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Abstract: This study aimed to optimize friction stir processing parameters to enhance the
mechanical properties of AA 5083/coal composites, a novel material combination with po-
tential applications in marine environments. By systematically varying process parameters
such as tilt angle, traverse speed, and rotational speed using a Taguchi experimental design,
the FSP process was optimized. Signal-to-noise ratio and analysis of variance techniques
were used to determine the most influential parameters on microhardness and ultimate
tensile strength. A regression model was developed to predict composite behavior under
these optimal conditions. This study found that a combination of 900 rpm, 60 mm/min, and
a 2° tilt angle significantly improved mechanical properties. This research contributes to the
advancement of FSP for producing high-performance, lightweight, and corrosion-resistant
aluminum composites, particularly for marine applications.

Keywords: aluminum alloy; friction stir welding/processing; metal matrix composite;
mechanical properties; Taguchi; ANOVA; S/N ratio

1. Introduction

Metal matrix composites (MMCs) offer a combination of high specific strength, specific
modulus, excellent high-temperature performance, and superior wear and abrasion resis-
tance, making them highly desirable for advanced applications. Among these, aluminum-
based MMCs (AMMOCs) are particularly favored due to their lightweight nature and en-
hanced mechanical properties [1]. AA5083, a widely used aluminum alloy, stands out for
its remarkable corrosion resistance, weldability, and moderate strength, making it a pre-
ferred material for marine-grade applications. However, the challenge in the field remains
constantly to enhance the mechanical properties of the alloy, including tensile strength, and
hardness without increasing the cost of production and affecting environmental concerns.

Over the years, various fabrication techniques have been developed to produce
AMMCs, including stir casting [2—4], compo-casting [5], squeeze casting [6], spray form-
ing [7], liquid metal infiltration [8], powder metallurgy [9], mechanical alloying, and in
situ methods [10]. Each method offers unique advantages and limitations, driving ongo-
ing research into optimizing processing techniques to achieve superior performance and
efficiency. Friction stir processing (FSP) is a new technique that has been developed for
joining materials for which a remelting technique is not suitable. It is an economical and
environmentally friendly technique for fabricating AMMCs.
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FSP does not involve conventional melting and solidification and has been used widely
for improving the surface and mechanical properties of non-ferrous metals, particularly
aluminum alloys with numerous types of reinforcements such as ceramics [11,12], carbon
nanotubes, and particles from agricultural waste [13]. Heat is produced in FSP by the
rubbing action of the tool and workpiece, contact between the pin and base metal, and
dynamic recrystallization [14,15]. This heat makes the material soft and suitable for the
integration of reinforcements and plastic deformation, among other processes. It was found
that the process parameters used in FSP affect the quality of the composites fabricated,
their microstructure, and particle distribution. Tool geometry likewise affects the mate-
rial flow and heat input as indicated [16]. Second-phase particle incorporation can be
achieved by way of intense material flow, but optimizing the FSP parameters is essential
for improvement.

Traditional welding businesses often rely on a one-factor-at-a-time experimental ap-
proach, which is inefficient for complex processes like friction stir processing [17,18]. While
mathematical iterative search techniques, problem-specific heuristics, and metaheuristics
offer potential solutions [19], they are limited by their complexity, impracticality, high cost,
and the requirement for a continuously differentiable objective function [20]. To address
these limitations and achieve more efficient optimization, the Taguchi method provides
a robust and practical alternative. By utilizing orthogonal arrays, the Taguchi method
significantly reduces the number of required experiments, making it a suitable choice for
industrial applications [21,22]. ANOVA determines the key parameters responsible for
the variation in the output responses and evaluates the effect of one or multiple input
parameters on the response [23,24].

The processing parameters in friction stir processing (FSP) play a critical role in in-
fluencing the tensile properties and microstructural characteristics of aluminum metal
matrix composites (AMMCs). Understanding the interplay between these parameters and
the resulting structure and properties of fabricated composites is essential for optimizing
performance. Researchers have widely employed FSP in conjunction with Taguchi methods
to determine optimal processing conditions for various aluminum grades and reinforce-
ments, enabling the fabrication of high-performance metal matrix and surface composites.
A review of studies focusing on the fabrication of marine-grade AMMOC s reveals the use of
diverse reinforcements such as ceramics (e.g., SiC, Al,O3), carbon nanotubes, and particles
derived from agricultural waste. These materials have demonstrated significant improve-
ments in the tribological and mechanical properties of aluminum alloys, highlighting the
potential of FSP as a versatile and effective processing technique [25-33].

