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Co-continuous 63%Al2O3/37%Al(Si) composite, known as C4 composite, was produced by
submersion of silica glass specimens in a molten metal bath. The effect of temperature and
composition of the metal bath on the reactive penetration rate was investigated. An
infiltration speed exceeding 2 mm/h, increasing with temperature, and suitable for practical
applications, was observed above 1100◦C. Mechanical properties of C4 specimens were
measured, at room temperature, and related to composite microstructure. This latter was
investigated by optical and scanning electron microscopy, electron probe microanalysis,
X-ray diffraction and porosimetry.

The strong interfacial bonds between metal and ceramic resulted in low thermal
expansion, high stiffness, and good compression and bending strength. On the contrary,
the composite showed a rather poor tensile strength, due to a high ceramic percentage
and, partially, to porosity. In spite of the low ductility shown by the investigated composite,
the metal network provides a toughening effect, which resulted in a ductile
micro-mechanism of fracture, localized in the zones characterized by the presence of the
metal matrix. C© 2003 Kluwer Academic Publishers

1. Introduction
Discontinuously reinforced metal matrix composites
have been extensively studied for the past twenty years.
The primary support for these composites has come
from the aerospace industry for airframe and spacecraft
components. More recently, automotive, electronic, and
recreation industries have been working diffusely with
these composites [1–3]. Developing of most of the ex-
isting composites has been going on the basis of their
capability to be designed to provide the required ma-
terial behavior. Aiming to decrease weight and to pro-
duce structural parts more resistant to thermal gradients
than traditional aluminum alloys, many efforts are cur-
rently directed towards metal matrix composites (with
low density aluminum, magnesium and titanium based
matrices), even in presence with high percentages of ce-
ramic reinforcement (>50%) [4–7]. Particularly, con-
sidering the automotive industry, where the maximum
reinforcement percentage is about 30%, it is shown
that the running costs are lower because of weight sav-
ing allowed by designing a part made of a composite

material instead of traditional metal alloys [8]. For ap-
plications demanding high toughness, a proper choice
of metal matrix, both in terms of chemical composi-
tion and percentage must be considered. Even the ho-
mogeneity of reinforcing particle distribution within
the matrix must be evaluated in order to improve the
mechanical properties. In particular, a higher fracture
toughness can be obtained owing to a continuous and
regular ceramic network throughout the microstructure.
Contrary, distributing the same values of ceramic phase
in the form of discrete particles embedded in a metal-
lic matrix rather frequently promote the formation of
reinforcement clusters, weak zones usually working as
fracture initiation sites [9–11].

A new family of composites, called interpenetrating
phase composites, or co-continuous ceramic compos-
ites (C4), was developed by Breslin et al. These mate-
rials were produced by immersing a silica preform into
molten aluminum without the application of external
pressure [12]. The near-net shape capability of C4 ma-
terials [13], along with low production costs, are further
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advantages of co-continuous composites. During reac-
tive metal infiltration, molten aluminum reduces the
silica preform to produce a composite characterized
by interpenetrated Al2O3 and metal matrix (Al or Al-
Si alloy). The final material consists of approximately
70% interconnected alumina, which provides high stiff-
ness, good strength and improved wear resistance with
respect to aluminum matrix composites characterized
by a lower percentage of reinforcement. The remain-
ing 30% aluminum acts as a toughening phase and im-
proves thermal and electrical conductivity.

This combination of properties, along with a good
tribological performance [14–16], makes these materi-
als very promising for applications such as automotive
disk brake rotors and callipers, internal combustion en-
gine piston crowns, cylinder liners, connecting rods,
turbine compressors, robot arms, etc.

In this work an Al2O3/Al composite (containing
about 67 vol% alumina), was fabricated by immers-
ing silica preforms into molten Al, and then charac-
terized in terms of microstructure and mechanical be-
havior (modulus of rupture, compression and tensile
strength, fracture toughness, and hardness).

2. Experimental procedure
2.1. Materials and reactive metal

penetration process
A Reactive Metal Penetration (RMP) method was
adopted, using pure aluminum (99.9% wt) and an Al-
10% Si alloy as infiltrating alloys. The latter one was
prepared on a laboratory scale by melting together alu-
minum and high purity (99.9%) silicon, in order to avoid
the presence of any other alloying elements, which
could affect the penetration process.

