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Abstract. The aim of this paper is to present experimental results of tribological and compression properties
of aluminum nanocomposites after T6 heat treatment. This heat treatment contained three stages: solutionizing
at 500C for 5 h, quenching in water, and ageing 180C for 9 h. The method of nanocomposite production was
the stir casting process. The SiO2 nanoparticles in 0.5 and 1% wt were added to the aluminum melt as the
reinforcement agent. The microstructural evaluation was conducted by the optical microscopy (OM) and the
field emission scanning electron microscopy (FESEM) methods. The results of the wear test revealed that the
specific wear rate of specimens comprising SiO2 nanoparticles was lower than that of specimens without
nanoparticles. Thus, the formation of the holes, wear debris and cracks decreased obviously for nanocomposite
surfaces during wear testing. Moreover, the wear rate reduced obviously for nanocomposites fabricated by the
pre-heating process compared to others. It was noticeable that the ball-milling process was an effective method
to decrease the friction coefficient value to 0.15 for nanocomposites. Such observations were due to higher
hardness and lower micro-porosity content. The elastic modulus for various nanocomposites improved by
8–19% compared to the aluminum alloy. In addition, when the content of SiO2 nanoparticles increased from 0.5
to 1% wt, the ultimate compressive strength decreased about 11–13% due to the presence of more microporosities.
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1. Introduction
One way to improve aluminum alloys properties is reinforcing them by adding ceramic or metallic particles. Thus,
various aluminum matrix composites (AMCs) are fabricated by different methods. AMCs are used in various
industrial applications such as in aerospace, automobile,
and defense industries due to superior properties like high
strength, toughness, and stiffness, low wear rate, and density [1–3]. Therefore, aluminum alloys are reinforced by
types of hard materials such as Al2O3 [3–5], SiO2 [1, 6, 7],
B4C [8, 9], SiC [10–13] and clay [14] particles to produce
composite materials. Besides, the other way to raise the
mechanical and tribological properties of aluminum alloys
is applying ageing heat treatment procedures [15, 16]. It is
notable that heat treatment of age-hardenable aluminum
alloys involves solutionizing the alloys, quenching, and
then either ageing at room temperatures (natural ageing) or
at elevated temperatures (artificial ageing). Enhancement of
*For correspondence

mechanical properties after thermal treatments has been
attributed to the formation of non-equilibrium precipitates
within primary dendrites during the ageing process.
Besides, changes in Si particles characteristics due to the
solutionizing treatment had an effective role in enhancing
mechanical properties. The age-hardening response
depends on the fraction size, distribution, and coherency of
precipitates formed [17]. Thus, there are many efforts to
strengthen the aluminum alloy either by reinforcing or
applying heat treatments. Some of these investigations were
summarized as follows:
Azadi et al [7] studied the wear resistance of Al–Si alloys
reinforced by SiO2 nanoparticles. Their results depicted that
although the wear resistance of nanocomposites enhanced
significantly, the compression strength of nanocomposites
decreased comparing with the aluminum alloy due to the
formation of micro-cracks in the matrix. Li and Tandon
[15] found that the wear resistance of Al–Si alloys reinforced with 20% vol. SiC particles was enhanced significantly as a result of the heat treatment, while its hardness
increased insignificantly. Besides, the influence of

