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Eutectic Al–Si binary alloy is technically one of the most important Al casting alloys due to its high corrosion resistance, evident
shrinkage reduction, low thermal expansion coefficient, high fluidity, and good weldability. In this work, multiphased Al–Si matrix
nanocomposites reinforced with Al

2
O
3
and multiwalled carbon nanotubes (MWCNTs) have been sintered by an in situ vacuum

hot-pressing method. The alumina Al
2
O
3
nanoparticles were introduced by an in situ reaction of Al with SiO

2
. Microstructure

and mechanical properties of the sintered Al/Si/Al
2
O
3
/SiO
2
/MWCNTs nanocomposites with different alumina contents were

investigated. The mechanical properties were determined by micro-Vickers hardness and compressive and shear strength tests.
The results demonstrated that in situ alumina and MWCNTs had impacts on microstructure and mechanical properties of the
nanocomposites. Based on the mechanical properties and microstructure of the nanocomposites, strengthening and fracture
mechanisms by multiple reinforcements were analyzed.

1. Introduction

Aluminum-matrix composite materials have found wide
applications in aerospace, transportation, sports, defense,
and other fields, owing to their low mass densities, high
specific strengths, good impact resistance, high temperature
resistance, durable wear resistance, and other exceptional
properties [1–5]. Al–Si binary alloy, in a simple eutectic
system, is one of the most important Al casting alloys since Si
acts as a bridge to connect thematrix and reinforcementswith
improved bindings. Various particles, whiskers, and fibers
have been used as reinforcements in Al-matrix composites.
Among them,A1

2
O
3
alumina particles and carbon nanotubes

(CNTs) have been widely used to improve the composite
mechanical properties as follows.

(1) Al
2
O
3
particle reinforcements: Dash et al. studied

effect of different volume fraction of micron level
and nanosized alumina particles on the performance

of Al-matrix composites by using spark plasma sin-
tering technique [6]. Further, relationship between
intensity or damping performance and temperature
was discussed by Casati et al. through preparation of
nano alumina-reinforced Al-matrix nanocomposites
by means of high-energy ball milling and powder
metallurgy method, combined with hot and cold
extrusion molding process [7]. On the other hand, it
was found by Jiang et al. that in situ synthesizedAl

2
O
3

particles could enhance wear andmechanical proper-
ties of Al

2
O
3
reinforced Al-matrix composites, with

better performance than that of directly participated
Al
2
O
3
[8]. Generally, the products by in situ synthesis

can overcome some shortcomings of the conventional
methods, such as poor compatibility and interfacial
pollutions.

(2) Multiwalled carbon nanotube (MWCNT) reinforce-
ments. MWCNTs are ideal composite reinforcements
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because of their high mechanical strengths, desirable
flexibilities, low thermal expansion coefficient, and
other small-size enhanced properties [9–11]. Studies
have shown that mechanical performances of CNT-
reinforcedAl-matrix composites are superior to other
traditional filler reinforced Al-matrix composites.
However, because of their large specific surface areas,
high surface energies, and great Van derWaals forces,
MWCNTs tend to agglomerate and it is normally hard
to evenly disperse them into the metal matrix [11–
13]. However, it is well known that the dispersion
is critically important to composite materials, as it
dominates the materials’ properties [14, 15]. Surface
modifications will be conducted to achieve good
dispersion of MWCNTs in this work.

In the open literature, most of the experiments on
the nanocomposites focus on single or limited number of
reinforcements. However, the enhancement by a single rein-
forcement sometimes does not fully meet the requirements
for the composite, while multiphases should be introduced,
as reported by some researchers [16–18]. Considering the
alumina Al

2
O
3
and MWCNTs, two types of reinforcements,

since Al
2
O
3
particles are hard and rigid while MWCNTs are

flexible at the nanoscale, when they are introduced to the
Al–Si matrix, they may produce synergistic cooperative and
multiscale reinforcements.

In this work, we attempt to prepare Al composites with
both Al

2
O
3
and MWCNTs two components by a vacuum

hot-pressing method. SiO
2
particles were added for in situ

synthesis of Al
2
O
3
particles to achieve multiple phases.

