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In this work several aspects of pressure infiltration of Al and Al-12wt%Si eutectic alloy into
preforms of packed carbon particulates have been investigated. Compacts were prepared
from particles of average diameter 13.5, 26 and 61.6 µm. While infiltration with pure Al at
750◦C was very poor due to the extensive reaction between C and Al, the substantial
lowering of the infiltration temperature that allows the use of Al-Si eutectic alloy, greatly
improved infiltration performance. Results for the threshold pressure and infiltration
kinetics are discussed in the light of previously published results for different systems. The
effect of Ti addition has also been investigated.
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1. Introduction
One of the material families that is being considered by
the automotive industry as a replacement for standard
materials, is that of carbon preforms infiltrated with
light metals, mostly aluminium [1–3]. These materials
are expected to exhibit the high strength, lightweight,
and good thermal properties required in automotive
components. Pressure infiltration is probably the fabri-
cation method best suited to produce the variety of the
complex shapes for engine components. Two impor-
tant limitations to the fabrication of Al-C composites
by liquid-phase routes are: (i) the gasification of car-
bon, that initiates around the melting temperature of
pure aluminium, and (ii) the reaction between Al and
carbon to form aluminium carbide, an unstable com-
pound with very poor properties. Si addition is highly
beneficial in this system because it permits a substantial
drop in the fabrication temperature, thus reducing the
reaction between aluminium and carbon.

It is generally accepted that wettability at the Al/C in-
terface and reactivity between the two materials should
greatly influence the final properties of the composite.
Wettability is usually evaluated by measuring the con-
tact angle at the liquid/solid interface [4, 5]. Unfortu-
nately, contact angle measurements in the Al/C system
are scarce. Recent results reported by Landry et al. [6]
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indicate that Si addition decreases the contact angle at
the Al/C interface. Coating of the graphite reinforce-
ment prior to metal infiltration is also being explored to
improve the compatibility between the two materials.

In this work we present experimental data for pres-
sure infiltration of liquid aluminium, Al-12Si and
Al-12Si-1Ti alloys into packed samples of graphite par-
ticles with average diameters in the range 14–62 µm
with a volume fraction slightly above 0.5. Infiltra-
tion was carried out at temperatures in the range 913–
1013 K. The intrinsic permeability of the carbon par-
ticulate preforms was evaluated from infiltration with
polyethyleneglycol (PEG). Experimental results indi-
cate that infiltration kinetics followed Darcy law. The
results presented here indicate that the reaction at the
graphite/aluminium interface plays an essential role in
the performance of the infiltration kinetics and very
likely in the final properties of the composite.

2. Materials and experimental procedures
High purity aluminium (99.98%), and Al-Si-Ti alloys
of composition reported in Table I, were used in the in-
filtration experiments of compacted graphite particles
(of 13.5, 26 and 61.6 µm average diameter). The main
characteristics of the graphite particulate are given in
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TABLE I Chemical compositions of the Al-Si alloys used in this work

Alloy Si Ti Cu Fe Ni Others

A1 12 – 0.04 0.1 – 0.09
A2 11.6 – 1 0.7 0.06 0.5
A3 12 0.5 0.04 0.1 – 0.15
A4 12 1 0.04 0.1 – 0.1
A5 12 1.5 0.04 0.1 – 0.05

TABLE I I Average diameter D (in µm) of graphite particulate used
in this work

Particulate D Span S

Graphite 13.5 1.38 7.71
26 0.98 3.61
61.6 0.94 0.95

The span of the particle size distribution is defined as [D(90) −
D(10)]/D(50). D(x) is the diameter (also in µm) below which x% of the
particles are found. The specific surface area of the particles S (m2/g),
as measured by means of nitrogen adsorption technique, is also given.

Table II. Graphite particles were chosen because the
overall objective of this long-term research is infiltra-
tion of graphite preforms.

The particulates were packed into quartz tubes of
4.5-mm ID X 20-cm length by alternating vibrations
and strokes of a rod. A rubber disc attached to the piston
considerably reduced breaking of the brittle graphite
particles. At each packing step, approximately 0.033 g
of particulate were added and subjected to 2 seconds of
vibrations and 20 strokes of a 35 g rod dropped from
a height of 10 cm. The process was repeated until the
compact reached a height of ≈3.5 cm. In order to de-
termine the particle volume fraction Vp, the quartz tube
was weighed before and after the powder was packed in-
side it, and its diameter measured at five points along its
perimeter. Then a measure of the length of the packed
powder allowed to obtain Vp. The helium density of
the graphite particulates used in this determination was
2.16 g · cm−3. As shown in Table III, the resultant vol-

TABLE I I I Results of the infiltration experiments at different tem-
peratures for the aluminium alloys and the graphite particulate of Tables
I and II respectively

