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This research investigates the effect of using hard ceramic SiC particles on the mechanical
and tribological properties of Al6082 alloy. This investigation is performed by mixing various
contents of SiC as weight percentages of 0, 1, 2, 3, and 4% with Al6082. Mechanical tests,
such as tensile strength and hardness tests, are adopted for this composite (A16082/SiC) at
various contents of the filler (SiC). Besides, the wear test is conducted for the Al6082/SiC
composite at various normal loads (10, 15, 20, 25, and 30 N) and sliding distances (200, 400,
600, 800, and 1000 m). Taguchi’s approach is used to create the experimental runs’ matrix.
The findings reveal that the mechanical properties improved with increasing the percentage of
SiC reinforcement. The tensile strength and Rockwell hardness of Al6082 increased by about
24.6 and 14%, respectively, using 4% of SiC particles. Regarding the tribological behavior, the
average wear of A16082 alloy decreased with increasing the percentage of SiC reinforcement due
to higher hardness of reinforcement in Al6082/SiC composite. At the same time, an increase
in the normal load and sliding distance led to a decrease in wear due to increasing plastic
deformation at elevated loadings and larger area contacts.

Keywords: Al6082 alloy; SiC nanoparticles; tensile strength; wear resistance; metal matrix
composite.

1. INTRODUCTION

In the present era, the replacement of conventional materials has become
a central issue for various applications, such as military weapons, aerospace,
and automotive industries. Recently, researchers have shown an increased in-
terest in metal matrix composites (MMCs) reinforced with ceramic [1] and [2].
MMCs quickly become key instruments in replacing conventional materials due
to their improved mechanical and physical properties [3]. These composites dis-
play their isotropic properties through their three directions combined with low
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cost and the possibility to prepare easily [4]. Various metals have been used
in MMCs, such as aluminum and magnesium, because of their appropriateness
when used in the casting processes. To enhance their properties, different re-
inforcements can be used in MMCs, such as SiC, graphite, AlsO3, MgO, and
eggshell [5] and [6]. The machinability of Al2024 strengthened by Al,O3 and
B4C was investigated in [7]. The stir casting method was adopted to produce
this composite and was characterized through microhardness analysis.

The failure of SiC fiber-reinforced glass composites was discussed in [8]. The
tests that were performed on the composite samples were tensile and bending
tests. The results showed that the composite component’s strength strongly
depend on the geometry and loading. A composite of Al7075 reinforced with
various nanoparticle sizes was studied in [9]. It was found that the compressi-
bility decreased with decreasing the filler particle size. However, the sinterabi-
lity increased with decreasing the size of fillers because of easy filling up the
pores.

The effect of nanoparticle size on the fatigue life of A7075-T651 was studied
in [10]. The various weight percentages of SiC were used, and it was observed
that the fatigue life increased when the weight percentage increased around 12%
more than the base metal at 10 wt% of SiC.

In addition, studying the tribological behavior of lightweight materials, such
as aluminim alloys is very important due to using these alloys in various ap-
plications, such as pistons, cylinder bores, and engine brakes. The wear test of
A791 alloy was examined versus a counterface ring made of AISI 52100 type
bearing steel [11]. Limited investigations were conducted on the tribological be-
havior of magnesium-based MMCs. The study in [12] found that the wear rates
of Mg alloy reinforced by feldspar particles decreased with increasing the rein-
forcement percentage. The wear rate was transferred from mild to severe due to
variation in the applied load. In [13], the effect of the addition of SiC particles
on the tribological properties of the Mg alloy during the wear test was investi-
gated. The results found a significant influence of SiC on the properties of Mg
alloy. The wear rate and coefficient of friction of aluminum alloy (A12024) were
analyzed by ZAWAWI et al. [14]. This analysis was performed at a constant load
of 10 kg and at various speeds. The results found that the coefficient of friction
and the wear rate decreased when the composite nano lubricant (SiO2/PAG)
was used.

