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Abstract: This study aims to investigate the microstructural alterations, mechanical properties,
sliding wear behavior, and corrosion properties of Al-15%Mg,Si composites with different contents
of yttria-stabilized zirconia (YSZ). Al-15%Mg,Si composites with the different contents of YSZ
(0, 3, 6, and 9 wt.%) were fabricated using the stir-casting technique. The fabricated composites were
characterized by means of optical microscopy (OM), scanning electron microscopy (SEM) equipped
with energy-dispersive spectroscopy (EDS), Vickers hardness tester, linear reciprocating tribometer
(LRT), and electrochemical test. The results showed that with the introduction of YSZ particles, the
average size of the primary Mg,Si particles in the base composite was 137.78 pum, which was reduced
to 88.36 um after adding 9 wt.% YSZ. The aspect ratio of Mg,Si particles also decreased from 3,
for the base composite, to 1.27 in the composite containing 9 wt.% YSZ. Moreover, the hardness
value displays an incremental trend from 102.72 HYV, as recorded for the base in situ composite, to
126.44 HV in the composite with 9 wt.% YSZ. On top of that, the Al-15%Mg,Si-9%YSZ demonstrates
exceptional wear resistance, with the lowest wear rate of 0.46 mm?/km under a 25 N applied load.
Its average coefficient of friction (COF) was recorded at 0.42, which is lower than both the 3 and
6 wt.% of YSZ-containing composites. The smoother worn surface in Al-15%Mg;Si-9%YSZ hybrid
composite implies the abrasion phenomenon, as dominant wear behavior is milder than the other
fabricated composites. On top of that, the Al-15%Mg;Si-9%YSZ also possesses optimum corrosion
resistance. The corrosion rate is 0.080 mmpy, comparable to the 0.164 mmpy rate obtained in the in
situ composite.

Keywords: marine application; Al hybrid composites; Mg,Si; YSZ; mechanical property; wear
behavior; corrosion

1. Introduction

The use of various composite materials with metal [1], polymeric [2], or brittle [3]
matrixes is highlighted in the mechanical design of structures in advanced industrial
applications, such as aerospace, automotive, construction, and marine applications [4].
Composite materials are widely used in the marine industry due to their unique mechanical
and corrosion properties [5]. Marine transport is increasing its usage of composites by
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exploiting their two leading qualities: lightness and corrosion resistance. In this regard, the
composite materials can be used as hull materials for naval warships [6], gratings, ducts,
shafts, piping, hull shells [7], ferrocement for the development of low-cost barges/ferro
boats, glass-reinforced plastic boats [5], sailboats, furniture on super-yachts and ocean
racing applications [8]. Among the many types of composites [9], aluminum metal matrix
composites (Al MMCs) are produced to have high specific strength and stiffness, suitable
for many long-term energy-saving applications that aim to reduce the structures” weight in
many industries, including robotics, rotating shafts, and automotive engine, and shipbuild-
ing [10]. Al MMCs are generally produced with pure aluminum or aluminum alloys as
their matrix materials. Due to their unique properties, such as a light weight, high specific
strength, reasonable wear and corrosion resistance, controlled coefficient of thermal expan-
sion, and high, good elevated-temperature stability, they are widely used in automobile
and aerospace industries in the design of parts for advanced applications [11,12]. The
density of aluminum alloys is nearly the same as the density of pure aluminum, which
is approximately 2698 kg/m3. By incorporating aluminum into the production of MMC,
the melting point increases significantly compared to the melting point of pure aluminum,
which is 660 °C. Pure aluminum is not commonly utilized in industrial applications due to
its low strength [13]. MgySi is an intermetallic compound with the potential to enhance
the properties of Al alloys. This is because it possesses a high hardness (in the range of
4.5 x 109 Nm~2) and elastic modulus (120 GPa), as well as low density (1.9 g/cc), and high
melting temperature (1085 °C) [14]. Mg»Si also has a better oxidation resistance compared
to magnesium alloys due to its high silicon content [15]. By providing a perfect combina-
tion of physical and mechanical properties when used as reinforcement in Mg,Si/Al and
Mg,Si/Mg composites, it can allow for the production of promising candidate materials
used for automobile, aerospace, biomedicine, and other applications [16]. However, this
intermetallic compound is highly brittle, especially at low temperatures. Other researchers
stated that a plausible reason for this brittleness is the coarse dendritic structure formed
in the Mg,Si phase during the solidification process of Al or Mg melts [17]. The brittle-
ness of the Mg,5i phase increased the tendency of this intermetallic compound to act as a
stress-concentration region, which induces the nucleation and propagation of cracks and
deteriorates the respective properties, such as machinability, mechanical properties and
wear resistance [18]. This has led to many studies being conducted to modify the Mg,Si
phase so that the strength and ductility of the alloy can be enhanced.

