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Abstract: A 6061 aluminum alloy has almost 0.8–1.2 wt.% Mg and 0.4–0.8 wt.% Si content. These two
components, along with other alloying elements, therefore, were characterized by high mechanical
and abrasive strength. The aims of the present work were to understand the effect of different types
of cooling rates through different molds materials and to investigate the effect of casting with ceramic
additives on segregation of the aluminum alloy itself as a composite material forum. Therefore, a
series of mechanical tests were conducted, such as compression test, Vickers hardness, and pin-on-
disc wear test. The samples were cast at 650 ◦C and in electric furnaces for 2 h to ensure that the metal
achieved adequate homogeneity and temperature. Then, abrasive macroparticles of Al2O3 and Sic
with a size close to 40–60 µm were used. The particles were poured under constant stirring for 1 min.
Then, they were cast in two types of molds: steel and graphite. The cast specimens were obtained
as a reference without particles and with 0.5 wt.%, 1 wt.%, 2 wt.%, 3 wt.%, 4 wt.%, and 8 wt.%.
The thermal effect and the heat due to conduction and radiation were calculated. The maximum
compressive strength was found to increase by ≈21% with SiCp casted in graphite molds, and HV
was found to increase by ≈29% with SiC casted in graphite molds. The same was found for wear
resistance, which became good with SiC casted in graphite molds, and it was generally found that
the cooling rate through the mold weakened the alloy due to the segregation effect. The presence of
tough particulate through the aluminum matrix barrier created a number of loads. Additionally, the
high specific heat of graphite, which plays a dominant role in the slaw cooling rate of casting, led to
grain enlargement, whereas the higher cooling rate of steel led to grain refinement. These concepts
are the main rules of heat treatments through the casting process itself, and they save time and effort.

Keywords: aluminum alloy; graphite mold; steel mold; casting; heat loss

1. Introduction

Metal matrix composites (MMCs) are a strong competitor for other monotonic al-
loys [1]. They have a lot of widespread applications, in marine, automobile, and aircraft
industries. However, the manufacturing techniques have some difficulties such as the high
cost of equipment and tooling [2].

Many research works have dealt with the preparation and properties of metal ma-
trix composites (MMCs), and a review of some of them is summarized herein. The wear
behavior and lubrication of two metal matrix composites were examined by Caracostas,
Constantinos A. et al. [3]. The authors evaluated the wear behavior of two MMCs man-
ufactured using the 2024 T4-aluminum alloy as the matrix and titanium diboride (TiB2)
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particles as reinforcement while they were in sliding and rolling contact with 52,100 steel
and hardened pearlitic nodular cast iron. According to the investigation, while in sliding
contact, the 10 vol.% 0.3 µm TiB2-MMC exhibited marginally less wear than the 10 vol.%
1.3 µm MMC. The TiB2 particles on the wear track prevented spalling, and the MMC
suffered no subsurface damage, according to the authors’ observations. In contrast, Run
Geng et al. [4] studied the microstructure development of the Al-Mg-Si (6061) alloy after
casting, cold rolling, and heat treatments with a minor addition of nanosized TiC particles
(TiCp). TiCp inhibited recrystallization and grain development, refined grain structure, and
enhanced tensile strength without decreasing ductility. The 1.0 wt.% TiCp/6061 composite
had 330 MPa and 275 MPa in the T6 state and 438 MPa and 426 MPa in the as-rolled state,
42 MPa and 38 MPa, and 41 MPa and 52 MPa, higher than the matrix 6061 alloy, respectively.
The researchers concluded that adding TiCp leads to grain refinement and increase in both
ultimate tensile strength and yield. They stated that this is due to stress dislocation buildup
and precipitate strengthening. Run Geng et al. [5] investigated the corrosion behavior of
Al-Mg-Si alloys when adding nanosized TiC and TiB2 particles (TiCp, TiB2p) and concluded
that the corrosion behavior of Al-Mg-Si alloys is improved by adding TiCp and worsened
by adding TiB2p. This is due to grain refinement resulting from adding TiCp, whereas
TiB2p was segregated at grain boundaries and sped up corrosion. Furthermore, Al-Mg-Si
metal matrix composites were examined by D. Mummoorthi et al. [4] to study the effects of
a stir-cast reinforced alloy with 5 wt.% Fe2O3 with 2%, 4%, and 6% weight of B4C. Al 6061
composites were examined for physical and mechanical parameters such density, hardness,
impact strength, ultimate tensile and compressive strength, and microstructure with varied
wt.% of reinforcement using optical microscopy. An SEM study showed muscular bonding
between the matrix and reinforcements in freshly produced composites. They arrived at the
conclusion that Fe2O3- and B4C-reinforced Al6061 show improved mechanical properties.
Hence, the percentage of Fe2O3 and B4C particles increased microstructure uniformity and
tensile strength of metal composites without decreasing elongation. On the other hand,
Mummoorthi Duraipandian [6] examined aluminum Al6061 (Al-Mg-Si) alloy, 5 wt.% Fe2O3,
and 2 wt.%, 4 wt.%, and 6 wt.% B4C-reinforced matrix composites. The researcher adopted
stir-casting to produce the alloy. The researcher found that the mechanical characteristics of
composites improved with weight %. He also examined the corrosion resistance of Fe2O3-
and B4C-reinforced Al6061 metal matrix composites. Materials immersed in 3.5% brine
solution were tested for corrosion resistance using different electrical test parameters. SEM
showed composite corrosion before and after preparation. The study found that increasing
reinforced composite wt.% increases corrosion resistance. In addition, the manufacturing
process was investigated by Sunghak Lee et al. [7] as they examined the microstructure
of squeeze-cast and permanent mold re-cast A356 Al-SiC particle composites. These com-
posites were toughened by notched fractures to establish their critical fracture parameters
using stress-modified critical-strain criteria. The composite microstructure has continuous
networks of densely populated SiC and eutectic Si particles in intercellular zones. MMC
wear behavior was also investigated by R. Auras and C. Shvezov [8], who they studied five
zinc–aluminum (ZA)-based alloys with silicon, copper, and 8 and 16% volume of reinforc-
ing silicon carbide (SiC) particles. SEM, EDXA, and X-ray diffraction were utilized to study
the alloying characteristics, wear surface, and wear debris of cast samples. Pin-on-disc
wear was adopted in both dry and lubricated forms, and 29.43 N (3 kg), 49.05 N (5 kg),
78.48 N (8 kg), and 250 rpm (2 m/s) were used. The researchers observed that SiC particles
improved the matrix alloy wear, and the ZA alloy wear rate was non-linear based on the
test load. Nonreinforced alloys lost material in dry conditions. They also observed that
local plastic deformation and element transfer occurred in nonreinforced alloys. In another
study by Kumar, G.B.Veeresh et al. [9] also studied physical, mechanical, and tribological
characteristics of the Al 6063 alloy reinforced by silicon nitride powder via stir casting.
Matrix reinforcement varied from 0 to 10% in 2-wt% increments. The authors found out that
the reinforcing percentage greatly increased hardness and density and that the composite
wore well. Since Al 6063 is soft, this work generated Al 6063–silicon nitride MMC with
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superior mechanical and tribological properties. The researchers used SEM to examine
produced composites before and after wear test morphology and concluded that adding
silicon nitride highly increases the wear resistance of the Al 6063-based MMC.