28

Page 2 of 13

Sådhanå (2020)45:28

reinforcement size and the heat treatment process on the
wear resistance of Al–SiC composites have been examined
by Sannino et al. [18]. It was reported that the heat treatment increased the wear rate and reduced wear resistance
properties of the composites. Muratoglu and Aksoy [19]
studied the effect of the ageing process on the wear
behavior of Al–SiC composite. Their results showed that
wear rates of aged specimens of composites were higher
than those of other specimens below 100C. However, the
ageing heat treatment above 100C did not show similar
behavior. Zhang et al. [16] investigated the effects of short
solution treatments on microstructural changes and tensile
and impact properties of strontium modified Al–Si–Mg cast
alloys. They found that treatment of a solution at 540 or 550
C for 10 min was sufficient for the a-aluminum phase to
homogenize for showing superior mechanical properties.
Tian et al [20] re-aged T6 heat-treated piston aluminum
alloy (Al–13Si–4Cu–2Ni–1Mg–0.25Mn) at 350C and
420C, for various times (0–1000 h). They reported that
Al11Cu5Mn3 nanosize phases formed in the aluminum alloy
during the elevated re-ageing process. Such phases
increased the tensile strength and caused high cycle fatigue
life of the alloy. Hanim et al [21] conducted a single-step
and two-step solution treatment on an Al–Si alloy. They
concluded that the hardness and strength of the alloy
increased and the ductility reduced. Heat treatments also
affected the morphology of the silicon-rich phase. Zeren
[22] examined the effect of the ageing process on the
mechanical properties of Al–Cu–Si–Mg alloys. The alloys
were heated at 490C for 4 h and then quenched. Finally,

samples were aged at 180C for 5–20 h. The obtained
results showed that the hardness and the tensile strength
would be increased after 15 h in the ageing process.
Moreover, after 15 h in the over-ageing treatment the
hardness dropped due to the longer mean free path between
the h precipitates.
Therefore, in this study, in order to eliminate microcracks in aluminum matrix nanocomposites [1, 7], the T6
heat treatment after the composite production was used.
Besides, two pre-treatment stages including pre-heating and
ball-milling processes were used to reduce various imperfections after the nanocomposite production. Then, the
tribological and compression properties of various
nanocomposites were investigated.

2. Materials and methods
The metallic matrix chosen for this paper was Al–Si–Ni–
Cu–Mg alloy. Details of the chemical composition of the
aluminum matrix are reported in table 1. The utilized SiO2
nanoparticles had an average particle size of 30 nm
(figure 1a).
The stir casting as liquid processing is an economical
way and a simple method to produce metal matrix composites. However, the achieving of a homogeneous dispersion of reinforcing materials in the matrix is difficult.
Thus, the pre-heating and the ball-milling processes are
used to improve the wetting of reinforcement in the matrix
before the casting process [7, 23]. In this paper, for the pre-

Table 1. Details of the chemical composition of the aluminum matrix.
Element
Weight percent (% wt)

Si

Cu

Ni

Mg

Fe

Zn

Mn

12.50

2.40

2.20

0.74

0.41

0.07

0.03

Figure 1. FESEM images (a) SiO2 nanoparticles without any treatment and (b) the mixture of SiO2 nanoparticles with the aluminum
powder after the ball-milling process.
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for such tests by using a machine with a 0.1 mm.s-1 strain
rate.

Table 2. Details of various specimens.

Name of samples
blank-HT
preheating-0.5-HT
preheating-1-HT
ball milling-0.5-HT
ball milling-1-HT

