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Abstract: The microstructure, mechanical properties, and wear behavior of three Al–Si alloys, namely:
Al–1.3%Si, Al–1.5%Si and Al–13.5%Si were investigated. The specimens were examined by using
an optical microscope to investigate the microstructural features of pin materials. Microhardness
numbers and mechanical behavior parameters were determined by using a microhardness indenter
and compression test, respectively. The dry sliding wear test was carried out using a pin-on-disc
apparatus by varying the rotational speed (250, 350, and 450 rpm), normal load (5, 10 and 20 N) and
test time (5, 10 and 15 min) at a constant sliding diameter of 300 mm. The surface roughness index
(Ra) of the worn surfaces was determined by using a profilometer. The microstructure of Al–1.3%Si
alloy was described as a fine eutectic colonizing in the FCC-Al phase matrix. Coarse eutectic dendrites
surrounding the primary FCC-Al grains were observed in Al–1.5%Si alloy. The microstructure of
Al–13.5%Si alloy showed a uniform layered structure of FCC-Al + Diamond Si eutectic. The average
microhardness number was directly proportional to the Si concentration. Al–13.5%Si alloy with a
high microhardness number (47.16 HV) showed excellent resistance to wear and exhibited a smoother
surface at the end-of-wear test. The improved wear resistance in this case could be due to the presence
of Diamond-Si hard phase in large quantities compared with other compositions. On the other hand,
Al–1.5%Si alloy showed poorer resistance to wear because the mass loss action was dominated by a
particle detachment mechanism. The response surfaces of the mass loss vs. speed, normal load and
time showed increased mass loss when the three controlled parameters were increased. However,
Pareto charts of the main effects of parametric interactions showed that the normal load was the main
factor that must be considered when studying the tribological properties of Al–Si alloys.

Keywords: Al–Si alloys; mechanical behavior; microstructure; wear behavior; hypoeutectic composi-
tion; hypereutectic composition; DOE

1. Introduction

Aluminum–silicon alloy components are commercially used in the automotive and
aerospace industries as piston and bearing materials due to their low density, low ther-
mal expansion coefficient, low cost, improved ambient temperature strength and good
resistance to corrosion [1–5]. These components are subjected to severe mass loss during
service. Thus, improving the tribological properties of Al–Si cast alloys becomes essential.
Morphological differences between the microstructural constituents may significantly affect
the tribological properties of cast Al–Si alloys [6]. For instance, the hard phases in Al–Si
cast alloys solidify from a eutectic reaction that is mainly composed of hard and brittle
Diamond Si plates and an FCC-Al solid solution matrix [7]. Commercial alloys may contain
concentrations of silicon from hypoeutectic to hypereutectic with up to 30 wt.% Si [8]. In
the case of a wide composition range, microstructure plays a significant role in determining
the end properties of engineering materials. Understanding microstructure can determine
the ultimate choice of a certain material’s properties to be utilized in a proper applica-
tion [9]. The tribological properties could be further influenced by the operating conditions,
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such as sliding distance, sliding speed, load and temperature [6,10]. Yasmin et al. [11]
investigated the tribological properties of cast Al–12.2% Si alloy by using a pin-on-disc dry
sliding apparatus. The wear test parameters were rotational speed = 200, 300, and 400 rpm;
load = 1.25, 2.50, and 3.75 kg; and sliding distance = 100, 1150 and 1550 m. According to
these authors [11], the wear rate increased by increasing the rotational speed, load and
sliding distance. However, increasing the input weight and sliding distance increased the
mass loss intensively due to the frictional heat effect. Dwivedi [12] investigated the wear
behavior of binary hypereutectic cast alloy Al–17%Si, by using a dry sliding wear test at
0.2–4.0 m/s sliding speeds and 10–30 N normal loads. They found that the wear rate de-
creased with an increase in sliding speed to a critical speed of approximately 3.0 m/s, after
which it increased. The friction coefficient also decreased with the increase in sliding speed.
Furthermore, the pin/disc interface temperature increased with the increase in sliding
speed above 2.0 m/s. Kori and Chandrashekharaiah [13] investigated the dry sliding wear
behavior of Al–Si alloys with a wide hypoeutectic composition range (0.2, 2, 3, 4, 5, and
7% Si) and compared the results with that of a eutectic composition containing 12% Si. In
their experiments, the specific wear rate decreased with the increase in sliding speed and
normal pressure with the incremental increase in Si content. Delaminative, adhesive, and
abrasive wear mechanisms dominated the wear behavior of the examined alloys. Recently,
Alshmri et al. [14] reviewed the dry sliding wear of Al–Si alloys and tabulated the wear
rates (m3m−1 × 10−12) of hypereutectic Al–Si alloys in the 12–25 wt.% Si composition
range. No mutual comparison could be performed within the given data sets, because
of the variant testing conditions used in experiments. It is important to mention that the
results of dry sliding wear experiments, performed by Alshmri et al. [14], were not for
binary Al–Si alloys to be compared with the results of this work. They provided results for
multicomponent alloys containing Al, Si, Cu, Mg and Zr.