Singh et al. [25] studied the flow characteristics of AA5052/TiO, /SiC hybrid surface
composites employing multi-pass FSP with upward material flow. Unlike conventional
downward flow, upward flow, generated by a right-handed threaded pin tool, caused plas-
tic deformation and material movement within the stir zone. The multi-pass FSP techniques
proved useful as they generated new sub-grains and improved the uniform distribution of
reinforcements. The maximum microhardness of the composites achieved was 88.73 Hv
after the fourth pass, and the highest tensile strength of 220.8 MPa was observed after four
passes with additional improvements in the wear properties of the composites.

Bozorgmehr et al. [26] investigated the impact of traverse speed on the characteristics
of microstructure, wear properties, and mechanical properties of the Al5052/ZrO,/ZrSiO4
surface hybrid fabricated by FSP at a fixed rpm 1400. The experiment was performed at
test speeds of 20 mm/min, 25 mm/min, 31.5 mm/min, and 40 mm/min. The hardness,
microstructure, and wear resistance of an Al5052/ZrO, /ZrSiO4 hybrid surface composite
material were analyzed after effecting FSP with different traverse speeds. FSP enhanced
the composite’s properties because the microstructure was fine-grained and there were
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reinforcing particles. In this study, the slowest traverse rate of 20mm/min gave the best
results of an increase in hardness of about 27.3%, and the wear resistance of the base material
increased by 68.9%. This was attributed to increased heat generation and an improvement
in the uniform distribution of particles, thus enhancing minimal adhesive wear.

Kaya et al. [27] examined the influence of the load (6000 N, 8000 N, and 10,000 N)
and tool rotational rate (560 rpm, 710 rpm and 900 rpm) on the mechanical properties,
microstructure, and wear behavior of an FSP Al5083/SiC surface composite. The study
results revealed that the microhardness of the stir zone (S5Z) was the highest and it was
found to be about 1.4 times higher than the base material hardness.

The maximum applied forces of 8000 N, along with a critical speed of 900 rpm, offered
a 38% increase in maximum hardness and an increase in wear resistance of 42%, and the
ultimate tensile strength of the base material decreased by 3%.

Singhal et al. [28] fine-tuned FSP parameters for enhancing the microstructures and
mechanical properties of in situ AA5083-H111/Al-Fe surficial hybrid composites. The
composites under consideration were produced from Fe-40 wt% Al powder, which was
subjected to mechanical alloying, and the welded samples were prepared using FSP with
a reverse tool path. In a bid to minimize the number of experiments, it was necessary to
utilize the Taguchi L9 orthogonal array design to collect the relevant data. The properties
of FSP joined plates were investigated and quantified in terms of mechanical properties
after each traverse of the FSP tool. It was noted that increasing the number of passes to
a second pass led to an improvement in tensile strength from 225.8 MPa to 253.6 MPa.
Microhardness also progressively increased and reached 128.3 Hv on the second pass.
These improvements were attributed to optimized FSP parameters: shoulder diameters of
21 mm, traverse speed of 63 mm/min, rotational speed of 900 rpm, and tilt angle of 1.5°.
Based on the fractographic analysis of the failure, it was found that the AA5083/Al-Fe
composite failed in ductile mode, as expected for the system. This ductile failure mode had
its contribution to the mechanical performance of the material, which was outstanding.

Venkatesh et al. [29] used the Taguchi optimization technique to study the betterment
of FSW process parameters of AA6061-6% SiC composite plates by analyzing the influence
of axial load, tool rotational speed, and pin profile on microhardness and UTS. The study
showed that an axial load of 6 kNN, a tool rotational speed of 750 rpm, and a square pin
profile were effective in achieving the highest UTS. For microhardness, peak values of 6 kN,
900 rpm, and a pin profile in the form of a cylinder were identified to be optimal. ANOVA
revealed that the tool profile had the most significant impact on Vickers hardness, with a
percentage contribution of 53.84%, followed by tool rotational speed, with a percentage
contribution of 20.16%, and axial force, with a percentage contribution of 21.32%.

