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bstract

ith the aim of reducing the overall cost of the process, co-continuous metal–ceramic composites were obtained by reactive metal penetration,
tarting from very low cost cordierite preforms. It was investigated how the preform porosity influences both the residual porosity left in the

omposites after infiltration and the mechanical properties. It was demonstrated that, despite a significant fraction of the initial porosity remains in
he final composite, by a suitable choice of the preform composition and preparation method the mechanical properties are not much inferior than
n the case of composites obtained from the much more expensive silica glass.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Co-continuous metal–ceramic composites consist of two
nterpenetrating continuous networks, one of a metallic alloy
generally an aluminium alloy) and one of a ceramic phase (gen-
rally alumina). They can be obtained by several techniques, one
f the most interesting is reactive metal penetration (RMP), a
articular type of reactive infiltration. It was firstly developed
t Columbus University (Ohio, USA)1–4; afterwards, similar
nvestigations were carried out in the USA,5–17 Europe18–26 and
sia.27–32

Composites obtained by RMP (also called C4, acronym for
o-Continuous Ceramic Composites) present an unusual set of
roperties, since the preparation method provides near net-shape
omponents (the dimensional changes occurring during the reac-
ive infiltration of preforms are very small, less than 1%) that

ay have a very high ceramic content (up to 80–85% in volume).
hese composites possess a continuous network of a metal alloy
hat provides good thermal and electrical conductivity, and of
eramic, that gives high stiffness, high hot strength and wear
esistance.2

∗ Corresponding author. Tel.: +39 011 564 4708; fax: +39 011 564 4699.
E-mail address: matteo.pavese@polito.it (M. Pavese).
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dierite

Reactive metal penetration is based on a displacement reac-
ion between liquid aluminium and an oxide precursor; the latter

ust be able to undergo a reaction similar to the following one,
oncerning silica:

Al + 3SiO2 → 3Si + 2Al2O3 (1)

he silicon formed in the reaction dissolves in the aluminium
elt, so that an Al–Si alloy is formed.
The main requirements in the choice of the precursor are:

the reaction must be thermodynamically favoured;
the precursor must not melt or change its geometrical shape
at the reaction temperature (which is usually quite high, up to
1200 ◦C);
the reaction should be fast enough to be economically inter-
esting;
the following equation must be satisfied:

M

dn0

)
product

≤
(

M

dn0

)
preform

(2)
here M is the molecular weight, n0 the number of oxygen atoms
n the compound and d is the density. The meaning of this rela-
ionship is not immediately evident, however this relationship is
ulfilled when the process involves a decrease of the volume of
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he ceramic. For instance in the case of silica infiltration, reac-
ion (1), keeping in mind that silica density is around 2.2 g/cm3

nd alumina density is around 4 g/cm3, it is possible to write
hese correspondences:

cm3 SiO2 → 2.2 g SiO2 → 36.7 mmol SiO2

→ 24.5 mmol Al2O3 → 2.49 g Al2O3 → 0.62 cm3 Al2O3

(3)

he volume reduction happens at a microscopic level, so that no
acroscopic dimensional changes occur in the preform. Sim-

ly, the voids created by the transformation of SiO2 into Al2O3
re filled with liquid aluminium. In this way the liquid metal
an always have access to fresh precursor, and the reaction can
roceed through the whole preform body.

The value of M
dn0

for alumina is rather low, so that almost any

xide can be infiltrated by aluminium.18

By using different materials, different composite composi-
ions results; as seen in Eq. (4), for instance, if cordierite is used
s a precursor, some spinel (MgAl2O4) forms in addition to alu-
ina:

0Al + 3Mg2Al4Si5O18 → 6MgAl2O4 + 10Al2O3 + 15Si

(4)

oreover, depending on the composition and density of the
reform, different ceramic content are obtained in the final com-
osite, as shown in Table 1.

The potential of reactive metal penetration in industry has
ot been completely investigated yet. Widespread applications
or the processing of wear-resistant components are foreseeable,
rovided that a good compromise between cost and properties
s achieved.

