O5 interpenetrating composites produced using a pres-
sureless infiltration technique. The fractured composites
were thoroughly studied and the correlations between the
composite microstructure, e.g. foam density and cell size,
and the composite properties are discussed.

Experimental

Al,O5 foams were supplied by Dyson Thermal Technolo-
gies (Dyson TT), Sheffield, UK. Samples measuring
70 mm x 20 mm x 10 mm having foam densities of
15-35% of theoretical and cell sizes in the range of
50-160 pm, were gel cast from an aqueous suspension
of Al,O5; powders of two grades: 0.5 and 6 um with a ratio
of 10:1. An Al-8 wt% Mg alloy, selected on the basis of
previous research [17], was used as the infiltrant. Full
details of the composite manufacture are described else-
where [17, 18]; however in brief, the Al,O3; foam rectan-
gles were placed on top of alloy slices in alumina boats,
which were heated at 20 °C min~" in Ar in a tube furnace.
Once the temperature reached 915 °C the gas was switched
to Ny; a holding time of 30 min in N, was adopted for
complete infiltration. Our research showed that excessive
exposure to N, using it throughout the entire heat treatment
cycle led to the formation of excess AIN at the metal—-
ceramic interfaces, whilst insufficient exposure to N, pre-
vented infiltration.

The composites, which were based on foams of different
densities and cell sizes, were cut longitudinally into

35 mm x 4 mm x 3 mm bars for 3-point bending; the
tensile surface was polished using 6-pm diamond paste and
the edges were chamfered at 45°. The flexural strength was
measured at a cross-head speed of 0.5 mm/min with a span
width of 20 mm.

For microstructure observation, samples were prepared
using standard metallographic techniques and observed
using a LEO VP 1530 field emission gun scanning electron
microscope (FEG SEM) equipped with TSL electron back-
scatter diffraction (EBSD). Samples for EBSD analysis were
further polished using Ar™ ion milling for 45 min at 5 kV and
a gun tilt angle of 5° in a Gatan PIPS system. The fracture
surfaces after the 3-point bend measurements were also
observed using the FEG SEM. In addition, a FEI Dual Beam
Nova 600 Nanolab focussed ion beam (FIB) and a JEOL JEM
2000FX TEM with an EDX system were used for preparing
TEM samples and their observation, respectively.

Results and discussion
Microstructure

Figure 1a shows an EBSD phase map of the AI-Mg/Al,O3
interpenetrating composite; the composite was based on a
15% dense foam with an average cell size of 60 pm. It can
be seen that the metal alloy completely infiltrated the foam.
From Fig. 1b, the image quality/inverse pole figure of the
composite, it can be observed that whilst the pattern quality
obtained from both the ceramic and the alloy were good,
the step size used in the scan was too coarse to yield full
detail of the much finer Al,O3 microstructure. In general,
the alloy present within groups of neighbouring cells
had the same crystallographic orientation. This indicates
that the alloy has large grains that inhabited a number of
cells in the ceramic foam. The alloy tended towards (101)
and (001) type orientations parallel to the infiltration
direction, a result consistent with previous research [17].
From Fig. 1b, it may be observed that in the largest cells,
marked as ‘A’ and ‘B’ in the figure, grain boundaries could
be seen in the alloy, suggesting that there is an upper size
limit for the alloy grain size when in particularly large
ceramic foam cells. Previous research by the current
authors has shown that the infiltrated metal within these
large cells consisted of grains that nucleated preferentially
on the cell walls with grain growth being reduced by
contact with other grains and cell walls [19]. Similarly,
when Zhao et al. [20] studied the solidification structure of
squeeze cast Al alloy/SiC interpenetrating composites they
found that primary «-Al dendrites formed first near the strut
of the SiC foam and grew into the center of cell; with
decreasing cell sizes, columnar «-Al dendrites perpendic-
ular to the struts of the SiC foam were more easily formed.
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Fig. 1 EBSD analysis of the Al-8 wt% Mg/Al,O; interpenetrating composites: a phase map, b image quality (IQ)/inverse pole figure (IPF)

Strength

Figure 2a, b shows the flexural strength of both the un-
infiltrated foams and the composites, respectively. The
former increases approximately linearly with increasing
foam density; from ~5 to ~20 MPa with an increase in
foam density from 15 to 35% of theoretical. In contrast, the
flexural strength of the composites slightly decreased with
increasing foam density, though the absolute values are
much larger. With respect to the effect of cell size, the
flexural strength of both the foams and the composites
increased with decreasing cell size.

A study on pressurelessly infiltrated Mg—Al-Zn/SizNy
interpenetrating composites [21] showed that with 6 vol.%
SisNy in the Mg—Al-Zn alloy, the bending strength and
fracture toughness were improved; however, with further
increase of the Si;N, content both the bending strength and
the fracture toughness of the composite decreased. The
flexural strength decreased from 280 to 240 MPa as the
Si3N,4 content increased from 6 to 15 vol%—similar to
the effect of the foam density in Fig. 2b. Travitzky and
Shlayen [22] studied pressurelessly infiltrated Al,O3/Cu—O
alloy composites containing different volume fractions of
open porosity and reported that the bending strength of the
composites increased from 250 to 330 MPa with increasing
metal content from 12.5 to 29 vol.%; crack bridging by the
Cu-O alloy was the main toughening mechanism and un-
derpinned the strength obtained.

