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Abstract

This study has been presented with mechanical properties of aluminum matrix composites, reinforced by SiO, nano-particles.
The stir casting method was employed to produce various aluminum matrix composites. Different composites by varying the
Si0, nano-particle content (including 0.5 and 1 weight percents) and two dispersion methods (including ball-milling and
pre-heating) were made. Then, the density, the hardness, the compression strength, the wear resistance and the microstructure
of nano-composites have been studied in this research. Besides, the distribution of nano-particles in the aluminum matrix
for all composites has been also evaluated by the field emission scanning electron microscopy (FESEM). Obtained results
showed that the density, the elongation and the ultimate compressive strength of various nano-composites decreased by the
presence of SiO, nano-particles; however, the hardness, the wear resistance, the yield strength and the elastic modulus of
composites increased by auditioning of nano-particles to the aluminum alloy. FESEM images indicated better wetting of the
SiO, reinforcement in the aluminum matrix, prepared by the pre-heating dispersion method, comparing to ball-milling. When
Si0, nano-particles were added to the aluminum alloy, the morphology of the Si phase and intermetallic phases changed,
which enhanced mechanical properties. In addition, the wear mechanism plus the friction coefficient value were changed

for various nano-composites with respect to the aluminum alloy.

1 Introduction

Aluminum alloys and their composites, as light materials,
have been known to be suitable materials with excellent
properties, such as proper castibility, low density, good wear
resistance and better thermal behavior [1, 2]. To improve
these characteristics at higher temperatures, ceramic-rein-
forced aluminum matrix composites have been developed [3,
4]. Various nano-particles and micro-particles such as Al,O;
[3,5-7], TiN [8], SiC [7, 9, 10], B,C [11-13], TiC [14] and
SiO, [15, 16] were used to make various aluminum matrix
composites. Adding of ceramic particles into molten alloys
has been developed to prepare such materials. This method
possess some important advantages, such as the flexibility,
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the low-cost process, a wide selection of materials and the
applicability to mass productions [3]. Therefore, liquid state
fabrication methods like the stir-casting technique for alu-
minum matrix composites are usually used. In preparing
composites by such methods, there are several factors that
need necessary considerations. These requirements contain
the difficulty of achieving a uniform distribution of the rein-
forcement material, the wettability between the matrix and
reinforcement particles and the porosity in produced com-
posites [10]. Besides, to provide a high level of mechanical
properties of the used composite, good interfacial bonding
between the dispersed phase and the liquid matrix should be
obtained [5, 10]. In addition, parameters of the stir casting
process such as the stirring temperature, the stirring speed,
the stirrer blade angle and the stirring time, play effective
roles in deciding the particle dispersion and the mechanical
strength of composites [14].

Different dispersion methods were used to make com-
posites by researchers. Akbari et al. [3] and Raju et al. [5]
used the mixture of Al,0; and Al powders as reinforce-
ments, which were added to the aluminum melt. Powders
were mixed by the planetary mill at 300 rpm for 2 h [3, 5].
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Obtained results showed that such dispersion method could
be beneficial to raise the compressive strength of composites
[3]. Inegbenebor et al. [10] applied SiC particles of 2.5 wt%,
which were pre-heated at the temperature of 1100 °C for
3 h. Their results represented that in this way, nano-particles
distributed better in the matrix, which enhanced mechani-
cal properties of composites. Juang et al. [15] indicated that
the lowest porosity content of 1.04% and the highest hard-
ness value were obtained, when the fly ash added to the
aluminum matrix, which contained SiO, and Fe,O; particles
and were pre-heated at 800 °C. It was noticeable that Raei
et al. [11] added B,C particles in to the aluminum melt,
without any pre-treatment. Their results demonstrated that
by applying the high stirring speed of 700 rpm, the homog-
enous distribution of reinforcements in the matrix could be
obtained. Salehi et al. [16] studied about microstructural and
mechanical properties of Al-SiO, nano-composite foams.
Such porous specimens produced by an ultrasonic technique
for better distribution of nano-particle reinforcement in the
aluminum matrix.