Differently shaped specimens of silica glass were
submitted to reactive infiltration, in air, with molten
metal, in order to investigate the infiltration rate or to
obtain composite samples for mechanical tests. For this
reason both round bars (7.65 mm in diameter) and plates
of 5 × 10 × 50 mm3 amorphous silica were used for
composite fabrication. Highly purified, hydroxyl-ion-
free quality, clear fused quartz, suitable for optical and
electronic purposes, with less than 2.5 bubbles or in-
clusions per cubic decimeter, was used.

The investigation of the infiltration rate was carried
out by using the apparatus shown in Fig. 1, which allows
for the reactive metal penetration in the longitudinal di-
rection of the silica glass bar. Checking the growth of
the reaction layer at different times and temperatures

Figure 1 Experimental apparatus used for infiltration rate measurements
(molten metal infiltrates silica glass bar parallel to longitudinal axis).

Figure 2 Thermal cycle used to study the infiltration rate and to obtain
composite mechanical samples (1xxx◦C equal to 1100◦C or 1200◦C,
according to the test holding temperature).

was used to assess the infiltration rate. To do this, the
infiltration experiment was performed isothermally at
either 1100 or 1200◦C, abruptly stopped at different
instants, and the samples quickly cooled to evaluate
the depth of the infiltrated layer. After dismounting the
experimental apparatus, samples were extracted from
the alumina powder bath and examined. In order to es-
tablish the reaction layers thickness formed during the
heating step (up to the infiltration temperature), ref-
erence samples were obtained by heating, up to 1100
or 1200◦C respectively, and quickly cooled. As during
each experiment, performed according the scheme in
Fig. 1, infiltration occurs through the glass bar in the
longitudinal direction only, the border between the re-
acted and the not-reacted parts of the specimen can be
appreciated to the naked eye and the length of the bar
traveled by the infiltrating alloy can be easily measured
by a calliper. Finally, the thickness value of the infil-
trated layer was measured.

Composite specimens for mechanical tests were ob-
tained by submersion of silica glass samples in molten
aluminum kept inside an alumina crucible. The thermal
cycle adopted for these specimens is shown in Fig. 2.

Both silica glass pre-forms and crucibles containing
aluminum were pre-heated to 850◦C, in air, using an
electric oven, then the silica specimen was immersed
into the molten metal, the temperature was raised to
1100◦C and then held until infiltration was complete.

A slow cooling step from 1050 to 950◦C was adopted
in order to avoid any damage to alumina crucible. After
a slow cooling, to 700◦C, the composite sample was
taken out of the metal bath and further cooled inside
the oven until about 200◦C, and then it was extracted
from the furnace.

The formation of the composite material occurs ac-
cording to the displacement reaction:

3SiO2 + 4Al → 2Al2O3 + 3Si (1)

The reaction (1) was also investigated by Differential
Thermal Analysis (using a Perkin Elmer-DTA7). To
this purpose, powders of silica glass and aluminum (or
an aluminum-silicon alloy) were mixed, pressed and
heated to 900◦C, in Ar, at different heating rates (5,
10, 20 and 40◦C/min, respectively). The results were
processed according to the Ozawa’s method [17, 18],
in order to calculate the activation energy (E) for the
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displacement reaction according to the equation:

log φ = −0.4567 · E

R · T
+ C (2)

where, T is the temperature in Kelvin, which allowed
a prefixed fraction of material (for example 0.5) to be
transformed during the tests performed at various val-
ues of scanning rate φ (K/min), R is the universal gas
constant, and C a constant, whose value depends on the
pre-fixed fraction of transformed material.

The temperature at which the reaction occurs in-
creases along with the heating rate, as always happens
for thermally activated transformations.

DTA scans, performed with each heating rate (�i),
allow for measuring the temperature values (Ti) corre-
sponding to the transformation of a pre-fixed fraction
of silica (for example = 0,5). By plotting these values
of log �I against 1/Ti the Ozawa’s graphic is obtained.
The activation energy was calculated from the slope of
this plot, which is equal to −0.4567 · E/R.

2.2. Material characterization
The microstructure of C4 material was investigated,
with the aim of explaining its mechanical features
and in order to better understand the reactive penetra-
tion mechanism. The microstructure of the compos-
ite was analyzed using optical and scanning electron
microscopy, the latter coupled with energy dispersive
X-ray spectroscopy (EDS) for compositional evalua-
tions. The samples were sectioned and mechanically
polished without etching for microstructure investi-
gations. Composite phases were identified by X-ray
diffraction (Cu Kα radiation, Philips PW3040 instru-
ment equipped with a monochromator). The sample
dimensions were measured before and after the reac-
tive infiltration process. The ceramic percentage in C4

was determined by weighing the alumina remaining af-
ter dissolution of metal by acid etching. To this purpose
a thin slice of composite (few mm thick) was etched by
an HCl solution for 24 h.