Because of their important tribological properties, the mechanical properties and
wear resistance of Al–Si alloys of different compositions are studied. This work aims
at examining the microstructure of three designed alloy compositions, Al–x%Si (x = 1.3,
1.5, and 13.5 wt.%), that fall in the FCC-Al solid solution, hypoeutectic and hypereutectic
regions of the Al–Si binary alloy system, respectively. This is in contrast to the previous
works which investigated the wear behavior of Al–Si alloys in the hypereutectic region
only [11,12,14], and the work of [13] which focused mainly on the hypoeutectic region of
Al–Si phase diagram. The mechanical behavior parameters (strength coefficients and strain
hardening exponents) and microhardness numbers of the alloys were also determined
in this work as important factors, in order to understand their impact on the tribological
properties of investigated alloys which were not reported in previous studies. The wear
behavior of Al–Si alloys was investigated by using a dry sliding wear test. The wear test
was carried out using a pin-on-disc apparatus at different rotational speeds of 250, 350
and 450 rpm; several normal loads of 5, 10, and 20 N; and cumulative time intervals of 5,
10, and 15 min. The surface roughness index (Ra) for each designed alloy was defined at
three orientations, 0◦, 45◦, and 90◦, with respect to the wear track direction. The previous
studies [11–14], covered in this work, provided the wear behavior of Al–Si alloys based
on the influence of a one-at-a-time wear test parameter only. Furthermore, no statistical
approaches were used to determine the most influential parameter on the wear behavior of
the investigated alloys. However, in this work, response surfaces were plotted using the full
factorial design of experiments (DOE) method to describe the effect of wear test parameters
on the performance of the tested specimens. The effect of the most influential parameter
and/or interaction of parameters on the wear behavior of the alloys was described using
Pareto Chars.

2. Experimental Procedure

The starting materials for the investigated alloys were Al ingots with 99.7% purity,
supplied by Alfa Aesar, a Johnson Matthey Company, and Si pieces with 99.95%, supplied
by Sigma Aldrich (Missouri, United States). It is important to mention that the effect of trace
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elements in all experiments was neglected because of their extremely low concentrations.
Three Al–Si binary alloys with 1.3, 1.5, and 13.5 wt.% Si were prepared by melting the
predetermined quantities of Al and Si metals in a graphite crucible by using an electric arc
furnace. The chemical compositions of the prepared specimens are listed in Table 1.

Table 1. Chemical compositions (wt.%) of the three tested specimens in this work.

Specimen Al (wt.%) Si (wt.%)

FCC-Al solid solution 98.7 1.3

Hypoeutectic 98.5 1.5

Hypereutectic 86.5 13.5

The metals were alloyed at 740 ◦C and calcium fluoride (CaF2) was added to prevent
alloy oxidation. The melt was stirred by using a graphite rod and the furnace temperature
was raised to approximately 800 ◦C for 15 min to enhance the homogeneity of the alloys.
Then, the melts were poured in preheated cylindrical copper dies to solidify under slow
cooling conditions. Slow cooling rates were adopted to eliminate the formation of the
non-uniform as-cast microstructures that typically appear due to high cooling rates. The
alloys were prepared according to the terminal solid solubility limit of Si in Al and to the
eutectic composition in the Al–Si phase diagram [15]. The partial Al–Si phase diagram
shown in Figure 1, was calculated using an FTlite database, developed by Scientific Group
Thermodata Europe (SGTE) [16] in Factsage® thermochemical software [17] to show the
compositions of the investigated alloys.

Figure 1. The calculated Al–Si partial phase diagram near the Al-rich terminal side.