As it can be seen in the literature review, there is no
comparison between different dispersion methods for the
nano-composite production. Besides, there was a lack of
research about SiO, nano-particles as the reinforcement
particle in aluminum metal composites. Therefore, in this
research, a comparative study of two dispersion methods
for adding SiO, nano-particles into the aluminum matrix,
was performed. The content of SiO, nano-particles was also
another variable parameter, which would have influences on
composite mechanical and physical properties. Microstruc-
tural evaluations of nano-composites were also done by the
optical microscopy (OM) and the field emission scanning
electron microscopy (FESEM). Then, mechanical properties
and the tribological behavior of various nano-composites
were investigated.

2 Materials and methods

The chemical composition (wt%) of primary ingots of the
aluminum alloy was measured as Si: 12.5, Ni: 2.2, Cu: 2.4,
Fe: 0.41, Mg: 0.74, Zn: 0.07, Mn: 0.03 and the aluminum
was balanced. This aluminum alloy used in the automobile
industry, especially for engine pistons. SiO, nano-particles
were added to the mentioned melt, to prepare various nano-
composites. The used chamber was an electrical resistance
furnace. After reaching to 800 °C, reinforcement particles
in two weight percents of 0.5 and 1 were added to the alu-
minum melt. The melt was mechanically stirred for 2 min
with a constant speed of 100 rpm, using a hot-work tool steel
rod to ensure the homogeneous composition. It was noted
that mechanical properties of composites were degraded
with long stirring times, due to the formation of some
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undesired chemical compounds and the increase of the gas
entrapment in the stir casting method [13]. The melt (with
the weight of 0.5 kg) was finally poured into a permanent
steel mold.

For a better dispersion of SiO, nano-particles in the alu-
minum alloy matrix, two types of addition methods were
used. The first type was a heat treatment process, which con-
tained pre-heating of SiO, nano-particles at 400 °C. It was
found that higher pre-heating temperatures led to increase
the chemical reaction possibility between SiO, nano-parti-
cles and the aluminum melt [15]. It should be noted that in
this research, this approach called as the pre-heating disper-
sion method. The second type was a mixing process, which
contained mixing of SiO, nano-particles (30 nm) with alu-
minum micro-particles (10 um). In this step, a planetary
ball-mill was used to mix these powders. The mixing time
was about 1 h and purging of the argon gas into the ball-mill
was done during the mixing time to avoid the agglomeration
of particles [6]. The milling speed was about 200 rpm. It
should be noted that in this research, this approach called as
the ball-milling dispersion method. Details of various speci-
mens can be found in Table 1.

Metallographic specimens were prepared by mechanical
grinding with SiC papers up to the 2000 grit and polishing
by the 0.3 pm alumina paste. The etching solution was the
Keller’s etchant, which was used at the room temperature.
The microstructure and the dispersion of SiO, nano-particles
for specimens were observed under the optical microscopy
(OM) and the field emission scanning electron microscopy
(FESEM), respectively. It should be noted that the transmis-
sion electron microscopy (TEM) was also utilized for check-
ing the size of nano-particles. The X-ray diffraction (XRD)
was used to detect various phases.

The Brinell hardness test was conducted under loading of
30 kg. The loading time was about 10 s. The diameter size
of the ball was about 2.5 mm. Results of hardness testing
were averaged from three measured values. The porosity
amount in various samples was determined by comparing
the measured density with that of their theoretical density,
similar to others researches [3, 17].

Wear behaviors of composites were investigated using
a pin-on-disk wear testing machine. Wear tests were done

Table 1 Details of various specimens

Name of samples Nano-particle content Dispersion method

(Wt%)
No. 1 0.0 -
No. 2 0.5 Ball milling
No. 3 1.0 Ball milling
No. 4 0.5 Pre-heating
No. 5 1.0 Pre-heating
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under the dry condition, according to the ASTM G99-95a
standard [6] at 25 °C. The test was done for the constant dis-
tance of 500 m, under the normal load of 5 N, at the speed of
0.1 mms~'. The pin was made of steel, with the hardness of
64 Rockwell hardness number, with the diameter of 3 mm.
Wear tracts of various specimens were studied under the
scanning electron microscopy (SEM), to detect the related
mechanism.