Open porosity of C4 samples was studied by mercury
intrusion porosimetry (Carlo Erba PO 2000 equipment,
operating at a pressure up to 2000 bars, suitable for
detecting pore sizes ranging between 0.0037 µm and
58 µm). The final composite density was determined
from the ratio between the specimen weight (measured
in air) and the buoyancy measured by immersing the
specimen in water. The comparison between the mea-
sured density and the theoretical one allowed for cal-
culating the total material porosity.

Surfaces of fracture mechanics samples were ana-
lyzed by using the scanning electron microscope in
order to investigate, in terms of mechanism of rup-
ture, effects of different phases constituting composite
materials.

2.3. Mechanical properties
An indirect evaluation of the strength of interfacial bond
between metal and ceramic networks was made on the

basis of dilatometric measurements. The thermal ex-
pansion coefficient of round C4 bars (7.65 mm diam-
eter, 40 mm length) was measured in the temperature
range of 30–230◦C (Netzsch, Dil402) and compared
with those of pure aluminum and alumina. Generally
speaking, for metal-ceramic composites a progressive
decrease of thermal expansion is expected with the in-
crease of ceramic content, provided that a strong inter-
facial metal-ceramic bond exists. However, the thermal
expansion of such composites also depends on the shape
of ceramic reinforcement.

Specimens 5 × 10 × 50 mm3 were submitted to
three points bending test, performed at a constant rate-
crosshead speed of 0.1 mm/min- using a Sintech 10D
equipment, in order to obtain MOR data. This equip-
ment was also used for compression, and tensile tests.
For compression tests, cylinders 7.65 mm diameter and
12 mm long were used, while for tensile tests round
bars 7.65 mm diameter and 70 mm long were used. An
extensometer was used to measure the axial strain dur-
ing tensile tests. Elastic modulus was evaluated by an
impulse excitation technique involving the analysis of
the transient composite natural vibration (GrindoSonic
MK5 instrument).

Unnotched specimens 5×10×50 mm3 were submit-
ted to instrumented Charpy testing (ATS-FAAR Izod-
Charpy apparatus with a 34.3 N hammer).

Vickers hardness measurements (load 196.2 N) were
performed on the cross section of composite samples.

The fracture toughness (KIc) was evaluated at room
temperature using three point bending samples (spec-
imen sizes: 4.5 × 9 × 50 mm3). Blunt SENB spec-
imens (notch: 3 mm height, and 0.15 mm notch tip
radius) were used. Span length and crosshead speed
were 36 mm and 0.5 mm/min, respectively. The ge-
ometry of the fracture samples was the same as used
in previous studies [19, 20] to measure the fracture
toughness of metal matrix composite materials pro-
duced using different fabrication technologies (cast-
ing and powder metallurgy). Actually, in the case of
these last MMC composites, characterized by a differ-
ent kind (SiC particles) and percentage of reinforce-
ment (about 30% vol.) with respect to C4 composite
materials, both precracked and blunt notched speci-
mens (notch tip radius = 0.15 mm) were successfully
used (according to 399 ASTM standard). Therefore,
notwithstanding the composite produced by liquid dis-
placement is mainly constituted with ceramic phase,
the fracture mechanics tests were carried out using
this method, originally drawn up for metallic materi-
als. This choice is due to the hope of collecting valid
linear elastic KIc data avoiding using tests specifically
prepared for very brittle materials, such as ceramics
[21–25]. On the other hand, among these last tests,
those based on indentation inducing microcracks (or
microflaws), not only are strongly affected by porosity
and residual stresses [26], but for C4 composite are
not suitable for determining the toughness, because
of the irregular growth of cracks in different direc-
tions; cracks easily run within the ceramic network but
are stopped or deflected at the interfaces with metal
matrix.
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3. Results and discussion
3.1. Reactive metal penetration process
Reactive penetration of molten aluminum in the sil-
ica glass preform resulted in the formation of a co-
continuous Al2O3-Al(Si) composite containing 63%
vol. of ceramic. Specimen dimensional changes occur-
ring during the infiltration process were always found to
be lower than 0.5%; this shrinkage allows for defining
RMP process as a near net shape production method. A
total porosity equal to 1.7% was calculated as compar-
ing measured density (3.53 g/cm3) with the theoretical
one of 3.59 g/cm3, calculated by knowing the composite
content of alumina (63% vol.). Furthermore, mercury
intrusion measurements showed the presence of open
porosity lower than 0.1% vol., with pores smaller than
0.01 µm.

