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Abstract

A SiCp/Al composite was fabricated by the pressureless infiltration of an Al–Mg–Si alloy into the pre-oxidized SiC preform at

1000 1C for one hour. The composite fully infiltrated and a homogenous distribution of SiC particles was confirmed. MgAl2O4 was

found as the interfacial reaction product, its formation deriving from the reactions: 2MgþSiO2 ¼ 2MgOþSi and

2MgOþ4Alþ3SiO2 ¼ 2MgAl2O4þ3Si. The factors influencing the spontaneous infiltration process were also discussed.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Due to the outstanding specific strength and modulus,
improved wear-resistance, tailorable thermo-physical
properties and flexible fabrication process, the SiCp/Al
composites have played a vital role in various areas, such
as space, aerospace, transportation or electronic systems
[1–4]. The SiCp/Al composites can be produced by the
molten aluminum infiltration techniques, such as pressure
assisted, vacuum driven and pressureless or capillarity
driven process. Aghajanian and co-workers [5,6] first
reported the pressureless infiltration technique, by which
the aluminum alloys infiltrated the SiC particles preforms
spontaneously in a nitrogen atmosphere. This method is
believed to be a cost-effective, nearly-net shape technique
with combined processing of materials and shaping of
components simultaneously [7,8].

During the pressureless infiltration process of SiCp/Al
composites, the pre-oxidation of SiC particles has often
been used to improve the wetting between SiC and
aluminum matrix. In the present work, the SiC particles
were pre-oxidized and then the SiCp/Al composite was
produced using a spontaneous infiltration technique. The
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composite was obtained at higher temperatures (1000 1C)
for relatively longer duration (one hour) compared to
those produced by the pressure assisted or vacuum driven
process; hence the emphasis of this work was focused on
the thorough examination of interfacial microstructures.
The factors influencing the spontaneous infiltration process
were also discussed.
2. Experimental

2.1. Preparation of the preform

The reinforcement is the a-SiC particle with an average
diameter of 10 mm. The particles were pre-oxidized at
1100 1C for 4 h to remove the impurities and introduce a
silica layer on the particle surfaces. The formation of silica
layer helps to improve the wettability of SiC by aluminum
[9].
The SiC particles were first mixed with the polyvinyl

alcohol (PVA), poured into a mold cavity and pressed into
the required density by the mechanical pressing. The green
samples, 45 mm� 15 mm� 8 mm in size, were heated to
400 1C at 5 1C/min to burn out the PVA binder. Then they
were heated to 1100 1C and held for 2 h to get enough
strength for handling in the following infiltration stage.
The processes were carefully controlled to avoid changing
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the shape and dimensions of the preform or introducing
micro-cracks.

2.2. Fabrication of the composite

The matrix used in the present study is an Al–Mg–Si
series alloy. During the infiltration process, the matrix
billet and sintered SiC preform (45% volume fraction)
were heated to 1000 1C for one hour in an alumina tube
furnace with flowing pure N2 to let the matrix alloy
infiltrate the preform pressurelessly. After infiltrated, the
samples were removed from the furnace and the SiCp/Al
composite was obtained.

2.3. Characterization

A HITACHI S-4700 scanning electron microscope
(SEM) was used to examine the microstructure of SiCp/
Al composite and the morphology of SiC particles. The
Fig. 1. Backscattering electron image of SiCp/Al composite.

Fig. 2. Microstructure (a) and corresponding area distribution analys
XRD analysis was performed on a D/max-B diffractmeter
(Rigaku, Japan) at a rate of 0.021 per 0.5 s in step-scan
mode using monochromated Cu Ka radiation (l¼0.15405
nm). The TEM and HREM microstructure observations
were carried out on a Philips TECNAI-20 transmission
electron microscope and JEOL-2010F high-resolution
transmission electron microscope, respectively, operated
at 200 kV. The samples for TEM observations were
prepared by mechanical polishing, punching, and ion
thinning using a Gattan-600 ion beam thinning machine.