Compressive properties of all samples were determined
based on the ASTM E9-89a standard [6]. The dimension
of samples were 8 mm of the length (/) and 8 mm of the
diameter (d), where the //d ratio became 1. Specimens were
subjected to the compression load, using a machine with the
displacement rate of 0.1 mm s~'. Macroscopic fractographs
of all samples were also observed on the compressive frac-
ture surfaces.

3 Results and discussions

The TEM image of SiO, nano-particles is presented in
Fig. 1a, which showed that the average size of nano-parti-
cles was about 30 nm. Figure 1b represents that SiO, nano-
particles covered the surface of aluminum micro-particles,
during the ball-milling process. In the case of mixing parti-
cles with different sizes, the Bouvard’s model revealed that
fine reinforcement particles (SiO,) would cover the surface
of coarse powders (aluminum) [3, 6]. Besides, other name
of the related mixing model was the core—shell mechanism.
Core—shell particles were the type of bi-phasic materi-
als, which contained an inner core structure and an outer
shell, produced by two different components [18]. The core

material was aluminum micro-particles and the shell mate-
rial was SiO, nano-particles.

Results of the microstructural analysis are revealed in
Fig. 2. Figure 2a shows that the used aluminum alloy con-
tained different phases. One phase was the matrix, which
was called a-Al and was seen in the white-colored area. The
second phase was Al-Si, which was distributed homoge-
nously in the matrix, with the small size of the dendritic
morphology. The third phase was the Si phase, which had
the blocky form of polyhedral crystals plus the flake-shape
morphology. It was noticeable that Al-Si piston alloys usu-
ally contained two types of Si phases: the plake-like Si and
the coarse primary Si particle [19]. The other phase was
Ni-Al, which was an intermetallic compound and was seen
in the black-colored area. The last phase was Cu;Al, which
was another intermetallic compound and was seen in the
gray-colored area, in the small amount. Such phases were
also reported by Han et al. [20]. It was noticeable that the
existence of mentioned phases were detected by XRD pat-
tern, as Fig. 3 shown. The XRD pattern showed that the
dominated phase in the a-Al matrix was the Si phase accord-
ing to peaks with the higher intensity with respect to other
intermetallic phases.

The morphology of the Ni-Al phase was similar to the
script-like phase in some areas of the microstructure, as
shown in Fig. 2b, d, when the SiO, nano-particle content in
composites was about 0.5 wt%. Such phase was also called
as the Chinese script morphology [21]. When the SiO, nano-
particle content increased to 1 wt%, the shape of such phase
changed to the flake-like morphology. Besides, the size of
polyhedral crystals of Si decreased, when SiO, nano-parti-
cles were added to the aluminum alloy. Consequently, it was
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Fig. 1 a The TEM image of SiO, nano-particles and b the mixed powder of SiO, nano-particle with aluminum micro-particles
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Fig.2 OM images of various specimens including a sample No. 1, b sample No. 2, ¢ sample No. 3, d sample No. 4 and e sample No. 5

found that the ratio of the diameter to the length was smaller Microstructures of all nano-composites were examined
for intermetallic phases and the Si phase, in various nano-  with the FESEM equipment, which are shown in Fig. 4.
composites, than that of the aluminum alloy. In other words, ~ The digits on such images showed the size of SiO, nano-
the shape of such phases was changed to flake-shape mor-  particles in some places.