Until now the most important precursor used in C4 manufac-
uring has been pure silica glass,2–4,18–31 which is a relatively
xpensive starting material (the commercial price of silica glass
s of several tens of euros per kilogram); however, it was already
hown7,12,14,15,33,34 that mullite, cordierite or other silicates can
e used as precursors for the preparation of C4. It is also possi-
le to insert a second phase into these preforms in order to tailor
ome features of the final product.23

Recently it was demonstrated33 that a commercial product
ased on cordierite and mullite could be used as a preform for
he preparation of composites with interesting properties. This

reform has a much reduced price with respect to silica glass
1–2 D /kg) and so could be used to enhance the chances of an
ndustrial development of C4. The mechanical properties of such
omposite were studied, and it was made evident that the poros-

(
E
a
d

able 1
heoretical characteristics of C4 obtained from different ceramic preforms

reform Formula Preform density (g/cm3) Theoretica

Al2O3 (%

ilica SiO2 2.2 62.2
ullite Al6Si2O13 3.2 84.0
ordierite Mg2Al4Si5O18 2.6 38.2
Ceramic Society 27 (2007) 131–141

ty of the preform had a very strong effect on the properties of
he produced composite. The relationship between the porosity
f the preform and that of the composite, though, was not inves-
igated, nor the mechanism by which the infiltration advances.

oreover, the starting materials contained both cordierite and
ullite, so that any consideration about the mechanism was com-

licated by the composite structure of the preform itself.
This paper is aimed at preparing and characterising

o-continuous ceramic/metal composites obtained from com-
ercially pure cordierite preforms with variable porosity;

wo different production methods for these preforms were
nvestigated, extrusion and pressing, both widely used in
ndustrial routine, that provide low cost items (in both cases
he commercial price is few euros per kilogram). The goal of
he work was to assess the relationship between preform and
omposite porosity, to measure the mechanical behaviour of
hese composites, and to better investigate the mechanism of
nfiltration in the case of porous preforms.

. Experimental procedure

The preforms used as precursors in this work were supplied by
etroceramics Srl (Milano, Italy), and consist of commercially
ure cordierite ceramics, obtained by two methods. The first kind
f preform is prepared by uniaxial pressing of atomised powders
nd subsequent sintering (referred to as “pressed cordierite”); the
econd type of preform is obtained by extrusion and sintering
“extruded cordierite”).

These materials are industrially prepared starting from
aolin, talc, clay and alumina.

In the case of pressed cordierite, a suspension of fine pow-
er is sprayed in a hot gas flux, in order to obtain hollow
ranules of roughly spherical shape with a diameter between
00 and 150 �m. These granules are then uniaxially pressed
nd sintered at 1290 ◦C. Three samples have been investigated
P1–P3), which have been pressed at different pressures (20, 12
nd 8 MPa) and differs essentially for their porosity content and
ore distribution.

In the case of extruded cordierite preforms, the production
rocess consists in the preparation of a slurry of fine powders of
he precursors of cordierite, followed by extrusion and sintering
t 1340 ◦C. Different porosity is obtained by varying the slurry
omposition, in particular by the addiction of sawdust. A sample

E1) has been obtained without sawdust, while other ones (E2,
3) have been realised from a slurry containing an increasing
mount of such component; the wood, as the binder, burns away
uring the heat treatment.

l C4 composition Theoretical C4 density (g/cm3)

) MgAl2O4 (%) Al (%)

– 37.8 3.48
– 16.0 3.75

35.2 26.6 3.49
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Some comparison were made with materials studied in
revious works, in particular with composites obtained from the
lready mentioned commercial cordierite-mullite perform,33,35

rom sintered cordierite glass,33–35 and from silica glass.2,23,32

n these works it was demonstrated that it is not essential to use
ilica glass, the most expensive preform, in order to realise C4
omposites with interesting mechanical properties. In particular
t was proved the possibility of using cordierite, even if the
nfiltration mechanism was probably slightly different than in
he case of silica. Moreover, commercial preforms were used
evealing the possibility of employing very cheap materials to
repare C4 composites. The study of the effect of the porosity
f the preform on the properties of composites was however
ecessary since cheap commercial preforms tend to be very
orous.