Mechanical properties of the nanocomposites weremeasured
to evaluate their reinforcing effects. Based on the experimen-
tal results, the strengthening and fracture mechanisms of the
nanocomposites with multiple phases were discussed.

2. Experimental Procedures

Based on the concept of multiphase reinforcements for
enhanced effect, we used a powder metallurgy method to
sinter the nanocomposites by in situ vacuum hot pressing.
Such a powder metallurgy method worked at a preparation
temperature which is much lower than the traditional meth-
ods to prevent a product of brittle Al

4
C
3
interfacial phase [19].

Raw materials of Al, SiO
2
, and MWCNTs powders were

used, with their specifications listed in Table 1. During the hot
pressing, replacement reaction betweenAl and SiO

2
occurred

as follows:

4Al + 3SiO
2
→ 3Si + 2Al

2
O
3 (1)

The reaction product Al
2
O
3
acts as reinforcements in the

matrix, and the other product Si forms Al–Si alloy with
the matrix. Al

2
O
3
particles, Si, and MWCNTs have different

enhancements to the Al matrix to improve the mechanical
properties. Gibbs free energy state function can be used to
determine whether a chemical reaction can occur sponta-
neously. The Gibbs standard-state free energy is expressed as

Δ𝐺
0

𝑇
= Δ𝐻

0

𝑇
− 𝑇Δ𝑆

0

𝑇
(2)

Table 1: Properties of raw material powders.

Material Size Purity (%)
Al 26–30𝜇m ≥99.7
SiO
2

≤13𝜇m ≥99.9
MWCNTs Diameter 20–30 nm, length 10–30 𝜇m ≥95

Here, Δ𝐻 is molar reaction enthalpy, Δ𝑆 is molar reaction
entropy, and 𝑇 stands for temperature. The Δ𝐺0

𝑇
is calculated

to be −569.6 kJ/mol and −534.4 kJ/mol for temperature 𝑇 at
600K and 1000K, respectively. If Δ𝐺0

𝑇
< 0, the reaction

occurs in thermodynamics. Under the experimental condi-
tions, reaction (1) is possible.

In order to achieve a good dispersion of MWCNTs,
noncovalent and covalent surfacemodifications ofMWCNTs
were prepared using 10 𝜇g/mL gallic acid aqueous solu-
tions [20, 21]. The raw powders in the weight ratio of
Al : SiO

2
:MWCNTs = 9.470 : 1.000 : 0.268, respectively, were

mixed by high-energy ball milling for 1 h and then were
placed in a hot-press chamber and heated from room tem-
perature to 900K under a pressure of 61.1MPa applied on the
powders.The experimental temperature is determined by the
Al–Si eutectic point (850K) and the chemical reaction in this
system. Low-pressure sintering produces higher porosities,
and low-temperature sintering yields samples with lower
properties, due to the limited in situ reactions. However,
higher pressure or higher temperature may cause leak of
the Al melt during the process. The content of MWCNTs in
the mixed powders is 2.5 wt-%. After holding the pressure
for 30min, the pressure was released and the sample was
kept at the same high temperature for a period of sinter-
ing time of 2 h or 8 h, respectively. The furnace was then
naturally cooled to room temperature. The microstructure
of the nanocomposites was studied by X-ray diffraction
(XRD, X’Pert Pro-MPD) analysis, scanning electron micro-
scope (SEM, JEOL JSM-7001F at 15 kV), and transmission
electron microscope (TEM, FEI Tecnai F20ST at 200 kV),
both equipped with X-ray energy-dispersive spectrometer
(EDS) and electron probe microanalyzer (EPMA, JEOL JXA-
8530F field-emission hyperprobe at 15 kV) for elemental
mapping using wavelength-dispersive spectrometer (WDS).
The sample for TEM was prepared by ion milling, and
the samples for EPMA were embedded in epoxy resin and
polished and coated with carbon layers to achieve surface
conductivity. The hardness measurements were carried out
using a micro-Vickers hardness tester (HXD-100TM/LCD).
The test load was 100 kgf, and the loading and dwell time
WERE 8 s and 15 s, respectively. Shear and compression
tests were performed using amicrocomputer-controlled elec-
tronic universal testing machine (WDW-3100) at a loading
rate of 0.5mm/min.

