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Abstract: Artificial neural networks (ANNs) have recently gained popularity as useful models for
grouping, clustering, and analysis in a wide range of fields. An ANN is a kind of machine learning
(ML) model that has become competitive with traditional regression and statistical models in terms
of useability. Lightweight composite materials have been acknowledged to be the suitable materi-
als, and they have been widely implemented in various industrial settings due to their adaptability.
In this research exploration, hybrid composite materials using Al2618 reinforced with B4«C and Gr
were prepared and then evaluated for hardness and wear behavior. Reinforced alloys have a
higher (approximately 36%) amount of ceramic phases than unreinforced metals. With each B4«C
and Gr increase, the wear resistance continued to improve. It was found that microscopic struc-
tures and an appearance of homogenous particle distribution were observed with an electron mi-
croscope, and they revealed a B«C and Gr mixed insulation surface formed as a mechanically mixed
layer, and this served as an effective insulation surface that protected the test sample surface from
the steel disc. The ANN and Taguchi results confirm that load contributed more to the wear rate of
the composites.
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1. Introduction

Aluminum was the dominant matrix in metal matrix composites due to its low
density. Aluminum alloy is an elegant material with many opportunities for improve-
ment. The beginning of the 19th century marked the beginning of numerous studies into
aluminum metal matrix composites (AMMCs). Environmental and energy challenges are
becoming much more significant, which is increasing the visibility of lightweight and
energy-efficient products. Unfortunately, their low seizure limitation and especially their
extremely poor wear resistance led to a significant reduction in their widespread use. The
recent past has seen the rise of metal matrix composites (MMCs) to a considerable extent,
with widespread use in a variety of air, space, and automotive/transportation equipment,
as well as in electrical grids, bicycles, motorcycles, and various other products [1,2].
Many global automobile manufacturers are devoting considerable resources to replacing
traditional cast iron with AMMC:s in their disc brakes. Additional support was given to
the base material by way of reinforcement/s, which resulted in increased structural
strength. With discontinuous particulate strengthening, the possibility of production
issues is greatly reduced. Strengthening the structural integrity was performed by using
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reinforcement/s of the base material. As discontinuous particulate strengthening is fre-
quently utilized, production problems are typically reduced [3,4]. A significant im-
provement in the material’s hardness is attributable to the addition of strong ceramic
particles to the Al matrix. Ceramic materials have proven to be suitable for many tribo-
logical applications over the last two decades, especially in structural areas. Al2Os-driven
abrasive wear has the effect of depleting the composite wear resistance because of the
peeling up of Al2O;s, and it stimulates the tribo-chemical reactions that cause a decrease in
wear resistance [5,6]. It is possible to see significant gains in UTS (44.35% increase) as a
result of the inclusion of B«C in Al6061.There was a rise in UTS when B4C and SiC were
added to the matrix, leading to a reduction in hardness and ductility. Lowering the coef-
ficient of friction with incorporation in the aluminum matrix helps to encourage inclu-
sion. In the case of higher temperatures, Gr has the ability to completely transform the
chemical compositions, which influences numerous tribological characteristics. The use
of the Gr is confined to the level in which its inclusion does not help to strengthen the
design. The engine block was manufactured from a composite of aluminum and graphite
reinforced with alumina [7-10]. Al2618 has proved useful on several spacecraft, includ-
ing the Apollo missions, the Saturn V rockets, and the Space Shuttle. Aerodynam-
ic-shaped components are easier to come by with Al2618, and the design teams appreci-
ate this because of how well it can be welded. Al2618 was useful in aircraft and elevated
temperature applications; hence, it was heavily employed in aerospace [11].

Neural networks were adopted to enhance both the accuracy and the efficiency of
the slip casting process. The casting rate and humidity gradients are determined by the
prediction module and configure the controllable settings for the specified environmental
conditions. Based on the environment and mold and the die casting parameters, the neural
network system suggests the processing time adapted to a manufacturing line [12].