The Al–1.3% Si alloy was designed to contain a lower eutectic composition and a
higher FCC-Al phase content. The Al–1.5% Si alloy was designated as the hypoeutectic
composition, and the Al–13.5% Si alloy was designated as the hypereutectic composition.
The prepared alloys were sliced into several pieces using a slow cutting machine to min-
imize the heat generated during the cutting process and to prevent any microstructural
changes. The specimens used for metallographic inspection were mounted in cold epoxy
blocks, ground gradually from 240 up to 1200 grit by using SiC sandpapers, and polished
by using 1 µm diamond suspension. The polished specimens were chemically etched by
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using Tucker’s reagent (15 mL HF + 15 mL HNO3 + 45 mL HCl + 25 mL distilled water) for
10–30 s of exposure to the solution. Microhardness tests were carried out on the polished
surfaces by using a Highwood HWDM-3 Vickers hardness tester with 100 g load. Ten
different values were taken at different locations from which the average HV number for
each alloy was determined. The compression test was carried out on cylindrical specimens
of 10 mm diameter × 10 mm length. The cylinders were compressed at room temperature
by using a Quasar 100 universal testing machine of 100 KN capacity with 1 × 10−3 s−1

strain rate. The load–extension data were recorded by a data acquisition system to evaluate
true stress–strain data from which the strength coefficient and strain hardening exponent
could be calculated. The wear behavior of the three alloys was evaluated according to
an ASTM G99 standard test [18], using a pin-on-disc wear test apparatus. The tested
specimens were subjected to dry sliding against a carbon steel disc thermally coated with
hard chromium particles of 65 HRC. The schematic of the pin-on-disc wear test apparatus
is shown in Figure 2 [19].

Figure 2. Illustration of pin-on-disc wear test apparatus setup and testing parameters.

The wear test was performed by using 250, 350, and 450 rpm speeds at a track radius
of 50 mm and three different normal loads of 5, 10, and 20 N. The total test period for each
experiment was 15 min where the pin was weighed after each 5 min time span by using a
0.1 mg balance. The cleaning process involved dipping the worn specimen in an alcohol
bath associated with gentle stirring to self-drop debris from worn surfaces. The use of the
ultrasonic cleaning method was not adopted in this work because it may result in removing
some parts of the tribolayers when applied [20]. The experimental conditions used in the
wear test experiments are listed in Table 2. For each individual test, the friction force was
recorded from the test apparatus directly. The wear behavior of the test specimens was
evaluated in terms of the mass loss.

Table 2. Wear test experimental conditions.

Factors Values

Sliding diameter (mm) 100

Rotational speed (rpm) 250 350 450
Sliding speed (m/s) 1.31 1.83 2.36

Load (N) 5 10 20
Time (min) 5 10 15

The 2D surface roughness patterns were measured at 0◦, 45◦, and 90◦ orientations for
all specimens tested under the most severe conditions used in the current work (450 rpm,
20 N load, and 15 min time). The average surface roughness (Ra) numbers were used to



Crystals 2022, 12, 719 5 of 17

evaluate the surface quality of the worn specimens. Surface roughness (Ra) measurements
were acquired by using a Surfcoder SE600 surface roughness measuring instrument accord-
ing to ISO 13565 (Rk) standards. A transverse length of 4 mm, cut-off length of 0.8 mm
and pitch of 0.0005 mm were used to plot the surface height (µm) versus sampling length
(mm) for all specimens. A full factorial design of experiments (DOE) in the form of 2k

experiments was employed to identify the effect of the parametric interactions of the wear
test conditions on the amount of mass loss, and to determine the most dominant factor.
Number 2 represents the number of levels used in the wear experiments (high and low
levels) and the factor k refers to the number of variables (load, speed and time). The sliding
radius was kept constant at 300 mm for all experiments. The 3D response surfaces were
plotted accordingly to evaluate the optimal performance of the alloys under dry sliding
wear conditions.

3. Results and Discussion
3.1. Microstructure Analysis

The optical micrographs of the three investigated alloys, namely, Al–1.3%Si, Al–1.5%Si
and Al–13.5%Si, at room temperature are illustrated in Figure 3. High magnification images
(right column) are provided to highlight the microstructural features in all compositions.
The microstructural findings can be explained properly by understanding the Al–Si binary
phase diagram.

Figure 3. Optical micrographs of (a,b) Al–1.3%Si alloy, (c,d) Al–1.5%Si alloy, and (e,f) Al–13.5%Si
alloy at different magnifications to highlight the microstructural features.
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Several studies have been carried out to describe the phase relations in the Al–Si binary
system. Mostafa and Medraj [15] critically reviewed the available experimental and thermo-
dynamic data in the literature and provided an acceptable version of the system. According to
the updated Al–Si system [15], the eutectic reaction Liquid � FCC-Al + Diamond Si occurs at
11.78 wt.% Si and 577 ◦C. The terminal solid solubility of Al-rich side is approximately 1.44
wt.% Si at the eutectic temperature and the solubility of Al in Si-rich side is considered negli-
gible. Figure 3a,b exhibit the microstructure of Al–1.3% Si alloy. This alloy was designed to
give insights into the microstructure of the terminal solid solution in the Al-rich side. At room
temperature, the alloy falls in the FCC-Al + Diamond Si two-phase field, where the FCC-Al
composition drops from 1.3 wt.% Si at 577 ◦C to less than 0.01 wt.% Si at room temperature. It
is conventionally known that primary FCC-Al phase forms in the Liquid + FCC-Al two-phase
field upon cooling the molten alloy down to approximately 650 ◦C, and the remaining liquid is
supposed to transform into FCC-Al phase at 590 ◦C because the composition passes through
the single-phase region. With further cooling to room temperature, the composition enters
the FCC-Al + Diamond Si two-phase field at 550 ◦C and silicon becomes supersaturated in
the FCC-Al solid solution. The excess silicon is repelled from the solid solution to form
fine eutectic morphology. Therefore, the microstructure of Al–1.3 wt.% Si alloy shows large
grains of primary (proeutectic) FCC-Al phase surrounded by a fine eutectic structure. The
fine eutectic occurs due to the far shifting of the alloy composition from the eutectic point.
The cooling path of Al–1.3% Si alloy can be depicted as follows:

Liquid→ Liquid + FCC-Al→ FCC-Al→ FCC-Al + Diamond Si

Figure 3c,d represent the room temperature microstructure of Al–1.5% Si hypoeutectic
alloy. The microstructure exhibits smaller FCC-Al phase grains and coarser eutectic mor-
phology than that shown by Al–1.3% Si due to a higher Si concentration in Al–1.5% Si alloy.
The primary FCC-Al phase in the hypoeutectic alloy was precipitated from liquid in the
Liquid + FCC-Al two-phase field at 650 ◦C upon cooling. The remaining liquid solidifies
below 577 ◦C and forms the FCC-Al + Diamond Si eutectic structure. The cooling path of
Al–1.5% Si alloy did not pass through the FCC-Al single-phase field. Instead, it followed
the path depicted below:

Liquid→ Liquid + FCC-Al→ FCC-Al + Diamond Si

The microstructure in Figure 3e,f belongs to the hypereutectic alloy which contains
13.5 wt.% Si. The eutectic structure can be easily recognized in this alloy by the uniform
layered FCC-Al + Diamond Si morphology. Only 0.87% of Diamond Si was precipitated in
the Liquid + Diamond Si two-phase field prior to the eutectic line (at approximately 578 ◦C)
due to the very low solubility of Al in liquid Si [15]. The eutectic transformation occurred
below 577 ◦C and FCC-Al + Diamond Si eutectic formed down to room temperature. The
cooling path of the hypereutectic alloy can be depicted as follows:

Liquid→ Liquid + Diamond Si→ FCC-Al + Diamond Si

It is important to mention that the primary (pro-eutectic) Diamond Si phase did not appear
in the microstructure of the hypereutectic alloy because of the negligible solid solubility of Al
in Si, and thus only a layered structure was observed without Diamond Si clusters.

3.2. Microhardness Analysis

The plots of microhardness numbers for all investigated alloys are given in Figure 4.
It is important to mention that the microhardness device is calibrated using standard
procedures on a regular basis prior to performing and testing. The average of 10 readings
was plotted by using a dashed line across the data points in association with the average
microhardness number printed inside each figure.



Crystals 2022, 12, 719 7 of 17

Figure 4. Microhardness values and average microhardness numbers for (a) Al–1.3%Si, (b) Al–1.5%Si,
and (c) Al–13.5%Si alloys.

The average microhardness numbers recorded for Al–1.3% Si, Al–1.5% Si, and
Al–13.5% Si alloys were 35.38, 36.82, and 47.16 HV, respectively. The obtained micro-
hardness values in this work are in the same range of that reported by Gupta and Ling [21].
It is clear that the average microhardness numbers are directly proportional to the Si con-
centration [22] in Al–Si alloy system. The 10 microhardness points in Figure 4a are less
scattered than those presented in other figures as an indication of a good-calibrated instru-
ment. The microhardness indenter was presumed to land mainly on the soft FCC-Al phase
which is largely available in Al–1.3% Si alloy as can be depicted from the microstructure
in Figure 3a. Figure 5a shows the trace of the microhardness indenter on the surface of
Al–1.3% Si alloy which demonstrates the microstructure of the indenter region and the
indenter features. More fluctuating values are observed in Figure 4b, which represents
the microhardness profile across Al–1.5% Si alloy. In this alloy, the low microhardness
numbers reflect the hardness of the soft FCC-Al phase because the values were consistent
with those obtained from Figure 4a. However, the jump in the microhardness number
(point 4) indicates the landing of the microhardness indenter on a hard phase that contains
a higher Si concentration than that existing in the FCC-Al solid solution. The microstructure
in Figure 3c shows that the formation of coarse eutectic morphology is at the expense of
FCC-Al phase due to the increased Si concentration in Al–1.5% Si alloy compared with that
in Al–1.3% Si alloy. With the increase in the area of coarse eutectic, the chances of gaining
microhardness values from these regions increase and the average microhardness number
also increases. Figure 5b illustrates the microstructure of the microhardness indenter region
of Al–1.5 Si alloy. It can be noted that the indenter landed on a region with coarser eutectic
dendrites, thereby explaining the increased microhardness number.