To obtain C4 composites the preform (a whatever preform
mong those mentioned above) was inserted in a molten alu-
inium bath (99.9% pure, from Aldrich), kept at the temperature

f 1200 ◦C, for a time ranging from 20 min to 4 h, then the bath
as cooled up to 850 ◦C and the composites were extracted

nd cooled in calm air. The infiltration procedure carried out is
eported with more detail in a previous work.23 The bath temper-
ture was chosen in order to achieve the best infiltration rate and
regular composite microstructure: a lower infiltration temper-
ture slows down the reaction,35 while a too high temperature
an bring to a more inhomogeneous structure.27

The precursors were analysed with Differential Thermal
nalysis (Perkin-Elmer DTA 7) in order to establish their melt-

ng point.
Both precursors and composites microstructures were inves-

igated by using several techniques. The composition was
ssessed by X-ray diffraction (Philips PW3040, equipped with
monochromator, Cu K� radiation) and EDS measurements

Oxford 7353). Density and porosity measurements were also
arried out (electronic balance equipped for density mea-
urement with displacement method, picnometry, Carlo Erba
O2000 Mercury Intrusion Porosimeter with macropores unit).

Three types of porosity were measured: bulk density and
pparent density by hydrostatic methods36 on parallelepipedal
amples, and powder density by water picnometry37 on crushed
owder. Bulk density is the weight for unit volume of a solid
aterial, so that it keeps into account the contribution of all

ores, both open and closed; apparent density is the ratio
etween the mass of the dry specimen and its apparent volume,

o that only the closed pores are considered; powder density
epresent the theoretical density of the solid material, since it is
ypotesised that after crushing no closed porosity is retained in
he powder.

o
c

i

able 2
lemental and phase composition of pressed and extruded cordierite preforms

reforms Phases present (in brackets minority phases) C

S

1–P3 Cordierite, mullite (alumina, spinel) 4
1–E3 Cordierite, spinel (cristobalite) 4
Ceramic Society 27 (2007) 131–141 133

From apparent density and bulk density it is possible to derive
he closed and open pore fraction, following the equations:

open = 1 − dbulk

dapp
, ptot = 1 − dbulk

dtheor
,

clos = ptot − popen (5)

here popen, pclos, ptot are respectively the open, closed and
otal porosity, and dbulk, dapp, dtheor are respectively the bulk,
pparent and theoretical densities. For our calculations powder
nd theoretical density were considered equal.

Morphology was also investigated by optical and SEM
icroscopy (respectively Reichert Young MF3 and LEO 1450
P). The composite mechanical properties were investigated

n terms of elastic modulus and flexural strength. Young mod-
lus was measured (GrindoSonic MK5 instrument) exploit-
ng a method based on the analysis of the transient natural
ibration following an impulse excitation. Flexural strength
y three-points bending tests (Sintech 10D equipment, stroke
ontrol with crosshead speed of 0.1 mm/min; the sample size
as 50 mm × 10 mm × 3 mm, the distance between the sup-
orts 40 mm); a mean of a minimum of four values was used
n each case. Co-continuity of the composites was verified both
y microscopy observation and by leaching the metallic phase
y means of concentrated hydrochloric acid and verifying the
echanical cohesion of the remaining ceramic network.

. Results and discussion

.1. Cordierite preforms characterisation

The cordierite preforms were initially characterised in order
o asses their composition and structure. Their composition is
eported in Table 2.

Each family of samples (P1–P3 and E1–E3) gives substan-
ially the same results, both relatively to phases present and EDS
lemental analysis. Moreover, the XRD analysis confirms the
omposition data; in E1–E3, where some cristobalite (SiO2) is
resent, there is a higher content of silicon, in P1–P3, where
ullite is the secondary phase instead of spinel, less magnesium

s observed. It must be noted that pressed cordierites present a
igher impurity content than extruded ones.

The porosity of these preforms has been calculated from den-
ity; by measuring geometrical, apparent and true density, total,

pen and closed porosity have been evaluated. These data are
ollected in Table 3.