3. Results and Discussion

3.1. Microstructure and Phase Identification. The SEM images
of Al, SiO

2
, and MWCNTs powders after ball milling are

shown in Figure 1.The larger particles are Al, and the smaller
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Figure 1: SEM images of rawmaterials of Al, SiO
2
, andMWCNTs after ball milling, taken at a lowmagnification (a) and a highmagnification

(b).
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Figure 2: XRD patterns of sintered nanocomposites with sintering
time of 2 h and 8 h, respectively.

particles are SiO
2
which are uniformly dispersed between Al

particles (Figure 1(a)). At a higher magnification, MWCNTs
are found dispersed on the periphery surfaces of Al and SiO

2

particles, as shown in Figure 1(b). The mixed powders were
sintered by vacuum hot pressing at 900K under a pressure of
61.1MPa to obtain Al-matrix nanocomposite. Figure 2 shows
the XRD patterns of the nanocomposites prepared with two
periods of sintering time of 2 h and 8 h, respectively. By
using 2 h sintering time, as shown in Figure 2(a), no evident
reaction between Al and SiO

2
is found. The pattern only

exhibits Al phase, while the small SiO
2
andMWCNTs do not

show up in the pattern. However, when the sintering time is
extended to 8 h, two products of Al

2
O
3
and Si are present in

the pattern, as shown in Figure 2(b). No reactant of Al
4
C
3

phase was detected in the XRD patterns.
To further identify the products, the microstructure of

nanocomposite sintered by 8 h is analyzed in EPMA for ele-
mental mapping. As shown in Figure 3(a), the backscattered

(BS) image shows clearly Al grains in a higher contrast, while
SiO
2
locates between Al grains in a darker contrast.Themass

density of Al (2.7 g/cm3) is higher than SiO
2
(2.65 g/cm3), so

Al exhibits a higher intensity over SiO
2
in the BS image. It

is noticed that the Al grain size is significantly reduced as
compared with the raw Al grains in 26–30 𝜇m.The averaged
grain size is measured as 4.7 𝜇m, with a standard deviation of
2.0 𝜇m. Apparently, the Al grains are refined in the product.
Since the eutectic temperature of Al–Si alloy is 850K which
is lower than the processing temperature of 900K, partial
melting of the Al grains is possible to form the smaller Al
grains based on the increased preferable nucleation sites of
the foreign enforcements. The Al map, collected by WDS, is
shown in Figure 3(b). The Al grain central regions exhibit
red-orange color, indicating higher Al concentrations. It is
found that theAl grains are coveredwith layers in green color,
indicating a lower Al concentration as compared with pure
Al, possibly by the formation of Al

2
O
3
on the surfaces or the

diffusion of Al into the SiO
2
regions to lower down the Al

concentration. The areas of the SiO
2
still exhibit blue color,

while such signals could come from theAlmatrix underneath
due to the large interaction volume of the electron beamwith
the bulk specimen. The O and Si maps are shown in Figures
3(c) and 3(d), respectively. It is evident that the O regions
are widened as compared with the Si regions, implying that
O has diffused away from the original SiO

2
locations. Some

dispersed Al
2
O
3
particles can be found in the Al grains in

Figure 3(c), in a higher contrast as indicated by some arrows.
In the SEM image, as shown in Figure 4(a), it is found

that white particles are uniformly dispersed in the matrix,
without the presence of Al

4
C
3
plates. Some small pores are

also observed, due to the incomplete densification of the
composite prepared by the powder metallurgy method. As
shown in the magnified image in Figure 4(b), the white
particle is identified as the reinforcing phase of Al

2
O
3
, with

the presence of small SiO
2
particles, as a remaining phase of

the reaction (1), in the center appearing in a darker contrast.
The EDS measurements in Figures 4(c) and 4(d) confirm the
Al
2
O
3
and SiO

2
compositions, respectively.

TEM image of the prepared nanocomposite is shown in
Figure 5(a). High-density dislocations can be found in the
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Figure 3: EPMA analyses of sintered nanocomposites with 8 h sintering time. (a) BS image; (b) Al map; (c) O map; (d) Si map.