Alloy T (K) γ lv D (µm) Vp P0

A1 913 855 13.5 0.531 1439
26 0.527 622
61.6 0.523 283

963 26 0.524 627
1013 26 0.528 610

A2 913 830 13.5 0.534 1440
26 0.521 603
61.6 0.526 275

A4 913 856 26 0.529 631
1013 26 0.528 614

61.6 0.517 273
A3 913 858 26 0.53 626
A5 913 855 26 0.527 631

Po is the threshold pressure for infiltration in kPa, Vp is the volume
fraction of the particulate and γlv (in mN · m−1) is the surface tension
of the metal [13–15].

ume fraction Vp is very similar for the three particle
sizes used here. The quartz tube containing the packed
powder was attached at the top of the pressure chamber
and immersed into the liquid metal.

The alloys were melted in alumina crucibles of
45-mm ID X 72-mm height. The infiltration system
used in this work is described elsewhere [7, 8]. Infiltra-
tion was carried out at temperatures in the range 913–
1013 K. Higher temperatures induced extensive gasi-
fication of graphite particles. Before each experiment,
the metal was degassed by bubbling argon gas and its
surface cleaned. As no inert atmosphere was introduced
into the packed powder, it is expected that a thin ox-
ide layer will cover the surface of the alloys through-
out the whole infiltration process. The compacts were
preheated for 80 seconds by holding the quartz tube
just above the melt. Longer preheating times may lead
to some depacking produced by graphite combustion.
The chamber was closed and pressure was applied with
nitrogen gas at a rate of 50 to 60 kPa · s−1 up to the cho-
sen pressure. After a fixed period of time, the chamber
was vented at a rate of 30 to 70 kPa s−1. The sample
was taken out of the melt and air-cooled and it was
sectioned and the infiltration height measured with a
precision gauge.

Polyethyleneglycol-200 of 99% purity, supplied by
Panreac, was also infiltrated into the C compacts at
room temperature, to evaluate their intrinsic permeabil-
ity. The infiltration height was measured at different
times after infiltration was initiated. Top or bottom in-
filtration gave very similar results, indicating that grav-
ity plays no role in the process which turns out to be
essentially determined by wetting at the graphite/PEG
interface. The contact angle at the graphite/PEG inter-
face was measured following the procedures described
in [9], the result being θ = 5◦.

3. Results and discussion
As shown in Fig. 1 the experimental results for infiltra-
tion of the alloy A2 of Table I into a preform made of
the smallest particle used here follows Darcy law,

h2 = 2kt

µ(1 − V p)
(P − P0) (1)

Figure 1 Square of the infiltrated height h2 versus the applied pressure
P for compacts of the 13.5 µm graphite particle of Table II infiltrated
with alloy A2 of Table I.
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Figure 2 Optical micrographs of composites fabricated by infiltration of compacts of 26 µm graphite particles with: (a) pure aluminium and (b) A2
alloy of Table I.

where k is the permeability of the compact, Vp the par-
ticle volume fraction and µ the viscosity of the alloy.
The straight line in Fig. 1 allows to derive the threshold
pressure for infiltration P0 and the permeability of the
compact. Similar infiltration experiments with pure alu-
minium did not yield reasonable results. The optical mi-
crograph of Fig. 2a clearly illustrates the very extensive
reaction that occurs when C compacts are infiltrated
with pure aluminium. The reaction is sharply reduced
when pure Al is replaced by Al-Si alloys (Fig. 2b). It is
worth noting that due to the relatively low infiltration
temperatures and short infiltration times, no gasifica-
tion of graphite particles was observed.

3.1. Threshold pressure for infiltration
The threshold pressure for infiltration Po (also called
capillary pressure) in Equation 1 is related to the contact
angle θ and the particle average particle diameter D
through the so-called capillary law or Laplace equation
[10]

P0 = −6λγlv cos θ
Vp

(1 − V p)D
(2)

where γlv is the liquid-vapor surface tension and λ a
factor which depends on the geometry of the particles.

Experimental results for the threshold pressure for
infiltration of Al-Si alloys into graphite compacts are
reported in Table III. Plots for the square of the in-
filtrated height versus applied pressure are illustrated
in Fig. 3. Threshold pressure results were very sim-
ilar for all the alloys of Table I. Ti addition had no
significant effect. This result does not contradict the
observed decrease in contact angle at the Al/C inter-
face promoted by Ti addition, as the effect was only
significant above 1300 K [11]. As shown in Fig. 4, the
change in the threshold pressure with particle diameter
follows the 1/D law predicted by the Laplace equation
for all the alloys investigated here. The results plotted
in this figure were obtained by inserting in Equation 2
the surface tension of each alloy and the contact angle
(135◦) at the graphite/Al-12Si interface [6] (no signif-
icant changes in contact angle are expected to occur
upon Si or Ti additions at 913 K at short times). A fit-
ting of these results by means of a straight line gives
λ = 4.56.