It is evident that pressed cordierites provide a lower poros-
ty, while very high values of porosity arise from the extrusion

omposition (wt.%)

i Al Mg K Na

0.5 40.9 15.3 0.8 2.5
3.8 34.3 21.0 0.1 0.8
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ite preforms P1, P3, E1 and E3.
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Fig. 1. Porosity of cordier

ethod, when sawdust is inserted in the slurry. In each method,
he less porous samples present a higher degree of closed poros-
ty, while the more porous ones have almost only open porosity.
he picnometry density of all samples is similar, save for E1.
possible explanation of this phenomenon will be given in the

ollowing.
In Fig. 1 some micrographs of the samples P1, P3, E1 and E3

re reported. From a microstructural analysis of the preforms
wo particular pieces of information are taken. A comparison
etween samples P1 (Fig. 1a) and P3 (Fig. 1b) shows that the
atter underwent a very poor sintering, due to the low applied
oad in the pressing stage. Long pores between the granules are
et present, and the central void is also retained after sintering.
amples P1 and P2 does not present these defects (Fig. 2).

Samples E1 (Fig. 1c) and E2/E3 (Fig. 1d) also present a differ-
nt structure: in all extruded cordierites the porosity is partially
ligned along the extrusion direction; this phenomenon however
s particularly evident in the samples that contain some sawdust:
uring the extrusion the wood fragments (that have a high shape
actor) partially orientate along the extrusion direction, leaving,

fter heat treatment, large and elongated pores.

The pores distributions are presented for the samples obtained
y extrusion; in this case the presence of the pores derived
rom sawdust is particularly evident: in the sample E1, prepared

l
t

o

able 3
ensity and porosity of the different cordierite preforms

recursors Geometric density (g/cm3) Apparent density (%) Picnometry de

1 2.27 2.29 2.54
2 2.13 2.41 2.56
3 2.07 2.50 2.56
1 2.01 2.26 2.49
2 1.70 2.36 2.57
3 1.46 2.53 2.58
Fig. 2. Pore distribution of extruded cordierite preforms.

ithout wood, a single peak is observed at a couple of microm-
ters, while in samples E2 and E3, where wood was present, is
bserved the appearance of a second peak, more intense for the
ore porous sample, at higher pore size (7–10 �m); it is thought

hat these pores were left during the burning out of the wood.
t must not be forgotten that the porosimetry measurements on
riented pores show the smaller pore dimension, so that very

ong pores with small cross-section are seen at the pore size of
he section.

Before carrying out the infiltration procedure, the behaviour
f the preforms at the infiltration temperature was investigated.

nsity (%) Total porosity (%) Open porosity (%) Closed porosity (%)

12.7 1.0 11.7
17.9 11.3 6.6
20.4 17.0 3.4
22.5 11.0 11.5
34.4 27.8 6.6
43.9 42.3 1.7
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Fig. 3. Infiltration kinetics for the different cordierite preforms.

TA measurements were carried out and the melting point
f all the cordierite preforms was found to be higher than
330 ◦C. Finally, a prolonged heat treatment (8 h) at 1200 ◦C
as performed and neither change in size nor deformation were
bserved in any of the cordierite preforms.

.2. Composite processing and characterisation

Infiltration rate measurements were carried out by checking
nfiltration depth after reaction times between 20 and 80 min, in
rder to evidence the effect of porosity on the infiltration rate.
he results are plotted in Fig. 3.

The results are not consistent with data on silica-derived C4
omposites,23 where the porosity seemed to slow down the infil-
ration. Here, instead, it seems that the infiltration rate increases
ith total porosity, as shown in Fig. 4 for 60 min of infiltration.
xcluding sample P3, whose structure is characterised by a low
intering, a rising trend is observed both for extruded and for
ressed samples, even if it is clear that pressed cordierites are
nfiltrated much faster than the extruded ones. It is likely that the

longated shape of the pores in extruded cordierites may slow
own the infiltration reaction with respect to pressed samples.

More easy is the interpretation of the structure and com-
osition data of the composites obtained after infiltration. In

t
d

m

Fig. 5. X-ray diffraction spectra for composites o
ig. 4. Penetration depth as a function of porosity after 60 min of infiltration for
he different cordierite preforms.

first step, XRD analyses were carried out. The main compo-
ents in these composites were, as expected, an Al–Si metal
lloy, alumina and MgAl2O4 spinel, constituting the ceramic
hase.