The quality of the casting is determined by using an ANN. Before casting, the ANN
must be trained; the casting parameters are fed into the network, after which the ideal
number of hidden layers must be set. If the casting fails, it can in most situations reliably
anticipate casting defects. It examines the causes of the defects and avoids the defects by
changing the processing parameters of the casting. Thus, productivity can be increased
[13]. An automated monitoring approach has been used to monitor the process parame-
ters for the production of Al alloy. This method identified the defect based on X-ray de-
fects. The ANN enables the determination of the types of defects formed during casting.
Defects can be avoided by using proper casting process parameters; thus, productivity
can be improved, and the cost of the casting process can also be minimized. It is observed
from the result that the ANN was successfully used to achieve defect-free casting [14].

There is a scarcity of data on the effects of dry sliding wear on mul-
ti-ceramic-reinforced composites. Despite the significant difficulty in the research, it is
hoped that the information gained in this study will help to define the role that hybrid-
ized composites (Al12618 + B4C-Gr) play in a functional setting. B«C and Gr, which are
primary and secondary reinforcers, respectively, were utilized to help the Al2618 estab-
lish itself.

To determine the wear behavior of the hybridized composite more accurately, as
well as that of the unreinforced Al2618, the L27 orthogonal array (Taguchi model) was
used. A hardness test and a wear test were applied to the samples to learn about their
hardness and wear behavior. Using SEM and XRD, the microstructure and phase analysis
were evaluated. An ANN was used predict the effective parameter on the wear rate of
the composites.

2. Results and Discussions
2.1. X-ray Analysis and Microstructural Study

Without the SEM, assessing the degree of damage produced by the fractures is im-
possible. The detection of microscopic flaws, as well as the processing problems, has been



Catalysts 2022, 12, 1654 3 of 24

made possible through the use of microscopy. The hybrid composite is free from slag
since the equiaxed grains are apparent, as illustrated in Figure 1.
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Figure 1. Microstructure of samples (A0) (Al 2618), (A1) (A12618 + 5% B4C-5% Gr), and (A2) (Al
2618 + 10% B4C-5% Gr).

The results of the XRD analysis confirm the fact that Al is present in the sample with
a much greater peak. The lesser peaks found in the Al and A2 test pins may all be at-
tributed to the presence of B«C and Gr. Additionally, all the test pins contain Cu, as seen

in Figure 2.
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Figure 2. XRD of samples (A0), (A1) and (A2).

2.2. Density and Porosity

The rule of mixing and Archimedes’ principle are followed; these provide the theo-
retical and experimental density, respectively. Figure 3 shows the variations in density
values related to the increasing weight percentage. Thus, while observing the density of
the composite, the finished HMMCs were much lighter than the unreinforced Al2618
alloy. It is accepted that the density values of composites are not completely accurate as
the pores and vacuums might affect the measurements. After the BsC weight percent
rose, the density value fell by around 0.13 g/cm?. This limit of 3 to 6 percent porosity was
present in the samples. Also overlooked is that the pores and other imperfections are not
taken into consideration when estimating the theoretical density. This is apparent in
Figure 4. Using pores in the samples causes decreased physical and mechanical charac-
teristics. With reinforcement, the compaction of the matrix is greater, and the samples
have less porosity.
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Figure 3. Theoretical and experimental density.
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Figure 4. Porosity.

2.3. Hardness Test

This study demonstrated that the composite’s hardness measures the depth of the
abrasive particles that are injected into it. A softening of the composite results in less
abrasion wear. According to Figure 5, as the quantity of B«C and Gr is varied, the hard-
ness of the resin matrix rises. With regard to the hardness values of the four test samples,
the value of sample A2 is far superior (82.5 BHN). The edge of the particles in the hy-
bridized matrix has a harder matrix due to the greater strain energy. This increases the
material’s resistance to penetration, which results in increased B:«C and Gr concentration
in the matrix.

100 -
80
60

40

Hardness

20+

0 -
A0 Al A2
Samples

Figure 5. Hardness.

2.4. Wear Behavior

Using a pin-on-disc tribometer, the weight loss of the test samples was determined
by altering the percentage of B4«C and Gr while also varying the load, speed, and distance.
The experiments were conducted in accordance with the requirements set out in the
Taguchi model L27. It may infer that sample Al had a weight reduction compared to the
reinforcement-free sample A0, which suggests that sample A0 lost weight while going
through B4«C and Gr (A1). When hybridizing with the B«C and Gr particles, the wear rate
in the resultant matrix is less than with the non-hybridized matrix. As seen in Figure 6,
due to the deposition of the thin layer on the surface of test sample Al, the wear rate de-
creased.
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Figure 6. Wear rate vs. speed.