K.R.Padmavathia and Dr. R.Ramakrishnan [10] used stir casting after melting alu-
minum alloy in an electric furnace to study the wear and friction of Al 6061 (Al-Si-Mg) with
varying percentage volumes of multiwall carbon nanotube and silicon carbide reinforce-
ment. MWCNT and SiC, warmed at 620 ◦C, were mixed into the molten metal at 750 ◦C. To
evenly incorporate SiC and MWCNT particles into the Al 6061 matrix, a twin-blade mild
steel impeller stirred them at 450 rpm for 5 min. Nano SiC and MWCNT particles were
used as reinforcement. The studies employed 0.5% and 1.0% MWCNTs and 15% SiC. The
pin-on-disc apparatus was used to examine specimen wear. The researchers observed that
under mild wear, the composite outperformed aluminum; meanwhile, under severe wear
conditions, the composite showed a higher wear rate and friction coefficient, and it was
found that the friction and wear behavior of the Al-SiC-MWCNT composite was greatly
influenced by the applied load and that CNTs could negatively affect aluminum alloy
wear resistance beyond a critical load, and reinforcement increased composite hardness.
M.Vamsi Krishnaa and Anthony M. Xavior [11] also explored the Al6061-SiC/graphite
hybrid composite’s mechanical properties. Their study employed Al 6061matrix, 37 µm
silicon carbide, and 1 µm graphite reinforcement. Stir-casting composites employed 5–15%
reinforcement in 5wt.% increments. The authors used an electric resistance furnace to
heat the aluminum alloy at 450–800 ◦C for 2 h before melting. Reinforcing particles (SiC)
and graphite particles were heated at 600 ◦C and 1100 ◦C for 2 h to increase wetness and
remove adsorbed hydroxide and other gases. Heating the matrix over 750 ◦C melts the
metal entirely. A semi-solid melt was cooled between liquidus and solidus points. Prior to
adding the particles, magnesium powder was added to melt to maintain the wettability.
Then, they added the preheated particles in three separate steps and then mixed them for
10–20 min at 200–400 rpm. The researchers also warmed molds at 250–350 ◦C for 2 h before
pouring the melt, and then the 730–800 ◦C melt was poured into the mold. It was observed
that the composite microphotographs demonstrated particle dispersion with few clusters.
They also found that composite densities were below the theoretical values and concluded
that dispersed graphite and SiC in Al6061 alloy strengthened composites. SEM scans
indicated void-free matrix-reinforcing particle dispersion. In addition, Oyewusi Elijah
Oyedeji et al. [12] studied aluminum metal matrix composite materials to determine the
best composition of Al-Mg-Si alloy reinforced with palm kernel shell ash (PKSA) particles
in terms of static and dynamic characteristics. The composites were made from powder.
The SEM result indicated that recrystallization during ball milling of mixed powders re-
sulted in increased dislocation density and tougher phases in the PKSA, which enhanced
their thermal characteristics. The C4 sample (6:94 wt.%) had optimum characteristics since
the modulus of rupture of the generated Al-Mg-Si-PKSA matrix composites was raised.
Based on dynamic mechanical thermal analysis (DMTA), the developed composites’ stor-
age modulus, loss modulus, and damping factor were found. Frequency and amplitude
increased Tg. This study also found that the use of 6 wt.% PKSA on Al-Mg-Si powder is
ideal for aeronautical research. Moreover, Madeva Nagral et al. [13] examined the effects
of micron-sized graphite addition on the Al6061 alloy’s microstructure and tensile failure.
The two-step stir casting approach improved the wettability of Al6061 alloy metal matrix
composites enhanced with 6, 9, and 12 weight percentages of graphite particles. Microstruc-
tural, density, hardness, and tensile characteristics were tested on synthetic composites.
SEM, EDS, and XRD patterns characterized samples’ microstructures. Graphite reinforcing
lowered metal composite density and hardness while increasing ultimate tensile strength
and yield strength. Reinforcement increased the Al6061 alloy composite elongation.

