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| ABSTRACT

Modifications to the mechanical properties of composite materials are always desired and also widely used in the
manufacturing sector due to their weight, superior strength-to-weight ratio, better fracture toughness, improved
fatigue, and tensile properties, enhanced corrosion resistance to harsh environments, etc. This study proposed a
multiscale finite element (FE) analytical approach to investigate the mechanical behavior of Developed Aluminum
Composites Brake Disc using Waste Aluminum Beverage Can, Carbon Nanotube-Derived from Rice Husk (CNTs-
derived RH), and Periwinkles Shell Nanoparticles (PWSnp). Based on the experimental findings, it was observed that
the maximum stress of the brake disc during the braking process is 15.8402MPa, and the compressive strength of
the brake disc is 410MPa. The comparison of the experimental results with the numerical and experimental methods
in the literature yielded satisfactory agreements and demonstrated the appropriateness of the composite
mechanical behavior for each percentage of CNT weight.
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1. Introduction

Throughout human history, composite materials have been crucial, from the construction of the earliest structures
to the development of modern technologies. Our everyday lives have been impacted by composites. The goal of
the process is to create a composite material with the desired qualities [Onyenanu, 2024]. The remarkable
physiochemical features of carbon nanotubes (CNTs), such as their low density, superior mechanical, electrical, and
thermal capabilities, and low coefficient of friction, have garnered significant interest in recent decades and can be
used as a reinforcing material. [Braide, 2023, Ezechukwu, 2020].

The application of nanotechnology is one way to enhance and strengthen composite materials. Weight reduction
and component reliability are ranked as the most crucial factors in automotive components worldwide today
[Onyenanu, 2021]. One of the best options for lightweight materials is aluminum and its alloys because they reduce
fuel consumption and emissions, which have a great impact on our ecosystem [Braide, 2022]. Automotive disc
brakes are subjected to strong mechanical force, thermal stress, and extreme wear. In the study, [Ezechukwu, 2025]
stated that due to its superior wear and heat transfer coefficient, cast iron has historically been one of the more
traditional materials used to make brake discs. The shape of graphite is altered by alloying cast iron, which
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significantly impacts brake disc wear. Nonetheless, research and development into aluminum matrix composites is
driven by the high weight of cast iron and the high cost of the alloying element in order to get beyond these
limitations [Ezechukwu, 2020; Nnaji, 2024].

The production of a new nanocomposite material was optimized by Braide et al. [2024] using carbon nanotubes
(CNTs) made from rice husks, nanoparticles from periwinkle shells, and Al-Si-Mg alloy made from used beverage
cans. Using the Taguchi approach, Nondominated Sorting Genetic Algorithm-Il (NSGA-II), and Artificial Neural
Networks (ANN), the novel composite's porosity, hardness, and compressive strength were optimized from multiple
perspectives. The Taguchi-grey relational methodology was used to optimize the composite's production
parameters at the same time. The ideal parameters were 1.5 weight percent CNTs, 1.0 weight percent PWSnp, 100
rpm stirring speed, and 6 minutes of stirring time. The corresponding porosity, hardness, and compressive strength
values were 0.3250, 108.2738, and 410.6436. With correlation coefficients of 0.9617, 0.9536, and 0.9725 for the
composite material's porosity, hardness, and compressive strength, respectively, the ANN showed exceptional
prediction power. Next, multi-objective optimization for the novel material's porosity, hardness, corrosion
resistance, and compressive strength was carried out using the ANN as a fitness function within NSGA-II. Using the
beneficial qualities of the new material, engineers designing the best brake discs and other machine parts can use
the resultant Pareto optimal solutions and the ideal manufacturing settings as a useful resource.

Dhanalakshmi (2018) conducted research on the optimization of aluminum metal matrix composite (AMMC) for use
in automobile brake discs. The results showed that graphite had an impact on the wear rate, and silicon carbide had
a significant impact on the various mechanical parameters. Gajalakshmi et al. [2022] applied the Taguchi-Grey
approach to calculate the wear and coefficient of friction of A6025. Taguchi's design of experiments via the L16
Orthogonal Array was used. The pin-on disc wear technique was applied. They found that the ideal parameters that
produced the lowest coefficient of friction, wear, and frictional force were a 111.53 mm disc diameter, 376 r/min
disc speeds, and a 35.21 N applied load.