Figure 5. Microhardness indenter traces on the surfaces of (a) Al–1.3% Si and (b) Al–1.5% Si alloys to
illustrate the microstructural features underneath each indentation.
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It is important to note that the higher microhardness number observed in Figure 4b at
point 4 is consistent with the values obtained from Al–13.5% Si alloy in Figure 4c, which
mainly contains FCC-Al + Diamond Si eutectic as exhibited in Figure 3e. The drop occurred
in Figure 4c at point 6 could be due to impurity, or the indenter landing on a vacant location.
The consistency in the microhardness values between Figure 4a,b and Figure 4b,c provides
experimental support to the microstructural findings in Figure 3 in terms of constituents
and phase quantities.

3.3. Compression Test Analysis

The mechanical behaviors of the investigated alloys are represented in Figure 6. The
true stress–true strain curves shown in Figure 6a were calculated from the compression
test results. The compression test was stopped at the same point for all specimens and
thus the strain seems at the same level for all tests. Figure 6b shows the log stress–log
strain curves plotted from the true stress–true strain values to calculate the strength co-
efficients (K) and strain hardening exponents (n) for all specimens in this study. Table 3
summarizes the mechanical behavior parameters for all examined alloys obtained from the
compression test.

Figure 6. (a) True stress-strain and (b) log stress-log strain curves obtained from compression test for
all examined alloys.

Table 3. Mechanical behavior parameters (strength coefficient and strain hardening exponent) of the
examined alloys.

Alloy 0.2% Proof Stress
(MPa)

Strength Coefficient
(MPa)

Strain Hardening
Exponent

Al–1.3%Si 47.66 173.3 0.3193

Al–1.5%Si 131.99 233.3 0.1475

Al–13.5%Si 109.02 197.3 0.1792

The flow curves in Figure 6a did not show a clear yield point, and thus the proof stress
values were calculated in Table 3 at 0.2% strain. It is noted that the highest proof stress
was recorded as 131.99 MPa for Al–1.5% Si which contains small FCC-Al grains and coarse
eutectic morphology in its microstructure. The coarse eutectic was uniformly distributed
within the pro-eutectic FCC-Al matrix unlike the fine eutectic that colonized in the Al–1.3%
Si alloy. The coarse eutectic surrounded the FCC-Al grains and played an important role in
blocking the dislocation motion upon stressing the material. Moreover, the small FCC-Al
grain size increased the grain boundary areas which enhanced the strength properties of
the hypoeutectic alloy [23]. Thus, the proof stress increased significantly. However, the
lowest proof stress value was recorded as 47.66 MPa for Al–1.3% Si. This finding could
be due to the connected soft FCC-Al grains within the fine eutectic colonies, as concluded
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from the microstructure in Figure 3a. In this case, the mechanical behavior of this alloy is
mainly demonstrated by the soft phase. FCC-Al is termed as the soft phase in this work
due to its low average microhardness number given in Figure 4a.

The Al–13.5% Si alloy showed a moderate proof stress value of 109.02 MPa. This
composition exhibited a microstructure of uniform FCC-Al + Diamond Si eutectic layers.
Both existing phases have dissimilar crystal structures and contrary morphological charac-
teristics. It is assumed that the moderate proof stress value was due to the lattice mismatch
between non-faceted FCC-Al and faceted (plate-like) Diamond Si morphologies [24]. Fur-
thermore, the Diamond Si layers in the Al–Si alloy eutectic structure deteriorate the ductility
and toughness of the material because they act as crack propagation paths [25]. The
crystallographic data for the solid phases in Al–Si binary system are listed in Table 4 [15].

Table 4. Crystallographic data of the solid phases in the Al–Si binary systems.

Phase Prototype Lattice Parameter
a (nm)

Space Group
Number Space Group

FCC-Al Cu 0.4047 225 Fm-3m

Diamond Si C (Diamond) 0.5430 227 Fd-3m

The calculated K and n values were compatible with the proof stress values reported
in Table 3. This compatibility could be due to the same reasons that influenced the proof
stress behavior, as discussed previously. It is important to mention that K and n were
calculated in the plastic deformation region to fulfill the Hollomon equation, which is
a power law relating the true-plastic stress to the true-plastic strain raised to the power
n [26]. The high n value exhibited by Al–1.3% Si alloy can refer to the capability of FCC-Al
grains to uniformly distribute the deformation. In other words, n is used to evaluate the
strain hardening capability of the material [27]. Thus, it is concluded that Al–1.3% Si
can be easily cold-worked compared with the hypoeutectic and hypereutectic samples.
Moreover, the hypereutectic sample showed a better response to cold-working than the
hypoeutectic sample.