Nanoparticles
content (% wt)
0.0
0.5
1.0
0.5
1.0

28

Dispersion
methods
Pre-heating
Pre-heating
Ball-milling
Ball-milling

heating process, SiO2 nanoparticles were heated at 400C
for 1 h. Besides, for the ball-milling process, SiO2
nanoparticles were mixed by aluminum particles in a ballmill for 1 h. An image of the mixture of SiO2 nanoparticles
with the aluminum powder after the ball-milling process is
shown in figure1(b). More details of such pre-treatment
processes were reported in other studies [1, 7] (table 2).
The casting process was conducted at 750C. The stirring time was about 2 min. A mechanical stirrer with the
speed of 300 rpm was used for better distribution of
reinforcements in the matrix. An electrical tube furnace
was also applied for composite production. The SiO2
nanoparticles with the content of 0.5 and 1% wt were
added to the aluminum melt. The slurry was poured into a
pre-heated metallic mold (300C) to solidify. The specimens were shaped into cylindrical form (outer diameter of
20 mm and height of 100 mm). Then, the T6 heat treatment process was conducted. This heat treatment contained three stages: heating at 500C for 5 h, quenching in
water, and heating at 180C for 9 h. Such T6 heat treatment was suggested for the similar aluminum alloy by the
other research [6].
Microstructural evaluations of various specimens were
done by optical microscopy (OM-Olympus) and field
emission scanning electron microscopy (FESEM-MIRA3TSCAN). In addition, the phase identification of crystalline
materials was analyzed by the X-ray diffraction (XRDPW1800) method. The XRD analysis was done by using an
X-ray diffractometer (Cu Ka radiation, k = 1.5405 Å,
40 kV). The diffraction angle (2h) in the XRD test was
between 10 and 90. The energy dispersive spectroscopy
(EDS) technique was utilized for the elemental analysis of
specimens. To measure the content of porosities for various
specimens, the density measurement was done on the
Archimedes base [1, 7]. The Brinell hardness test was
conducted on various specimens according to ASTM E38410. The applied force was 30 N. Three measurements were
used to report the mean hardness value for each sample. A
pin on disc test according to ASTM G99 standard was
utilized to investigate the dry sliding wear properties for all
specimens. This test was done at 25C. The applied load
was 7 N at a sliding speed of 0.1 m/s. The sliding distance
was 500 m. Compressive tests for all samples were determined based on ASTM E9-89a. Samples with the dimension of 8 mm length (l) and 8 mm diameter (d) were used

3. Results and discussions
3.1 Microstructural and chemical composition
evaluations
OM images of various specimens are seen in figure 2. All
specimens contained two precipitates (Si and Ni–Al phases). Such precipitates were distributed in the aluminum
matrix. When nanoparticles were added to the aluminum
melt, the size of the Si phase (grey-colored areas) decreased
with respect to the blank-HT specimen. Samples of
nanocomposites fabricated by the pre-heating process
exhibited the smaller size of the Si phase. Besides, the
amount of the Al–Cu phase (black-colored areas) decreased
in the matrix for such specimens. The round shape of the
silicon phase resulted from the T6 heat treatment process
after the casting step. It was noticeable that the shape of this
phase was flake before the heat treatment [7]. It was found
that the true rate of nucleation would be increased
insignificantly with respect to the aluminum alloy; however, total nuclei would survive during the casting process.
Such the event caused an increase in the effective nucleation rate for nanocomposites [24]. It was reported that
nanoparticles usually refined the grain size of the matrix
alloy since nanoparticles were responsible for the boundary
pinning [25, 26].
FESEM images of two specimens are shown in figure 3.
Besides, the map EDS results for three elements which
contained Si, Cu and Ni, are reported.
The sample preheating-0.5-HT exhibited the small size
of the Si phase. This phase was the dominated phase which
was precipitated in the aluminum matrix. Additionally, the
light grey-colored areas in the matrix were the Al–Ni phase.
The sample ball milling-0.5-HT had the larger size of the Si
phase. The presence of such a phase was detected by other
research [1, 6, 7]. The white-colored areas in the matrix
were the Al–Cu phase.
For better detection of SiO2 nanoparticles in the
matrix, other FESEM images with higher magnification
for mentioned specimens are depicted in figure 4. The
light-colored particles in the matrix were SiO2 nanoparticles homogeneously distributed in the matrix. Although
SiO2 nanoparticles were agglomerated in some areas, the
size of the agglomerated area was lower than 100 nm.
This trend has been reported by the other study [27]. In
addition, it was found that nanoparticles were distributed
in the eutectic region of the matrix which caused the
agglomeration due to the long solidification time in the
eutectic region [28]. Moreover, SiO2 nanoparticles had
not any interaction with other phases which were precipitated in the matrix. It was noticeable that the distribution of porosities in nanocomposites was also
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Figure 2. OM images of various samples, including (a) sample blank-HT, (b) preheating-0.5-HT (c) preheating-1-HT, (d) sample ball
milling-0.5-HT, and (e) sample ball milling-1-HT.