A mechanical device called a brake uses energy from a moving system to stop motion. Usually achieved through
friction, it is used to slow or halt a moving wheel, axle, or vehicle or to stop its motion altogether. In order to carry
out this job, the brakes absorb the moving member's kinetic strength as well as the potential energy released by
objects being lowered via hoists, elevators, and other devices. Heat is released as a result of the energy used to
apply brakes [Ezechukwu, 2024, Ezechukwu, 2024]. The work done in this paper can serve as the foundation for the
micro mechanism analysis and optimal design of hybrid reinforced composites in the future. A finite element model
is used to analyze the strengthening effect and damage effect of adding a reinforcing phase to hybrid reinforced
aluminum matrix composites.

2. Materials and method

2.1 Materials

The periwinkle shells used in this study were bought from a local market in Port Harcourt, a major port city in River
State, Southern Nigeria, and the rice husks came from Ebonyi State, which is in Southern Nigeria.

2.2 Method

2.2.1 The production of the CNTs from the rice husk waste

Ferrocene, Fe(C5H5)2, as a catalyst, was dissolved in ethanol, and the dried Rice Husk (RH) was added. The mixture
was then placed in an aluminum sheet as a substrate. The process of producing CNTs from rice husk waste was
carried out according to the procedure used by [Obinwa, 2024]. The RH was cleaned and dried to remove the
impurities, and it was then dried at 65 °C for 24 hours. Prior to microwave plasma irradiation, the quartz tube was
evacuated into a base pressure of 1.3 x 103 mbar and a deposition time of 40 minutes. The samples were placed in
the center of the quartz tube inside the microwave oven (Samsung M539 MAN200405W), 600 W power, and 2.45
GHz frequency (household microwave frequency). The PWSnp was produced using the sol-gel process. The
antecedent is the periwinkle shell (PWS). Deionized water was also used to wash the PWS waste. The PWSnp's
production details were discussed in another study [Onyenanu, 2021]. The nanocomposites were produced using
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the liquid technique of the metal matrix. A graphite crucible containing the cleaned, determined amount of
aluminum beverage, 7 wt% Si, and 0.3 wt% Mg was heated to 750°C. In order to increase wettability and balance
the temperature, the reinforcement particles, 1.5 wt% PWSnp, and 0.5 wt% RH produced from CNTs were warmed
at 1050 °C before being added to the melt. To lessen porosity, degassing tablets (hexachloroethane) were applied
once the molten metal had completely melted. A stirrer made of graphite covered in stainless steel was
progressively dropped into the melt to stir the molten metal. Five minutes of stirring time and 250 rpm of stirring
speed were employed. After that, the molten metal was poured into a mold that had been heated to 30 minutes at
500 °C to achieve homogenous solidification.

2.2.2 The orthogonal array selection

The experimentation in the study was carried out using the L9 orthogonal array. According to the thorough
literature studies [Venkatachalam, 2017; Natarajan, 2006], porosity had an impact on the stir cast composite
because of the segregation and agglomeration that may happen as a result of increasing the reinforcement,
vigorously stirring, and heating the reinforcement particles. The porosity and mechanical characteristics of the final
composites are significantly impacted by these processing parameters. The ideal circumstances yield the highest
compressive strength, greatest hardness, and minimal porosity.

As indicated in Tables 1 and 2, nine (9) experimental runs were chosen for the L9 orthogonal array by allocating
eight columns.