The dry sliding behavior of another aluminum alloy (Al6061) was investi-
gated by NAVEED and KHAN [15]. Two types of fillers were used (SiC with
content at 7% and graphite with content at 4%). Based on the findings, the
wear resistance increased with the presence of SiC particles and this increase
was continuous with adding Gr up to 4 wt%. Furthermore, it was found that ice
quenching is the best in improving wear resistance. The mechanical and tribolog-
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ical properties of A17075 reinforced by B4C were studied by BARADESWAWARAN
and PERUMAL [16]. The authors used the stir casting method to synthesize the
composite and observed that the hardness increased with increasing hard B4C.
Moreover, the wear rate and coefficient of friction of the alloy decreased when
the content of the B4C was increased.

Given all that has been mentioned so far, one may suppose that strengthening
aluminum alloys is very important and necessary to enhance the mechanical and
tribological properties due to their important applications in, for example, the
aerospace and transportation industries. Therefore, the current research aims to
study the effect of using nano SiC particles on the mechanical and tribological
properties of Al6081. Besides, Taguchi’s approach was conducted to design the
experimental runs of the wear test using five levels of each SiC reinforcement,
normal load, and sliding distance.

2. MATERIALS AND EXPERIMENTAL TESTS

2.1. Materials

Aluminum alloy (Al6082) exhibits excellent corrosion resistance, medium
strength, and good mechanical properties. It contains a large amount of man-
ganese in the grain structure, which results in a strong alloy. Therefore, this
alloy is used in various applications, such as aeroplanes, vehicles, and engineer-
ing applications [17] and [18]. Table 1 presents the compositions of aluminum
6082 alloy.

Table 1. The composition of Al6082 alloy.

Elements Weight [%)]
Manganese (Mn) 0.40-1.00
Ferrous (Fe) 0.00-0.50
Magnesium (Mg) 0.60-1.20
Silicon (Si) 0.70-1.30
Copper (Cu) 0.00-0.10
Zine (Zn) 0.00-0.20
Titanium (Ti) 0.00-0.10
Chromium (Cr) 0.00-0.25
Aluminum (Al) Balance

Silicon carbide (SiC) can also be called carborundum, a combination of sili-
con and carbon. This combination occurs in nature as extremely rare mineral
moissanite or silicon carbide grains can be bonded using sintering. This com-
pound is a very hard ceramic widely used in different applications that require
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high endurance, such as car brakes and antibullet vests. Besides, it exhibits good
erosion and abrasive resistance [19]. Table 2 shows the composition of the silicon
carbide nanoparticles used in this study.

Table 2. Composition of silicon carbide nanoparticles (SiC).

Silicon Carbon Particle size [nm]
70 30 20£5

2.2. Fabrication process

The stir casting process produces composite materials through the liquid
state, in which the molten matrix metal is mixed with fillers, such as ceramic
particles and short fibers, using stirring. The benefits of this approach are flexi-
bility, applicability, and simplicity for production in large volumes. Al6082 was
selected for its good properties, and the SiC nanomaterial was also chosen due to
its good properties. The sample is designed by melting A16082 inside a melting
pot using an electric oven at a temperature of 850°C for 20 minutes. After that,
the nano SiC composite was preheated to 200°C. Then, nanopowder of SiC was
added into the melt of aluminum alloy by the percentage (1, 2, 3, and 4) wt% at
stirring speed 450 rpm for 5 min using an electric mixer. This is to obtain good
homogeneity in a protected atmosphere (argon gas to avoid oxidation). Figure la
illustrates the flowchart of the fabrication of Al6082/SiC alloy and Fig. 1b —
A16082/SiC alloy. In addition, Fig. 2 presents the microstructures of pure A16082
and nanocomposite A16082/SiC.

a .

) Heating A16082 Preheating
alloy at 850°C - silicon vcurbid‘(f ]
for 20 minutes nanoparticles (SiC)

at 200°C

Testing: Characterization of
tensile properties Al6082/SiC - Al6082/SiC composite
hardness, composite
wear resistance using SEM

F1G. 1. Flowchart of fabrication of: a) Al6082/SiC alloy; b) Al6082/SiC alloy.
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F1c. 2. SEM images of: a) Al6082 alloy; b) A16082 +4 wt% SiC.

