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a b s t r a c t

The SiC nanoparticulate reinforced Al–3.0 wt.% Mg composites were fabricated by combining pressureless
infiltration with ball-milling and cold-pressing technology at 700 ◦C for 2 h. The effects of SiC nanopar-
ticulate volume fractions (6%, 10% and 14%) and Al particulate sizes (38 �m and 74 �m) on interfacial
reactions were investigated by SEM, TEM and X-ray diffraction. The results show that the MgO at the
interface between SiC nanoparticulate and molten Al can provide a barrier for the diffusion of Si, C and Al.
Using Al particulate (74 �m) as raw material, the Al4C3 phase was not found in the composites containing
eywords:
etal matrix composites
icrostructure

nterfacial reaction
anoparticulate

6 vol.% and 10 vol.% SiC, but presented in the composites containing 14 vol.% SiC. When SiC content up to
14 vol.%, the products of MgO around SiC nanoparticulate are not enough to provide effective protection
from the reaction between SiC and molten Al, therefore the diffusion of Si, C and Al can take place to
produce Al4C3 and Si phases. Using 38 �m Al particulate as raw material, the fine Al particulate possesses
the high reaction activity and can easily be embedded into the gap among the big Mg particulate segre-
gated at the interface, resulting in the appearance of exposure surface of SiCp to the Al and the forming of

atom
diffusion channels for the

. Introduction

SiC particulate reinforced Al-based metal matrix composites
MMCs) have been considered as excellent candidates to be applied
s structural material in the aerospace and automobile indus-
ry [1]. Compared with the unreinforced matrix alloy, Al-based

MCs have attractive physical and mechanical properties, such
s high strength, high hardness and superior wear resistance. It
as been reported that higher mechanical strength of particulate
einforced metal matrix composites can be achieved by decreas-
ng the reinforcement particulate size [2–5]. Nanoparticulate as
he reinforcement can significantly increase the matrix mechan-
cal strength by more effectively promoting particle hardening

echanisms than micron size particulate [6]. However, the possi-
le chemical interfacial reactions between the fine SiC particulate
especially nanoparticulate) and Al matrix play a crucial role in
etermining the mechanical property of Al matrix composites. The

ery high ratio of surface to volume of SiC nanoparticulate induces
he higher interfacial reaction activity than micron size partic-
lates. In order to obtain excellent mechanical properties, it is

ndispensable to form desired interfaces.

∗ Corresponding author at: School of Aeronautical Manufacturing Engineering,
anchang Hangkong University, Nanchang 330063, PR China.

E-mail address: bowenxiong@163.com (B. Xiong).

925-8388/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
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ics C, Si and Al. So, the formations of Al4C3 and Si phases were occurred.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

Some interfacial reactions in metal matrix composites can
effectively improve the mechanical properties of composites by
enhancing of the wettability between particulates and molten
metal [7–10], but some of interfacial reactions also cause the degra-
dation of mechanical properties due to the formation of brittle and
unstable phases (e.g., Al4C3). The reaction between molten Al and
SiC particulates in the temperature range from 675 ◦C to 900 ◦C has
been widely investigated, producing Al4C3 and silicon according to
the following reaction equation [11–14]:

4Al + 3SiC → Al4C3 + 3Si (1)

However, the existing investigations on the interfacial reactions
in metal matrix composites are mainly related to three topics for
controlling the interfacial reactions: (1) control of matrix compo-
sition, such as SiC/Al composites. The above interfacial reactions
can be suppressed to hinder the formation of Al4C3 phase by
adding Si element into Al matrix alloy [15–17]. (2) Selection of pro-
cess parameters, for example, fabrication temperature and holding
time, etc. [18,19]. (3) Surface modification of reinforcement, for
instance, the coating or oxidation of SiC particulate [20]. Thus, little

attention has been paid to the effects of SiC nanoparticulate vol-
ume fraction and aluminum matrix particulate size on interfacial
reactions in SiC nanoparticulate reinforced aluminum matrix com-
posites. And from the available literatures, the investigations about
these effects on interfacial reactions are limited to providing the

ghts reserved.
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Si were found in the three composites. Although the B1 and C1
(similarly B2 and C2) composites have the same SiC nanoparticu-
late volume fraction, the reaction products are obviously different.
These phenomena show that the interfacial reactions can take place
Fig. 1. The distribution of SiC nanoparticulat

esired information and completed apprehension. In present inves-
igation, the pressureless infiltration combining with ball milling
nd cold pressing technology was employed to fabricate the com-
osites [21]. The objectives of the present study are to investigate
n the effects of SiC volume fraction and aluminum matrix partic-
late size on interfacial reactions between SiC nanoparticulate and
olten aluminum, and to achieve the significant information for

ontrolling the interfacial reactions.