DTA experiments showed that the reaction starts
already at low temperature and just above the metal
melting point. However infiltration rate measurements
showed a too slow kinetic of reaction for practical ap-
plications below 800◦C. Otherwise, at all the tempera-
tures ranging between 800◦C and 1200◦C, the molten
aluminum spontaneously infiltrates into the glass sam-
ple, forming two interpenetrated continuous networks
of metal and alumina.

In Fig. 3 results from infiltration tests, performed
with the method shown in Fig. 1, are collected. The
molten aluminum penetration thickness (after one hour
of infiltration) depends on temperature in a complex
manner. The infiltration thickness increases with tem-
perature, and achieves values suitable for practical ap-
plications, greater than 3.5 mm after 1 h, only in the
case of test starting from 1100◦C. However, a notice-
able maximum in infiltration thickness versus temper-
ature, of about 3 mm after 1 h, was observed at about
800◦C. This irregular trend has been previously re-
ported in literature and explained with the formation
of γ -alumina at around 800◦C, instead of α-alumina,
which is the phase generally detected in the C4 above
1100◦C [27]. Surprisingly, XRD analysis of the C4

composite obtained at 800◦C showed that only α-
alumina is present at the end of the infiltration process.
Probably γ -alumina is, therefore, an intermediate phase
only, whose formation enhances the reactive metal pen-
etration speed in an initial process step. The infiltration
speed also depends on the composition of the molten
aluminum based alloy used. Fig. 3b and c show that the
presence of silicon as alloying element in the aluminum
alloy slows down the infiltration process; this behavior
can be easily explained taking into account that sili-
con is one of the products arising from the displace-
ment reaction, which promotes infiltration. According
to these results, different activation energy values of
the displacement reactions were found for different in-
filtrating alloys: 185 kJ/mol for pure Al and 193 kJ/mol
for Al-10%Si alloy respectively (Fig. 4). These results
evidence the role played by both temperature (1100◦C
and 1200◦C) and infiltrating alloy composition (Al 99.9
and Al10%Si) on RMP rate. Moreover also other ex-
perimental parameters affect the infiltration speed. The
comparison of infiltrated thickness in Fig. 3a (measured
after tests carried out with the apparatus in Fig. 1) and

Figure 3 Thickness of infiltrated layer: (a) after one hour of reaction
with molten aluminum at different temperatures. Infiltrated layer vs.
time for C4 obtained by using pure Al and Al-10%Si: RMP at 1100◦C
(b), and RMP at 1200◦C (c).

in Fig. 3b and c (referring to infiltration performed by
silica sample submersion in molten metal) shows, in
fact, that the thickness achieved after one hour slightly
depends on the geometry of apparatus used for sample
preparation.

3.2. Composite microstructure
Optical microscopy showed that a co-continuous struc-
ture forms at all the infiltration temperatures ranging
between 800 and 1200◦C, and that the size of alumina
particles (linked together to make a ceramic network)
increases with the temperature (Fig. 5).

The ceramic network is strictly interpenetrated with
continuous interconnected Al zones (Fig. 6b). The alu-
minum phase is also present in the form of rather stretch
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Figure 4 Ozawa’s plots for reactive infiltration with pure Al (a) and Al-10%Si (b) computed from DTA results.

Figure 5 Co-continuous Al/Al2O3 networks resulting from RMP at 1100◦C and 1200◦C.