Figure 6 revealed that with the increased velocity there is no appreciable movement
of material from the test sample; later, it begins to increase due to the breakdown of re-
sistive, lubricated tribo-layer. As soon as the wear starts, the strengthening particles be-
come wear residue [15]. The wear resistance of sample A2 is higher than that of sample
AOQ. On the other side, it displays the greater wear resistance at a lower speed, as shown
in Figure 6. The splashed Gr particles from the worn composite surface form a thin and
rich tribo-layer that prevents direct metallic interaction between the pin and the disc.

By reviewing Figure 6, it is evident that when the velocity is increased there is no
noticeable movement of material from the test sample at the initial speed. However, the
resistive tribo-layer breaks down, and the material movement increases. There is an in-
crease in the velocity. The particles used to aid in the creation of wear are considered
wear residue once wear has occurred. Sample A2 has a greater resilience to wear than
sample AQ. It has the lower wear resistance when it is going slower on the far side, as
seen in Figure 6. The tribo-layer that results from the splashing Gr particles deposited on
the worn composite surface helps to prevent direct metallic contact between the pin and
the disc [16].

Sliding wear resistance improvements were not seen at a sliding distance of 400 m
[17,18]. When the test sample traverses the disc, the strengthening particles have been
eliminated or broken down. The mixing of materials results in the development of a
mixed layer between the reinforced pin and the steel disc. The mechanical mixed layer
serves to shield the test sample from wear, allowing for enhanced wear resistance. As
soon as wear has been initiated on the surface of the sample, wear debris starts to appear.
The various types of debris also form part of the tribo-layer; the virgin surface of the
sample is therefore not in contact with the disc. While it was difficult to detect the mo-
tion, as seen in Figure 7, little movement was exhibited, and some samples were worn
less as there was a high percentage of Bs«C and Gr. As the test sample traveled through the
disc, the strengthening particles were removed or broken down. The distribution of
matter, as seen in Figure 7, is a function of the flow of material between the reinforced
sample and the steel disc, which results in a mixed set of layers composed of the sample
and the steel material. Using the mechanical mixed layer, the sample had the benefit of
having a hard cover, which could be used to greatly enhance the resistance to wear [19].
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Figure 7. Wear rate vs. distance.

The increased applied load produces a rise in friction, which deteriorates the tri-

bo-layer, and as a consequence, the wear is amplified (Figure 8). In addition to the wear
rate due to the faster running, the hybrid test samples lost weight (the wear rate in-
creased) because of the heavier load. When the distance moves higher, the A2 sample
loses less weight. To lower the wear rate, the combined amount of weight and velocity
must be reduced. Because of the increase in load, the tribo-layer becomes inefficient due
to an increase in friction, which results in an increase in wear. Higher weights result in
higher weight loss. Furthermore, the AMMC samples have a lower load-to-sliding speed
that has a smaller worn surface area due to the presence of Gr particles. A Bs«C and
Gr-based oxide layer prevented direct metal-metal interactions, which helped to increase
the wear resistance, as seen in the SEM micrographs [20].
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Figure 8. Wear rate vs. load.

3. Materials and Methods

While Al2618 has not yet been found to be the most viable to build liquid cryogenic
rocket fuel tanks and cylinder heads and to use in the automotive industry, it possesses
exceptional features such as high strength-to-weight ratios and cryogenic characteristics,
such as weldability and a near-zero coefficient of thermal expansion. As time goes on,
ships are constructed of the aluminum alloy with 3 to 6 percent magnesium. This alloy
offers outstanding resistance to corrosion in fresh and seawater. Therefore, the Al2618
chosen as the matrix material and its chemical composition are shown in Table 1 [11].
One of the better characteristics of B4«C ceramic is that it contains an Al matrix which
causes the B20s layer to form during solidification. It belongs to the lightweight (2.52
g/cm?) ceramic materials families, and it has an extraordinarily high neutron absorption
capability. Adding B4C to the AMMCs makes them stiffer. Additional strengthening was
necessary due to this. Solid lubricants (MoSz, Gr, and BN) are used in AMMCs, which
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leads to an increase in composite wear resistance. Due to the solid crystal structure, Gr
has an exceptionally low friction coefficient.