As shown in Fig. 5, however, some other phases were found;
n samples P1–P3 the main one was a sodium hexaaluminate
NaAl11O17), probably derived from the sodium present in
he preform, whilst in samples E2 and E3 aluminium nitride
as found in appreciable quantity. The presence of AlN was

ompletely unexpected, since at a first glance there was no
eason why a nitride could be formed during the reaction;
owever, it is possible that during the burning of the wood
used in the preform to increase the porosity) some oxynitride
r nitride could be formed; on the other hand it was previously
bserved23 that AlN can form from the reaction between silicon
itrides or oxynitrides and aluminium. This explanation could
lso give reason for the lower theoretical density of E1 preforms
ith respect to E2 and E3. Since silicon and aluminium nitrides
ave a density value around 3.3 g/cm3, higher than cordierite,

he presence of nitrides could raise the overall preform
ensity.

The presence of AlN is potentially harmful for this kind of
aterials, since it is well known that it can react with humidity

btained from pressed or extruded preforms.
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ccording to the reaction:

AlN + 3H2O → Al2O3 + 2NH3 (6)

he formation of ammonia was evident by the smell and it was
lso proved by immersing the samples E2 and E3 in water and
easuring the pH; small bubbles immediately formed following

mmersion, and after 30 min the pH had exceeded 10, bearing
ut the formation of a basic compound.

Even if the samples come into contact with water during their
reparation (cutting and polishing operations), the reaction (6)
oes not seem to influence in a significant way the mechanical
roperties of the composites; the strength data of E2 and E3 sam-
les are consistent with other cordierite ones, where aluminium
itride is not present. It is likely that the reacting AlN is on the
urface of the open pores, those exposed to humidity, so that
he development of gases inside the material does not bring to

echanical decohesion of the sample.
By microscopic observations on the composites, three dif-

erent zones, characterised by a different microstructure, were
bserved. Going from the external part (the first to be infiltrated)
owards the core of the samples, it is possible to individuate a
rst zone characterised by roughly spherical grains of ceramic
lighter), surrounded by a metal network (darker), linked at
heir borders to form a co-continuous three-dimensional struc-
ure (Fig. 6a); this microstructure is similar to that observed in
ilica-derived C4 composites, even if in the silica case the three-
imensionality of the structure is more pronounced. In general,

ll preforms containing only Si, Al and O (silica, mullite, sil-
imanite, . . .) present, after infiltration, a microstructure of this
ype, where the metal alloy percentage is depending on the initial
omposition of the preform (as seen also in Table 1: the more

z
n
a
f

ig. 6. Microstructure of composites obtained from cordierite preforms: external zone
nd Al alloy is darker; the larger dark zones are rich in MgAl2O4); central part of sam
hase is darker, and the metal alloy is lighter).
Ceramic Society 27 (2007) 131–141

l in the preform, the less metal alloy in the final composites).
hen other elements (in the preform, as Mg in cordierite, or

mpurities, as Na, K or Ca in commercial materials) are present
he microstructure of C4 composites is different.

In this case, where both Mg from cordierite and some impu-
ities (mainly K and Na) are present, there is a change in
he microstructure going toward the inner part of the samples.
he structure shown in Fig. 6a slowly gives way to a differ-
nt microstructure type, where it is intermingled with a zone
f smaller grain size, which appear of uniform dark grey at
EM observation (Fig. 6b). This latter microstructure becomes
ore and more common going toward the centre of the sample

Fig. 6c). In addition, in the composites obtained from pressed
reforms, probably due to the higher impurity content, also a
eedle-shaped structure was detected in the centre of the sample
y using optical microscopy (Fig. 6d); in this case lighter phase
s Al and darker one is NaAl11O17.

In the composites obtained from extruded preforms, this last
ind of microstructure lacks, and only a structure similar to the
ne observed in Fig. 6b–c is present in the central part of the
amples.