On the other hand, some research had also been carried out to examine the influence
that the addition of ceramic particles has on the alterations in the size and morphology of
Mg,Si particles in Al-Mg,Si composites using an ex situ technique. According to [19], nano-
sized SiC particulates and in situ Mg,Si particles reinforcing the Al-Cu matrix were used to
fabricate the hybrid composites, and the microstructure and mechanical properties were
investigated. In this study, a comparison was made between the properties Al-Cu alloy,
Mg,Si/ Al-Cu, SiC/ Al-Cu, and (Mg,Si + 5iC)/ Al-Cu composites. The researchers showed
that the mixing of in situ Mg,Si and ex situ SiC can effectively alter the morphology of the
Mg, Si particles by changing them from a short strip to a dot shape. The results indicate
that, after the addition of SiC, the primary a-Al phase in the (Mg,Si +SiC)/ Al-Cu hybrid
composite was significantly refined as compared to that of the Mg,Si/ Al-Cu composite. It
was also found that the grain size of the Mg,Si/Al-Cu and (Mg5Si + SiC) / Al-Cu composites
was greatly reduced relative to that of the Al-Cu alloy. This indicates that SiC and Mg,Si
phases can deter the growth of primary Al grains. In addition, the size of the Mg,Si particles
is also refined by the addition of SiC. This can be explained by the phenomenon whereby SiC
can act as the nucleus of Mg,Si to allow for heterogeneous nucleation to take place during
solidification. In addition, SiC particles acted as a physical barrier in the growth stage
of Mg,Si particles; therefore, the grain size of Mg,Si was reduced [20]. Furthermore, the
addition of SiC to the Mg,Si/ Al-Cu composite also decreases the ductility of the composite,
since SiC particles are considered to be hard and brittle [19]. Another study was focused on
comparing the characteristics of ADC-12 (AA383) reinforced with nano-SiC and nano-Al,O3
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composites fabricated by the stir-casting method. The variations in the amount of nano-5iC
and nano-Al,O3 that was added were 0.05, 0.1, 0.15, 0.2, and 0.3 vf. %. It was found
that nano-SiC and nano-Al,O3 reduced the primary Al grain size as they act as a grain-
refiner. Furthermore, the addition of nano-SiC and nano-Al,O3; improved the hardness
value while decreasing the wear rate. This can be explained by the higher hardness of the
particles compared to the matrix, which hardens the composites [21]. Moktar et al. [20]
found that when Al-20%Mg,Si composite is added with 10 wt.% SiC, the primary Mg,Si
morphology changed to polygonal, together with a decrease in its size to 30 pm. The ability
of the stir-casting method to produce Al6061-SiC-Al,O3 hybrid composites was reported
by Umanath et al. [22]. They found that, with the addition of reinforcement particles to the
alloy matrix, microhardness increases due to the solid solution hardening of the matrix.
The microstructure and tensile properties of Al,O3/SiCp-reinforced AMMCs produced by
stir-casting were evaluated by Altinkok et al. [23]. Compared to the unreinforced alloy, the
strength of the hybrid composite was higher; the considerable improvement in the tensile
strength of the composites was associated with the reinforcement shape, grain and particle
size, as well as the uniform distribution of the particles in the matrix. Uvaraja et al. [24]
concentrated on the wear behavior of hybrid composites by altering the SiC contents and
fix content of B4C particles. The increase in the hardness of the composite was believed to
mainly be due to the presence of hard B4C and SiC in the alloy matrix, which act as a barrier
to the dislocation movement. An examination of the metallography and bulk hardness of
artificially aged Al6061-B4C-SiC hybrid composites was conducted by Sharma et al. [25].
Compared to the aluminum alloy, a considerable enhancement in tensile strength and
hardness, and a minimal decrease in the ductility of hybrid composites were detected.
Uthayakumar et al. [26] examined the dry sliding wear performance of A11100-5iC-B4C
hybrid composites. Due to the existence of hard B4C and SiC particles in the matrix alloy,
an increase in hardness and wear resistance was observed. The literature review indicated
little research studying the effect of YSZ particles on the microstructure and characteristics
of Al-Mg,Si composite, such as wear behavior, hardness level, and corrosion resistance.
This is because most articles focused on the Al matrix reinforced with materials such as
S5iC, AL, O3, B4C, etc. To cover this gap in the science, the primary focus of this research is
to examine the microstructural alterations in Al-15%Mg,Si composites with various YSZ
contents. In addition, the hardness and sliding wear behavior of Al-15%Mg,Si composites
following YSZ additions is investigated. The secondary goal is to evaluate the corrosion
properties of Al-15%Mg,Si-xYSZ hybrid composites.