In the few studies that have been conducted so far, there is considerable evidence to
support the notion that switching to hybridization is effective in improving the physical
properties of metal matrix composites. The present research’s major goals are to advance
the wear and hardness properties of the Al-Cu-Mg metal matrix composites by means of
the appropriate mix and match reinforcement (Table 2) strategies; this alloy can give a
higher tribological performance because of the exceptional qualities of the ceramics [21-25].

Table 1. Constituents of Al2618 [11].

Element Si Fe Cu Mn Mg Cr Ni Zn Ti B Ca Al
Wt.% 0.24 1.30 252 0004 146 0.02 1.14 0.01 0.07  0.003 0.002 Balance

3.1. Fabrication of Composites by Using Stir Casting Method

The chemical compatibility of the matrix phase and the reinforcement is an issue for
making MMCs with liquid metal casting processes such as stir casting, especially for
small-scale productions. Stir casting (Figure 9) is used in the present study since it is
versatile and beautiful, and it is less expensive compared to other casting techniques;
these are features that appeal to researchers. Mixing reinforcement material should be
conducted in a homogeneous liquid matrix phase. The Al2618 alloy billet was melted in a
graphite crucible, which was set at 700 °C. Magnesium was added to the crucible to help
the molten metal have better wetting qualities. A stirrer made of zirconium-coated steel
was used to swirl the molten material at 160 rpm for 5-10 min. Moreover, primary rein-
forcement B4+C was used in conjunction with the integration of low-speed primary rein-
forcement. Gr was added to the premixed slurry and stirring was kept at a constant speed
of 160 revolutions per minute for a period of 5 to 10 min to achieve even mixing before
dumping the molten slurry into the mold cavity. Later, the manufactured part was ma-
chined to a 10 mm diameter and a 30 mm length, according to G99 standards, to conduct
a wear test [26-28].

h Y

AL2618, BC Stir casting Pouring Molten 8 Solidification
& Gr Weighing - -Mm] °

F

T

lnspection for - Machining - Cast Samples
Testing

Figure 9. Stir casting steps.
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Table 2. Percentage of particulate reinforcement by weight.

Sample.e Desig- Composition AI2618, % Boron Carbide (BsC) Graphite (Gr)
nations wt.% wt.%
A0 Al 2618 100 0 0
Al 2618 + 5%
Al
B4+C-5% Gr 20 > >
Al12618 +10%
A2 BiC-5% Cr 90 10 5

3.2. X-ray Diffraction and Microstructural Study

The small defects may wreak havoc on the structural integrity of the material. SEMs
have several planes that provide greater magnification and a greater depth of focus, en-
abling users to see the distribution of particles inside the material more closely. Voltages
between 2 and 40 kV were used, where an electron beam of < 0.01 um in diameter was
focused. An Advanced Goniometer Model 2036E201 (Bruker) with Ka radiation (Ka =
154056) was used to conduct X-ray diffraction experiments. The sample was static
throughout the duration of the test, and it was scanned at a rate of 2°/min across a range
of 10-80° to obtain the diffraction angle (20) [29].

3.3. Hardness Test

The ASTM E10 (ISO 6506: 2005) standards were used to prepare the hardness sam-
ples, accordingly. The sample hardness test was completed using a load of 250 kgf and
dwell duration of 30 s [30].

3.4. Wear Test

Each of the experimental runs followed the Taguchi model (L27). The data acquisi-
tion system was attached to the disc using a friction monitor, the TR-20-PHM 400, made
by DUCOM. The wear test samples were prepared according to the ASTM G99 stand-
ards. The effect of selected factors on the wear rate was investigated with the support of
Minitab17, Python, and the IBM SPSS Statistics 22 framework. To move a pin against a
disc (EN31 steel) was the basic working theory of the machine. A disc rotates for the
given length and distance at the preset speed. Table 3 depicts the design of experiment
(DOE) conditions followed in this investigation.

Table 3. Design of Experiment (DOE) Conditions.