Fracture surface
Figure 3 shows the fracture surface morphologies of the
composites made from 15 and 23% dense foams with an

average cell size of 60 and 140 um, respectively. The
micrographs were taken using both secondary electron
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Fig. 2 Flexural strength of a the un-infiltrated Al,O; foams and b the
Al-8 wt% Mg/Al,O3 composites having different foam densities and
cell sizes

microscopy and back-scattered electron microscopy. From
Fig. 3a, the surface is rough and consists of spherical
‘hills’; from Fig. 3b, the distributions of the metal and
ceramic phases are clearly seen with plastic deformation of
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Fig. 3 SEM fracture
micrographs of the Al-8 wt%
Mg/Al,O3 composite: 15%
dense foam with 60 pm cells
a second electron microscopy,
b back-scattered electron
microscopy; 23% dense foam
with 140 pm cells, ¢ second
electron microscopy, d back-
scattered electron microscopy

the Al phase observed. The composite produced from the
23% Al,O5; foam, Fig. 3c, shows a much less rough frac-
ture surface morphology than that in Fig. 3a due to the
higher foam density and larger cell size (140 pm compared
with 60 um); a few pores are exposed on the fracture
surface (Fig. 3d), which could be either closed pores in the
foam struts or a result of metal shrinkage, especially at the
Al ‘dendritic’ crystal ends.

Figure 4 shows typical micrographs of the composites at
higher magnifications, where the metal phase was exten-
sively deformed and finally, fractured, though the metal—
ceramic interface was intact. From Fig. 4a, a crack ‘A’ is
present in the ceramic phase ~20 pm away from the
metal-ceramic interface illustrating good metal-ceramic
interfacial bonding. From Fig. 4b it can be observed that
the smaller Al,O5 grains fractured mainly intergranually,
while transgranular fracture had occurred in the larger
Al,Oj3 grains (A).

A TEM electron micrograph at the metal-ceramic
interface of the composite after 3-point bending is shown in

Fig. 4 SEM micrographs of the
fracture surfaces of the Al-8
wt% Mg/Al,O5 composite:

a 15% foam density, 60 um
average cell diameter; b 23%
foam density, 140 um average
cell diameter

Fig. 5a; the TEM sample was taken ~2 mm away from the
fracture tip on the tensile surface of the sample. The large
Al,O5 grains at the top of the micrograph could either be
intrinsic to the sample, i.e. part of the coarser 6-pum powder
used, or a result of Al,O; grain growth. Three vertical
dislocations may be seen in the Al,Oj grain, though they
were rarely observed. Little porosity was seen at the
interface, which again indicates strong interfacial bonding.

An EDS line-scan analysis across the interface from the
Al,O3 to the Al-8 wt% Mg alloy is shown in Fig. 5b. It
may be observed that both the Mg and the N are concen-
trated in the interface layer, which can be divided into an
Al-O-Mg region near the ceramic and an AI-N-O-Mg
region near the Al alloy. To identify the interface com-
pounds in more detail, TEM diffraction patterns were
taken; hexagonal AIN was found in the AI-N-O-Mg
region and cubic MgAl,O4 observed at discrete points in
the Al-O-Mg region [18]. Although the aluminium alloy
infiltrant contained 8 wt% Mg, from the EDS data, the Mg
content in the alloy after infiltration was ~6 wt% whilst
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Fig. 5 TEM micrograph and
EDS line-scan analysis of the
Al-8 wt% Mg/Al,O3 composite
at the metal—ceramic interface:
a the line-scan position, b the
EDS result

there was ~ 10 wt% Mg in the metal-ceramic interface
layer. Our previous research has shown that Mg evaporates
from the molten alloy and deposits onto the surface of the
Al,Oj3 foam, this is a key stage in improving the wettability
between the molten alloy and the Al,O5 foam and results in
the spontaneous pressureless infiltration. The process
occurs via a two-step nitridation mechanism through which
the Mg is recycled. This explains the reduction in the Mg
content in the alloy and the presence of increased levels of
Mg in the interface layer. The TEM analysis [18] suggests
that the Mg can react with the Al,O3 to form MgAl,O, or,
if in significant local excess, it can form MgO.

Crack propagation

A typical micrograph of a crack propagation route
observed on the compression surface of one of the Al(Mg)/
Al,O3 samples is shown in Fig. 6. It can be seen that the
crack propagated preferentially through the brittle ceramic
phase; when it encountered the ductile metal, the metal
deformed and the crack was bridged by the metal. In
addition to the metal bridging, crack deflection in the
ceramic phase is also visible, explaining the fracture sur-
face morphologies in Fig. 3.