2. Materials and Methods
2.1. Fabrication Process of Materials

The base material, Al-15%Mg,5i, was prepared in advance with pure Al (99.9%), pure
Mg (99.9%), and pure Si (98.9%). A resistance furnace was used to melt the pure Al and
Si in a crucible at 800 °C. The pure Mg was added to the melt material contents at the
temperature drop of 750 °C. After dissolution and homogenization, the molten material
was poured into the steel mold and completely solidified to form the Al-15%Mg5,Si ingot.
Afterward, the ingot was cut into smaller sections for the subsequent stir-casting procedure.
The YSZ powder was preheated using a muffle furnace at 800 °C for 2 h to enhance the
wettability. The mass fractions of the YSZ powder were then accordingly divided into 0,
3, 6, and 9 wt.%. Then, a resistance furnace was used to melt the Al- 15% Mg,Si ingot in
a crucible at the temperature of 750 °C. YSZ powders of 3, 6, and 9 wt.% were gradually
added to the melt at 750 °C with a uniform stirring action to ensure the even dispersion of
YSZ particles in the melts. The melts were then held for 15 min before being reheated to
720 °C and subsequently cast in the steel die to produce samples for further characterization
and testing.
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2.2. Microstructural Characterization

Microstructure characterization was performed on the composite materials fabricated
using an optical microscope (OM) and scanning electron microscope (SEM) equipped with
energy-dispersive X-ray spectroscopy analysis (EDS). Through optical microscopy, obser-
vations were made to identify the microstructural alterations in the fabricated materials.
This procedure was followed by quantitative analysis (using an i-Solution image analyzer),
where measurements of the size and aspect ratios of primary Mg,Si particles were carried
out. These values of individual particle sizes were recorded using Equations (1) and (2),
and the average values were taken.

=1

1&[(1E
Mean particle size = — Z - Z L; 1
m nI o)

mj:1

Aspect ratio = li li a (2)
n{= b .
where the parameter size is Lj, and parameters a; and b; are the longest and shortest
dimensions of a single Mg,Si particle, respectively; n is the number of Mg,Si particles
measured in a single field (0.60126 mm?), while m is the number of the evaluated field.
SEM was employed to investigate the microstructure with a greater resolution and
larger field depth, as well as the worn surfaces of the fabricated composites. In addition,
EDS analysis was used to identify the elements present in the composite materials.

2.3. Hardness Test

The hardness test was carried out using a Vickers hardness tester. After specifying
the loads applied by the indenter onto the samples, which were 5 kg with a continuous
dwelling for approximately 30 s, the hardness values were obtained, followed by the
measurement of the depth of indentation into the samples applied by the tester. Several
points (a minimum of 10 points spread across the surface) were chosen to be indented, and
the average value was calculated for further analysis.

2.4. Sliding Wear Test

A wear test was carried out to study the alterations in the dimensions experienced by
the material after being exposed to continuous sliding or rolling action for a certain amount
of time. Linear Reciprocating Tribometer (manufactured by DUCOM Instruments PVT.
LTD) was employed. A floor-standing model with the capacity to determine the frictional
force and coefficient of friction, which can then be used to identify the wear characteristics
of the samples, was utilized. The machine works by pressing the top specimen (test
samples) on the bottom specimen (made of mild steel) under dry conditions, in which
the top specimen is in a constant linear reciprocating motion while in contact with the
bottom specimen. The parameters were set before conducting the test, which encompasses
the normal applied load (25 and 50 N), frequency (2 Hz), stroke length (10 mm), and test
duration (30 min). In this study, the applied load was set as the manipulating variable, while
the frequency, stroke length, and test duration were fixed to identify the wear properties of
the materials. The samples used in this test were 15 mm long cylindrical pin form, with a
6 mm diameter, whereas the bottom specimen was a square plate of 40 mm side length,
fabricated according to the ASTM G-133 standard. The pin samples were weighed before
and after the test to identify the weight loss caused by the wear process. In addition, the
surfaces of the pins and plate in contact were cleaned with acetone both before and after
the wear test. After fixing the pin and plate in their respective holders, the pin was then
placed onto the plate and underwent a linear reciprocating motion for a pre-determined
time to induce wear on the pin surface. Through the Winducom 2010 software, the values
of frictional force and coefficient of friction were recorded with as many as 10 data points
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saved per second. By using the weight loss value, which is the weight difference before
and after the wear test, the volume loss can be calculated using the following expression:

Volume loss (mm3) = M x 100 3)

Density ( % )
The volumetric wear rate can then be computed using the following equation.