As shown above, most MMC composites are based on pure metal filled with additives.
Few studies deal with the segregation effect caused by aluminum alloy; moreover, Al-Si-Mg
alloy is the matrix material. Regarding our hypothesis, the Al-Si-Mg alloy is strengthened
by ceramic additives [14] and enhances the compressive strength, but the strengthening
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mechanism varies with the position of the cast in the casting mold. Segregation effects
were major factors in the variation in mechanical properties [15], which also reduced the
micro-homogeny distribution of alloy elements through the cast. In addition to the molding
effect [16], therefore, the novelty, which needs more study, was the effect of stir casting on
the segregation of the alloy, as well as the heat treatment during casting, which saves effort
and time for progressive sequences and operation. Hence, the present study has three main
topics of investigation: (1) the fabrication technique using a special preparation stir-casting
process, (2) the effect of mold types and different cooling rates, and (3) the tribological
properties of MMC based on Al-Si-Mg/SiC, Al2O3 composites.

The paper is structured as follows: in the first section, the fabrication technique is
explained, followed by the aspects of thermal analysis and cooling rate; in the second
section, the mechanical and tribological tests are outlined; in the third section, the results
and discussion are presented; and in the last section, the conclusions and remarkable
concepts are summarized.

2. Material and Methodologies

The material was aluminum alloy 6061, which we sourced from the Aluminum Com-
pany of Egypt, i.e., Naga Hammadi, Egypt. This type of alloy is characterized by its
high strength, good weldability, and high wear resistance, due to its particular chemical
compositions, which are listed in Ref. [17]. It was found that the two main constituents of
the alloying element of this aluminum alloy were magnesium, with a content of (0.8–1.2)
wt.%, and silicon, with a content of (0.4–0.8) wt.%. Aluminum is distinguished by high
fracture toughness [18]. This observable composition was the main reason for the attractive
properties of this alloy and can therefore be described as such [19–21].

2.1. Stir Casting Process

The aluminum segments were placed in a small ceramic crucible and then placed
in an electric furnace with a maximum heating temperature of 1500 ◦C. The metal was
heated to 650 ◦C. The molten metal was kept at this temperature for 2 h to achieve sufficient
homogeneity and solubility [22]. This temperature was above the melting temperature
of 580 ◦C [23]. This temperature was chosen to allow enough time to mix the ceramic
additives— alumina Al2O3 and silicon carbide SiCp particles (supplied by El-Gomhouria
for Medicines and Medical Supplies, Cairo, Egypt) (Swith a size of almost 40–60 µm—based
on heat and mass transfer criteria [24]. The crucible was then removed from the oven and
placed in the chamber of the electric mixer (see Figure 1), and the agitator was switched on
while the ceramic additives were poured in. The electric mixer was made so that the metal
did not splash out during the mixing and stirring process. To prevent a large temperature
loss, the ceramic fan was preheated to the same temperature, and the ceramic additives
were added to the furnaces to achieve the same temperature of the molten metal. The
stirring process took less than 30 s, and then the crucible was poured into the molds. There
were two types of molds: H13 Steel alloy of 24.3 W/m.K thermal conductivity and of
0.460 J/g-◦C specific heat [25] (Figure 2a) and synthetic graphite (petroleum coke, needle
coke, coal pitch, etc.) of 121.1 W/m.k thermal conductivity [26] and of 1.732 J/g ◦C specific
heat [27] (Figure 2b). The castings produced were like the aluminum alloy without any
additives (0%), while the Al2O3 and SiC particles were added at 0.5 wt.%, 1 wt.%, 2 wt.%,
3 wt.%, 4 wt.%, and 8 wt.%. It is known that these ceramic additives do not dissolve
in the aluminum matrix due to the large differences between melting temperature and
density; therefore, the cast product can be called a metal matrix composite [14,28,29]. The
cast products had a cylindrical shape of 238 mm × 15 mm for casting in a steel mold and
200 mm × 22.5 mm for casting in a graphite mold.
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2.2. Heat Loss Analysis