To investigate the chemical and phase composition of these
ifferent zones, EDS analyses were carried out. A compositional
ap of a zone similar to that in Fig. 6b and c is presented in Fig. 7.

t is evident that the zones that appear dark in the SEM micro-
raph (characterised by the finer microstructure) are richer in
agnesium (in the form of spinel), while the lighter ones are

lumina grains. It is possible to see also some aluminium alloy

one intermingled with both alumina and spinel grains, where
either oxygen nor magnesium are present. This suggests that,
t the end of the infiltration process, the magnesium react to
orm spinel and does not remain dissolved into the metal in a

(a); intermediate zone (b); internal zone (c) (SEM micrograph: Al2O3 is lighter
ples obtained from pressed preforms (d) (optical micrograph: here the ceramic
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observed in a previous work.33 The effect of infiltration thus
seems to be the reduction of the total porosity and the increase of
the closed porosity fraction, which means that molten aluminium
Fig. 7. Microstructure and compositional maps of Al, O

ignificant quantity. This is confirmed both from thermodynam-
cal calculations23 and from EDS measurements on the metal
lloy in the composite, where no more than 1% magnesium in
resent.

In the central part of the pressed samples, the last to be
nfiltrated, some XRD analyses were performed, in order to
etermine the composition of the needle-shaped zones. Hexaalu-
inate peaks in the centre of the composite are much higher than

n outer parts, suggesting that Na (and K) impurities accumulate
n the last infiltrated zone. EDS measurements performed on
holly and partially infiltrated samples confirm these hypothe-

es, showing an accumulation of both sodium and potassium on
he infiltration front.

It must be noted that in composites obtained from extruded
ordierites, where the impurity content is much lower, the hex-
aluminate phase is not present, and no needle-shaped structure
s observed at the microscope, giving an additional confirmation
hat its presence is essentially linked to the alkaline elements.

Also magnesium is partially drawn away from the surface
f the sample during infiltration, since in the external layer
Fig. 6a) only alumina and aluminium are present, while mag-
esium is present as spinel only in the dark zones shown in
ig. 6b and c that are absent on the surface. An explanation for

his phenomenon is the following: when cordierite reacts with
luminium, there is an local enrichment of magnesium on the
eaction front. When the concentration of magnesium increases
ver a certain limit, spinel is formed. At the beginning of the infil-
ration, since no magnesium is present in the infiltrating alloy,

o spinel precipitation is detected. After a significant quantity
f cordierite has reacted, however, i.e. in the inner part of the
ample, the concentration of magnesium is sufficient and spinel
s observed.

F
t

in a zone comprising Al, Al2O3 and MgAl2O4 phases.

The observation of the partially infiltrated samples leads also
o some considerations about the infiltration mechanism that will
e further strengthened by the porosimetric analyses. As shown
n Fig. 8, the reacted zone (on the left in the images) clearly
resents less pores than the preform; thus it seems that during
he infiltration a significant fraction of the porosity is filled.

This reduction of the porosity during the infiltration is
onfirmed by comparing density of preforms and composites
Table 4).

In all cases the porosity diminishes, in a more evident way
n the samples with higher preform porosity. On the contrary
he quantity of closed porosity generally increases, as already
ig. 8. Porosity of partially reacted samples, showing the reaction interface and
he different porosity content of preform (right) and composite (left).
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Table 4
Comparison between the porosity of cordierite preforms and of the composites obtained from their infiltration

Precursors Preform Composite Total porosity
reduction (%)

Total porosity (%) Open porosity (%) Closed porosity (%) Total porosity (%) Open porosity (%) Closed porosity (%)

P1 12.7 1.0 11.7 9.3 1.2 8.1 26.8
P2 17.9 11.3 6.6 13.0 2.4 10.6 27.4
P3 20.4 17.0 3.4 12.2 8.5 3.7 40.2
E 15.4
E 19.0
E 27.7
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•

•
•
•
•

•

•

1 22.5 11.0 11.5
2 34.4 27.8 6.6
3 43.9 42.3 1.7

nfiltrates open pores and, at last partially, closed pores as well;
owever, owing to the volume reduction of ceramic part of the
ample occurring during the process, a residual closed porosity
an not be avoided.