Volume loss (mm?)

Volumetric wear rate (mm3 / km) =

~ Sliding distance (km) @)

Equations (3) and (4) were utilized to compute the wear rates of different materials of
interest in this study [27].

After the wear test, the pin samples were cleaned in an ultrasonic cleaning machine
to remove unwanted wear debris from the worn surfaces. The worn surfaces were then
analyzed using variable pressure scanning electron microscopy (VPSEM) to identify the
corresponding wear mechanisms.

2.5. Corrosion Test

An electrochemical test was carried out to determine the corrosion behavior of the
composite materials. The test was implemented using a three-electrode cell consisting of a
reference electrode (Ag, AgCl/KClI (3.5 M)), a counter-electrode (made of a graphite rod),
and a working electrode (the specimen with a surface area of 1 cm?). These electrodes were
immersed in a 60 mL 3.5% NaCl solution, at 25 °C and in the open air, along with the set-up
of a VersaSTAT 3F potentiostat/galvanostat. The results were then analyzed and displayed
using VersaStudio software. The tests were accomplished with a scan rate of 0.2 mV/s
(constant) and within a fixed range of potential: —250 mV to +250 mV in reference to the
open circuit potential.

3. Results and Discussion
3.1. Microstructural Characterization

The microstructures of the Al-15%Mg,Si composites with different YSZ reinforcement
concentrations (0, 3, 6, and 9 wt.%) are shown in Figure 1. The blue phases in the images are
the primary Mg,Si particles, while the dark phases in Figure 1b—d are YSZ particles. It can
be observed that as the YSZ content increases, the quantity of dark phases also increases,
with an even, satisfactory distribution throughout the matrix. Furthermore, it can also be
observed that the mean size of the primary Mg,Si particles exhibits a decremental trend as
the YSZ addition increases from 0 to 9 wt.% (Figure 1la—d).

In terms of the morphology of the primary Mg,Si material particles, the particles had a
dendritic shape for the as-cast Al-15%Mg,Si composite (Figure 1a). In the Al-15%Mg,5i-3 wt.%
YSZ hybrid composite, a slight variation in the morphology could be seen, ranging from a
dendritic to polygonal shape, as observed in Figure 1b. Most of the primary Mg,Si particles
transformed to a polygonal shape following the addition of 6 and 9 wt.% YSZ to the composite
(Figure 1c,d). This morphological change occurs as the presence of YSZ alters the growth
mode of Mg,5i during the solidification process. A similar observation was reported following
the addition of chromium (Cr), which affects the morphology of the Mg,Si content in the
Al-15%Mg,Si material [28].

The increase in YSZ particles boosts the number of heterogeneous nucleation zones in
the primary Mg,Si phase. As more nucleation sites are present, more of the primary Mg,Si
phase forms, which leads to a higher density, and smaller and more uniform distribution
of the primary Mg,Si phase [29]. Another reason for the refinement of primary Mg,Si
particles in YSZ particles is the role that YSZ particles play as a physical barrier during
the growth of the primary Mg,5i phase through solidification. Based on the particle-
pushing phenomenon, a solidification front rejects the B4C particles, and they finally
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become stuck in the grain boundary areas [24,26]. The corresponding elemental mapping of
Al-15%Mg,5i-9 wt.% YSZ and related EDS analysis are illustrated in Figure 2 and Table 1,
respectively. These show that the microstructures consist of x-Al as the matrix and Mg,Si
and YSZ phases as the reinforcements. Moreover, the YSZ particles are evenly distributed
throughout the matrix. In addition, the primary Mg,S5i phase, based on the equilibrium
phase diagram, is the primary phase formed during the process of solidification, which is
then followed by the co-solidification of x-Al and eutectic Mg,Si phases from the liquid
alloy, as indicated in the narrow, ternary-phase region [30]. To allow this co-solidification
to take place, the primary Mg,Si particles act as the heterogeneous nucleation sites for
a-Al. After this, a pseudo-eutectic phase consisting of Al and Mg,Si will form around
the «-Al [31]. This can be observed in Figure 2, where the primary Mg,Si particles are
surrounded by «-Al, which is then covered by another phase composed of eutectic Al
and Mg,Si.