phology. Such behavior was also seen in other research [22].
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Fig. 4 FESEM images of various specimens including a sample No.2, b sample No.3, ¢ sample No.4 and d sample No.5
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FESEM images showed the homogeneous distribution for
the precipitation of SiO, nano-particles in the a-Al matrix,
especially when the dispersion method was the pre-heating
process. When the ball-milling method was chosen, SiO,
nano-particles were also dispersed well in the aluminum
matrix; however, when the nano-particle content reached
to 1 wt%, a certain degree of the agglomeration was seen.
The size of the SiO, nano-particle agglomeration in most
places was remained under 100 nm. It was found that no
clustering of fine reinforcing particles was seen for sample
No. 5. In addition to the nano-particle content, the stirring
time was also introduced to have the effective role on the
dispersion of reinforcements [6]. In this research, the stirring
time kept constant for all nano-composites. It was noticeable
that Soltani et al. [9] indicated that the minimum stirring
time (2 min) was necessary for ceramic particles to pos-
sess the acceptable wetting behavior and to be in contact
with the melt, to form a strong bond with the matrix. In
addition, it was found that longer stirring speeds and times
resulted in higher reinforcement contents, in the composite
microstructure [11]. Besides, adding SiO, nano-particles to
the aluminum melt could lead to generate the Al,O; phase
in matrix, through chemical reactions [15]. However, such
phase was not seen in this article, due to the lower pouring
temperature. It was noticeable that the energy-dispersive
spectroscopy (EDS) result for sample No. 3 was also found
in other research [2].

Results of measuring the porosity percentage for various
specimens are presented in Table 2. The theoretical density
of such aluminum alloy was about 2.8 g/cm®. Experimental
measurements showed that all samples exhibited high rela-
tive densities with the value of higher than 95.85%. Such
result was also reported by Weigelt et al. [23]. Sample No. 4
had the lowest porosity content, which was 17 percent higher
than that of the aluminum alloy. The highest porosity content
was related to sample No. 3, which was two times higher

of the dispersion method. In general, various nano-compos-
ites had the higher porosity content than that of the alu-
minum alloy. It was noticeable that Akbari et al. [3] also
showed that the porosity content of composites, with the
presence of Al,O; nano-particles, was more than that of the
non-reinforced alloy. In addition, it is revealed that the stir-
ring speed was the significant factor, which had the main
influence on the porosity content in the stir casting method
[12]; however, this factor was constant in this research.
FESEM images also showed that the mean pore size was
about 200 nm for all nano-composites. The depth and the
number of the porosity in sample No. 4 were lowest among
other nano-composites. Such observations corresponded
with results in Table 2. The presence of pores was related to
gas bubbles, which were entrapped to the aluminum alloy
during the solidification [6]. Such event was usually seen
in other composites, which were made by the stir casting
method [3]. It was noticeable that by changing the stirring
time and the temperature, the shape and the amount of pores
could be changed [9]; however, these two parameters were
constant in this article. Besides pores, some micro-cracks
were observed in the aluminum matrix, which could have
important effects on mechanical properties of nano-com-
posites. These micro-cracks had the higher length in nano-
composites, with the dispersion method of the pre-heating
one. Such cracks were also observed, when SiC [7] or TiO,
[24] nano-particles was added to the aluminum alloy.
Results of hardness measurements are listed in Table 3.
Nano-composites exhibited higher hardness values than
that of the aluminum alloy. Hardness test results indicated
the uniformity, throughout the composite, which confirmed
the uniform distribution of nano-particles. The increase in

Table 3 Results of different tests for various specimens

Name of samples  Hardness (BHN)  Wear rate Friction
than that of the aluminum alloy, without any reinforcement (g/N.m)x10~%  coefficient
agent. When the dispersion method was the pre-heating one,