homogenous. Besides, greater micro-porosities observed
for the sample ball milling-0.5-HT with respect to other
nanocomposites. It was found that the formation of more
pores resulted from nanoparticles agglomeration in the
matrix [8]. There were no micro-cracks in the matrix

after the heat treatment step which were reported in
similar studies [1, 6, 7].
XRD patterns for various specimens are shown in figure 5. All specimens after the T6 heat treatment contained
three phases: a-Al, Si, and Ni3Al. When nanoparticles
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Figure 3. FESEM and map EDS results images of various specimens including (a), (b), and (c) sample preheating-0.5-HT and (d), (e),
and (f) sample ball milling-0.5-HT.

added to the aluminum melt, the pattern of XRD results
changed for some planes. Such behavior affected mechanical characteristics for nanocomposites with respect to the
aluminum alloy. Besides, there was no new phase detection
due to the presence of SiO2 nanoparticles in the matrix. In
other words, there was no reaction between SiO2
nanoparticles and the aluminum matrix in the high temperature of casting. It was found that when the casting
temperature raised to 850C, a new phase of NiSi2 was

detected [1]. For nanocomposites, no peak that was related
to the SiO2 phase was detected. The reason was the
amorphous nature of utilized SiO2 nanoparticles. Besides,
such an event was observed when the amount of SiO2
nanoparticles was small. A similar trend was reported by
Azadi et al [7].
Moreover, the crystallite size of two phases (Al and Si)
for various specimens was measured using the Scherrer
equation [29, 30]. They are reported in table 3. It was found
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Figure 4. FESEM images of various specimens including (a) sample ball milling-0.5-HT, and (b) sample preheating-0.5-HT.

Figure 5. XRD patterns for various specimens.

that when nanoparticles were added to the aluminum melt,
the crystallite size of Al and Si phases changed. The
crystallite size of the Si phase increased obviously when
1% wt of SiO2 nanoparticles were present in nanocomposites. Such nanoparticles could act as nuclei sites for the
formation of phases.

3.2 The physical and mechanical properties study
The percent of porosities plays as an essential parameter in
nanocomposites properties [12]. One way to determine the
porosities percent was measuring the density [8]. Therefore,

the porosity percent as a physical property for all specimens
is measured due to the Archimedes’ law [3]. They are
reported in table 4. The lowest porosity percent was
belonged to the blank-HT specimen since the addition of
SiO2 nanoparticles as ceramic particles to the metallic
matrix increased the porosity content. Ceramic particles
exhibited a lower thermal expansion compared with the
metallic matrix. Thus, such an event would cause the formation of more porosities in the matrix [7]. It was found
that the air entrapment in the molten metal due to more
stirring times for nanocomposites was also responsible for
this observation [8]. When the amount of SiO2 nanoparticles increased from 0.5 to 1% wt, the content of porosities

Sådhanå (2020)45:28
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Table 3. The crystallite size of two phases (Al and Si) for various specimens.
Name of
samples
blank-HT
preheating-1-HT
ball milling-1-HT

Crystallite size of
Al phase (Å)

Crystallite size of
Si phase (Å)