Furthermore, the SEM images for the Al-15%Mg5Si in situ composite reinforced with
0, 3, 6, and 9 wt.% YSZ are depicted in Figure 3 for comparison purposes. As can be
observed in Figure 3a, the primary Mg,Si particles have large and irregular dendritic
structures, which are surrounded by «-Al and eutectic Mg,Si. The addition of 3 wt.%
YSZ causes the primary Mg,S5i particles to become smaller in size, but their dendritic
morphology is still present, as illustrated in Figure 3b. With the addition of 6 and 9 wt.%
YSZ, the particles are greatly refined, as shown in Figure 3c,d, which correlates well with
the reduction in average size and aspect ratio, as presented in the previous section. The YSZ
phase is concentrated in the interface between the Mg;Si crystals and the Al matrix, which
reduces the surface energy of the Mg,Si growth front and increases the local super-cooling
composition. When the content of YSZ is adequately high, a rapid cooling of the melt
during the solidification process results in an insufficient time for the diffusion of YSZ
into the liquid phase. This ultimately forms a YSZ-rich layer that slows down the growth
of Mg5Si [32,33]. Hence, this proves that the addition of YSZ has a positive effect on the
microstructures of the materials through refinement and the uniform dispersion of the
primary Mg,Si particles in the hybrid composites.

KT R Sty A7 LHOLONET e
LR -al a0 -.w,.,-.
GAdeiny g S .

Figure 1. Optical micrographs of Al-15%Mg,Si composite material with various YSZ contents: (a) 0,
(b) 3, (¢) 6, and (d) 9 wt.%.
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(b)

Figure 2. (a) Elemental mapping analysis of Al-15%Mg,Si-9 wt.% YSZ hybrid composite and (b) cor-
responding EDS analysis of YSZ particles.



J. Mar. Sci. Eng. 2023, 11, 1050

8 of 18

Table 1. EDS analysis of YSZ particles.

Abs. Error [%]

Mass (%) Mass Norm. (%) Atom (%) (1 Sigma)
Zirconium 11.14 67.81 31.04 0.45
Oxygen 4.08 24.83 64.80 0.68
Yttrium 1.12 6.81 3.20 0.07
Magnesium 0.09 0.56 0.96 0.04

200 pm

Figure 3. SEM micrographs of Al-15%Mg,Si reinforced with: (a) 0, (b) 3, (c) 6, and (d) 9 wt.% YSZ.

3.2. Quantitative Analysis of the Microstructure

By analyzing the optical micrographs using the image analyzer, the average sizes and
aspect ratios of the primary Mg,Si particles in the in situ composites with different YSZ
reinforcements were measured, as shown in Figure 4. The average sizes of the primary
Mg,Si particles with the addition of 0, 3, 6, and 9 wt.% YSZ are 137.78 um, 123.04 um,
103.06 pm, and 88.36 um, respectively. The average size shows a decremental trend as more
YSZ is added. These results are in accordance with the observations made by the optical
micrographs (Figure 1). The reduction in size may be due to YSZ particles’ suppression of
the anisotropic growth of the primary Mg,Si phases, either through poisoning the Mg,Si
nuclei by distributing the YSZ particles at the liquid-solid interface or by distorting the
lattice structure of Mg, Si by altering the Mg, Si crystals” surface energy [31]. The average
aspect ratio of the primary Mg,Si particles was also calculated. The results are as follows:
3.00 (0 wt.% YSZ), 2.75 (3 wt.% YSZ), 1.81 (6 wt.% YSZ), and 1.27 (9 wt.% YSZ). The aspect
ratios decreased as the content of YSZ increased up to 9 wt.%. The lower aspect ratio can
be attributed to the restricted growth theory, which states that the YSZ particles can restrict
and regulate the growth of primary Mg,Si according to their dispersion at the solid-liquid
interface [34]. Two different mechanisms contribute to the modification of the primary
Mg;Si particles, namely, heterogeneous nucleation and the poisoning effect.
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Figure 4. Average size and aspect ratio of primary Mg;Si particles in Al-15%Mg,Si composite with
different amounts of YSZ.