Megahed et al. [30] attempted to enhance the FSP parameters of microstructure and
hardness, together with the wear resistance characteristics, of AA6061/WC nanocomposite.
The control factors were transverse feed, tool rotational speed, volume fraction, and number
of passes of the WC nanoparticles. Detailed characterization analysis revealed that the
dispersion of WC particles in the AA6061 matrix of the composite was uniform with no
evidence of defect. Owing to the high strain rate and high temperature, the FSP underwent
significant plastic deformation and heat, which might pin the break of coarse particles
and porous holes and could promote dynamic recrystallization to generate an ultra-fine
grain structure. The microhardness of the processed composite was 144 VHN, which
is higher than that of the base metal by a percentage of 39.81. In all the samples, there
was reduced weight loss. From the analysis of variance obtained, it was observed that
the passes significantly affect microhardness by 40.1% and weight loss by 56.94% of WC
volume fraction. Among all the cases studied, the maximum microhardness and wear
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resistance were achieved using an 1800 r.p.m. feed rate of 120 mm/min containing 6% WC
and with three FSP passes.

Teo et al. [31] worked on the study of the friction stir processing parameters of recycled
aluminum alloy 6063/TiO2 surface composites for enhanced tribological properties. For
sample fabrication, a moderate range of process parameters was employed, and in the other
case, the rotational speed was selected as 2442 rpm and the feed rate was 50 mm/min. A
microhardness test was carried out for the mechanical properties of the developed material,
and its friction and anti-wear properties were evaluated using a pin-on-disk tribo-tester
under a starve lubrication mode. At the high setting, the research revealed enhanced
surface composite mechanical properties, with a 45% enhancement in microhardness, a
reduction in the friction coefficient by 39%, and a 73% reduction in the wear rate of the
base materials. The study showed that TiO2 particles were well dispersed within the
aluminum matrix and the average grain size was reduced, which enhanced the mechanical
and wear characteristics.

Bharathikanna et al. [32] investigated the mechanical properties and corrosion behavior
of friction stir processed AA6082 alloy with the addition of Cr3C,_particles. Tool rotation
speed, axial force, and traverse speed were also analyzed in their work using Taguchi’s
orthogonal array and Gray Relational Analysis. Tests like tensile properties, metallographs,
etc., were performed to analyze the effects of these variables. By comparing the results
obtained, it was highlighted that axial force and traverse speed can significantly affect
the performance of the composites. According to the above findings, it can be concluded
the optimum values of parameters should be 1200 rpm, 45 mm/min, and 5 kN, as these
values provide better tensile strength and surface hardness. Consequently, the investigation
demonstrated that it was possible to use multi-objective optimization techniques to alter
the properties of FSP AMCs.

Kumar et al. [33] fabricated Al 6082/SiC composites using FSP. SiC particles were
used in different volume fractions (2%, 4%, 6%) and were dispersed in the aluminum
matrix. A micrograph study depicted fine grain sizes and good interfacial adhesion of SiC-
reinforced particles with the aluminum matrix. Mechanical tests proved that the ultimate
tensile strength of the composites was enhanced up to 1.58-fold compared to the base
material, with a hardness of 85.75 HB. The FSP process changed the Al 6082 matrix from
a coarse-grained structure to a fine recrystallized grain structure with a nearly uniform
distribution of SiC particles. This homogenous dispersion contributed to the improved
mechanical properties and also proved the efficiency of FSP for preparing SiC-reinforced
aluminum composites.

Coal, as an innovative reinforcement material, presents distinct advantages, including
cost-effectiveness, abundance, and potential sustainability, setting it apart from traditional
ceramic or metallic reinforcements. Despite these benefits, limited research has examined
its integration into aluminum alloys, particularly for lightweight applications like those
in marine environments. This study addresses this gap by optimizing the friction stir
processing (FSP) parameters for AA5083/coal composites, advancing the development
of cost-effective and durable materials. This study employs the Taguchi method and
regression analysis to refine FSP design parameters and evaluate mechanical properties
such as tensile strength and hardness. The findings are expected to demonstrate that coal
can serve as a viable and economical reinforcement material, offering excellent durability
for marine applications demanding long-term performance and reliability.