59.3
46.8
61.0

30.9
67.6
82.2

increased obviously for nanocomposites. Besides,
nanocomposites fabricated by ball-milling process contained more porosities content than other composites.
Similar results were also confirmed by FESEM images in
figure 4. Totally, such porosities affected mechanical
properties for materials. It was noticeable that the Al2O3
nanoparticles [4] and B4C particles [8] addition into the
aluminum matrix also led to increase in the porosity content. It was found that the aggregation of nanoparticles was
feasible when the casting temperature decreased [8]. It was
noticeable that this heat treatment process changed
insignificantly the porosity content of various specimens
with respect to as-cast condition of specimens in the previous study [7].
Mean hardness values for various specimens are listed in
table 4. All nanocomposites showed a higher hardness than
the aluminum alloy about 3–9%. Similar results have been
reported by other research [7, 27]. SiO2 nanoparticles in the
matrix enhanced the hardness since they acted as obstacles
for dislocations movement in the matrix [1, 27]. Additionally, SiO2 nanoparticles exhibited much higher hardness than the aluminum matrix. Thus, such material
constrained the localized deformation during indentation
[31]. It was reported that the incoherency of ceramic reinforcement particle with the metallic matrix led to the formation of compressive residual and increased the hardness
for nanocomposites [7, 8, 32]. Moreover, due to the low
content of SiO2 nanoparticles in the metal melt, they could
operate as a modified agent or nucleation sites for the solid
phase [33]. Nanocomposites fabricated by the pre-heating
process exhibited higher hardness than other composites
due to the more porosities content. This trend was also
reported by the other study [11]. It was noticeable that
when the amount of SiO2 nanoparticles increased from 0.5
to 1% wt; the hardness decreased insignificantly, owing to
the porosities content. The hardness of all specimens
Table 4. Results of hardness tests and porosity measurements for
various specimens.
Name of samples
blank-HT
preheating-0.5-HT
preheating-1-HT
ball milling-0.5-HT
ball milling-1-HT

Hardness (BHN)

Porosity content (%)

139
151
145
148
143

3.03
3.07
3.71
3.33
4.15
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increased about 4–18% after the T6 heat treatment process
with respect to as-cast specimens [7], due to the ageing heat
treatment and precipitation-hardening effect.
Wear results which contained wear rates and friction
coefficient values are shown in figure 6 for various specimens. Since the wear property was affected by speed, load,
and environmental conditions [2, 34], all these factors were
constant for all specimens during wear testing for better
comparison. All nanocomposites showed better wear
resistance regardless of the aluminum alloy. Exhibiting the
higher hardness of such specimens was the reason for this
observation. The specific wear rate for nanocomposites was
about 1.5–14.5 times lower than the aluminum alloy. It was
found that the addition of Al2O3 and ZrO2 nanoparticles
into the aluminum matrix also led to improve the wear
resistance due to the increased hardness [5, 31]. When the
amount of SiO2 nanoparticles increased from 0.5 to 1% wt
in nanocomposites, specific wear rates increased. This
event was due to the higher content of porosities and the
lower hardness. Similar results were also observed by the
other study [9]. Besides, nanocomposites fabricated by the
pre-heating process exhibited higher wear resistance with
respect to other nanocomposites. It was found that when the
interfacial bond between reinforcement particle and the
matrix was strong, the possibility of particle pull out during
the wear action decreased. In addition, the sliding load was
transferred from the weaker matrix to hard nanoparticles.
Such behavior resulted in high wear resistance [35, 36].
Moreover, smaller particles which detached during sliding
action led to lower destructions on the surface of materials
[10]. The presence of SiO2 nanoparticles in the matrix
increased friction coefficient values obviously when the
SiO2 nanoparticles content increased from 0.5 to 1% wt.
Therefore, the lowest value of friction coefficient (0.15) for
nanocomposites was related to the sample ball milling-0.5HT.
For better discussion, curves of the friction coefficient
variations versus the wear distance are shown in figure 7.
The deviation of friction coefficient for nanocomposites
which had the 1% wt SiO2 nanoparticles was higher than
that of other specimens. At the initial wear distance, the
friction coefficient was higher than the residual distance.
Then, such values reached a steady state with lower fluctuations after 30 m. This event was due to the direct friction
of pin to the surface of reinforced materials as Xavier et al.
[2] reported. It was noticeable that the hardness value was
an effective parameter than the friction coefficient for
forecasting the wear rate for such specimens. However, it
was found that the friction coefficient was an important
parameter which evaluated the wear resistance of materials
[2]. It was found that the friction coefficient of specimens
after T6 heat treatment decreased about 5–10% compared
to the as-cast specimens [7]. Such behavior could be
attributed to the changes in morphology of Si phase as a
dominated precipitates in the matrix. The shape of this
phase changes from flake to round phase after the utilized
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Figure 6. Wear rates and mean friction coefficient values for various specimens.