. . . . No. 1 123+1 17.84 0.28
the density of nano-composites was higher, with respect to No.2 2741 698 031
other nano-composites. Such event would be related to the o * ' '
e . . . . No. 3 125+1 4.52 0.23
better homogeneous distribution of SiO, nano-particles in
. . . . No. 4 141+1 0.60 0.21
the matrix. Increasing the SiO, nano-particle content from
. . . . No. 5 129+1 1.96 0.27
0.5 to 1 wt% led to increase the porosity content, irrespective
Table 2, Requiremen.ts for Name of samples The volume (mm?) The weight (g) The apparent den-  Porosity (%)
measuring the porosity content o 3
. ) sity (g/cm”)
for various specimens
No. 1 832.12 2.28 2.74 2.03
No. 2 832.62 2.26 2.71 3.03
No. 3 834.99 2.24 2.68 4.15
No. 4 840.01 2.30 2.73 2.37
No. 5 841.62 2.27 2.69 3.72
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the hardness value was due to the resistance of the ceramic
nano-particles, under the applied force. The increase in the
hardness value of nano-composites was about 2—15%, with
respect to that of the aluminum alloy. The pre-heating pro-
cess, as the dispersion method, was more effective than the
other method in enhancing the hardness value. The highest
hardness value (141 BHN) was related to sample No. 4, due
to the lowest porosity content. Besides the length and the
morphology of micro-cracks were also other factors, which
would have effects on the hardness changes. By increasing
the SiO, nano-particle content from 0.5 to 1 wt%, the hard-
ness value decreased irrespective to the dispersion method.
It was found that the hardness value was 20.7% higher than
that of the aluminum alloy, when the type of reinforcement
particles was the Al,O; phase [15]. It was noticeable that
Reddy et al. [25] reported the increase in the reduced gra-
phene oxide particle content (from 0.1 to 0.5%wt.), as the
reinforcement agent, caused to increase in the hardness value
of composites.

The effect of SiO, nano-particles on wear properties of
the aluminum matrix is also represented in Table 3. The
wear rate was defined as the weight loss, divided by the
applied force multiplied to the sliding distance. All nano-
composites had better wear resistance, with respect to that of
the aluminum alloy. The decrease in the wear rate was about
3-29 times, lower than that of the aluminum alloy, without
any reinforcement. Nano-composites with the ball-milling
dispersion method had the lower wear resistance, compared
to those which were made by the other dispersion method.
The increase in the SiO, nano-particle content from 0.5 to
1 wt% led to lower wear rate for nano-composites, when
the dispersion method was the ball-milling one. However,
the inverse behavior was seen for sample No. 4 and sample
No. 5. It was found that the particle size of reinforcements
had the strong effect on the wear property of casted com-
posites [7]. Thus, since the agglomeration of SiO, nano-
particles in sample No. 3 was more than that of sample No.
2, the wear rate decreased. No agglomeration was seen in
the FESEM image of sample No. 5 and such observation
led not to decrease in the wear rate, when the content of
reinforcements increased from 0.5 to 1 wt%. It was found
that the SiO, nano-particle agglomeration caused to larger
particles size of reinforcements and such event led to larger
interfaces between nano-particles and the aluminum matrix.
As a result, the larger stress would be transmitted from inter-
faces to particles [26] and the wear resistance increased.

Mean values of the friction coefficient for all samples
were measured during the wear test and are represent in
Table 3. The lowest value of the friction coefficient (0.21)
was related to sample No. 4, in consistence with the wear
rate result, the porosity content and the hardness value. Simi-
lar to wear rate results, when the SiO, nano-particle content
increased from 0.5 to 1 wt%, nano-composites with two

dispersion methods had the inverse behavior, with respect
to each other. The pre-heating dispersion method was effec-
tive than the other one, in lowering the friction coefficient
value to about 25%. Such result showed that the reduction in
the friction coefficient value was due to the uniform distribu-
tion of SiO, nano-particles in the aluminum matrix. It was
noticeable that the decrease of 35-40% in the friction coef-
ficient value for composites with respect to the aluminum
alloy was also reported, when SiC particles were reinforced
in the matrix [27].