As shown by porosimetry, the mean pore dimension is also
educed. In Fig. 9 are presented the case of sample P2 and P3.
he first represents the samples P1, P2, and E1, where a strong

eduction of pore size is observed. The second represents the case
f samples P3, E2, and E3, where bigger pores were present in
he preform, and where the size reduction is less evident. This
ifference, together with the fact that the porosity reduction in
amples P3, E2 and E3 is higher than in the other ones, is likely
o be due to the presence, in these preforms, of pores with high
hape factor. As a consequence of the different behaviour of P2
nd P3 samples, also the P1–P2–P3 relative porosity trend for
omposites results different from that of the preforms shown in
able 2.
From all these data some general considerations about the
eactive penetration process can be drawn, even if a deeper study
f the reaction front would be needed in order to determine
he microscopic phenomena that control the reaction between

ig. 9. Pore distribution of composites obtained from preforms P2 and P3.

m
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P
P
P
E
E
E

2.9 12.5 31.6
10.2 8.8 44.8
22.9 4.8 36.9

luminium and cordierite. Some pieces of evidence however
an be recorded:

the infiltration rate mainly depends on the method of produc-
tion of preforms, and to a lesser degree from the amount, size
and shape of pores, whose presence seems to slightly speed
up the reaction;
the infiltration reduces the total porosity;
the closed porosity increases;
pores are reduced in size during the infiltration;
there is a reaction zone where, as evidenced by XRD analysis
on partially reacted samples, both products and reactants are
present;
sodium and potassium impurities are drawn toward the centre
of the sample;
the reaction zone enriches in sodium and potassium during the
proceeding of the reaction, so that the microstructure is mod-
ified in the middle part of the sample if a sufficient impurity
degree is present.

Finally the obtained composites were characterised from a
echanical point of view. Young’s modulus and three point

ending tests were performed; the results are shown in Table 5
nd, plotted against porosity, in Fig. 10.

From this figure it is immediately evident that, with the
xception of sample P3, both Young’s modulus and flexural
trength increase with decreasing porosity. The best results are
btained with sample P1, that present a Young’s modulus of
57.6 MPa and a flexural strength of 244 MPa, better values than

hose obtained in previous works on composites from cordierite
erforms,33–35 and not so far from the values for silica-derived
ordierites.

able 5
echanical properties of composites obtained from the different cordierite

reforms

reform Total porosity (%) Young’s modulus
(GPa)

Flexural strength
(MPa)

1 9.3 157.6 244
2 13.0 148.5 234
3 12.2 127.5 172
1 15.4 133.0 210
2 19.0 124.7 176
3 27.7 95.1 111
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Table 6
Comparison between mechanical properties of composites obtained from different types of preforms

Preform Composite total porosity (%) Young’s modulus (GPa) Flexural strength (MPa)

Silica2,23,32 <1 200–210 260–470
Dense cordierite33–35 11.5 157 186
ICRAConcept C2 cordierite33,35 17.5 116 140
P1, this work 9.3
E1, this work 15.4
E2, this work 19.0
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ig. 10. Flexural strength and Young’s modulus for the composites obtained
rom the different cordierite preforms.

The trend of Young’s modulus and flexural strength is close

o the linearity with respect to porosity, as predicted by the
iterature models38; also in the case of samples E, derived
rom cordierites obtained by extrusion, the shape factor of the
ores after infiltration is rather close to unity, so that no sig-

i
e
f

ig. 11. Fracture surfaces of the external (a, b) and internal (c, d) zones in the comp
ehaviour of the metal network.
157.6 244
133.0 210
124.7 176

ificant pore shape effect is observed on Young’s modulus and
trength.

The case of sample P3 is different from the others, since the
ordierite P3 is not wholly sintered, and large pore occurs, whose
ize is not substantially reduced after infiltration, as shown in
ig. 9. At the end of the infiltration the P3 sample result with
slightly lower porosity than sample P2, but larger elongates

ores are present, similar to those observed in the cordierite
Fig. 1). The presence of pores with high shape factor has a
arked effect on the mechanical properties,38 a negative one if

hey are misaligned with respect to the applied stress. It is prob-
ble that the marked decrease in mechanical properties observed
or composites P3 is to ascribe to the presence of this kind of
ores.