Table 1: Stir casting parameters and their values at a different level

Process parameters Low (1) Medium(2) High(3)
wt%CNTs-derived RH(A), | 0.5 1.0 1.5
wt%PWSnp(B) 0.5 1.0 1.5
stirring speed(C) rpm 100 200 300
Stirring time(minutes) 2 4 6

Table 2: Assignment of process parameters using L9 design

%WtCNTs | %wtPWSnp | Stiring Stiring Porosity(%) Hardness Compressive
speed time Values(HV) strength(MPa)

1 1 1 1 0.12 87.56 245.67

1 2 2 2 0.12 89.01 268.23

1 3 3 3 0.15 91.50 289.45

2 1 2 3 0.18 98.32 345.78

2 2 3 1 0.25 99.26 367.8

2 3 1 2 0.34 97.90 355.89

3 1 3 2 0.3 105.89 401.89

3 2 1 3 0.290 116.8 410.67

3 3 2 1 0.30 100.89 398.76

2.2.3 Production of Samples
The liquid method of the metal matrix was employed in the production, which is more dependable and less
expensive than another way. The samples were made in accordance with Taguchi's approach of L9 utilizing the Stir
casting parameters and their values at a different level, as shown in Table 2. After the molten metal was completely
melted, degassing tablets (hexachloroethane) were added to reduce porosity. The cleaned, calculated amount of
aluminum beverage, 7wt%Si, and 0.3wt%Mg to form A356 alloy were placed inside a graphite crucible and heated
to 750°C. The reinforcement particles were preheated in Table 2 before being incorporated into the melt to improve
wettability and harmonize the temperature. To achieve uniform solidification, a stirrer made of stainless steel-
coated graphite was used, which was lowered slowly into the melt to stir it according to Table 2. After adding
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0.3wt% magnesium to the melted metal, the mixture was poured into a mold that had been preheated to 500°C for
30 minutes. The sample was machined to ascertain its mechanical and physical characteristics after casting.

2.2.4 Production of Prototype Brake Disc

The composites for the brake disc were made using the sand-stir casting method. The composites created under
ideal conditions were contrasted with those made for brake disc applications [Venkatachalam, 2017]. The developed
composites have been shown to compare favorably with composites developed by [Venkatachalam, 2017,
Natarajan, 2006]. The produced composite brake is shown in Figure 1

Figure 1: the produced brake disc

3. Results and discussion

3.1 Multi-response optimization (Grey Analysis).

Table 3 presents the multi-response data from the Taguchi L9, which were analyzed using grey relational analysis to
determine the ideal parameter setting that yields higher compressive strength, higher hardness values, and lower
porosity. In order to represent the three output characterizations, a single optimal configuration must be obtained
using equation 1, where the lower the porosity output characterisation, the better, and the higher the compressive
strength and hardness values in equation 2, i.e, 0 < S/N < 1.

max X (K); — X (k),
max X; (k) —min X (K),

X (k) = M

X, (K)—min X (K),
max X —min X,.(K)

X (K) = )

where k = 1 for i = 1. 2. 3... for experiments 1 through 9 and refer to the sequence following data pre-processing

and the comparability sequence, respectively. Table 4 presents the gray relational generation and deviation results.

Equation 3 was used to determine the comparability sequence and the reference sequence's deviation sequence:
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A0i (k) = |Xox(k) - Xix(k)| 3)
Table 3: Results of the Taguchi experiment(L9)
S/No %WtCNTs %wtPWSnp | Stirring | Stirring | Porosity(%) Hardness Compressive
speed time Values(HV) strength(MPa)

1 1 1 1 1 0.12 87.56 245.67

2 1 2 2 2 0.12 89.01 268.23

3 1 3 3 3 0.15 91.50 289.45

4 2 1 2 3 0.18 98.32 345.78

5 2 2 3 1 0.25 99.26 367.8

6 2 3 1 2 0.34 97.90 355.89

7 3 1 3 2 0.3 105.89 401.89

8 3 2 1 3 0.290 116.8 410.67

9 3 3 2 1 0.30 100.89 398.76

Equation (4) was used to calculate the Grey Relational Coefficients (GRC) for the output characteristics.