Experimental Load (N) Speed (m/s) Distance (m)
Runs
1 20 1.25 400
> 20 1.25 600
3 20 1.25 800
1 20 251 400
5 20 251 600
6 20 251 800
7 20 3.75 400
3 20 3.75 600
9 20 3.75 800
10 30 1.25 400
11 30 1.25 600
12 30 1.25 800
13 30 251 400
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14 30 2.51 600
15 30 2.51 800
16 30 3.75 400
17 30 3.75 600
18 30 3.75 800
19 40 1.25 400
20 40 1.25 600
21 40 1.25 800
22 40 2.51 400
23 40 2.51 600
24 40 2.51 800
25 40 3.75 400
26 40 3.75 600
27 40 3.75 800

4. Evaluation of Wear Behavior
4.1. Analysis of Factors by Taguchi Method: Mini Tab_17

Figure 10 depicts the main effect plot for the means and the residual of the experi-
mental trials. The statistical program Minitab 17 was used to determine which factors had
the greatest impact on the wear rate. The test significance is confirmed by the residual
plots for the means. The influencing elements were rated according to their degree of in-
fluence. The sliding load is the most important consideration, with speed and distance
coming in last.

Residual Plots for Means
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Figure 10. Residual plots for means.

The wear rate of an AMC rises with the increasing load and sliding velocity but re-
duces with the increasing distance [31]. The maximum wear rate figure was 1.679 mm?3/m
for 40 N, 3.76 m/s, and 400 m, while the lowest was 0.419 mm3/m for 20 N, 1.25 m/s, and
800 m. At 3.76 m/s, sliding speed had a more substantial influence on wear rate owing to
the oxidative damage in this investigation. Figures 11-13 show the primary effect for the
Al2618 and the reinforced Al2618 wear rates. Making decisions about the ideal testing
circumstances for these control variables was made much easier due to the response
graphs. It is depicted in the graphs that a transition occurred in the main effect plot when
the control factor setting was changed from one stage to the next. A high main effect
value was associated with the highest specific wear rate in the graphs. In Figure 11, the
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initial optimal condition for the test samples is 40 N, 3.76 m/s, and 800 m for the major
control parameters of sliding speed and sliding distance, respectively. The wear rate rose
as the amount of the applied load and the sliding speed increased, as was seen in a prior

study on AMMCs [32-39].

Main Effects Plot for Means
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Figure 11. Mean effect plot for sample AO.
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Figure 12. Mean effect plot for sample Al.
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Figure 13. Mean effect plot for sample A2.
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The interaction plots, as seen in Figures 11-13, illustrate the relationship between the
factors and the wear rate. For each plot, one of the attributes was held constant; the im-
pacts of the remaining two features (horizontal axis and legends) were plotted against the
wear rate. For example, the first row of the first column plots sliding speed vs. wear rate
at a constant distance of 400 m for various load levels, as shown in the legend. Normal
load had a significant influence on wear rates, with wear rates increasing quickly as the
amount of the load rose. This is a common occurrence in the vast majority of the materials
studied. The size of the worn debris grew in proportion to the rise in load and friction at
the pin—disc interface, which was seen to be the case. As a result, the proclivity for wear
failure increases as the load is increased.

The sliding speed was the factor that had the largest influence on wear rate. When
the material is exposed to sliding wear, the surface and sub-surfaces of the material de-
form quickly. In addition to increasing the rate of wear, the greater sliding speeds also
resulted in increased heat generation and weakening of the matrix. As the sliding dis-
tance increased, the link between wear rate and sliding distance became less significant.
It is possible that strain hardening is a contributing element to this phenomenon.

Figures 11-13 show the outcomes of the experiments. It is clear that the hybridized
samples Al and A2 had a reduced wear rate compared to sample A0 when the same
fixed settings were used for both. It is estimated that the rate of wear for the hybridized
samples is lowered by 36% for a speed of 1.25 m/s and 18% for a speed of 3.76 m/s. The
increased wear resistance of the hybridized samples was discovered by examining sam-
ples that had already worn out. Afterwards, the worn-out surfaces of both the hybridized
and the unhybridized specimens were investigated using the SEM to determine the wear
process and compare the severity of wear. The creation of a mechanically mixed layer
and the subsequent removal of the same layer were the driving forces behind the con-
stant/steady-state wear rate trend observed in the literature. The wear mechanism dif-
fered across samples that were and were not treated with the hybridization process. An
increase in frictional resistance resulted in an increase in temperature, a softening of the
matrix, and a plastic deformation, all of which contributed to a substantial increase in the
wear rate. The shift from abrasive to adhesive wear was more prevalent at lower loads
and more dominating at higher loading.