heat treatment. Totally, the higher hardness and the lower
friction coefficient of specimens after heat treatment caused
the increased the wear resistance with respect to as-cast
specimens.
FESEM images from worn surfaces for various specimens are shown in figure 8. When SiO2 nanoparticles were
added into the matrix, the wear pattern changed with
respect to the aluminum alloy. In addition, the presence of
small micro-cracks on the wear surface observed obviously
for nanocomposites. Such an event led to see non-uniformed of the destroyed wear pattern. Thus, this event
could justify the increase in the friction coefficient values
of nanocomposites compared to that of the aluminum
matrix. It was found that when the decohesion of particles

from the surface was easy during wear testing, loosened
hard particulates created the third body abrasion mechanism. This event resulted in an increase in the surface
roughness between contacting surfaces. Thus the friction
coefficient increased. In addition, in this situation, the wear
rate of materials was controlled by the rate at which particles decohere [19]. A similar observation was also
reported by Suresh et al. [35]. It was reported that the role
of SiO2 nanoparticles was to support contact stresses during
sliding action. Such behavior prevented the higher abrasion
occurring between the abrasive pin and surfaces. In this
situation, the level of worn material decreased [23, 37].
Totally, there were scratches and cutting line on the worn
surfaces of various specimens which suggested the wear

Figure 7. Curves of friction coefficient values versus the wear distance.
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Figure 8. FESEM Images of wear tracks for various specimens including (a) sample blank-HT, (b) sample preheating-0.5-HT,
(c) sample preheating-1-HT, (d) sample ball milling-0.5-HT and (e) sample ball milling-1-HT.

mechanism of the abrasive wear for all specimens. It was
reported that there was no delamination action by hard
particles on the surface of materials in the case of the
adhesive wear mechanism [37]. The wear width and the
depth of scratches or grooves decreased when the content of
SiO2 nanoparticles in the matrix was 0.5%. Such

observation would be attributed to the lower porosities
content and the higher hardness. Besides, the lowest wear
width with reasonably lowest debris was related to the
sample preheating-0.5-HT. These results showed that the
mentioned nanocomposite would have the lowest wear rate,
as seen in figure 6.
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Figure 9. Comparing curves from compression testing for various specimens.

When the content of SiO2 nanoparticles in the matrix
increased, the cutting lines during wear action also
increased. More cutting lines led to a higher weight loss.
Cutting lines were parallel to the wear action of the abrasive pin. It was found that the wear resistance of
nanocomposite depended on various microstructural properties such as the reinforcement size and shape, the volume
fraction, and the distribution of particles in the matrix [2].
Results from compression tests for all specimens are listed
in figure 9. Besides, the extracted data are reported in table 5.
The compressive behavior for all specimens was approximately similar to each other; however, the sample ball milling-0.5-HT showed the best compression properties. The
ultimate compressive strength reached 953.7 MPa for the
aluminum matrix when SiO2 nanoparticles were added into
the matrix. The increase in the ultimate strength would be
attributed to the increases in the load-bearing capacity of
nanocomposite by the incorporation of SiO2 nanoparticles.
By increasing the content of SiO2 nanoparticles from 0.5 to
1% wt, the ultimate compressive strength would be decreased
due to an increase in the porosities content. A similar trend
was also reported by Abdizadeh et al. [8].

The lowest elongation percent was related to the sample
preheating-1-HT. It was found that such embrittlement
could originate from the Si phase which was precipitated in
grain boundaries [34]. In addition, such specimen exhibited
the lower content of Ni3Al phase with respect to other
specimens, as seen in figure 2(c). Besides, SiO2 nanoparticles would improve the strength of nanocomposites
through preventing the quick expansion of cracks. This
behavior resulted in lower deformation or elongation [36].
It was reported that Al2O3 [2], B4C [15] and AlN [25]
nanoparticles reduced the elongation of the aluminum
matrix obviously due to the poor bonding of reinforcement
with the matrix. The T6 heat treatment process led to
improve the compressive behavior of nanocomposites with
respect to specimens without any heat treatment in the
previous study [7]. Such results were due to the decrease in
the micro-cracks formation after the heat treatment process.
This compressive behavior contained ultimate strength,
elastic modules, elongation percent and toughness.
All nanocomposites exhibited a higher elastic modulus
compared with the aluminum matrix. The increase in elastic
modulus values was about 7–19%. A similar observation was