In the first case, the modifier elements (or the containing compounds) serve as the het-
erogeneous nucleation sites, while in the second case, the modifier elements are absorbed by
the growth front of the primary phase, hence restricting its preferred growth direction [35].
By identifying the compounds formed between YSZ and the melt during the initial stage
of the solidification process, the lattice misfit between the mentioned compounds and the
primary Mg,Si phase can be calculated using Bramsfitt’s theory. If the computed misfit
value is below 15%, then one phase is capable of acting as the heterogeneous nucleation
site for the other phase [36].

Another mechanism is the poisoning effect caused by the modifier elements or the
compounds. This may occur as the modifying particles can adsorb to the growth planes
of the primary Mg,Si phase to subsequently distort the Mg,Si lattice [37] and alter the
surface energy of the phase [38]. However, determing the new phase formed in the
interface of Al-YSZ and calculating the misfit value, as well as its poisoning effect, requires
further investigation.

3.3. Hardness Test

The mean Vickers hardness values of the materials were measured and computed.
With the increase in YSZ content in the composites, the average hardness values displayed
an incremental trend, increasing from 102.72 HV in the as-cast Al-15%Mg,Si composite
to 125.63 HV with the addition of 3% YSZ, and continuing to elevate to 125.73 HV and
126.44 HV for 6% and 9% YSZ contents, respectively, as depicted in Figure 5. As shown
in the preceding results, the average sizes and aspect ratios of the primary Mg,S5i phase
reduced as more YSZ was added to the as-cast composite. This explains the phenomenon
of harndess values increasing with an increase in YSZ content. The YSZ particles, besides
providing Mg,Si phase refinement in the hybrid composites, also help to boost the hardness
by impeding the sliding motion of the grain boundary. Another contributing factor is the
resulting mismatch in thermal expansion between the matrix and the reinforcement at the
interfaces, whic potentially intensifies the dislocation pattern in the material [32]. According
to other researchers, other possible contributing factors include the finer hard primary
phases in the matrix, as well as the increase in obstacles to the grain boundary sliding, and
the higher quantity of Mg,Si being exposed to the indenter [35].
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Figure 5. The Vickers hardness of the Al-15%Mg,Si composite treated with different YSZ particle contents.
3.4. Wear Test

The volumetric wear rate of the studied materials is displayed in Figure 6. It can be
observed that as the content of YSZ increased from 0% to 9 wt.%, the wear rate tended
to reduce, and a similar trend is exhibited for both 25 N and 50 N applied loads. This
enhancement is the outcome of the load capacity of the composites caused by the ceramic
particles during sliding. Under the 25 N applied load, the lowest wear rate was attained at
9 wt.% of YSZ with a value of 0.46 mm?>/km, while for the 50 N load, the minimum wear
rate was also achieved at 9 wt.% of YSZ with a value of 1.22 mm?3/km. This reduction in
wear rate, or, in other words, improvement in wear resistance, can be explained by the
hardness of the materials. This can be further verified by matching the wear rate with the
average hardness values. Since Al-15%Mg,Si-9%YSZ has the highest hardness value, it is
expected to possess the best wear resistance in comparison with other materials with lower
YSZ contents. The calucated wear rate proves that this is the case. The relationship between
wear rate and hardness can be demonstrated by Archard’s law, which is as follows:

KW
Q=" ©)

In Equation (5) Q is the wear rate in mm?/km, parameter K is the wear coefficient,
variable W is the volume of worn material per distance, and parameter H is the hardness
according to the Vickers scale. According to this relation, it can be concluded that the
wear rate is directly related to the hardness of the materials [39]. Another reason for
the reduction in the wear rate of the composite is the refinement of the primary Mg,Si
particles, as illustrated in Figures 1 and 4. It was anticipated that, during the wear test,
the hybrid composite with finer Mg,Si particles would have a lower wear rate due to the
grain boundary strengthening that occurs with a smaller particle size, which results in
strain-hardening [40]. Figure 6 also shows that the wear rate is increased when the applied
load increases from 25 N to 50 N. In fact, at higher loads, the number of contact asperities
and the separation of surface asperities increases. Furthermore, with an increase in the
applied load, wear debris accumulate in the space between the disc and pin, resulting in
more serious abrasive wear, increasing the wear rate.
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Figure 6. Volumetric wear rate versus the YSZ contents under 25 N and 50 N applied loads.