The mechanism of heat transfer during casting depends on the solidification process,
the cast metal, and the thermal radiation [30]. These dynamics can be explained by the
cooling curve shown in Figure 3. The heat loss during the casting process up to Tl, known as
the cooling temperature of the liquid or the beginning of solidification, is mainly due to the
turbulent flow in the molten metal to compensate for the longer time needed for mixing the
additives and the stirring process; this point is smaller than Tms. The rate of solidification in
this range is linear, and the amount of heat is minimal. Solidification begins on contact with
the molds at Tl, then continues gradually until it solidifies completely at temperature Ts.
The castings are left in the molds until they have cooled completely to room temperature Tr.
This normalizes the grain size of the product in the molds, and the boundary conditions are
as homogeneous as possible. The solidification process progresses over time. The time at
which the temperature of the molds rises significantly to the maximum temperature is the
same as when the molten metal reaches the liquidus point. Therefore, a thin layer forms
over the outer casting surface, and then the metal shrinks and an air gap is interrupted
between the mold and the metal.
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Thermal Analysis

Casting of aluminum involved moving the molten metal from the furnace to the
mold through a refractory casting crucible; during this operation, the heat was lost into
the atmosphere, the crucible during the stirring operation, and even through the casting
mold [31]. The heat loss caused by contact with the crucible and the mold can be calculated
using Fourier’s law in one dimension:

∂T
∂t

= α
∂2T
∂y2 (1)

where T is the temperature in metal 650 ◦C and y isdisplacement through the mold depth.
Using the boundary conditions on the inside of crucible and mold that are the same as the
metal, therefore, we can set y = 0 and T (0, t) = T, y = −∞, T (−∞) = Ts, whereas the heat
flux at the interface between the wall of the crucible and mold [31] is

∂q(0, t)
∂t

= k
∂T(0, t)

∂y
(2)

By solving Equation (1) with respect to the derivation of Equation (2), the heat flux P
can be calculated in watts using Equation (3) as follows:

P =

√
kρcp

π × t
A(T − Ts) (3)

where k is the thermal conductivity of the ceramic refractory for the crucible or for the
mold material (graphite, or steel), and cp is specific heat. A is the surface area normal to the
direction of heat transfer and can be calculated as follows:

A = s (2h + b) (4)

where s is distance per second of metal flow (m), h is the metal depth, and b is crucible
or mold width. For a mass m molten metal, the energy can be expressed by rewriting
Equation (3) as follows:

P = m× cp × ∆T (5)
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Hence, the temperature gradient or loss ∆T in transferring the molten metal from
furnaces to the crucible or mold cavity is as follows:

∆T = Pm × cp (6)

For the heat reduction due to radiation, the temperature loss can be calculated using
the radiation as follows [31]:

P = ε× σ× A
(

T4 − To
4
)

(7)

where ε is the emissivity (0.09 to 0.24) for the aluminum alloy 6061 [32] and σ is Stefan Boltz-
mans constant [33,34], 5.67 × 10−8 (W/mK). Then, the temperature loss can be calculated
using Equation (8):

∆T =
ε× σ× b

(
T4 − To

4)
m× cp

(8)

where ∆T is now the temperature reduction per meter due to radiation.

2.3. Sample Perspiration

The cast products taken from the molds were cut into nominal dimensions using the
Turing process. The nominal dimensions were 12 mm × 200 mm for the specimens cast
in steel molds, while they were 180 mm × 20 mm for those cast in graphite molds. These
specimens were cut into three equal segments along the entire length of the specimen. This
technique reduced the inhomogeneity and percentage error when repeating the test, as it
was the same sample and the segregation effect was low, as cited in a previous study by
Hassan et al. [14,29].