A comparison with C4 composites obtained from different
reforms is presented in Table 6. From the materials prepared
n this work P1 sample has been chosen since it presents the
est mechanical properties, E1 and E2 since their porosity is
omparable with that of ICRAConcept C2.33
It is evident that the best performance is given by the compos-
te obtained from silica glass, the difference being particularly
vident for the Young’s modulus. This is easily explained by the
act that in composites obtained from silica glass the ceramic

osite obtained from pressed cordierite P1; the magnifications show the ductile



1 pean

p
f
m
s
C

i
C
C
a
s
o
r
u
C

s
c
h
o
t
f
c

p
f
m
z
s
b
c
o
s
t
a
t

4

s
i
t

a
a
e
p
h
e
r
a

s
f
p
i

i
f
w

i
n
f
p
i

R

1

1

1

1

1

1

1

40 M. Pavese et al. / Journal of the Euro

hase is made only by alumina, while in the composites obtained
rom cordierite also spinel is present, which shows a Young’s
odulus lower than alumina. The bending strength of the P1

ample instead is close to the inferior limit for silica-derived
4.

It is interesting to note that samples E1 and E2, although sim-
lar in porosity to the composite obtained from ICRAConcept
2,33 present higher mechanical strength. Since ICRAConcept
2 is made from mullite grains inserted in a cordierite matrix,
nd is known that mullite-derived C4 have high modulus and
trength,35 the opposite could be expected. However, as it was
bserved with sample P3, the porosity shape plays an important
ole in determining the mechanical properties, and the low mod-
lus and strength of composites obtained from ICRAConcept
2 can be ascribed to the presence of big elongated pores.

C4 composites obtained from P1 cordierite preforms has
imilar modulus than composites obtained from fully sintered
ordierite glass powders, but the mechanical strength is much
igher. It is likely that this is due to the high impurity content
f sintered cordierite powders.33,35 Since the preforms used in
his work have an impurity content lower than those obtained
rom sintered cordierite glass, the mechanical strength of the
omposites is higher.

The different types of microstructures observed in C4 com-
osites correspond to different features on the fracture sur-
ace. In Fig. 11, the fracture surface of both the external alu-
inium/alumina zone (Figs. 6a and 11a and b) and the “dark”

one (Figs. 6b and c and 11c and d, containing spinel) are pre-
ented. In the two cases both ductile (aluminium alloy) and
rittle (alumina or spinel) zones are visible; where the standard
o-continuous microstructure is observed, however, the scale
f aluminium ligaments is bigger than in the zones containing
pinel, suggesting that these last perform worse as far as the
oughness is concerned, since is known in the literature39 that
too small dimension of the metal ligaments bring to a lower

oughening effect on the composite.

. Conclusions

In this paper co-continuous ceramic composites were realised
tarting from commercial cordierite items, obtained by sinter-
ng pressed or extruded powders, by reaction metal penetration
echnique.

The preform preparation method greatly influences its char-
cteristics, in terms of porosity and pores shape and dimension,
nd brings to different infiltration kinetics and to different prop-
rties of the final product. Due probably to the lack of elongated
ores, the preforms obtained by pressing are infiltrated at a
igher rate than those obtained by extrusion; in both cases, how-
ver, the pores quantity has a beneficial effect on the infiltration
ate. The infiltration process always reduces both the porosity
nd the pore size, and yield a prevalent closed type porosity.

The best mechanical behaviour (stiffness and flexural

trength) of the composites is obtained by infiltrating the pre-
orms obtained by pressing, probably due to their lower residual
orosity. The presence of impurities however seems to play an
mportant role on the microstructural and mechanical character-

1
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stics of the C4. The impurities are repelled from the infiltration
ront and thus they concentrate in the heart of the composite,
here they give rise to specific phases and microstructures.
The mechanical properties of the obtained composites are

nferior to those of silica-derived C4, however, the difference is
ot extremely conspicuous, and since the cost of silica glass pre-
orms is higher by an order of magnitude than that of cordierite
reforms, it is thought that the use of such materials could lower
n a very significant way the final cost of these composites.
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