Comparing the friction coefficient value versus the wear
distance for different specimens is seen in Fig. 5. As shown
in Fig. 5a, when the content of SiO, nano-particles was
constant (1 wt%), the nano-composite with the dispersion
method of ball-milling (sample No. 3) had the lower fric-
tion coefficient value, with respect to that of sample No. 5
and sample No. 1. It was found that the agglomeration of
reinforcements by nano-particles was responsible for such
behavior. Figure 5b also showed that, since the content of
nano-particles was constant (0.5 wt%), the pre-heating dis-
persion method (sample No. 4) caused to lower friction coef-
ficient value, compared to that of sample No. 2 and sample
No. 1. For all samples, the friction coefficient value was
periodically fluctuant in a small scale, along the wear tract.
Such observation was also reported by Ma et al. [28]. In
addition, at the beginning region of the wear distance, the
friction coefficient value increased. This event was related
to the delamination of worn surface layers, at weak sections.
Then, separated layers were deteriorated by the cyclic shear
force and generated wear debris on the worn surface. After
passing of 50 m of the wear distance, changes in the fric-
tion coefficient value were almost constant. It was notice-
able that Akbari et al. [6] reported increasing of the friction
coefficient value by the presence of ceramic nano-particles,
as the reinforcement agent in the aluminum matrix, with
respect to that of the aluminum alloy. In that case, the Al,O;
nano-particle content was more than 1 wt%. As shown in
Fig. 5c, for the ball-milling dispersion method, when the
Si0, nano-particle content increased from 0.5 to 1 wt%, the
friction coefficient value decreased about 26%, with respect
to sample No. 2. However, for the pre-heating dispersion
method, the enhancement in the reinforcement content led to
increase in the coefficient value, about 28% (Fig. 5d).

SEM images of worn surfaces for all specimens, are
shown in Fig. 6. The wear tract for the aluminum alloy with-
out any reinforcement agent was widest (1.41 mm), due to
the lowest hardness value. It was noticeable that mechani-
cal properties of materials, especially the hardness, could
influence the wear behavior; since the compressing force
of the abrasive pin on the surface depended on the inher-
ent resistance of material against deformation [29]. The
adhesive layer plus shallow grooves and the delamination
of layers were seen in the wear tract, as shown in Fig. 6a.
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Fig.6 SEM images of wear tracts for various samples; including a sample No. 1, b sample No. 2, ¢ sample No. 3, d sample No. 4 and e sample
No. 5
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The dominated wear mechanism of such specimen seemed
to be the adhesive wear, in addition to micro-ploughing of
the abrasive wear. Such mechanism was also seen in other
researches [29-31]. It was noticeable that the adhesive wear
usually occurred for the aluminum alloy [28].

When ceramic nano-particles were added to the alu-
minum alloy, the wear mechanism changed. It was found that
micro-cutting lines, running parallel to each other, were seen
in the sliding direction for nano-composites, with the higher
hardness, like sample No. 4 in Fig. 6d. These micro-cutting
lines usually showed the relatively brittle behavior and as a
result, more cracks, pores and the debris were formed in the
wear tract [29]. The width of the wear tract decreased for
nano-composites, with respect to the aluminum alloy. Such
behavior indicated a localized damage. It was found that
SiO, nano-particles restricted the plastic deformation or the
flow of the aluminum alloy, during sliding. This behavior led
to increase the wear resistance of various nano-composites
than that of the aluminum alloy. Since the regular shape
of the wear tract in sample No. 4 was obviously observed,
the wear resistance for such specimen was the highest one.
However, in other nano-composites, the worn surface con-
tained discontinuous shallow grooves and such observation
led to increase the wear rate. It was noticeable that no deep
scratches or galleys were seen on wear tracts of various spec-
imens, after the wear testing. The dominated mechanism of
the wear behavior for various nano-composites seemed to
be micro-cutting of the abrasive wear, since the debris was
seen in the wear tract of various nano-composites in dif-
ferent areas. Such mechanism was also reported by Ghosh
et al. [30], when the reinforcement agent was SiC particles,
in the aluminum matrix. Consequently, from SEM images
of wear tracts (Fig. 6), it could be noted that the effect of the
Si0, nano-particle content and the dispersion method was
not significant on the wear mechanism of nano-composites.

Various results of compression testing are depicted in
Table 4. The error bars of values in all columns were about
1%. The aim of the compression test was to determine the
response of different specimens, while the compressive load
was applied on samples. Using such test, the compressive
ultimate strength, the yield strength, the elongation, the
toughness and the elastic modulus, among other mechanical

parameters could be determined. It should be mentioned that
the H/E parameter in Table 3 is the ratio of the hardness to
the elastic modulus. This parameter had no unit, since the
hardness and the elastic modulus were measured in the unit
of GPa. The BHN unit was multiplied by 0.017 to converse
to the unit of GPa.