2.4. Compression Test

The compression test was carried out according to the ASTM E9 standard [35] at room
temperature. This test is used to measure the compressive strength, Young’s modulus,
and percentage deformation of the cast product. The test was conducted using a universal
testing machine (Model WDW-100, Jinan Victory Instrument Co., Ltd., Jinan, China) [36]
with a load capacity of 100 kN and a controlled speed of 5 mm/min. The load values were
recorded with the load indicator, while the deformation was measured with a 0.005 mm
dial gauge attached to the moving platen of the machine. The ends of the specimens were
supported on two hardened parallel steel plates. These two parallel plates, conforming
to the ASTM E9 standard [35], were used to ensure even distribution of the loads and to
prevent tipping of the head, which can occur during the test. The test was performed dry
and without lubrication between the plate and the specimen. The test was continued until
the optical crack imitation appeared on the surface of the specimen. The sample height
was measured before and after the test, with a 0.05 mm vernier. The test was performed
on all samples with and without additives, cast in both molds. The specimens were, as
mentioned above, short specimens with a high thickness ratio (h/d ≈ 0.8) according to the
ASTM E9 standard [35].

2.5. Hardness Test

The Vickers hardness test was conducted in accordance with ASTM E384-10 [37].
The test was performed with a universal hardness testing machine (Zwick/ZHU 187.5,
ZwickRoell, Ulm, Germany) [26]. A diamond-shaped, square, pyramid indenter was
pressed into the surface under a uniform load. The load was maintained for (15) seconds
to achieve a uniform condition, and then the indenter was removed. The surface of the
specimen should be prepared by polishing in two steps before testing. The first step is
polishing with medium-grit emery paper (1000) to remove all rough surface imperfections,
and the second step is to use very fine silicon carbide emery paper (2000) to polish the
surface like a mirror. Then, the surface is etched with sulphuric acid H2SO4 for about 1 min.



Metals 2023, 13, 316 8 of 20

After that, the samples are ready for the Vickers hardness test. The specimens taken from
the three previously cut positions were 5 mm × 12 mm and 5 mm × 20 for the specimens
cast in steel and graphite molds, respectively.

2.6. Pin-on-Disc Wear Test

The wear test is performed with a pin on a disc according to the ASTM G99-05
standard [38]. The test was performed on all cast products. Figure 4 shows a general
view of the wear test machine (SSITOM-012-Pin On Disc Wear Apparatus, Saini Scientific
Industry, Haryana, India) [14]. It consists of a horizontal steel disc with an inner diameter of
50 mm, an outer diameter of 100 mm, and a thickness of 2 mm, which rotates and is driven
by a variable-speed motor. A specimen holder connected to the loading lever and pressed
against the rough counter surface is used to hold the specimen. The load is applied with a
dead weight of 1600 g at a 3.5 m/min and 5 m/min linear speed at 5 min contact time. The
surface of the sample was polished with 1000-grit emery paper to remove any unevenness
or impurities. The initial weight was then measured with an accuracy of 0.001 g, and the
sample was fixed in the play as a 12 mm diameter pin. In addition, 80-grit emery paper
with a surface roughness of 1.80 × 10−6 was glued to the opposite side of the steel disc
with epoxy glue; then, the pin (the sample surface) was contacted in a dry state and not
lubricated. The motor speed was 400 rpm.
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3. Results and Discussion
3.1. Compressive Strength