3.4. Wear Behavior

A dry sliding wear test was performed to describe the wear behavior of the three Al–Si
compositions suggested in this work under the operation conditions listed in Table 2. The
wear test stages were carried out sequentially where the pin of each alloy composition
was initially weighed and then tested in the following manner: 250 rpm @ 5 N, 10 N and
20 N→ 350 rpm @ 5 N, 10 N and 20 N→ 450 rpm @ 5 N, 10 N and 20 N. Thus, the initial
weight of the pin at the beginning of each test equals the final weight of the pin in the
previous stage. Figure 7 summarizes the wear behavior results of the examined alloys in
terms of the cumulative mass loss (g) vs. test time (minute) under three normal loads (N)
and at three rotational speeds (rpm). It is notable that the mass loss is directly correlated
with time, normal load and rotational speed for all specimens. In other words, the mass of
the pin decreases by increasing the test time, normal load and rotational speed. Figure 7a–c
shows the cumulative mass loss vs. time and normal load plots for Al–0.13%Si alloy at 250,
350 and 450 rpm, respectively. The influence of rotational speed on the wear behavior of
Al–1.3% Si alloy can be concluded by comparing the values on y-axis in the three Figure 7a–c).
The total mass loss after performing the 250 rpm @ 20 N test stage was 0.019 g. On the other
hand, the amount of lost mass increased up to 0.0302 g after performing the 350 rpm @ 20 N
wear test and reached up to 0.0522 g after the 350 rpm @ 20 N wear tests. A similar trend was
observed in the wear test results of other alloy compositions as demonstrated in Figure 7d–i
under the given experimental conditions.



Crystals 2022, 12, 719 10 of 17

Figure 7. Cumulative mass loss vs. time plots as functions of normal load (5, 10, and 20 N) and rotational
speed (250, 350, and 450 rpm) for (a–c) Al–1.3%Si; (d–f) Al–1.5%Si; and (g–i) Al–13.5%Si alloys.

The reason for the increased mass loss as a function of rotational speed could be due
to the combined changes arising from the heat of friction and strain rate that is expected
with increased sliding speed [28,29]. The friction temperature was acquired during the
wear test and plotted vs. time as a function of normal load and rotational speed as shown
in Figure 8. The plots indicate that the temperature of the specimens increases with the
increase in rotational speed and normal load. Ozioko [29] reported that the increased
temperature with rotational speed can be due to the increased sliding distance in the wear
test for each time interval, which generates more heat at the pin–disc interface. Moreover,
Yasmin et al. [11] indicated that the increased friction temperature may soften the pin mate-
rial, making it easier to damage. The increase in mass loss with an increasing normal load
is attributed to the consequential strain hardening of the test specimen that leads to more
plastic deformation [11,29]. Additionally, the increased normal load enhances the contact
area between the mating parts and thus the friction at the pin–disc interface increases [11].
The high frictional force indicates the generation of a high frictional temperature.

Figure 9 is plotted to emphasize the influence of alloy composition on the wear
behavior of Al–Si alloys. The data points represent the cumulative mass loss of the pin
after the 15 min test period. The most significant mass loss (higher wear rate) was related
to the Al–1.5%Si alloy, equating to 0.0432, 0.1354, and 0.1481 g at 250, 350, and 450 rpm,
respectively. Whereas the least mass loss (lowest wear rate) was observed in Al–13.5%Si
alloy which is 0.016, 0.0183, and 0.0186 g at 250, 350, and 450 rpm, respectively. It is
noted that the mass loss decreased (lower wear rate) when the composition of silicon was
increased. A similar conclusion was reached by Ozioko [29] who examined Al–Si alloys



Crystals 2022, 12, 719 11 of 17

in the 7–14%Si composition range. However, the sample with the lower Si concentration,
Al–1.3%Si, exhibited an intermediate mass loss of approximately 0.019, 0.0302, and 0.0522 g
at 250, 350, and 450 rpm, respectively.

Figure 8. Friction temperature vs. time plots as functions of normal load (5, 10, and 20 N) and rotational
speed (250, 350, and 450 rpm) for (a–c) Al–1.3%Si; (d–f) Al–1.5%Si; and (g–i) Al–13.5%Si alloys.