All nano-composites failed at the lower stress, with
respect to the aluminum alloy, by the internal damage.
Weigelt et al. [23] reported that micro-cracks initiated in the
matrix, surrounding particles, and such event was respon-
sible for lowering the ultimate compressive strength. The
presence of micro-cracks in the nano-composite micro-
structure, the flaky shape of the intermetallic phase, the Si
phase and the porosity content also had effective roles for
observing such behavior. It was found that the significant
increase in the compressive strength of nano-composites
could be attributed to various parameters, such as the grain
refinement, the dislocation generation and the Orowan
strengthening mechanism [32]. Besides, Nguyen et al. [32]
used the secondary treatment of extrusion for lowering the
porosity content. However, none of them were effective for
increasing the compressive strength of nano-composites,
with respect to the aluminum alloy in this article. In other
words, the brittle fracture of nano-composites was due to
strong interfacial bonding, between SiO, nano-particles and
the aluminum matrix. Although Chen et al. [8] reported that
composites exhibited much higher values for the hardness,
the compressive ultimate strength and the wear resistance,
than those of the aluminum alloy. It was noticeable that the
reinforcement particle were micro-particles and were added
in 10 volume percent [8]. Despite the hardness and the tri-
bological behavior, the higher compressive ultimate strength
for nano-composites was not obtained with respect to that of
the aluminum alloy, in this research.

Besides, the elongation percent of various nano-compos-
ites decreased, in comparison to the aluminum alloy, about
3-15%. However, the decrease in the elongation percent in
nano-composites with the pre-heating dispersion method
was higher than the other method. The decrease of 46% in
the elongation of nano-composites with the ceramic rein-
forcement of WC, comparing to the aluminum matrix, was
also reported by Ravikumar et al. [33]. Similar to elongation

Table 4 Compressive testing

E : Name of samples  Ultimate Elastic Yield Elongation (%) Toughness (k]) H/E
results for various specimens strength modulus strength
(MPa) (GPa) (MPa)
No. 1 850.94 7.48 270.56 39.63 154.80 0.055
No. 2 810.57 7.58 280.83 38.36 145.60 0.057
No. 3 782.90 7.98 320.87 37.07 128.90 0.059
No. 4 741.57 8.03 325.45 33.66 117.70 0.069
No. 5 778.08 8.37 275.12 34.95 128.10 0.060
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results, toughness values of nano-composites were lower
than that of the aluminum alloy, about 6-24%. It was notice-
able that the solid-solution process or the ageing treatment
was usual treatments for lots of aluminum alloys, to increase
mechanical properties [34]. Thus, the post treatment after
the casting process could be suggested for arising such
properties.

It could be observed that elastic modulus values of nano-
composites increased about 2-7%, when 0.5 wt% of nano-
particles was added to the aluminum alloy. Then, such prop-
erty increased more to 7-14%, with the further increase of
Si0, nano-particles, up to 1 wt%. It was found that when
WC nano-particles were added to the aluminum molten,
such result was also reported [33]. In addition, yield strength
values of nano-composites were higher than the aluminum
alloy, about 2-20%. Such event showed that nano-particles
could raise the strength of the aluminum matrix, in the elas-
tic region due to higher energy bonds. As presented, the
presence of SiC nano-particles in the aluminum matrix led
to raise the yield strength value [35].

Comparing curves from the compression test for various
specimens is presented in Fig. 7. As shown in Fig. 7a, b,
when the reinforcement content was about 0.5 or 1 wt%,
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Fig.7 Comparing curves from compression testing for various speci-
mens, including effects of the dispersion method for a 1 wt% and b
0.5 wt% of SiO, nano-particles and effects of the SiO, nano-particle
content for ¢ the ball-milling dispersion method and d the pre-heating