The average compressive strength as a function of deformation stress is shown in
Figures 5 and 6. It was found that the deformation strain increases with increasing additions
for Al2O3 cast in graphite mold (Figure 5a). This was true for specimens with 1, 4, and
8 wt.% Al2O3. In addition, these three specimens had a higher compressive strength. The
Young’s moduli are close to each other, the curve is almost smooth, and no catastrophic
failure occurred. The strength reached almost the maximum values of over 500 MPa for
the specimens without Al2O3, while it decreased with increasing Al2O3 content in the
steel mold (see Figure 5b), which can be attributed to deformation. The values of the
Young’s moduli were almost the same. This is because the alloy cast in a steel mold has a
lower specific heat and a higher emission coefficient ε, so the heat transfer is higher and
faster for steel castings than for samples cast in a graphite mold. The higher cooling rate
resulted in refinement and smaller grain size [16], while in graphite molds and ceramic
molds, which are characterized by higher specific heat and thus lower emission coefficient,
heat transfer takes longer, resulting in the coarsening of the grains. A fine grain size is
preferred to increase the strength and reduce voids and defects. Figure 6a shows the
compressive strength of composite aluminum embedded with SiC particles casted in a
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graphite mold. The strength values and deformation strains for 0.5, 3, and 8 wt.% Si C were
nearly the same; with the as-received aluminum alloy (without additives), the deformation
strain reached a maximum of 0.5 for 8 wt.% SiC and a minimum for 2 wt.% SiC. For
composite metal casted in steel mold (Figure 6b), it was found to increase in strength and
deformation strain with the increase in the wt.% of SiC additives for the aluminum alloy
matrix. However, the strength and deformation strain decreased for 1 wt.% and 3 wt.% Si
C, due to segregation in the alloy, which cannot be eliminated completely in the casting
production technique [14,29]. More concentration appears on the curve, and it was found
that the curve has two sloped regions, an elastic slope followed by another slope over
the plastic zone, as clearly seen in specimens of 1 wt.% and 4 wt.% Al2O3 casted in steel
mold (see Figures 5b and 6b). Tables 1 and 2 list the exact values of the average of three
compressive tests of Al-Mg-Si alloy composed of ceramic additives casted in graphite and
steel molds, respectively. In Table 2, the specimens gave high average compressive values
for 1 wt.% Al2O3 of 530.37 MPa with a standard Deviation SDV 1.06 and a maximization
as 55.45 MPa with SDV 29.12 MPa at 4 wt.% Al2O3 when casted in the graphite mold. In
addition, it was 525.98 MPa with SDV 3.37 MPa for 1 wt.% SiC and 545.92 MPa with SDV
3.7 MPa at 4 wt.% SiC when also casted in graphite molds. The lowest percentage error was
0.61 and 0.9 for specimens with 1 wt.% Al2O3 and 3 wt.% SiC, which indicates the stability
of the test procedure and its repeatability. The highest value of the height reduction was
54.4% for the specimen containing 4 wt.% SiC particles; therefore, the ductility for this
specimen and the deformation ability was increased and enhanced, which is the reason
behind the higher compressive properties with a composite containing Si C and a symmetry
between the alloy internal element over 0.5 wt.% Si (see Figure 7a,b). Table 2 lists the effect
of the steel mold on the casting compressive strength; it was found that the maximum
compressive strength was 623.53 MPa with an SDV of 24.99 MPa for 8 wt.% Al2O3 particles.
Then, asecond degree was a specimen filled with 4 wt.% Al2O3 as 574.77 MPa with an
SDV of 19.08 MPa, whereas for SiC particles, the reduction in strength in terms of the
maximum values walso at 4 wt.% SiC with 539.46 MPa and an SDV of 16.3 MPa, whereas,
in the second grade, the 8 wt.% SiC had an average value of compressive strength of 537.65
and an SDV of 3.59 MPa. The higher ductility was achieved with a 4 wt.% of SiC of 59%.
Although the casting in steel mold was given higher values of compressive properties,
the stability of the tests was smaller than that of casting in the graphite mold, because
the % error of the specimen casted in steel had a higher value, and the minimum value
was 1.04 for 4 wt.% Al2O3. Then, in the second grade, the value was 1.49 for 3 wt.% SiC
particles (see Figure 7a,b). Figure 8 shows an optical image to illustrate the distribution
of the particle through the Al-Si-Mg alloy matrix. It was observed that there was a region
with a higher concentration than other regions. The surface patterns wer finer for the
specimen casted in the steel mold, as shown in Figure 8a,c, whereas some coarsening was
observed in the specimen casted in graphite molds, as shown in Figure 8b,d. The load
was transmitted between the MMC by the interfacial region between the Al-Si-Mg alloy
and the SiC and Al2O3 additives [39,40]. Therefore, the increase in compressive strength
with the additives occurs because these additives function as a secondary feature in the
matrix phase, which resists the progressive deformation in the metal matrix [4,40]. While
the separation at the interface between the Al-Si-Mg alloy and theceramic additives (SiC
and Al2O3) was the major failure mechanism in the recasting methods [7], the failure
mechanism related to the alloy without the additive depends on the Si element, which
was homogeneously distributed in the aluminum matrix; therefore, it cleaved to form
microcracks [35]. Therefore, the separation at the interfaces formed ductile cracks ahead of
microcracks and then interconnected by localized shear bands deformed in the aluminum
matrix. These results were similar to those of Nikhil et al. [41], where the graphite was
used to strengthen the aluminum matrix composite. It was reported that the strength
enhancement due to the reinforced phase acts as if they are a load barrier [7,13].



Metals 2023, 13, 316 10 of 20
Metals 2023, 13, 316  11  of  21 
 

 

 

Figure 5. Average stress and strain relation for the Al‐Si‐Mg alloy filled with Al2O3 in (a) graphite 

mold, (b) a steel mold. 
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Table 1. Compression test results for the (Al2O3 and SiC)/Al-Si-Mg composite casted in a
graphite mold.

wt.% Additives
Compressive Strength σ, MPa % Height Reduction

Al2O3 SDV % Error SiC SDV % Error Al2O3 SiC

Without additives 504.88 9.06 5.23 504.88 5.23 5.23 39 39

0.5 wt.% 378.87 27.07 15.62 411.72 26.32 15.19 30.7 34.8

1 wt.% 530.37 1.06 0.61 545.92 3.37 1.95 47.7 39

2 wt.% 409.30 17.27 9.97 373.36 14.54 8.39 26.8 26.8
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Table 1. Cont.