Al matrix near the lower-right side, while alumina particles,
as confirmed by EDS, are found at upper-left side. From
Figure 5(a), it is apparent that the alumina particles blocked
the dislocations in Al matrix. An electron diffraction pattern
from Al is inserted in the figure, confirming Al face-centered
cubic structure. An enlargement of the alumina particles is
shown in Figure 5(b), indicating that the product of alumina
is indeed composed of small nanoparticles.

These observations indicated that in situ reactions hap-
pened during the hot pressing, although small amount of
SiO
2
particles remained. However, this reaction process

involved an inoculation period and a reaction period. As
the reaction starts, the Al atoms contact and react with
SiO
2
during the inoculation period, as the Al is liable to

be oxidized. On the surface when a thin layer of Al
2
O
3

particles is formed, the alumina particles impede the direct
contact between Al atoms and SiO

2
. Thus, with a short

sintering time (2 h), no evident reaction products are found,
whereas, with extended sintering time of 8 h, the Al atoms
could diffuse to penetrate the Al

2
O
3
regions, extending

the reaction inoculation period [22]. The in situ reaction
started in the course of time. The alumina generated during
reaction diffuse inward and thus the size of the remaining
SiO
2
particles become smaller and smaller, while the Al

2
O
3

layer is gradually thickened. On the other hand, research
has indicated that addition of carbon increased the apparent
activation energy of the in situ reaction. The carbon in the
vicinity of the reactant particles reduces the contact between
reactants to hinder the reaction [23].The substancemigration

and diffusion between solid-phase particles require a longer
sintering time with the presence of carbon.

3.2. Hardness Measurements of the Nanocomposites. The
results of micro-Vickers hardness are listed in Table 2. The
average hardness of the nanocomposite sintered for 8 h is
55.2HV, which is 57.3% higher than the hardness value of the
sample sintered for 2 h. In the literature, the hardness of pure
Al was reported as 34HV, and Al-CNT samples prepared
by the powder metallurgy had hardness in the range of 32–
50HV [24].

The Al
2
O
3
particles produced in the in situ reaction

possess high hardness that can bear high pressure, so they
contribute significantly to the hardness of the nanocomposite
sintered for 8 h. On the other hand, MWCNTs and Al

2
O
3

particles are dispersed in an entangled manner within the
matrix, leading to increased dislocation density to prevent
dislocation movement. Thus, the hardness of the nanocom-
posite is improved [25]. Moreover, as the reaction continues,
the product Si is formed which grows gradually, leading to
smallermatrix grains. According to Tabor equationwhere the
composite hardness is given by Tabor [26],

HV =
𝜎
0
+ 𝐾𝑑
−0.5

3
, (3)

where HV is the Vickers hardness, 𝜎
0
is an inherent strength

(MPa), 𝐾 is a constant, and 𝑑 is the grain size of the sample.
Finer crystalline grains contribute to higher hardness of the
nanocomposites.
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Table 2: Mechanical property measurements of nanocomposites sintered for 2 h and 8 h, respectively.

Specimen 2 h 8 h
Average Standard deviation Average Standard deviation

Hardness (HV) 35.1 2.1 55.2 3.1
Compressive strength (MPa) 265.2 24.2 334.1 17.9
Shear strength (MPa) 64.1 2.1 84.9 4.2
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Figure 4: (a, b) SEM images of sintered nanocomposites with 8 h sintering time taken at a low magnification (a) and a higher magnification
(b). (c) EDS from SiO

2
; (d) EDS from Al

2
O
3
.
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Figure 5: (a) TEM image showing high-density dislocations in Al (lower right) and Al
2
O
3
particles (upper left); (b) magnified TEM image

showing Al
2
O
3
. (a) is a diffraction pattern from the Al matrix.
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Figure 6: Compression deformation curves of nanocomposites sintered for 2 h (a) and 8 h (b).
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Figure 7: Shear deformation curves of nanocomposites sintered for 2 h (a) and 8 h (b).

3.3. Compressive Properties of the Nanocomposites. The com-
pressive properties are listed in Table 2 and plotted in
Figure 6, using three samples for each condition of 2 h and
8 h sintering time, respectively. The testing specimen fails
with the increasing stress. Macrocracks, inclined at 45∘ to the
axis, are present on the surface. In the beginning, a small
portion of the stress-strain curve of the specimens exhibits a
linear relationship, indicating the elastic deformation stage.
Subsequently, the specimen enters a plastic deformation
stage. The plastic deformation is not even, as MWCNTs and
Al
2
O
3
particles prevented the plastic flow of the Al matrix.