_ Amm_'_é/Amax
e1()= Agi (K) +CA @

The calculated deviation from the normalized S/N value is represented by Aoi(k), and the values of the Amax
maximum and Amin minimum normalized S/N ratios for each of the three output characteristics are typically 1 and
Amin minimum, respectively. &i(k) is the grey relational coefficient, € is the distinguishing or identification coefficient
which lines within 0 < § < 1, and & equal to 0.5 was adopted in this research. The average of the GRC for each
performance criteria yields the GRG. The GRG, as shown in Equation 5, serves as the foundation for the overall
assessment of the various performance parameters.

1 n
== ¢ (k) (5)
na

where n is the number of performance criteria, and Yi is the GRG for the Ath experiment. Consequently, the
corresponding experimental result was closer to the ideal normalized value when the GRG was higher. The results of
the GRC and GRG are presented in Table 5

Table 4: Grey relational generation and deviation

S/N | Grey relational generation DOI

o Hardness Compressive | porosity Hardness Compressive porosity
values strength values strength

1 0 0 1 1 1 0

2 0.049589603 | 0.136727273 |1 0.950410397 | 0.863272727 0

3 0.134746922 | 0.265333333 | 0.863636364 | 0.865253078 | 0.734666667 0.136363636

4 0.367989056 | 0.606727273 | 0.727272727 | 0.632010944 | 0.393272727 0.272727273

5 0.400136799 | 0.740181818 | 0.409090909 | 0.599863201 | 0.259818182 0.590909091

6 0.353625171 | 0.668 0 0.646374829 | 0.332 1

7 0.626880985 | 0.946787879 | 0.181818182 | 0.373119015 | 0.053212121 0.818181818

8 1 1 0.227272727 | 0 0 0.772727273

9 0.455882353 | 0.927818182 | 0.181818182 | 0.544117647 | 0.072181818 0.818181818
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Table 5: Grey relational coefficient and Grey Relational Grade (GRG)

S/N | Grey relational coefficient Grey Relational Grade (GRG
o Hardness Compressive | porosity
values strength

1 0.75 0.75 0.25 0.583333333
2 0.725205198 | 0.681636 0.25 0.552280521
3 0.682626539 | 0.617333 0.318181818 | 0.539380564
4 0.566005472 | 0.446636 0.386363636 | 0.466335157
5 0.549931601 | 0.379909 0.545454545 | 0.491765079
6 0.573187415 | 0416 0.75 0.579729138
7 0.436559508 | 0.276606 0.659090909 | 0.457418826
8 0.25 0.25 0.636363636 | 0.378787879
9 0.522058824 | 0.286091 0.659090909 | 0.489080214

3.2 Testing Friction properties of the prototype disc and Brake pad

In accordance with JASO C406-82, the friction properties of the developed brake disc were tested using a brake
pad. The brake pad with minimal film deposition on the surface, which is frequently used for testing conventional
cast iron brake discs, was the one chosen for the frictional analysis [Ezechukwu, 2025; Hiroaki, 2002]. The developed
brake disc was repeatedly used in the braking operation with the brake pad of 75km/h and deceleration of 3.5m/s
before braking at 130°C. The coefficient of friction was determined, and the wear rate of the disk and brake pad was
measured. Figure 2 displays the results of the coefficient of friction with braking times, and Figure 3 shows the wear
rate of the pad and disc. It was discovered that the wear rate and the obtained coefficient of friction for both
materials are similar. The developed brake disc has been shown to compare favorably with the conventional brake

disc.
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Figure 2: Variation of coefficient of friction with braking times
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Figure 3: Variation of wear rate with samples

3.3 Structural simulation analysis of the developed disc brake based

3.3.1Geometric model

The displacement, Von mises stress, and factor of safety, as shown in Equations 1-3, were used to determine the
stress analysis of the developed brake disc using the composite on a Toyota Corolla brake disc sample in
accordance with standard procedure (Figure 4).