wt.% Additives
Compressive Strength σ, MPa % Height Reduction

Al2O3 SDV % Error SiC SDV % Error Al2O3 SiC

3 wt.% 387.69 18.3 10.50 353.61 0.9 0.52 29 19.7

4 wt.% 555.43 29.12 16.81 525.98 3.7 2.13 54.4 49.7

8 wt.% 491.85 26.4 15.29 519.61 12.3 7.10 41.9 43.1
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Figure 6. Average stress and strain relation for the Al-Si-Mg alloy filled with SiC in (a) graphite mold,
(b) a steel mold.
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Table 2. Compression test results for (Al2O3 and SiC)/Al-Si-Mg casted in a steel mold.

wt.% Additives
Compressive Strength σ, MPa % Height Reduction

Al2O3 SDV % Error SiC SDV % Error Al2O3 SiC

Without additives 513.3 30.07 17.36 513.31 30.07 17.36 52.6 52.6

0.5 wt.% 396.85 32.64 18.82 370.57 22.31 12.88 34.3 38.1

1 wt.% 513.29 5.91 3.42 519.12 25.73 14.86 46 48.6

2 wt.% 384.73 1.81 1.04 343.66 9.18 5.30 42 30.5

3 wt.% 363.29 13.56 7.80 343.50 2.58 1.49 38 25.8

4 wt.% 574.77 19.08 11.02 539.46 16.93 9.77 50 59.8

8 wt.% 623.53 24.99 14.42 537.65 3.59 2.07 41 34.4Metals 2023, 13, 316  13  of  21 
 

 

 

Figure 7. Average stress variation for the Al‐Si‐Mg alloy filled with (a) SiC and (b) Al2O3 particles. 
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3.2. Hardness Test

The change in Vickers hardness at different Al2O3 weight percentages is shown in
Figure 9a. It was found that there are two factors. The first factor, Vickers hardness, was
higher for 0 wt.%, 0.5 wt.%, 1 wt.% and 2 wt.%, and 1 wt.% and 2 wt.% Al2O3 cast in steel
molds, while for the second issue, for 3 wt.%, 4 wt.% and 8 wt.% Al2O3, the trend was
towards higher hardness. For the % Al2O3, the trend changed: the hardness was higher
for Al2O3 cast in a graphite mold. This is because a cooling rate in the graphite mold is
allowed due to the higher specific heat of graphite and the increasing amount of alumina,
which has a lower density and takes more time to segregate through the molten metal, so it
is deposited more on the surface, whereas with the small amount, it is not saturated over
the entire surface of the samples [21] (see Figure 8a). The maximum Vickers hardness was
62 kg/mm2 with an SDV of 0.81 kg/mm2 and a % error of 0.47 for 8 wt.% Al2O3 cast in
a graphite mold, and 59.5 kg/mm2 with an SDV of 9.25 kg/mm2 and a standard % error
of 5.33 for 1 wt.% Al2O3 cast in a steel mold. In general, the standard % errors were low;
therefore, the test stability was acceptable and good [42]. On the other hand, the effect of
SiC particles on Vickers hardness is shown with the mold in Figure 8b. Two observations
were made: first, the increase in SiC particles increased the Vickers hardness for 1 wt.% to
8 wt.%, and second, the hardness in the graphite mold was higher than that in the steel
mold for all wt.%. This is due to the homogeneity of the Si addition in the Al-Si-Mg alloy,
but also due to the graphite mold with SiC, as the carbon combined with graphite increased
the grain size due to the low cooling rate. The maximum Vickers hardness was 66 kg/mm2

for a composite with 8 wt.% SiC cast in a graphite mold with an SDV of 5.9 kg/mm2 and a
minimum standard error of 3.4. The maximum hardness was 56.33 kg/mm2 for a composite
with 3 wt.% SiC cast in a steel mold with an SDV of 4.49 kg/mm2 and a lower standard
error of 2.59, again indicating the reliability of the test procedures. The ceramic additives
give some shielding to the aluminum matrix from plastic deformation; therefore, the strain
energy stored increased, and the hardness improved [43,44]. However, the specimens
casted in graphite with Al2O3 reinforcement decreased as in Seah et al. [45]. This could
be attributed to the graphite molds, permitting graphite elements to diffuse through the
aluminum matrix and therefore causing the material ductility to increase [46]; therefore, it
was easily deformed with the hardness indentor [13], whereas with the SiC particles, it was
a little higher.
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3.3. Wear Properties