Figure 9. Cumulative mass loss vs. rotational speed plot as a function of alloy composition.
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The increased wear resistance of Al–13.5%Si alloy can be related to the high Si con-
centration which modifies the microstructure and increases the microhardness number, as
discussed in the previous sections. The Al–Si eutectic composes of FCC-Al + Diamond Si
solid solutions as shown in Figure 3e. The amount of FCC-Al in the eutectic reaches the
maximum at the eutectic point and then decays with the further increase in Si concentration.
FCC-Al is considered the softer phase in the eutectic as concluded from the microhardness
analyses in Section 3.2. Thus, the highest amount of hard phase (Diamond Si) exists in
Al–13.5%Si alloy among other examined specimens. The wear rate is reversibly propor-
tional to the microhardness number [23] and this conclusion is consistent with the reported
results in this work because Al–13.5%Si alloy has the lowest mass loss and a higher micro-
hardness number.

Both Al–1.3%Si and Al–1.5%Si alloys have a low Si concentration and close average
microhardness numbers. However, Al–1.3%Si alloy showed enhanced wear behavior com-
pared with Al–1.5%Si alloy. The enhanced wear behavior could be due to the presence
of soft phase (FCC-Al solid solution) in high percentages. The asperities of soft mate-
rials usually tend to plastically deform rather than break under the actions of normal
and shear forces developed during the wear test [10,30]. The plastic deformation was
found to increase the frictional forces and thus increase the sample temperature. This phe-
nomenon was observed in Figure 8a–f, where the acquired temperatures for Al–1.3%Si and
Al–1.5%Si alloys were higher than that for Al–13.5%Si alloy due to the high percentage of
soft phase in the two compositions. The microstructure of Al–1.5%Si alloy is dominated by
FCC-Al + Diamond Si coarse eutectic distributed uniformly in the primary FCC-Al phase.
Thus, the microstructure of this alloy is neither dominated by a soft phase nor a hard phase,
compared with the Al–1.3%Si and Al–13.5%Si alloys, respectively. The coarse eutectic
dendrites appear to surround the FCC-Al grains (Figure 3c), isolating the large FCC-Al
grains through the phase boundaries. The wear mechanism in this alloy may result from
the FCC-Al grain detachment from the surface of the pin [4]. On the other hand, smaller
Diamond Si particles may detach from FCC-Al matrix during sliding and remain on the disc
surface. The mass loss due to remaining particles could be dominated by abrasive wear
mechanism [31]. In fact, this explains the reasons for the significant loss of Al–1.5%Si alloy
mass during the dry sliding wear test.

3.5. Surface Roughness

The surface roughness profiles of the tested specimens were examined at the most
severe testing conditions, that is, 450 rpm rotation speed, 15 min testing period and
20 N normal load, and at three different orientations with respect to the direction of the
surface streaks, that is, 0◦, 45◦, and 90◦, as shown in Figure 10a–c. Accordingly, the
roughness index (Ra) values were calculated from each roughness profile and presented in
Figure 10d. The results indicated that the Al–13.5% Si alloy has the lowest surface roughness
values of Ra = 0.76, 2.93 and 3.19 at 0◦, 45◦, and 90◦ directions, respectively. Whereas the
roughness profile of Al–1.5% Si specimen showed the highest surface roughness values
among other tested compositions with Ra = 2.21, 6.17 and 7.83 at 0◦, 45◦ and 90◦ directions,
respectively. With reference to Figure 4, a reverse relationship between the roughness
and microhardness values could be depicted, where the roughness value decreases with
increased microhardness number. As discussed in Section 3.5, the presence of Diamond Si
hard phase in the Al–Si eutectic reduced the mass loss (enhanced the wear behavior) of
Al–13.5% Si alloy and thus it is expected to give the lowest Ra value. On the other hand,
the abrasive wear mechanism that occurred in Al–1.5%Si alloy may leave deep crates on
the surface of the tested pin, which is expected to increase the Ra value [31].

3.6. Design of Experiments and Response Surfaces

The impact of changing one factor at a time might be inadequate to demonstrate
the wear behavior of examined alloys under the influence of several factors. Thus, a full
factorial design of experiments was adopted to describe the wear behavior under the
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influence of several parameter interactions. Three factors (speed, load and time) were used
in this study and thus, k = 3. Each factor was tested under two experimental levels (low
and high) as follows: 250 and 450 rpm for the speed, 5 and 20 N for the normal load, and 5
and 15 min for the time intervals. Thus, the factorial design for this experiment is (23) and
the number of interactions was eight for each alloy composition as listed in Table 5.