Figure 7 demonstrates the average coefficient of friction (COF) values of fabricated
composites. A descending trend can be observed with the addition of YSZ particles from
0 wt.% to 9 wt.%. This particular trend could be related to the improved hardness value
when more YSZ is present in the composite materials, as well as the finer primary Mg,Si
particles. This may be the case, as harder materials can withstand a higher load and prevent
the expansion that occurs when the surface between the pin and the plate is contacted.
This indirectly prevents the pin surface from obtaining more scratches. As a result, fewer
scratches and wear deformations will form on the pin surface during the wear process [41].
Hence, the Al-15%Mg,Si-9%YSZ hybrid composite has the lowest COF in comparison to
other composite materials. The high COF of the as-cast Al-15%Mg,5i composite YSZ can be
ascribed to the damage caused to both the primary and eutectic Mg, 5i particles, as well as
finer particles, throughout the wear process. In addition, the Mg,Si particles are unable to
withstand the deformation caused by the wearing process. Therefore, cracks can propagate
with greater ease in the matrix, resulting in the pullout of the Mg,Si particles. These
particles later act as hard abrasives that further elevate the COF [27]. With an increase in the
load applied to 50 N, the COF increases compared to the load applied to 25 N. Nevertheless,
the Al-15%Mg;Si-9% YSZ hybrid composite has the lowest COF (0.50) in comparison with
other fabricated composites, similar to the COF trend of composites under 25 N.

Figure 8(al) illustrates the worn surface of the as-cast Al-15%Mg,Si composite under
25 N applied load. From the worn surface, the main wear mechanisms were shown to
include abrasion and delamination. This is exemplified by the presence of deep and wide
ploughing grooves along the wear-sliding direction. These wide grooves are characteristic
of the severe abrasion caused by the hard asperities on the steel plate or pulled-out hard
particles that act as wear debris. Once the counterfaces between the sample surface and pin
increase, more materials detach from the surface of the samples. This detachment could be
related to the adhesive friction that consequently increases the wear rate (Figure 6). The
observation could also suggest a mixed mode of two-body and three-body abrasions that
produce wide grooves [26]. These grooves are formed after pulling out of the fractured
primary Mg,Si dendrites. Delamination is caused by the fractured eutectic Mg,5i as a
result of the unbearable stress exerted on the surface between the pin and plate. With the
increase in the load to 50 N, the wear mechanisms shift to adhesion and delamination
wear mechanisms (in which extensive pits and large delamination flakes exist on the worn
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surface), leading to a higher amount of material removal (Figure 8(b1)), in accordance
with the wear rate shown in Figure 6 and the higher weight loss found after the wear test.
The higher load also forces an enormous amount of abrasives to become entrapped in the
cavities, which promotes more intensive scratching actions on the surface during wear [41].
This high amount of material removal may be related to the material’s low shear strength
and fracture toughness without the use of YSZ particles as a reinforcement [27].

05T=
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Figure 7. Coefficient of friction (COF) of the fabricated composites with a test duration of 0, 3%, 6%,
and 9 wt.% YSZ.
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Figure 8. SEM images of the worn surfaces of Al-15%Mg,Si composite under (a) 25 N and (b) 50 N
of applied load with different YSZ contents: (1) 0, (2) 3 wt.%, (3) 6 wt.%, and (4) 9 wt.%.

When YSZ is incorporated into the as-cast Al-15%Mg,Si composite, the worn sur-
face is observed to be smoother with noticeably narrower grooves and shallower pits
(Figure 8(a2-b4). This is expected because the wear rate shows a decreasing trend as more
YSZ reinforcement is incorporated into the as-cast composite, as illustrated in Figure 6.
Nevertheless, delamination still occurs, as can be seen in Figure 8(a2—-a4,b2-b4), but this
phenomenon becomes milder as more YSZ is added. Figure 8(a4,b4) depicts the worn
surface of Al-15%Mg,5i -9%YSZ under 25 N and 50 N applied loads, respectively. Com-
pared to the preceding samples, grooves with a smaller depth and width, in addition to
the absence of delamination (illustrating a mild abrasive wear mechanism), indicate that
the material possesses a better wear resistance. This enhanced property can be credited to
the improved hardness caused by the contribution of the refined Mg,Si particles and their
more even distribution within the matrix. In addition, the refinement of the Mg,Si particles
also permits the formation of a rough reinforcement-matrix interface, which obstructs the
initiation and propagation of cracks [18,42].