. Experimental procedure

The Al (the mean size approximate to 38 �m and 74 �m) with purity of 99.5 wt.%
nd 3 wt.% Mg (approximately 74 �m) with purity of 99.6 wt.% were used as matrix
nd reinforced with 6 vol.%, 10 vol.% and 14 vol.% SiC (40 nm) respectively. The
omposites designations are summarized in Table 1. High-energy ball milling has
een widely utilized for mixing SiC nanoparticulate and Al particulate. High-energy
all milling was performed in a planetary ball milling using 200 hardened stain-

ess steel balls of 4 g each. The ratio of ball to particulate weight was 4:1. The
otational speed was controlled at 450 rpm. These particulates were dry mixed
or 10 h in a high purity of 99.99% argon atmosphere to avoid element oxidation.
he mixed particulates were compressed to prepare the preform with dimensions
f 40 mm × 40 mm × 80 mm by the cold pressing technology under a pressure of
0 GPa.

The identical composition with matrix material was melted in a graphite cru-
ible kept in an electric resistance furnace, using a flux mixture of salts (KCl + NaCl) to
ecrease oxidation of material by excluding oxygen and provide a protective atmo-
phere inside the electric resistance furnace. When the temperature of furnace was
aised to 700 ◦C and held for 20 min, the preforms for pressureless infiltration were
ut into and suspended inside the molten material for 2 h, and subsequently the
omposites were cooled inside furnace.

The microstructural characterization specimens were prepared by grinding
aper from 320 to 1200 grit and metallographically polished with 1 �m alumina,
nd subsequently ultrasonically cleaned and etched using a reagent comprising 5 ml
F and 95 ml distilled water. The microstructures were examined using a MeF-3
ptical microscope and a JSMT-200 scanning electron microscope. D/MAX-IIIB X-
ay diffraction was performed on the bulk specimens for identification of phases.
he interface between the Al matrix and SiC nanoparticulate was investigated using
EM200 transmission electron microscope.

. Results and discussion
The distribution of SiC nanoparticulates reinforcement in the
1, B2 and B3 composites was investigated by optical microscope
nd presented in Fig. 1. The SEM study of composite samples
eveals uniform distribution of SiC nanoparticulates in the Al–3%

able 1
omposites designation.

NanoSiC (vol.%) Al particulate size (�m) Designation

6 74 �m B1
10 B2
14 B3

6 38 �m C1
10 C2
14 C3
forcement in the B1, B2 and B3 composites.

Mg matrix. Only C3 composite sample shows the agglomeration of
SiC nanoparticulates in some region. The desirable uniform distri-
bution of SiC nanoparticulates indicates that the high-energy ball
milling process was optimized for the distribution of SiC nanopar-
ticulates. The appearance of SiC agglomeration in the C3 composite
may be owing to the finer size of Al particulate and high volume
fraction of SiC nanoparticulate. The higher volume fraction and
large surface to volume ratio of fine particulate in C3 compos-
ite induce a hard task to uniform distribution and dispersion of
reinforcement particles throughout the metal matrix [22]. There-
fore, the agglomeration of SiC nanoparticulates takes place in C3
composite. The agglomeration of SiC nanoparticulates in the C3
composite are shown in Fig. 2. The XRD patterns of the B1, B2
and B3 composites are presented in Fig. 3, and the XRD patterns
of the C1, C2 and C3 composites are shown in Fig. 4. Individual
phases were identified by matching the characteristic XRD peaks
against JCPDS data. It is obvious from Fig. 3 that the peaks of Mg2Si,
Al4C3, MgO and Si were detected in B3 composite, whereas the
peaks of Al4C3 and Si were not detected in B1 and B2 compos-
ites, and with the increasing of SiC volume fraction, the intensity
of Mg2Si peaks increases but the intensity of MgO peaks reduces.
It is evident from Fig. 4 that the peaks of Mg2Si, Al4C3, MgO and
Fig. 2. The agglomeration of SiC nanoparticulates in the C3 composite.
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Fig. 3. The XRD patterns of the B1, B2 and B3 composites.