nano-composites with the dispersion method of ball mill-
ing revealed the higher compressive strength, with respect
to that of other nano-composites. Such behavior could be
attributed to the smaller length of micro-cracks in nano-
composites by ball milling, which was discussed before
in the microstructural part. Besides, the lower hardness of
nano-composites by ball-milling could also explain such
event. It was noticeable that the mechanical behavior of
nano-composites usually depended upon the concentration
and the particle size of the inorganic filler [36]. When the
dispersion method was the ball-milling one, the increase in
the reinforcement content caused to decrease the compres-
sive strength, as shown in Fig. 7c. However, other nano-
composites, which were made by the pre-heating dispersion
process, showed the inverse behavior, against the increase
in the SiO, nano-particle content (Fig. 7d). In addition, the
tensile strength of nano-composites increased, when the
reinforcement content was higher than 1.5 wt% [5]. Conse-
quently, the presence of SiO, nano-particles led to reduce
the ultimate compressive strength value, about 5-13%, with
respect to the aluminum alloy.

Images in Fig. 8 show the macroscopic fracture appear-
ance, after the compression test, for various specimens. It
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dispersion method (sample No. 1: aluminum alloy, sample No. 2 and
No. 3: reinforced by ball-milling, sample No. 4 and No. 5: reinforced
by pre-heating)
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Fig. 8 Macroscopic images of various samples after the compression test, including a sample No. 1, b sample No. 2, ¢ sample No. 3, d sample

No. 4 and e sample No. 5

could be found that the aluminum alloy had more macro-
cracks, which their directions were different and some of
them were normal to each other. However, macroscopic
fracture images of nano-composites indicated that only one
main crack was created with the angle of 45°. The apparent
damage for sample No. 4 was excessive. There was one main
crack, plus some secondary cracks. Therefore, comparing
with results in Table 3, the ultimate strength value for such
sample was the lowest one. It was found that the compos-
ites fracture was characterized by deep cracks, reported by
Ravikumar et al. [33].

It was noticeable that the wear rate was usually propor-
tional inversely, with the hardness value [25]. Such relation
was called the Archard’s wear equation [28]. According to
this equation, when the material hardness value was high,
the wear rate decreased. Besides, the ratio of the hardness
to the elastic modulus (H/E) was a criterion for predicting
the wear resistance [37]. It meant that when such ratio was
high, the wear resistance would increase. Obtained results
in Table 3 depicted that changes in the wear rate of various
specimens were adapted with the H/E parameter. Therefore,
for such nano-composites, when the H/E parameter was
high, the wear rate decreased. Since the H/E parameter for
sample No. 4 was the highest one, the wear rate value was
the lowest value.

For such research topic, the heat treatment process could
be utilized to obtain better mechanical properties. Since the
amount of micro-cracks in nano-composites would decrease.
This work would be reported in the further investigation.

4 Conclusions

In this study, SiO, nano-particles were added to the alu-
minum alloy, via the stir casting method to fabricate vari-
ous nano-composites. To evaluate effects of the dispersion
method for adding nano-particles in the aluminum matrix,
pre-heating and ball-milling approaches were performed.
Mechanical properties of various nano-composites such as
the hardness, compression and wear tests were carried out.
Outstanding results could be summarized as follows:

@ Springer

e The presence of SiO, nano-particles in the aluminum
matrix resulted in an increase in the hardness, the wear
resistance, the elastic modulus and the compression yield
strength, accompanied by a decrease in the ultimate
strength, the elongation and the toughness.

e The enhancement of the ceramic reinforcement content,
from 0.5 to 1 wt%, led to increase in the porosity content.
The ball-milling dispersion method caused to create more
porosity content, with respect to that of the pre-heating
process. Such behavior enhanced mechanical properties
of nano-composites.

e Microstructural evaluations showed better wetting of the
SiO, reinforcement in the aluminum matrix, with the
pre-heating dispersion method, compared to the other
process. Besides, the morphology of various phases in
nano-composites changed with respect to the aluminum
alloy.

e Nano-composites exhibited much higher wear resistance
than that of the aluminum alloy. The wear mechanism
also changed from the adhesive wear plus the micro-
ploughing, into the micro-cutting abrasive wear, when
nano-particles were added. The friction coefficient value
was lowest for the pre-heating process and 0.5 wt% of
nano-particle.

e The ratio of the hardness to the elastic modulus was the
best criterion for predicting the wear resistance of vari-
ous specimens.
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