2.8. Experimental tests

2.8.1. Tensile strength test. The tensile test was conducted to study the
influence of SiC reinforcement on the tensile strength of A16082 alloy. At ambient
temperature, the tensile test followed the ASTM E8-04 standard [20]. Universal
Testing Machine (Model UE34300) was used to carry out the tensile test of the
samples. The dimensions of the samples are shown in Fig. 3.
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F1G. 3. Dimensions of the tensile test samples [mm)].

2.8.2. Hardness test. Hardness is a necessary property to be improved in
materials and enables them to resist plastic deformation through penetration.
Therefore, the Rockwell hardness test (HRB) was used to investigate the effect of
adding SiC to Al6082 alloy. The hardness test was conducted according to ASTM
E18-15 [21]. The hardness test was carried out using the universal hardness tester
HBRVS-187.5. The test was repeated three times for each weight percentage of
SiC particles.

2.8.3. Wear resistance test. The effect of SiC reinforcement on the tribo-
logical behavior of Al6082 was investigated using a dry wear test. A pin-on-disk
wear test was performed following ASTM G99-04 standard [22]. Such an ap-
paratus disc is made of EN31 steel with a surface roughness of 0.1. The wear
weight loss is calculated by measuring the weight of the pins before and after
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the test. The surface of the samples was cleaned and polished using abrasive
papers. A DUCOM TR-20M-106 machine was used to carry out the wear test.
This test was conducted with various weight percentages of SiC reinforcements
under different normal loads and sliding distances, while the sliding speed was
constant at 500 rpm.

3. RESULTS AND DISCUSSION
3.1. Mechanical properties

3.1.1. Tensile test. The tensile test was conducted to study the influence
of SiC reinforcement on the tensile strength of AI6082 alloy. The tensile test
followed the ASTM EB8-04 standard [20]. Three samples were prepared for this
test for each composition of A16082/SiC. An Instron device was used for this test.
Table 3 presents the results obtained from the tensile test of A16082/SiC samples.

Table 3. Tensile test results.

A16082 wt% SiC wt% Average ultimate strength [MPa]
100 0 143
99 1 151
98 2 175
97 3 180
96 4 187

It can be seen in Fig. 4 that the average ultimate strength of the composite
A16082/SiC was increased to reach about 24.6% when the weight percentage of
SiC was 4% compared with no addition of SiC particles. The observed increase in
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F1a. 4. The effect of SiC reinforcement [%] on the ultimate strength.
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tensile strength might be explained by an increase in the load-bearing capacity
of Al6082/SiC through the load transferred to the SiC particles from the A16082
matrix. The addition of hard ceramic SiC reinforcements leads to achieving the
strengthening of the Al6082/SiC composite that enhances the grain boundaries
of the Al6082 matrix and then results in higher strength. This is because the
hard ceramic SiC reinforcement resists the plastic flow of Al6082/SiC when
exposed to strain [23].

3.1.2. Rockwell hardness test. Hardness is an essential property to be im-
proved in materials. It enables to resist plastic deformation through penetration.
Therefore, the Rockwell hardness test (HRB) is used to investigate the effect of
adding SiC on Al6082 alloy. The hardness test is conducted according to ASTM
E18-15 [21]. The test is repeated three times for each weight percentage of SiC
particles. Table 4 provides the results obtained from the Rockwell hardness test
of Al6082/SiC.

Table 4. Rockwell hardness test of Al6082/SiC.

A16082 wt% SiC wt% Average Rockwell hardness (HRB)
100 0 43
99 1 45
98 2 46
97 3 48
96 4 49

From the trend in Fig. 5, it is apparent that increasing SiC reinforcement
addition leads to an increase in the HRB of the Al6082 matrix. These find-
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F1a. 5. The effect of SiC reinforcement [%] on the Rockwell hardness.
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ings reveal the importance of adding SiC, which enhances the hard and brittle
phase of A16082 and then increases the density at the A16082/SiC interface. Fur-
ther, because of this addition, the grain recrystallization and internal residual
stress relief increase the hardness of the composite. Moreover, the hard ceramic
SiC decreases the ductility and gives high plastic deformation resistance that
enhances the hardness of A16082/SiC. According to the obtained results, an in-
crease in HRB reached about 14% compared with no addition when SiC was
added by 4 wt%.