Fig. 4. The XRD patterns of the C1, C2 and C3 composites.
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in composites, and the SiC nanoparticulate volume fraction and
aluminum matrix particulate size affect the interfacial reactions.
In order to further analyze the interfacial reactions, the interfa-
cial regions of the as-cast composites were observed by TEM and
the phases were determined by selected area diffraction analysis.
The interfacial micrographs of B1 composite are identical with the
B2 composite from the observation, whereas, completely different
from that of the other composites, which indicate similar interfa-
cial micrographs. The typical interfacial micrographs of composites
are shown in Fig. 5(a) and (b). The SAD patterns were given in
Fig. 5(c)–(e). The Mg2Si and MgO phases were detected in B1 and
B2 composites and Al4C3 and Si phases were absented (Fig. 5(a)).
Whereas, the Al4C3 and Si phases were presented in other compos-
ites (Fig. 5(b)). Therefore, the interfacial reaction mechanisms of
B1 and B2 composite are obviously different from that of the other
composites.

The presence of Al4C3, MgO, Mg2Si, MgAl2O4, and Si phases
formed by interfacial chemical reaction among Al, Mg and SiC has
been reported, according to Eq. (1) and following equations:

4Mg + SiO2 → 2MgO + Mg2Si (2)

2Al + 5Mg + 2SiO2 → MgAl2O4 + 2Mg2Si (3)

2Mg + Si → Mg2Si (4)

4Al + 3SiO2 → 2Al2O3 + 3Si (5)

Due to the SiC nanoparticulate having the higher surface energy
and activity than micron particulates is prone to absorb the gas,
such as O2. Therefore, SiC nanoparticulate can be oxidized to form
SiO2 product during the pressureless infiltration at 700 ◦C for 2 h.
Furthermore, the reaction kinetics and tendency of Mg and SiO2
are several times stronger than that of Al and SiO2 at 680–800 ◦C
[23,24], thus, Mg is more prone to react with the surface oxides SiO2
than Al to form the Mg2Si and MgO phases. As Mg element is added,
the MgAl2O4 and Al2O3 phases are possible to form individually and
in combination, but there has been no evidence of MgAl2O4 and
Al2O3 phases in the present study from XRD patterns and Fig. 5.

During the fabrication of Al/SiC composite by isothermal infiltra-
tion technology, the SiC particulate was generally decomposed in
molten Al and forms Si and C elements. With the decomposing of SiC
at a given temperature, the C thermodynamic equilibrium concen-
tration has been reached firstly, because of the low solubility of C in
molten Al. In order to keep the C thermodynamic equilibrium con-
centration, the C will react with Al to form Al4C3 phase according
to Eq. (1) until the Si content up to the thermodynamic equilibrium
concentration. Therefore, with the increasing of SiC volume frac-
tion, the Si content will increase from Eq. (1). Because of increasing
of Si content, the content of Mg2Si phase is increases from Eq. (4). As
Mg content is constant and Mg2Si phase is increases, the decreasing
of MgO content can be found. Therefore, the phenomena that the
intensity of Mg2Si peaks increases and that of MgO peaks reduces
with increasing of SiC volume fraction was detected from XRD pat-
terns. Moreover, when Mg is added, the segregation of Mg at the
SiC/Al interface was frequently detected [25–27]. The segregation
of Mg at the interface will react with SiO2 or the O2 trapped during
the fabrication process to form MgO. In Fig. 5(a), the much MgO
phase around the SiC was found, and the formation of MgO can
enhance the wettability and provide a barrier for the diffusion of
Si, C and Al. Thus, the Si and C can rapidly reach their thermody-
namic equilibrium concentration around the SiCp region, and the
decomposing of SiCp is suppressed. The extent of reaction between

molten Al and SiCp is obviously decreased.

Al particulate (74 �m) was used in B1, B2 and B3 composites.
The B1 and B2 composites which do not present the reaction prod-
ucts Al4C3 and Si phases from Fig. 3, whereas the content of SiCp
up to 14 vol.% obviously leads to the formation of Al4C3 and Si in
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ig. 5. The typical interfacial micrographs of composites: (a) TEM image of interfac
d) SAD pattern of MgO, and (e) SAD pattern of Al4C3.