First of all, it is well-known that wear tests involve a variety of individual concepts,
and many factors can influence material performance [47]. Therefore, various trends
were observed. In general, it was found that most percentage standard errors were high
because many factors affect the wear test, such as the type of interfaces, surface finish
of the material, types of material, machine speed, vibration-specific heat, and thermal
conductivity of the material. It was found that, in general, casting in a steel mold at a
sliding speed of 3.5 m/min (see Figure 10) and 5 m/min (see Figure 11) resulted in a
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higher wear rate than casting in a graphite mold. This was attributed to the fact that when
casting in a graphite mold, a graphite element diffuses through the Al alloy matrix, as high
temperatures and good contact favor the diffusion and wettability of the aluminum [48],
so graphite acts as a solid lubricant that reduces the effects of wear. In addition, the low
cooling rate in graphite molds was the main reason for the coarsening of the grain size of
the Al-Si-Mg alloy so that it absorbed some of the shear stress such as dumpers, resulting
in a reduction in the wear loss. In contrast, when casting in steel molds, the heat loss is
higher due to the higher heat transfer from radiation and the lower specific heat of the
steel mold. This higher cooling rate resulted in grain refinement, especially near the mold
wall [16]. In Figures 10a and 11a,b, it can be found that the 2 wt.% Al2O3 and SiC almost
gave a maximum average weight loss. It was 506.66 mg with an SDV of 123.5 mg and a
minimum standard error of 71% for the Al-Si-Mg alloy cast in a graphite mold filled with
Al2O3 at a sliding speed of 3.5 m/min (Figure 10a), while it was 436 mg with an SDV of
200 mg and an error of 115.5% error for the alloy filled with Al2O3 also cast in a graphite
mold but at a sliding speed of 5 m/min (see Figure 11a). Furthermore, the SiC at 2 wt.%
shows the same trend, as the average wear loss was 776.6 mg with an SDV of 212 mg and
122% error, even when cast into a graphite mold. In contrast, the addition of 3 wt.% SiC
to the Al-Si-Mg alloy increased the weight loss to a maximum value of 276 mg with an
SDV of 160 mg and 92% error when also cast in a graphite mold and at a sliding speed of
3.5 m/min. It was also observed that most Al-Si-Mg alloys filled with SiC particles had a
weight loss of less than 200 mg, as SiC reacts with the aluminum according to the reaction
shown below, resulting in wettability of the aluminum and an increase in the amount of Si
in the aluminum matrix itself [48], while Al4C3 increased the amount of carbon, which acts
as a solid lubricant.

3SiC + 4Al → Al4C3 + 3[Si] (9)

It was observed generally that the Al-Si-Mg alloy matrix gave higher wear resistance,
which was due to the strong bonding between the ceramic additives and the aluminum
matrix, which led to less third-body wear during the wear process, as reported in [3,49].
The same results were reported for ceramic particulates inserted through an aluminum
matrix carrying most of the shear load of wear action; hence, it effectively protects the
matrix alloy matrix from extreme wear loss. It was also similar to that reported with other
ceramic additives such as Fe2O3 and B4C, where the wear resistance improves and increases
with the ceramic additives. As cited before, the SiC particles and Al2O3 strengthen the
aluminum matrix failure due to the separation at the interfaces, which needed larger shear
forces due to homogeneity and higher dependability. On the other hand, the wear loss
mechanism may be due to the oxide layer formed around the ceramic additives at the
interfaces, which may lead to the formation of MgO, which weakens the bonding, as it was
not coherent with the matrix phase [50]. Increasing wear loss in the Al2O3 was observed
due to a tribo-chemical reaction between alumina particulates and the steel of the machine
disc [3], similarly to the study performed by Brown et al. using X-ray diffraction of the
wear aspartates generated during wear action [51].
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4. Conclusions

Nowadays, metal matrix composites are setting the standard in the majority of indus-
trial sectors. Due to its strength and high corrosion and wear resistance, the Al-Si-Mg alloy
has been a competitive and alternative material in the aerospace and automotive industries.
With the notably inexpensive stir-casting method, an Al-Si-Mg alloy composite material
with various weight percentages of SiC and Al2O3 particles was prepared. The aluminum
alloy loaded with 8 percent Al2O3 by weight showed a maximum compressive strength of
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623.53 MPa. The compressive strength of the alloy with the added Al2O3 particles cast in a
steel mold was 21% higher than that of the Al-Si-Mg alloy. Additionally, the aluminum alloy
loaded with 8 percent SiC particles by weight and cast in a graphite mold increased the
Vickers hardness by 29% to a maximum value of 66 kg/mm2. However, casting in graphite
mold with SiC particles was favored and is recommended owing to the involvement of Si
from the SiC, graphite production from the graphite mold, and segregation of the alloy
itself. Additionally, wear resistance was typically boosted by the inclusion of particles.
When cast in a graphite mold, the particles in the Al-Si-Mg alloy were more evenly dis-
persed. On the other hand, because of the rapid cooling, the compressive strength rose
when the material was cast in a steel mold. The present hypotheses were achieed through
the ability to apply heat treatments to casting products during the casting process, which
reduced time and expenses. An MMC with ceramic additives may be formed from an
Al-Si-Mg alloy using the suggested stir-casting sequence method with a lower segregation
percentage. Additionally, it had a limitation whereby MgO, the primary cause of material
embrittlement, formed as a result of the creation of an oxidation layer surrounding the
ceramic additions that reacted with the alloy’s Mg. It is suggested that future research
thoroughly examine the impact of ceramic additives at the micro-structure level using the
wet wear test, SEM, and EDX analysis.
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