The Taguchi findings revealed that the sliding speed and load were the most relevant
factors for the wear tests on samples AO, Al, and A2, according to the Taguchi method. The
wear rate is favorably connected with both sliding speed and applied load; however, the
wear rate is negatively correlated with sliding distance. In order to obtain a superior re-
sponse, the load and speed must be kept at a low level, but the distance must be kept at a
high level. According to these findings, ceramic reinforcements (B«C and Gr) improve wear
resistance, strength, and other tribological parameters of the components by reducing the
rate of material loss and extending the service life of the components [40-48].

4.2. Analysis of Factors by Artificial Neural Network: IBMSSPSS Statistics 22

An ANN is a type of artificial intelligence modelling approach. The ANN is closely
interrelated with a structure analogous to the brain cells in human neural networks and
consists of a huge number of basic processing components termed neurons. The layers in
the network are organized into several layers: the input layer, the output layer, and one
or more hidden layers. One of the most well-known features of the ANN is its capability
to learn from a sample set, referred to as the training set, throughout the learning process
(multilayer perceptron method).

IBMSSPSS Statistics 22.0 was utilized to forecast the wear characteristics of the
HMMCs. It requires entire experimental findings together with variables (load, speed,
distance, temperature, etc.) and is supplied via the input nodes. The output nodes were
utilized to produce output values and then compared to the experimental data. These
activities were performed via back propagation neural networks, and the errors could be
assessed. The hidden layer suggested that there was no observable connection among the
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neurons. All these layers were activated through the sigmoid function. Ten thousand it-
erations were required for accurate prediction and additional iteration cycles had no in-
fluence on the error deduction. A standardized root mean square was utilized to monitor
and validate the ANN performance. Once the ANN's architecture has been specified, the
wear rates were computed using a learning process in order to provide the desired out-
put as depicted in Figure 14. The ANN assists in identifying the effect of parameters on
the wear rate. The ANN helps to determine the significant wear rate-associated charac-
teristics [19,20].

Bi .
Input layer s Training set

Output layer

Hidden layer

4
Distance
i

Input variables

Figure 14. ANN’s architecture.

4.2.1. ANN Analysis for Sample A0

The IBM SPSS - 22 divides input vectors and target vectors into two groups by de-
fault (training = 80% and validation = 20%). The wear rate correlation factor was 0.984
between the predicted and the experimental values, utilizing the entire dataset. This is a
clear sign of the proper validation by the ANN (R2 > 0.90). All points on the center axis
will be the optimum forecast. The closeness of the groups on this line makes it easy to
compare the accuracy of each technique. The linear fitness of a diagonal line was superi-
or. Figure 15a indicates that various values are nearest to the centerline. The absolute
relative error of the prediction technique is 0.026, which validates its accuracy. The error
ranges were adequate and below the normal mistakes induced by experimental variation
and measuring accuracy (Figure 15c). The important criteria for reaching greater wear
rates are load (100.0%) and speed (52.8%), as described in the normalized importance
(Figure 15b).
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Figure 15. ANN analysis for sample A0: (a) experimental vs. predicted values; (b) normalized fac-
tor importance; and (c) error values.

4.2.2. ANN Analysis for Sample Al

The experimental wear rate has a relative error of around 0.031%. As a result, as in-
dicated in Figure 16a, the variances in the anticipated values are closer to the experi-
mental values. The normalized graph of significance (Figure 16b) indicates that the wear
rate in sample Al is increased effectively. Figure 16a shows that there are diagonally
dispersed points; this sort of dispersion is a positive indication of the higher accuracy in
the ANN prediction. The findings demonstrate that the ANN predictions are very much
compatible with the test values for all the input parameters (R2: 0.984). The important
criteria for reaching greater wear rates are load (100%) and sliding speed (54%), as de-
scribed in the normalized importance.
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Figure 16. ANN analysis for sample Al: (a) experimental vs. predicted values; (b) normalized fac-
tor importance; and (c) error values.