Figure 3 Plot of h2 as a function of applied pressure P for packed
26 µm graphite particulate infiltrated with A1 and A4 alloys at 913 K
and 1013 K.

Figure 4 Threshold pressure Po for the graphite particulate infiltrated
with A1 and A2 versus 6λγlv cos θVp/(1 − Vp) D.

3.2. Darcy law: Permeability of the
compacts

The results shown in Fig. 3 clearly indicate that the
higher the temperature the faster the infiltration rate.
This is in line with the decrease in the viscosity of
liquid metals as the temperature is raised. However, the
results indicate that the slope of the straight lines in
Fig. 3 change with temperature at a pace greater than
the viscosity of aluminium-silicon alloy [12]. This can
be explained due to the increase of saturation at high
temperature. Fig. 5 shows the square of the infiltrated
height versus the pressure drop P − P0 obtained from
infiltrations of alloy A1 of Table I into compacts made
of the three carbon particles of Table II. The results
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Figure 5 Square of the infiltrated height h2 versus �P for (�)13.5, (�) 26
and (�) 61.6 µm graphite particulate (see Table II) compacts infiltrated
with alloy A1 of Table I.

follow the expected trend: monotonic increase of the
infiltration rate with particle size (see below).

In order to throw light on the above results the intrin-
sic permeability of the compacts was evaluated through
infiltrations of PEG. As PEG wets carbon the experi-
ments were carried out with no external pressure and
varying the infiltration time. Under these conditions
the square of the infiltrated height is proportional to
the capillary pressure. Then, to derive the intrinsic per-
meability, data related to the compact (particle diam-
eter, geometric factor and volume fraction), the liquid
(viscosity of PEG), and the PEG/C interface (contact
angle), have to be introduced into Equation 1. The re-
sults for the permeability derived from Equation 1 are
reported in Table IV and plotted against the square of
the particle diameter in Fig. 6. The data nicely follow
the empirical law according to which the permeability
k of a porous medium is proportional to the square of
the mean particulate diameter [10],

k = aD2 (3)

where a is a constant. The results for the compact
permeability derived from the experimental results for
C/A1 and those results reported in [9] for infiltration
in the Al/SiC system are given in Fig. 6 and Table IV.
Again, both closely follow the empirical D2 law of

TABLE IV Slope of the straight lines fitted to the experimental data
for intrinsic permeability versus square of the particle diameter

Fit

D (µm) k(×10−14) m2 Slope R2

C/PEG 13.5 1.84 0.0074 0.99
26 6.4
61.6 27.61

C/Al-12Si 13.5 1.42 0.0028 0.98
26 2.20
61.6 10.45

SiC/Al 13 1.96 0.0055 0.96
26 5.15
50 13.93

The units of the slope are: m2/Pa in the first case and m2/s in the second.
The regression coefficient is also given. The permeability of the compact
k was derived from the slope as discussed in the text.

Figure 6 Intrinsic permeability of particle compacts versus the square
of the particle diameter for the following systems: C/PEG, C/A1 alloy
and SiC/Al (see text).

Equation 3. In deriving k for C/A1, we took the viscos-
ity given in Ref. [12] for alloy Al-12Si, approximately
0.80 mPa s. Permeability data for carbon compacts de-
rived from A1 infiltration are significantly lower than
those obtained with PEG. This can be hardly understood
if one notes that, as PEG infiltration occurs under fully
wetting conditions, the derived permeability should be
similar to the actual intrinsic permeability of the com-
pact (the one derived from fully saturated infiltration
experiments).

4. Conclusion
Experimental results for pressure infiltration of alu-
minium and Al-Si alloys into compacts of graphite par-
ticulate have been presented and discussed. Infiltration
was carried out at not excessively high temperatures
(913 K) to avoid graphite gasification. Extensive re-
action between graphite and pure aluminium to pro-
duce aluminium carbide led to unreliable infiltration
results. Instead, many of the data obtained for Al-Si
alloys obeyed the laws which are expected to rule in-
filtration of liquids into porous media. In particular the
results for the square of the infiltrated height is propor-
tional to the pressure drop, as predicted by Darcy law.
The threshold pressure for infiltration is shown to vary
as the inverse of the particle diameter, in agreement
with capillary law. However, the change in the infiltra-
tion rate as the temperature is raised is stronger than
expected from the temperature dependence of the vis-
cosity of Al-12Si alloy. The permeability of the carbon
compacts derived from infiltration either of an organic
fluid or the Al-12Si alloy varied as the square of the
particle diameter, in agreement with a widely accepted
empirical law.
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