Figure 6 C4 microstructure: (a) fine structure close to the sample surface; (b) coarse structure generally observed in the major part of the sample;
acicular morphology of microstructure grown perpendicular to sample surface (c), and parallel to sample surface grown in the sample center (d).
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oriented areas, to form channels, whose direction is
consistent with the growth direction of Al2O3/Al com-
posite. A strong variation in both the microstructure
refinement and the orientation of the metallic phase
channels was detected in different parts of the com-
posite cross section. The surface of C4 specimens is
characterized by the presence of alumina crystals much
smaller than those observed inside sample (Fig. 6a and
b). Both under the sample skin and in the middle of the
cross section, an acicular structure can be frequently ob-
served (Fig. 6c and d). This last microstructure is char-
acterized by elongated alumina crystals, respectively
growing perpendicular or parallel to the sample surface
in zones formed just below the sample skin (Fig. 6c) or
at the sample center (where the reaction fronts moving
from opposite directions meet Fig. 6d). These morpho-
logical changes observed in a composite section can
be tentatively explained by taking into account the pe-
culiar advancement mechanism of the reaction front
and the silica glass crystallization at the sample core,
occurring before infiltration finish. As soon as infil-
tration began, the reaction between molten metal and
silica glass produces the formation of an alumina layer.
A volumetric contraction, approximately 25% (result-
ing from transformation of silica into alumina), causes
cracking of glass. These cracks are responsible for a
further penetration of aluminum into the SiO2 precur-
sor (Fig. 7a). According to this infiltration mechanism
a convoluted reaction front at the interface between C4

and silica glass was experimentally observed during
the first reaction period (Fig. 8). Above 1100◦C, the
core of the glassy preform undergoes crystallization be-
fore reacting (Fig. 9a and b). Then the external alumina
layer results from reaction between glassy silica and
molten metal, while the alumina contained in the sam-
ple core originates from reaction between crystobalite
and molten metal. The alumina crystals arising from
the reaction of crystobalite grains are not oriented and
coarser than those obtained by reaction of silica glass.

The shrinkage arising from the reaction is the cause
for the formation of channels perpendicular to the sam-
ple surface in which is localized the metallic phase
(Fig. 6c). For this reason below the surface layer, made
of small and not oriented crystals, a columnar structure
forms. When the reaction fronts, moving from opposite
directions, approach the sample center, heavy tensile
stresses (resulting from the shrinkage involved in C4

formation, Fig. 7b and c) may cause the crack of the
inner layer of not yet infiltrated silica. These cracks,
which grow perpendicularly to the infiltration direc-
tion, probably drive the final infiltration step to occur
parallel to the sample surface.

The orientation of the microstructure, typical of
zones away from the surface of the samples, proba-
bly causes a certain anisotropy of the mechanical prop-
erties, and therefore the effect of the microstructure
morphology in the different zones of the C4 composite
specimens on the crack propagation should be consid-
ered evaluating the composite toughness data.

The presence in the aluminum channels of some par-
ticles of Si has been also detected. Such particles pre-
cipitate from the supersaturated molten Al during the

Figure 7 (a) Steps involved in RMP process: (1) a first thin external layer
of alumina forms; (2) this layer cracks owing to volume contraction; (3)
cracks go on growing towards the silica layer; (4) alumina (in gray)
forms at molten cracked/cracked silica interface; (5,6) further shrinkage
causes cracks advance in glass. (b) Final step of reactive penetration
in thin silica plates: induced thermal stresses cause silica cracking at
C4/silica interface (c).

solidification process. The size of Si particles ranges
from 0.5 to 1 micron. Therefore the composite mi-
crostructure consists mainly of Al2O3 and Al, and, addi-
tionally, of small amount of Si in the Al channels. EDS
spectra recorded from the ceramic and metallic phases
are shown in Fig. 10, in which ceramic phase being es-
sential pure Al2O3 and metallic phase containing only
small amount of Si. X-ray diffraction patterns of C4

specimens obtained by reactive penetration of Al or Al-
10%Si in silica glass samples confirm the presence only
of these three phases in the composite (Fig. 9c and d).

The average silicon content in the metal part of the
composite appreciably changes during the advance-
ment of the reactive penetration process. This feature
was appreciated by carrying out electron microprobe
analyses on the co-continuous layer grown in the exter-
nal part of a silica sample after partial infiltration (reac-
tion stopped by pulling out sample from metal bath and
rapid cooling to room temperature). Analyzing such a
specimen at different distances from the reaction front it
was obtained the concentration profiles for aluminum,
silicon and oxygen reported in Fig. 11. Moving from
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Figure 8 Convoluted reaction front observed when the RMP process stopped before the complete sample infiltration.