4.2.3. ANN Analysis for Sample A2

The wear rate of sample A2 was predicted using an ANN model that took into ac-

count the influence of the operating circumstances. As a result, the predicted value fluc-
tuations are closer to the experimental values (error = 0.064), as seen in Figure 17c. The
normalized plots (Figure 17b) show that the wear rate for the sample A2 is increased by
the load and speed. The findings demonstrate that the ANN predictions are well in line
with the experimental values for all the input parameters (R2: 0.946). Figure 17b shows
that load and speed more effectively increase the wear rate for the sample A2.
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Figure 17. ANN analysis for sample A2: (a) experimental vs. predicted values; (b) normalized fac-
tor importance; and (c) error values.

The wear rates of samples A0, Al, and A2 were plotted using an ANN model that
took into account the influence of the operating circumstances. The interaction plots help
to identify the most influenceable factor to achieve a greater wear rate in the cases of both
the hybridized composites and the non-hybridized composites (Figure 18). The findings
demonstrate that load and speed more effectively increased the wear rates for all the
samples (A0, Al, and A2).
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Figure 18. Interaction plot of sample A0, Al, and A2.

5. Worn Surface Morphology

These SEM micrographs show the unreinforced alloy, as well as the worn surface,
which is parallel to the sliding direction. The alloy surface of sample A0 is worn, indi-
cating that there is extensive adhesive wear, particularly with regard to the re-melt bub-
ble and the high flow of materials. In Figure 19b,c, cuts and grooves were found among
disconnected wear debris, resulting in shallower grooves running with the sliding direc-
tion. The strengthening particles are peeled from the surface, as seen in Figure 19a—c.
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Figure 19. Worn surfaces of samples with respect to load (a—c)— A0; (d—f)—Al; (g-i)—A2.

Long deformation bands appear in the SEM image as well, indicating the presence
of delamination wear. It can be clearly observed in Figure 19d—f that better wear re-
sistance is the result of the deeper grooves and the reduced plastic flow, which are both
seen on the Al sample surface. In Figure 19d—i, the decreased amount of plastic flow and
the more prominent grooves that appear on the sample’s surface show clear evidence of
better wear resistance. The weight loss is enhanced because the lubricating layer depletes
and increases the depth of wear. The Al sample reveals a rich tribological layer due to the
presence of B4«C and Gr [32-35].

In the experiment, the wear rate was shown to be accompanied with a decrease in
the lubricating layer, which corresponded with the theoretical conclusions. The rich tri-
bo- layer found in the Al sample exhibits Bs«C and Gr as a direct metal-to-metal contact
and avoids them altogether. For the Al sample, the tribo-layer should be used as the de-
fensive layer, and this was seen in weight loss reduction. The wear behavior was im-
pacted by Al2618 and B4C and Gr’s interfacial strength. An additional resistance to abra-
sion can be observed in Figure 19g—i [17]. A comparison between sample A2 and A0 and
Al reveals that there is a strong tribo-layer present in sample A2, thereby resulting in
reduced damage to the surface, as indicated in the SEM image.

The lower weight loss of sample A2 may be attributed to the development of a ro-
bust tribo-layer. This tribo-film keeps wear debris from penetrating, thereby protecting
the surface and reducing damage. By adjusting the size and spacing of the reinforcing
particles, the discs as a whole will act to facilitate the flow of material from the reinforced
sample to the steel disc, resulting in layers of mechanically mixed material, as depicted in
Figure 19g-i.

Using the mechanical mixed layer, the hard cover offered better protection to the test
sample and resulted in improved wear resistance. Additionally, as seen in the worn
surface of the A2 sample, smooth patches and minor scratches are evident. When viewed
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in relation to all the AO—-A2 samples, the A2 sample features a deep mechanical mixed
layer that helps with surface damage resistance [36-39].

6. Conclusions
The following conclusions are drawn from the present investigation:

e Hybridized composites were successfully fabricated through a liquid stir casting
process.

e BuCand Gr particles were homogenously distributed in the Al12618 matrix.

e B4C and Gr particles were included in the B«C and Gr particles phase, creating a
barrier to dislocation and helping to increase the matrix’s hardness.

e It was discovered that the degree of resistance to wear was exactly proportional to
the hardness.

e  The addition of the B«C and Gr particles makes it possible to speculate that this has
the effect of increasing the matrix’s wear resistance.

e  For the 10 wt.% B4C and 5 wt.% Gr, the presence of a mechanically mixed layer with
B4C and Gr means the weight loss is substantially smaller.

e The ANN and Taguchi results confirm that load contributed more to the wear rate of
the composites.
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