Table 5. Compressive testing results for various specimens.
Name of samples
blank-HT
preheating-0.5-HT
preheating-1-HT
ball milling-0.5-HT
ball milling-1-HT

Ultimate strength (MPa)

Elastic modulus (GPa)

Elongation (%)

Toughness (kJ)

922.8
862.0
747.6
953.7
849.9

9.1
9.9
10.4
9.8
10.8

47.7
44.1
39.8
47.4
48.5

305.3
277.1
222.7
315.6
296.7
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Figure 10. Macroscopic images of various specimens after compression testing including (a) sample blank-HT, (b) sample preheating0.5-HT, (c) sample preheating-1-HT, (d) sample ball milling-0.5-HT and (e) sample ball milling-1-HT.

also reported by other research [1, 7, 32]. This behavior was
attributed to the higher of elastic modulus for ceramic reinforcement (SiO2 nanoparticles) with respect to the metallic
matrix. Since composite materials properties have measured
due to the rule of mixture [32]. When the content of SiO2
nanoparticles increased from 0.5 to 1% wt, the elastic modulus increased for all nanocomposites. This observation
resulted from the increasing content of SiO2 nanoparticles. It
was found that the more load would be transferred to
nanoparticles and withstood by nanoparticles, thus the elasticity modulus of nanocomposites enhanced [13].
The highest toughness achieved for nanocomposites
fabricated by the ball-milling process. It was found that the
ball-milling process as a pre-treatment step would increase
the coherency of reinforcement particles with the matrix.
This event resulted in higher performance during compression stress [1]. It was noticeable that the modified
interface between ceramic particles and the aluminum
matrix gave a higher toughness to the material [8]. Totally,
changing the compressive behavior of nanocomposites was
related to the microstructure changes of the aluminum
matrix caused by the existence of SiO2 nanoparticles and
the T6 heat treatment process.
Macroscopic images of various specimens after compression testing are shown in figure 10. It could be found
that the aluminum alloy had a main deep macro-crack;
however, nanocomposites exhibited more macro-cracks
with the shorter length. Marco-cracks grew in the angle of
45 for all samples. The apparent damage for nanocomposites fabricated by the pre-heating process was more than
other nanocomposites. It was reported that the fracture of
composites was characterized by deep damages and cracks,
reported by Ravikumar et al. [38].

4. Conclusions
The effect of SiO2 nanoparticles addition to mechanical
properties of the aluminum matrix after the T6 heat treatment was investigated. The microstructure, the porosity
content, the hardness, the wear, and compressive properties
of such nanocomposites were evaluated. The outstanding
results were summarized as follows:

• FESEM images showed that SiO2 nanoparticles were
distributed well in the aluminum matrix. In addition,
no serious agglomeration of nanoparticles observed
after the T6 heat treatment process.
• Nanocomposites displayed the higher hardness compared with the base aluminum material, which
attributed to the presence of hard SiO2 nanoparticles
in the matrix.
• The incorporation of SiO2 nanoparticles into the
aluminum matrix increased the wear resistance of
nanocomposites. However, the porosity content
increased by the presence of ceramic nanoparticles.
In addition, the preheating process as a pre-treatment
step was effective than the ball-milling process to
increase the wear resistance of nanocomposites.
• When the content of SiO2 nanoparticles increased
from 0.5 to 1% wt, the compressive behavior
decreased insignificantly. The incorporation of SiO2
nanoparticles increased the elastic modulus of the
aluminum matrix about 7–19%. Moreover, the ballmilling process was effective than the preheating
process to increase the compressive strength of
nanocomposites.
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