Figure 10. (a–c) Surface roughness profiles for Al–1.3%Si, Al–1.5%Si, and Al–13.5%Si alloys, respec-
tively, in three directions, i.e., 0◦, 45◦, and 90◦ to the streak direction. (d) Roughness indices at 0◦, 45◦,
and 90◦ versus Si concentration for the three Al–Si compositions.

Table 5. List of test conditions for each alloy composition.

Iteration
Level of Each Factor Cumulative Mass Loss Responses

Speed Normal Load Time Al–1.5% Si Al–1.3% Si Al–13.5% Si

1 −1 1 −1 0.0136 0.0304 0.0111
2 1 −1 1 0.0165 0.0082 0.0039
3 −1 −1 1 0.0046 0.0047 0.0034
4 1 −1 −1 0.0025 0.0014 0.0012
5 1 1 1 0.0522 0.1481 0.0186
6 −1 1 1 0.0190 0.0432 0.0160
7 1 1 −1 0.0369 0.0827 0.0128
8 −1 −1 −1 0.0009 0.0013 0.0009
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The response surfaces of cumulative mass loss vs. speed, normal load and time for
Al–1.3%Si, Al–1.5%Si and Al–13.5%Si alloys are illustrated in Figure 11a–i, respectively.
In all figures, the cumulative mass loss showed an increased trend when the three factors
(speed, normal load and time) were in the high level. Under such conditions, it is not easy
to determine the effect of each individual factor.

Figure 11. Response surfaces of cumulative mass loss vs. normal load and speed, time and speed,
and time and normal load for (a–c) Al–1.3%Si, (d–f) Al–1.5%Si and (g–i) Al–13.5%Si alloys.

To explore the effect of individual factors and their interactions, Pareto charts of the
main parametric effects are plotted in Figure 12. The reliability of the estimated effects
from these charts can be estimated by choosing the value of confidence interval (α) [32].
The confidence interval (α) of 5% was used in the present work. This implies that 95%
(1 − α) of the confidence intervals would comprise the correct response. Accordingly, the
influence of wear parameters (speed, normal load and time) on cumulative mass loss was
determined. The normal load is obviously the main factor influencing the tribological
properties of the three Al–Si alloy compositions. However, slightly different responses
could be noticed form Figure 12 as function of composition. Both normal load and speed
have significant impact on the mass loss of Al–1.3%Si and Al–1.5%Si alloys as illustrated
in Figure 12a,b, respectively. The interaction of the three factors is minimum in Al–1.3%Si
alloy as compared to other experimental conditions. On the other hand, Al–1.5%Si alloy is
highly influenced by the interaction of the three factors as compared to that of Al–1.3%Si
alloy. The situation differs somewhat in the effect of controlled factors on the mass loss of
Al–13.5%Si, shown in Figure 12c. Although the normal load is the main influencing factor
on the mass loss, the time has more effect than the speed and the interaction among the
three factors is minimum.
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Figure 12. Pareto charts of the main effect of parametric interaction for (a) Al–1.3%Si, (b) Al–1.5%Si
and (c) Al–13.5%Si alloys.

4. Conclusions

In this work, the microstructure, mechanical properties and wear behavior of Al–x%Si
alloys (x = 1.3, 1.5, and 13.5) were examined and discussed. The specimens were pre-
pared to examine the Al-rich terminal solid solution (using Al–1.3%Si alloy), hypoeutectic
region (using Al–1.5%Si alloy), and hypereutectic region (using Al–13.5%Si alloy). The
microstructures of the examined alloys showed a typical Al–Si eutectic structure in the
three compositions with significant differences in their phase amounts and morphologies.
The average microhardness number increased with the increase in Si concentration. The
highest average microhardness number (47.16 HV) was acquired from the Al–13.5%Si
alloy due to the presence of a significant amount of the hard phase (Diamond Si) compared
with the other two compositions. However, when the soft phase (FCC-Al) dominated
the structure, the average microhardness number dropped to 36.82 and 35.38 HV for the
Al–1.5%Si and Al–1.3%Si alloys, respectively. The mechanical behavior analysis proved
that the Al–1.3%Si alloy can be easily cold-worked because of the high strain hardening
exponent value (0.3193), as compared to the hypoeutectic and hypereutectic samples. The
cumulative mass loss increased when both the rotational speed and normal load were
increased as a function of time. A direct relationship between the wear resistance and
microhardness number was depicted from the experimental results. Furthermore, samples
with a high microhardness number showed a lower surface roughness index value. The
response surfaces of the mass loss vs. speed, normal load and time showed increased mass
loss when the three controlled parameters were increased. However, Pareto charts of the
main effects of parametric interactions showed that the normal load is the main factor that
must be taken in consideration when studying the tribological properties of Al–Si alloys.
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