3. Results and discussion

3.1. Microstructure of the SiCp/Al composite

Fig. 1 shows the backscattering electron image of the
composite. The SiCp/Al composite fully infiltrates and no
matrix-rich channels are found. The SiC particles appear
to be uniformly distributed, without any particles cluster-
ing. The uniform distribution of reinforcement particles is
beneficial to reduce the stress concentration and enhance
the load-bearing ability of the composite. The measured
density of the SiCp/Al composite is 2.79 g/cm3. By com-
paring the measured density with the theoretical value, a
retained porosity of 1.4% is obtained for the composite.
The closed micro-cavities in the sintered preform might be
the source of retained pores in the composite.
Some white block-like phases are found in Fig. 1, as

indicated by the arrows. To identify these phases, the area
distribution of element Si, C, Al, Mg and O was analyzed
and shown in Fig. 2. As can be seen, these white bulks
correspond to the Si phases, resulting from the solidified
primary Si phases of the Al–Mg–Si matrix alloy. In
Fig. 2(e), the element Mg is found to be segregated. The
element O shows a similar distribution, suggesting the
is of Si (b), C (c), Al (d), Mg (e) and O (f) in SiCp/Al composite.
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existence of some possible interfacial reaction products
with Mg and O.

3.2. Interfacial microstructure

To determine the interfacial reaction product and
observe its morphology, the SiC particles were extracted
from the SiCp/Al composite. The solution was mixed with
acids containing HF, HCl and HNO3. The composite was
immersed into the acid solution for 5 h to extract enough
particles. Then the SiC particles with reaction products
were cleaned and dried rapidly for the following XRD
analysis and SEM observation.

Fig. 3 is the XRD result for the SiC particles extracted from
the composite. The existences of SiC and MgAl2O4 are
confirmed, coming from the reinforcements and interfacial
reaction products, respectively. Fig. 4 describes the SEM
morphology of the oxidized and extracted SiC particles. The
oxidized SiC particles have clean surfaces and clear edges.
However, some block-like interfacial reaction products are
found in the extracted particles (as shown in Fig. 4(b)),
distributing discretely on the particle surface. The EDS
analysis in the cross position in Fig. 4(b) is given in
Fig. 4(c), indicating that the main elements of these discrete
blocks are O, Mg, Al and Si. The O, Mg, Al come from the
Fig. 3. XRD result of SiC particles extracted from composite.

Fig. 4. SEM morphology of SiC particles: (a) oxidized particles,
interfacial reaction product, and the existence of Si probably
results from the SiC particle under the reaction product.
Fig. 5 shows the TEM microstructure of the SiCp/Al

composite. Polyhedral interfacial reaction products are
found. The EDS analysis in Fig. 5(b) suggests that their
major elements are O, Mg and Al, and they are designated
as MgAl2O4 according to the diffraction pattern result in
Fig. 5(c). A HREM image demonstrating the sophisticated
interfacial features is given in Fig. 6, where the spinel phase
MgAl2O4 is at the bottom of the image, and the SiC, at the
top. The orientation index of [341] in SiC is parallel to the
injection electron beams, and the angle between (11̄01) SiC
and (11̄1̄) MgAl2O4 is about 171. It is found that the spinel
MgAl2O4/SiC interface is clean and free from other phases.
The interface shows good bonding condition, which is
favorable to the mechanical properties of the SiCp/Al
composite.
3.3. Formation of interfacial reactions