Figure 9 XRD patterns of silica: (a) at the beginning of RMP process; (b) after 1 h at 1200◦C. XRD patterns of C4 composite obtained by RMP
carried out by using: (c) pure Al; (d) Al-10%Si alloy.
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Figure 10 EDS analyses of: Si base precipitates (spectrum 1); alumina
(spectrum 2); cracked alloy (spectrum 3).

the reaction front towards the sample surface, the sil-
icon content progressively decreases while aluminum
concentration changes in the opposite manner. The oxy-
gen concentration was found almost constant, which is
consistent with its presence in alumina only. Conclu-
sively, the liquid channels serve as paths not only for
the continuous supply of molten aluminum but also for
the diffusion of the produced Si away from the silica.
Thus, the formation of liquid channels is essential for
further proceeding of the displacement reaction and for
the growth of the composite microstructure. Owing to
the progressive diffusion of silicon towards the metal
bath, its concentration inside the metal component of
C4 becomes practically constant at the end of the in-
filtration process. This final silicon concentration only

Figure 11 Concentration curves of Al, Si and O in a C4 layer grown in
a partially infiltrated SiO2 specimen.

depends on the ratio between the volume of C4 speci-
men and that of the molten metal bath used. The experi-
mental conditions adopted in this work resulted in final
silicon concentrations (inside the metal component of
the material) of about 5% or of about 15%, respectively
when pure aluminum or Al-10%Si alloy were used as
infiltrating metal bath.

No tendency for any reactions or instabilities at the
interface between the metallic and ceramic phases has
been detected.

3.3. C4 Mechanical behavior
3.3.1. Thermal expansion
Thermal expansion measurements were proved to be
suitable for investigating the strength of interfacial
bonds in metal ceramic composites. In fact, only if these
bonds are sufficiently strong, the composite shows ther-
mal expansion coefficient values (CTE) between those
of pure ceramic and metal ones (which are one order
of magnitude different). The weakening of interfacial
bonds, for instance arising from thermal stresses oc-
curring during thermal cycling, causes an increase of
composite CTE, which progressively approaches that of
unreinforced metal with the advancement of interface
damage [27]. This method for investigating interfacial
bond strength seems particularly useful in the case of
co-continuous composites. Actually, for these materi-
als it seems difficult to use most of the conventional
methods generally adopted for evaluating the interfa-
cial strength in composites (like pull out or push out
methods), because the ceramic particles are intercon-
nected in all directions, then they may glide with respect
to the metal only after the breakage of these connec-
tions. The thermal expansion curve of Al-Al2O3 C4

composite is compared with those of pure aluminum
and pure alumina in Fig. 12. Linear expansion coeffi-
cient of composite (10.7 ppm/◦C, measured between
30 and 230◦C) is even lower than that computed for
C4 composite by the rule of mixture on the basis of
Al and Al2O3 CTEs (22 and 6.5 ppm/◦C, respectively,
in the same temperature range). This result shows that
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Figure 12 Linear thermal expansion curves for: (a) pure Al, (b) C4

Al/Al2O3 composite, and (c) pure Al2O3.

strong interfacial ceramic-metal bonds exist and that
final composite microstructure, characterized by a con-
tinuous ceramic network, concurs to lower down the
composite thermal expansion.

3.3.2. Bending, compression
and tensile properties

Some mechanical features of the co-continuous
63%Al2O3/37%Al composite are listed in Table 1. Ow-
ing to its high ceramic content, C4 material shows a
linear elastic behavior with strain at rupture lower than
0.1% only and a very high stiffness.

The material displays a good compressive strength
and an appreciable module of rupture, while its tensile
strength is rather poor. The average hardness value is
consistent with the high alumina concentration. More-
over this property is also affected by the microstructure,
which is not completely homogeneous in all the com-
posite parts, as discussed in a previous section.

The general mechanical behavior of C4 composite
seems mainly controlled by the high ceramic concen-
tration and, at least with reference to tensile strength,
by the presence of residual porosity too.

3.3.3. Fracture toughness
and impact resistance

The fracture energy measured for C4 composites by
Charpy impact test (1.3 J/cm2) is consistent with that
reported in a previous paper [27] for a conventional
Al6061-SiC composite. The presence in Al6061/SiC
composite of 20%vol. of ceramic lowers the impact

T ABL E I Mechanical properties of the investigated composite
(all data are averaged of at least five tests).

Compression Bending Tensile

Strength Strain MOR UTS Strain Young Modulusa Vickers
(MPa) (%) (MPa) (MPa) (%) (GPa) hardness

773 <0.1 280 122 <0.1 202 448

aMeasured from natural vibration frequency of composite.