3.2. Tribological properties

The tribological behavior has been investigated for the influence of adding
SiC on the Al6082 alloy using a dry wear test. After conducting the test, the
calculation of wear depends on measuring the weight of pins before and after
the test. Each sample should prepare before testing which includes cleaning
and polished using abrasive papers. The variable factors of this test are weight
percentages of SiC reinforcements, normal load, and sliding distances, while the
sliding speed was constant at 500 rpm. Table 5 illustrates the factors and their
levels used.

Table 5. Wear test factors and their levels.

SiC reinforcement Normal load Sliding distance
[%] [N] [m]
0 10 200
1 15 400
2 20 600
3 25 800
4 30 1000

According to Table 5, massive experimental runs can be generated using
a full factorial experimental design. Based on it, it is very difficult to study the
combined influences of the selected factors. Therefore, the design of the experi-
ment, which is a statistical method, is necessary to tackle this challenge [24].
One of these designs of experiments is the Taguchi methodology.

3.2.1. Taguchi methodology. Taguchi methodology is an experimental de-
sign used to reduce the number of runs and estimate the average values of
the response. Therefore, this method saves time and cost due to using a fewer
number of runs. This approach depends on calculating the signal-to-noise ratio
(Eq. (3.1)) type to find the optimum values of the used factors [24]:
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S 1 1
(3.1) & = ~10log {nZyQ

where n and y represent the number of replications and observations of each
level, respectively. According to the Taguchi approach (orthogonal array L25)
and Table 5, the experimental runs for the wear test are created using the
Minitab 17 statistical software. Each experimental run was repeated three times
to check reliability. Table 6 illustrates the results of the wear test. While the
relationship between the wear average and the factors is shown in Fig. 6.

Y

Table 6. Wear test results.

SiC reinforcement Normal load Sliding distance Average wear

) [N] [m] [g]

0 10 200 0.01130
0 15 400 0.02210
0 20 600 0.04710
0 25 800 0.06510
0 30 1000 0.07740
1 10 400 0.01310
1 15 600 0.02010
1 20 800 0.03100
1 25 1000 0.04910
1 30 200 0.03410
2 10 600 0.01100
2 15 800 0.02090
2 20 1000 0.02900
2 25 200 0.01670
2 30 400 0.02710
3 10 800 0.01130
3 15 1000 0.02821
3 20 200 0.01765
3 25 400 0.01982
3 30 600 0.02610
4 10 1000 0.01120
4 15 200 0.00721
4 20 400 0.00841
4 25 600 0.01030
4 30 800 0.01410

Further, the analysis of variance (ANOVA) is performed to evaluate the find-
ings statistically and reveal the importance and significance of the factors and
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F1G. 6. Relationship between average wear and SiC reinforcement, normal load,
and sliding distance.

their levels. Table 7 shows the ANOVA results of the wear test for Al6082/SiC

samples.

Table 7. ANOVA results of the wear test.

Source DF Adj SS Adj MS F-value p-value
SiC reinforcement [%)] 4 0.003288 0.000822 11.79 0.000
Normal load [N] 0.001892 0.000473 6.78 0.004
Sliding distance [m] 0.001586 0.000396 5.69 0.008
Error 12 0.000837 0.000070
Total 24 0.007602

From the data in Fig. 6 and Table 7, it is interesting to note that all three
parameters of this study have a significant effect on the wear of A16082 depending
on the p-value, which is considered significant if its value is less than 0.05.
Moreover, Taguchi’s approach predicts the wear model in terms of its factors

through the regression as follows:

(3.2) Wear [g] = 0.02518 4 0.01942 Reinforcement%_0
+ 0.00430 Reinforcement%_1 — 0.00424 Reinforcement% _2
— 0.00456 Reinforcement%_3 — 0.01493 Reinforcement%_4
— 0.01360 Normal load [N]_10 — 0.00547 Normal load [N]_15
+ 0.00146 Normal load [N]-20 + 0.00703 Normal load [N]_25
+ 0.01058 Normal load [N]_30 — 0.00778 Sliding distance [m]-200
—0.00707 Sliding distance [m]-400 — 0.00226 Sliding distance [m]-600
+ 0.00330 Sliding distance [m]-800 + 0.01381 Sliding distance [m]-1000.
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All terms in Eq. (3.2), such as reinforcement, normal load, and sliding dis-
tance, were mentioned previously in Table 5.