3 composite. This phenomenon may be explained by the fact that
he formation of MgO at the interface between SiC nanoparticulates
nd molten Al can effectively reduce the contacted surface of the
iC nanoparticulates to the molten Al and provide a barrier for the
iffusion of Si, C and Al, resulting in the Si and C elements around
iCp can reach quickly thermodynamic equilibrium concentration
or suppressing the decomposing of SiCp. when Mg content is 3 wt.%
nd SiC content is 6 vol.% and 10 vol.%, the products of MgO around
iC nanoparticulates are enough to form a diffusion barrier for reac-
ion between SiCp and molten Al, whereas Mg content is constant
ut SiC content up to 14 vol.% in the B3 composite, the products of
gO around SiC nanoparticulates are not enough to form effective

rotection from the reaction between SiCp and molten Al, and lit-
le MgO phase around the SiC was found in Fig. 5(b), therefore the
iffusion of Si, C and Al can take place and produce Al4C3 and Si
hases in the B3 composite (Fig. 5(b)).

Al particulate with the 38 �m size was used in the C1, C2 and C3
omposites. Although the B1 and C1 (similarly B2 and C2) compos-
tes have the same SiC nanoparticulate volume fraction, compared
he XRD patterns of B1with C1 and B2 with C2, respectively, the
eaks of Al4C3 and Si were found in the C1 and C2 composites but
ot found in the B1 and B2 composites. This investigation result
ay be explained by the reason that the Al particulate used in the

1 and C2 composite is finer than used in B1 and B2 composites.
he fine Al particulate (38 �m) possesses the higher reaction activ-
ty than that of 74 �m Al particulate, on the other hand, when the
4 �m Mg particulates segregate at the interface between SiCp and

l, the fine Al particulate can be embedded into the gap among the
ig Mg particulate, resulting in the forming of the exposure surface
f SiCp to the Al and the diffusion channel for the atomics C, Si and
l. Consequently, the formation of Al4C3 and Si phases occurred

ollowing the chemical reaction between SiC and liquid Al (Eq. (1)).
2 composite, (b) TEM image of interface in B3 composite, (c) SAD pattern of Mg2Si,

4. Conclusions

The SiC nanoparticulate reinforced Al matrix composites was
fabricated by combining pressureless infiltration with ball-milling
and cold-pressing technology at 700 ◦C for 2 h. The effects of SiC vol-
ume fraction and Al matrix particulate size on interfacial reactions
between SiC nanoparticulate and the molten Al were investigated.
The results obtained are summarized as follows:

When Mg was added to the Al matrix, the formations of MgO
at the interface between SiC nanoparticulate and molten Al were
found, which can enhance the wettability and provide a barrier for
the diffusion of Si, C and Al.

Using Al particulate (74 �m) as raw material, the Al4C3 phase
was not found in the composites containing SiC nanoparticulate
6 vol.% and 10 vol.% respectively, but present in the composites
containing SiC nanoparticulate 14 vol.%. When SiC content up to
14 vol.%, the products of MgO around SiC nanoparticulate are not
enough to form effective protection from the reaction between SiCp
and molten Al, therefore the diffusion of Si, C and Al can take place
and produce Al4C3 and Si phases.

Using 38 �m Al particulate as raw material, the finer Al particu-
late possesses the high reaction activity and can easily be embedded
into the gap among the big Mg particulate, which segregate at the
interface between SiCp and Al, resulting in the appearance of expo-
sure surface of SiCp to the Al and diffusion channels for the atomics
C, Si and Al. So, the formation of Al4C3 and Si phases was detected.
Acknowledgements

This research was financially supported by Science and Technol-
ogy Fund of Jiangxi Provincial Department of China (Grant Number:
GJJ08199), and Open Fund of Aeronautical Science and Technology



nd Co

K
U

R

[
[
[
[

[

[
[

[

[
[
[

[

[
[

[

B. Xiong et al. / Journal of Alloys a

ey Lab. of Aeronautical Materials Processing, Nanchang Hangkong
niversity of China (Grant Number: ZK200901002).

eferences
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