As the deformation continues, the compressive capacity of
the specimen improves gradually and the compression curve
ascends constantly. The average compressive strength of
the nanocomposite sintered for 8 h is 334.1MPa, which is
26.0% higher than that of the specimens sintered for 2 h. In
the nanocomposite, as MWCNTs and Al

2
O
3
have different

thermal expansion coefficients and elasticity moduli, a high-
density dislocation zone is expected to form near MWCNTs
and Al

2
O
3
[17, 27–30]. The dislocation strengthening effect

caused by MWCNTs and Al
2
O
3
jointly (8 h specimen) is

higher than that caused by MWCNTs alone in the 2 h
specimen almost without alumina. In the loading process,
the nanocomposite reinforced jointly by MWCNTs and
Al
2
O
3
has more bearing phases than the composite material

reinforced by MWCNTs. The loads are transferred from the
matrix to the reinforcing phases, enabling the nanocomposite
to have better compression resistance properties.

3.4. Shear Strength and Fracture Analysis. The average shear
strength of the nanocomposites sintered by 8 h sintering is
84.9MPa, which is 32.4% higher than that of the nanocom-
posite sintered by 2 h, as listed in Table 2 and plotted in
Figure 7. The strengthening effect caused by Al

2
O
3
and

MWCNTs jointly (8 h specimens) is evidently higher than
that byMWCNTs alone (2 h specimens). Since the secondary
phases of Al

2
O
3
and MWCNTs are uniformly distributed in

the Al matrix, dislocations have to bypass these particles by
the Orowan mechanism or they are blocked in the front of
these particles.

Figure 8 presents SEM and EDS analyses of the shear
fractures of the nanocomposite sintered for 8 h. As shown
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Figure 8: (a–d) SEM images of fractures of the nanocomposite.The EDS spectra in (e) and (f) are taken from the marked cross symbol spots
in (c) and (d), respectively.

in Figure 8(a), since the nanocomposite is not completely
densified, small cracks occur in the periphery of the pores
under the external load, as circled in the figure. Dimple-
shaped morphologies are observed in Figure 8(b), which
are probably associated with the sites of secondary phases.
Microcracks [31] a.e. present on the fracture surface, as
shown in Figure 8(c). Based on the EDS in Figure 8(e), they
are caused by transgranular fracture of Si which is a hard
phase [32]. In addition, it is observed that partial CNTs
are distributed on the interface on the fracture surface, as
indicated by the arrows, which contribute to strengthen-
ing the nanocomposite during the load transfer [30, 33].
Figure 8(d) shows that the Al

2
O
3
particles, as confirmed

by EDS in Figure 8(f), are firmly bonded to the matrix,

without evident signs of detachment under the external force.
Therefore, the fracture mechanisms of the nanocomposite
include microporous aggregation fractures of the matrix,
interfacial debonding fractures, transgranular fractures of
reinforcing particles, tears of matrix, and cracks of defects
such as voids.Thefinal failure of thematerial is a consequence
of these fractures.

4. Conclusions

(1) Using a powder metallurgical in situ hot-pressing
method, Al/Si/Al

2
O
3
/SiO
2
/MWCNTs nanocompos-

ites were sintered for a period of 8 h. The product
alumina nanoparticles were found. However, the
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sintering for 2 h yielded no evidence of the alumina
phase by the in situ reaction.

(2) Micro-Vickers hardness value, compressive strength,
and shear strength of the nanocomposite sintered
for 8 h were measured to be 55.2HV, 334.1MPa,
and 84.9MPa, respectively, which were 57.3%, 26.0%,
and 32.4% higher than those of the nanocomposite
sintered for 2 h, due to the joint strengthening mech-
anism by Al

2
O
3
and MWCNTs.

(3) Different fractures were observed in the nanocom-
posites, including microporous aggregation fractures
of the matrix, interfacial debonding fractures, trans-
granular fractures of reinforcing particles, tears of
matrix, and cracks of defects.
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