3.2.2. Effect of the individual factor on the wear. The influence of each
factor on the wear of Al6082 is shown in Fig. 7. The wear decreased when the
reinforcement percentage of SiC was increased. However, an increase in normal
load and sliding distance leads to an increase in the wear of the alloy. The wearing
weight or wear volume can be estimated using Archard’s law [25]. Based on this
law, the wear is directly proportional to normal load and sliding distance, but
the relationship becomes reverse to the hardness of the material, as follows:

KNI
3.3 V=
(33 S

where V', N, [, and H are volume loss in wear, normal load, sliding distance, and
the hardness of the material, respectively. In addition, K is the wear constant
that depends on elastic and plastic contacts.
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F1G. 7. Interaction effect of SiC reinforcement and normal load on the wear.

The wear resistance of Al6082 is improved using SiC particles. The decrease
in wear is due to adding hard SiC reinforcement into the Al6082 alloy, which
results in dry lubrication between the hard disk and soft pin. Hence, when the
SiC particles are present, the friction coefficient reduces while the temperature
rises. This leads to plastic deformation at the surface of Al6082 alloy, while
the surface remains relatively smooth at the Al6082/SiC composite due to the
protection by the reinforcement. Therefore, the wear weight loss decreased by
increasing the amount of hard SiC. This phenomenon was observed in previous
studies [26, 27].
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In Fig. 7, there is a clear trend of increasing the wear with increasing the
applied load. At increasing the applied load, the surface of the composite was
“plowed” deeply by the grits. Therefore, using large particles might be better
than using fine particles in the wear test at high loads due to moving the fine
particles away together with the matrix. Although the increase of reinforcement
percentage produces the highest wear resistance, A16082/SiC offered a moderate
improvement with increasing loads, as shown in Fig. 6. The most likely cause
of this behavior is the brittle interface formed between SiC particles and the
Al6082 matrix that is unable to resist the action of the wear under elevated
pressures [27].

Figure 8 reveals that there is a steady increase in the average wear by in-
creasing the sliding distance. This increase in the wear may be due to increasing
the contact area with increasing contact time, which in turn increases the wear.
Furthermore, the increase of sliding distance with the presence and increase of
normal load leads to an increase in the wear rate (see Fig. 6) because of in-
creasing the temperature at the contact surface, which causes a deeply plowed
composite [28, 29].

1000
Wear [g]
[ | < 0.0072100
Il 0.0072100 - 0.0150089
0.0150089 - 0.0228078
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Fic. 8. Interaction effect of sliding distance and normal load on the wear.

4. CONCLUSIONS

This investigation’s aim was to assess the mechanical and tribological pro-
perties of the A16082/SiC composite. One of the more significant findings of this
study is that the presence of hard reinforcement SiC enhances the mechanical
and tribological properties of Al6082 alloy. The findings of this investigation
complement those of earlier studies and make several contributions to the exis-
ting literature. According to the mechanical properties of AI6082 alloy, tensile
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strength and hardness increased by around 24.6% and 14%, respectively, when
the weight percentage of SiC particles was 4% because of the presence of a hard
reinforcement in a soft alloy.

Regarding the tribological properties, the average wear of A16082/SiC com-
posites decreased with increasing the percentage of SiC reinforcement due to
higher hardness in reinforcement in Al6082/SiC. However, the wear increased
with an increase in the normal load and sliding distance due to increased plastic
deformation at elevated loadings and larger area contacts. Moreover, Taguchi’s
approach was conducted to design the experimental runs of the wear test using
three factors and each factor had five levels. The statistical findings concluded
that all used factors have a significant impact on the wear.

Based on this study, it can be concluded that the addition of nano ceramic
SiC in the Al6082 alloy can improve the mechanical and tribological behavior
of the Al6082 alloy and is suitable for various applications, for example, in
the transportation industries. Therefore, the hybrid composite of A16082/SiC is
expected to be considered a light hybrid composite that offers some advantages
in its applications.
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