Fig. 6 Back-scattered electron micrograph of the crack propagation
route of an Al-8 wt% Mg/Al,O; composite. The Al,O; foam
infiltrated was 23% dense with an average cell size of 105 pm
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Another micrograph of the crack propagation at a higher
magnification is shown in Fig. 7a. The metal deformation,
crack propagation in the ceramic phase and crack deflec-
tion, are all clearly visible. Due to the large grain size of
the Al phase, plastic deformation could have occurred
within a group of neighbouring cells. As is shown in
Fig. 7b, slip bands are observed in the alloy in two
neighbouring cells. This indicate that the single crystal
structure of the alloy in this region, associated with strong
metal-ceramic interfacial bonding, enabled a larger vol-
ume of deformation; hence, absorbing more energy than
that could have been achieved if each cell had contained an
independent metal grain. Some composites tested in the
current study did not completely separate after the 3-point
bending measurement, especially for those containing
greater metal contents, due to the presence of the single
crystallographic Al grains and the occurrence of Al
deformation and crack bridging.

Effect of foam characteristics

From Fig. 2b, the composites displayed higher flexural
strength with both lower ceramic foam densities and
smaller foam cell sizes. The former is related to the higher
content of the ductile metal phase, which plays an impor-
tant role in bridging the cracks via plastic deformation and
absorbing the energy as outlined above; the latter is related
to a finer microstructure. As the foams are made up of
approximately spherical cells, it can be assumed that the
smaller the cell size (at a given foam density), the thinner
the Al,Oj3 strut spacing. As a result, a finer microstructure
is favoured in terms of prohibiting direct crack propagation
through a broad foam strut.

In addition, an investigation into the development of
cavities in spherical metal inclusions within Al/Al,O3
interpenetrating composites fabricated by gas pressure
infiltration [23] showed that cavitations in metal matrix
composites can be caused by residual stresses due to
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Fig. 7 SEM micrographs of the
fractured surface of the Al-8
wt% Mg/Al,O3 composite:

a metal bridging along the crack
propagation route, b slip bands
in the Al in the cells

Fig. 8 SEM micrographs of the
fractured surfaces of the Al-8
wt% Mg/Al,O5 composites:

a cracks on the Al grain
boundaries (back-scattered
electron microscopy), b crack
propagation along the Al grain
boundaries (second electron
microscopy)

100 un A

thermal expansion mismatch. The results indicated that the
cavities formed preferentially in large metal inclusions and
served as fracture origins. In the current research, it has
been shown that grain boundaries tend to form in the alloy
in particularly large cells (Fig. 1b). Micrographs of the
fracture surfaces of the composites containing large cells
are shown in Fig. 8. From Fig. 8a, fine cracks are observed
along the alloy grain boundaries though the alloy has
extensively deformed; from Fig. 8b, equiaxed alloy grains
are exposed on the fractured surface of the composite,
where fracture occurred along the grain boundaries. Hence,
another possible reason for the preference of a smaller cell
size is the reduced potential for the formation of cavities or
fracture origins, as the intergranular bonding between the
alloy grains could be weaker when compared with the
strong metal-ceramic interfacial bonding,
shrinkage pores could exist along the Al grain boundaries.

Finally, it has been found that both Mg and N, are
essential for the pressureless infiltration and play a signif-
icant role in providing better metal-ceramic interfacial
bonding, hence improved mechanical properties of the
composites [19]. However, Mg has a higher coefficient of
thermal expansion than that of Al, which could result in
microcracking where the Mg is highly concentrated. In
addition, Mg can also react to form MgO along the alloy
grain boundaries, especially when the Mg content is high;
SEM-EDS micrographs of MgO at these grain boundaries
and at localised positions at the metal-ceramic interface in
an Al-11 wt% Mg/Al,O5 composite are shown in Fig. 9. It

or micro-

can be seen that the bonding between the MgO was poor
and cracks are present in these regions, which could be
harmful to the mechanical properties of the composites.
Similarly, excessive exposure to N, can result in severe
nitridation as mentioned earlier, again this may be detri-
mental to the mechanical properties as a result of fracture
through the brittle AIN layer formed; similar effects due to
the formation and fracture of brittle Al4Cs in an Al/Cgpe,
composite were observed by Wang et al. [11].

Conclusions

3-3 Al-Mg/Al,O5 interpenetrating composites having dif-
ferent Al,O; foam densities and cell sizes have been pro-
duced in a N, atmosphere by infiltrating 8 wt% Mg content
Al-Mg alloy into Al,O5; foams with highly interconnected
porosity. The microstructure and flexural property of the
composites have been characterised. The flexural strength
of the Al,O; foams was observed to increase with
increasing foam density and decreasing cell size, whilst the
strength of the composites increased with both decreasing
foam density and cell size—a preference for higher metal
content and finer microstructure. Fractural topographic
analysis revealed that crack propagates preferentially in the
ceramic phase, whilst good metal-ceramic interfacial
bonding, metal bridging through plastic deformation and
the crack deflection are the main reasons for the high
strength.
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Fig. 9 SEM micrograph and
the EDS chemical maps of the
Al-11 wt% Mg/A1203
composites: a SEM micrograph,
b AL, ¢ O, d Mg
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