0, = [0.5((0y — 02)* + (02 — 03)* + (05 — 0,)D)]"® (6)
Egs = (g.av)o'5 @)
f= ®)

where: ov =Von mises stress, 01 0203 = principal stresses, EqS = Equivalent strain, Ws= workable stress, Fs= factor
of safety

Figure 4 displayed the three-dimensional view model of the brake disc
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3.3.2 Meshing

In the disc brake, there are many chamfers and grooves that increase heat dissipation spokes between the internal
structure and double-layer discs. The restraining of the x, z-direction, and center location in y-displacement were
the boundary conditions applied in this stress analysis. Minimum element sizes of 0.2 0.05 shells, maximum turning
angle of 60°, fraction model diameter 0.1, and grading factor of 1.5 were used for the meshing. The finite-element
model considerations of 1202 elements and 686 nodes were used.

3.3.3 Brake disc strength analysis

The outer and inner caliper bodies are normally used during the braking operation. The fluid of brake pressure is
normally transmitted from the pistons and brake pads. The force from the bolts fixed in between the axle, brake
pads, the magnitude of the brake fluid pressure, and the caliper body have a relationship with the external force of
the vehicle speed and brake pedal. In this work, a car traveling at 100 km/h and the contact friction force (torque) of
the friction surface of the disc brake and friction pad were used for the simulation. After substituting the pressure,
the pressure brake pad and disc (Nmax) = 19096 N was obtained; these values were used in the simulation.

N =PS, = PI1d,x0.25 ©)

T. =2fNR
' (10)

Where: N= pressing force of the brake disc and friction pad on the P;=the hydraulic pressure(MPa); S:: pad

area(cm?); dq: diameter of the piston(cm) f: = coefficient of friction, R= radial dimension(cm)

3.3.4 Restraint and Load Determination

When applying the load, the disc brake mainly acts on the brake pad, as displayed in Figure 5. Defining constraints,
the center hole of the brake disc, X constraints on the outer and, inner and end surfaces of the disc, then Y and Z
constraints on the friction surface of the friction lining and brake disc as shown in Figure 5.

Figure 5 Load position.

3.4 Simulation results

The analysis of the structural strength of the brake disc after the simulation, Figures 6-8, displayed results of modal
analysis, stress solution, and deformation cloud diagram. It was observed that the maximum stress of the brake disc
during the braking process is 15.8402 MPa, and the compressive strength of the brake disc is 410 MPa, so the brake
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disc fully meets the strength requirements. It can be seen from the deformation cloud diagram that the maximum
deformation of the brake disc during braking is 0.00172654 mm, and the closer the center is, the smaller the
deformation. From the observation of the linear structural analysis, the Von stress was lower compressive strength
of the developed brake disc; this shows that high-strength brake discs give a minimum factor of safety of 7.58 and
15. It can be concluded that the strength and safety factors are within the recommended standard for brake disc
applications.

Nodes:109714

Elements:63471
Type: Von Mises Stress

Unit: MPa
12/2/2021, 10:55:56 AM

15.84 Max

0 Min

Figure 6: The Von Mises stress

Nodes:109714

Elements:63471
Type: Displacement

Unit: mm
12/2/2021, 10:55:58 AM
0.001727 Max

0 Min

Figure 7: the displacement
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Nodes:109714

Elements:63471
Type: Safety Factor

Unit: ul
12/2/2021, 10:55:57 AM
15 Max

7.58 Min

Figure 8: the factor of safety

4. Conclusions

The study provided new information regarding the structural performance of a newly developed aluminum alloy
composite for brake disc applications that uses PWSnp and CNTs produced from RH. The following can be
produced during the research: RH derived from CNTs, waste beverages, and periwinkle shells can all be successfully
used to create nanocomposites for use as structural materials. The highest stress of the brake disc obtained during
the braking process is 15.8402 MPa, and the compressive strength of the brake disc is 410 MPa; therefore, the brake
disc fully meets the strength requirements. It can be seen from the deformation cloud diagram that the maximum
deformation of the brake disc during braking is 0.00172654 mm, and the closer the center is, the smaller the
deformation. From the observation of the linear structural analysis, the Von stress was lower compressive strength
of the developed brake disc; this shows that high-strength brake discs give a minimum factor of safety of 7.58 and
15. It can be concluded that the strength and safety factors are within the recommended standard for brake disc
applications.
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