Figure 13 Force vs. time of C4 composite submitted to Charpy impact
test.

energy of this last composite with respect to unrein-
forced aluminum (30 J/cm2) down to about 5 J/cm2

only. The presence of 63% vol. of ceramic in C4 com-
posite, which is more than three times the ceramic
content in Al6061/SiC, of course decreases the im-
pact energy well below 5 J/cm2. Nevertheless, the
Charpy force-time curves showed that the continuous
microstructure of C4 material probably provides some
toughening mechanism (Fig. 13). Actually, this exper-
imental curve is structured (like those of some fiber-
reinforced composites), showing that after a first ma-
terial damage (very likely due to cracking of ceramic
network), a further work and a related force increase
are necessary for sample fracture.

Fracture mechanics tests have been also carried out
in order to obtain toughness data representative of the
investigated material and independent from the speci-
men geometry.

SENB tests allowed for measuring a C4 critical value
of the stress intensity factor of 5.3±0.6 MPa

√
m. This

result is consistent with toughness values reported in the
literature for interpenetrating phase composites having
aluminum as metal phase and alumina as reinforce-
ment [10] and obtained using the ASTM 399 standard
as reference. The fracture toughness of the composite
was found twice than that corresponding to the ceramic
phase, which is about 2.6 MPa

√
m [25]. Toughening

effect of the continuous aluminum network in the mi-
crostructure is therefore demonstrated.

3.3.4. Fractography
The fracture surface of the tested fracture mechanics
composite samples displayed the interconnected alu-
minum effect (Fig. 14).

Changing in fracture surface morphology, from
cleavage (typical mechanism of fracture for ceramic
materials) to cleavage plus dimples (the last typical
of ductile fracture mechanism and manifest inside the
metallic ligaments), indicates the toughening effect
of three-dimensional interpenetrating aluminum in ce-
ramic (Fig. 15). The severe deformation of the metallic
phase before failure suggests that alumina fails first,
and the aluminum phase attempts to hold the remain-
ing material together before failing in a ductile manner.
Therefore, it is clear that the ceramic phase provides
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Figure 14 Example of fracture surface showing Al2O3 and Al phases interpenetrated.

Figure 15 Ductile fracture (microdimples) characterizing a zone in which the metallic phase is prevalent.
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much of the initial mechanical resistance and stiffness,
while the metallic phase allows plastic deformation and
supports the material after the ceramic phase has failed.

On the other hand, SEM examination of fracture sur-
faces of tensile and bending specimens shows that the
metal component undergoes significant plastic defor-
mation before failure, which might result in a toughen-
ing effect.

4. Conclusions
Composite samples α-Al2O3/Al (Si) with an high ce-
ramic content and a co-continuous structure (due to the
interpenetration of two different networks) can be ob-
tained in the temperature range from 800 to 1200◦C by
reactive metal penetration of silica glass. The speed of
pure aluminum penetration in silica glass becomes suf-
ficiently high for industrial application at temperature
over 1000◦C.

As silicon forms during the displacement reaction,
which involves silicon dissolution in the infiltrating
molten metal, pure aluminum allows for higher reaction
speed than Al-Si alloys. Calculated activation energy of
the displacement reaction concurs to assess that the to-
tal RMP process is mainly controlled by the reaction
between molten metal and silica.

In spite of its co-continuous character, the composite
microstructure is not completely homogeneous: colum-
nar aluminum channels form just below the sample skin
as well as at the sample center.

This feature, the progressive increase of grain size
observed with increasing distances from the sample sur-
face and a residual porosity exceeding 1% vol., affect
the mechanical behavior of this composite (also causing
the scattering of experimental results).

Strong bonds at the metal/ceramic interface and the
continuous ceramic network, which hinders metal plas-
tic flow, allows for very low thermal expansion, high
stiffness, low strain at failure and appreciable bending
and compression strength.

Both impact and toughness tests showed that the
metal component (less than 40%) provides an appre-
ciable toughness increase with respect to traditional
ceramics.

Increase in the fracture mechanics data recorded
testing the co-continuous Al-Alumina composite (5.3
MPa

√
m), with respect to the typical toughness data

characterizing merely the ceramic phase (2.6 MPa
√

m),
is the result of two different phenomena: a crack blunt-
ing, due to the plastic deformation of metallic zones,
and the subsequent crack propagation. This last one is
governed by ligament breakage of the metallic phase,
along with reinforcement fracturing due to cleavage.
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