3.5. Corrosion Test

An electrochemical (polarization) test was carried out to investigate the corrosion
behavior of the Al-15%Mg,Si with various YSZ concentrations; the results are presented
in Figure 9. This clearly demonstrates that the addition of YSZ can alter the corrosion
resistance of the composite. The electrochemical kinetic parameters, including the corrosion
potential (Ecorr) and the corrosion current density (icorr), are tabulated in Table 2. The
corrosion current density of the as-cast Al-15%Mg,Si composite is recorded at 5.62 LA /cm?,
which is a high value. On the other hand, when 9 wt.% of YSZ is added, the corrosion
current density value drops notably to 2.74 uA/cm?. This confirms that the addition of
YSZ as the reinforcing phase improves the corrosion resistance of Al-15%Mg5Si.
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Figure 9. Polarization curve of Al-Mg;Si-xYSZ in 3.5% NaCl solution.

Table 2. Electrochemical kinetic parameters of Al-15%Mg,Si-xYSZ hybrid composites.

Content of YSZ Corrosion Rates

2
(Wt.%) Ecorr (mV) Icorr (WA/cm*?) (mmpy)
0 —1061.20 5.62 0.164
3 —908.98 3.02 0.089
6 —913.64 7.46 0.217
9 —839.96 2.74 0.080

Furthermore, the relationship between the corrosion rate and YSZ content is demon-
strated in Figure 10. These values indicate the same finding, which further validates that
the addition of YSZ can reduce the corrosion rate, or, in other words, boost the corrosion
resistance of the material. The corrosion properties of Al alloys/composites mainly depend
on the size, number and chemical composition of the precipitates [43]. The corrosion
potential of Mg,Si is negative, showing that Mg,Si particles are more susceptible to cor-
rosion [44]. With the addition of 9 wt.% YSZ to the Al-15%Mg,Si composite, the average
size of primary Mg,Si particles showed a larger decrease compared to other fabricated
composites, which reduces the susceptibility of these particles to corrosion. Hence, im-
provements in the corrosion behavior of the Al-15%Mg,Si composite with the addition
of YSZ can be linked to the more refined and evenly distributed Mg,Si particles found in
the composite, which inhibit the propagation of corrosion pits (Farahany et al., 2020) [41].
These corrosion pits propagate through the inner channels into the matrix. The presence
of fine and uniformly dispersed reinforcement particles can obstruct the channels, which
increases the pits’ difficulty propagating [45].
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Figure 10. Corrosion rate of the Al-15%Mg,Si composite with various quantities of YSZ.

4. Conclusions

The literature review highlights a limited study on the effect that YSZ particles have on

the properties of the Al-Mg,5i composite. In this study, the Al-15%Mg,Si hybrid composite
materials with various quantities of YSZ particles were produced using in situ and ex situ
techniques. Then, the microstructural features, hardness, wear, and corrosion properties of
the fabricated composites were examined. The main findings are concluded as follows:

Microstructural examination revealed that the addition of YSZ particles successfully
refines the size of primary Mg,Si phases, as well as providing an even distribution of
these phases across the Al matrix. Among the fabricated composites, the Al-15%Mg;Si-
9%YSZ hybrid composite demonstrated the best outcome, with the most apparent
effect in terms of particle refinement and phase distribution. The size reduction is
as much as 35.87%, while the aspect ratio decreased by 57.67% compared with the
as-cast, in situ composite.

Furthermore, the hardest composite was found to be Al-15%Mg,5i with 9% of YSZ, for
which a hardness value of 126.44 HV was recorded, compared to the as-cast composite,
with a hardness value of 102.72 HV. This hardness level can be attributed to the finer
primary Mg,Si phases and hard YSZ-reinforcing particles that pin the sliding of grain
boundaries.

Both results regarding the wear rate, as well as the coefficient of friction, imply that
the in situ Al-15%Mg,Si composite with 9wt.% YSZ content demonstrates the best
wear resistance. In addition, the SEM images of the worn surfaces also reveal that
the Al-15%Mg»Si-9%YSZ hybrid composite showcases the least severe wear, with
only mild abrasions on the smoothest surface. This excellent wear behavior may be
credited to the high hardness, along with the refined and uniform distribution, of the
Mg,5i particles in the composite.

The electrochemical test result suggests that the Al-15%Mg»5i-9%YSZ hybrid compos-
ite possesses better corrosion resistance than the as-cast composite and composites
with 3, 6wt.% YSZ. This is as expected since the optimum size and dispersion of
Mg Si particles can impede the propagation of corrosion pits initiated on the surface
of the material.

Further investigations of the thermal behavior and other mechanical properties of
hypereutectic AI-Mg,Si composites are recommended for further studies.
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