It has been found that there is an incubation period during
the infiltration process [10], only after which the molten
aluminum can penetrate the SiC preform pressurelessly.
Previous results [11–13] indicated that a tenacious alumina
film would be developed on the aluminum surfaces. The
formation of g-Al2O3 was confirmed even at an oxygen partial
pressure of �0.5� 10�7 bar at 475 1C [14]. The alumina film
prevented the direct contact of molten aluminum with the
preform. In the present work, the high-purity N2 has about
3� 10�5 bar oxygen. The aluminum surface invariably had a
film of alumina. By using Al–Mg series alloy, for one thing,
Mg would react with Al2O3 to form MgO on the surface of
molten aluminum. One hour heat treatment of Al–2.5% Mg
alloy in the flowing air at 500 1C was sufficient to ensure no
significant coverage of alumina at the free surface [13]. Besides,
Mg is surface active and has a very high vapor pressure, and
then is easy to evaporate from the liquid alloy. Then the
(b) particles extracted from composite and (c) EDS analysis.



Fig. 5. TEM micrographs of SiCp/Al composite. (a) TEM microstructure, (b) EDS analysis and (c) SADP of [111]MgAl2O4.

Fig. 6. HREM image of SiCp/Al composite.
Fig. 7. XRD result of un-infiltrated SiC particles.
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alumina film was broken up, leading to the channels for the
liquid penetration.

In the samples taken out of the furnace during the
incubation period, it was found that the SiC preform kept
un-infiltrated and turned to be light yellow from original
green. The XRD result of the un-infiltrated SiC particles is
shown in Fig. 7. The existences of SiC and MgO indicate that
the Mg reacted with the SiO2 layer to form MgO during the
incubation period, according to the reaction (1). The reaction
product of MgO remained on the surface of SiC particles.

2MgþSiO2 ¼ 2MgOþSi ð1Þ

However, only the MgAl2O4, instead of MgO, was found at
the interfaces of SiCp/Al composite. MgO is unstable when
the molten Al and SiO2 also exist. They can react further to
form MgAl2O4 during the infiltration process, as shown in (2).
It is favorable thermodynamically, leading to the final forma-
tion of MgAl2O4.

2MgOþ4Alþ3SiO2 ¼ 2MgAl2O4þ3Si

DG1000 C1 ¼�571 kJ ð2Þ
In the reactive metal-ceramics system, the contact angle
y is given by [15]:

cosy¼ cosy0�
Dsr

Ds0LV

�
DGr

Ds0LV

ð3Þ

where cos y0 and s0LV is the contact angle and liquid
surface tension in the absence of reactions, Dsr is the
change in interfacial tension brought about by the inter-
facial reaction, and DGr is the change in free energy per
unit area released by reactions.
Interfacial reactions will result in a net decrease of the

free energy, namely DGro0, otherwise, the reactions will
not proceed. Aksay [16] et al. studied the variation of
dynamic interfacial tension with time during a chemical
reaction between two phases. The chemical reactions at the
interface initially lead to a decrease in the corresponding
interfacial tension. After the completion of interfacial
reactions followed by the continuation into the bulk
regions by diffusion, the interfacial tension gradually
increases toward their static value which is still lower than
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the original value, namely, Dsro0. Therefore, with the
combined effects of DG(t) and Ds(t), the cos y(t) will be
increased and a decreased wetting angle is obtained. The
interfacial reactions would lead to a decrease in the
dynamic wetting angle between reinforcement particles
and matrix [17,18]. Then the formation of MgAl2O4

improved the wetting between the SiC and matrix. Addi-
tionally, the element Mg diminished the surface tension of
molten aluminum [19] and the element Si increased its
fluidity. Both would promote the pressureless infiltration
process. With the continuous infiltration, the fully-
infiltrated and dense SiCp/Al composite was obtained.

4. Conclusions

By using oxidized SiC particles, the SiCp/Al composite was
fabricated by the pressureless infiltration technique. MgAl2O4

was found as interfacial reaction product, its formation
deriving from the reactions: 2MgþSiO2 ¼ 2MgOþSi and
2MgOþ4Alþ3SiO2 ¼ 2MgAl2O4þ3Si. The interfacial reac-
tions enhanced the wettability and promoted the spontaneous
infiltration process.
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