Crystals 2025, 15, 34

50f 19

2. Materials and Methods
2.1. Material Selection

The base material used for this study was aluminum AA5083 plates of dimensions
of 250 mm x 55 mm X 6 mm to prepare aluminum metal matrix composite materials.
Based on mechanical tests, these alloys possessed an ultimate tensile strength of 311 MPa, a
percentage of elongation of 58.65%, and 93.07 HV hardness. The content of the components
of the AA5083 alloy is described in Table 1. The balance of this composition is important in
the assessment of its material properties and the application potential of the alloy, especially
concerning the friction stir processing explored in this study. Coal particles, comprising 5%
of the composite’s volume, were incorporated as a reinforcement material.

Table 1. The composition of AA5083-H111 in wt % [34].

BM

Cr

Cr Fe Mg Mn Si Ti Zn Al

AA5083

0.05 0.05 0.16 4.03 0.69 0.15 0.02 0.01 Bal

2.2. Parameter Selection Using Taguchi

A Taguchi L9 orthogonal array was employed to systematically investigate the ef-
fects of three key FSP parameters—tool tilt angle, tool traverse speed, and tool rotational
speed—on the desired response variables. MINITAB18 software was used to analyze the
experimental data. Each of these parameters was used at three different levels, therefore
leading to a total number of nine experimental conditions. These parameters were chosen
based on prior research [35]. The experimental matrix is provided in two tables, namely,
Tables 2 and 3, illustrating the precise parameter variations that were employed in the
tests. This systematic method allows the different conditions of the chosen FSP param-
eters and their effects on the properties of the developed aluminum matrix composites
to be evaluated systematically to identify the best option as informed by the results of
the experiments.

Table 2. Processing factors and levels.

Tilt Angle (TA) Traverse Speed (TS) Rotational Speed (RS)
Level s .
[°] [mm/min] [rpm]
1 1 30 600
2 1.75 45 900
3 2 60 1200

Table 3. Taguchi Lg design matrix.

No of Tests Tilt éngle Traverse S.peed Rotational Speed
[°] [mm/min] [rpm]
1. 1 30 600
2. 1.75 45 600
3. 2 60 600
4. 1.75 30 900
5. 2 45 900
6. 1 60 900
7. 2 30 1200
8. 1 45 1200
9. 1.75 60 1200
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2.3. Fabrication Method

To create the aluminum metal matrix composite, two AA5083 sheets were first friction
stir-welded together. Subsequently, holes of 2.5 mm diameter, 4 mm depth, and 15 mm
interval along the weld line were drilled. Coal reinforcement was then inserted into these
drilled holes, after which a pinless friction stir processing (FSP) tool was utilized to close
them securely. Subsequently, a high-speed steel FSP tool featuring a triangular pin profile
was employed to conduct the FSP pass. To detail the FSW /FSP tool, this tool has a shoulder
diameter of 20 mm, a probe diameter of 7 mm, and a pin length of 5.7 mm, which enables
the processing of the aluminum composite material.

3. Results and Discussions
3.1. Mechanical Properties

Following FSP, tensile and hardness specimens with orientation perpendicular to the
processing direction were cut. Tensile specimens were prepared based on ASTM E-8M-04
standards [36] and tested on the Hounsfield tensile test machine. Microhardness measure-
ments were carried out using a Vickers microhardness tester following ASTM E-384 [37] at
room temperature with the help of the Innova Test Falcon 500 hardness testing machine.
The tensile and microhardness specimen samples and size configuration are depicted in
Figures 1 and 2 below. The tensile strength and hardness of AA5083/coal composites
are represented in Table 4, highlighting the effects of different process parameters with

confidence intervals (CI).

Figure 2. Tensile and hardness specimen size and configuration.
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Table 4. AA5083/coal composite mechanical properties with confidence intervals.

Experiment No.

UTS (MPa) CI for UTS (MPa) PE (%) CI for PE(%) MH (HV) CI for MH (HV)

00NN UTE LN

167
109
224
134
242
161
101
181
141

167 £5 11.9 119 £03 93.6 93.6 £ 0.5
109 £5 7.00 7.00+£0.3 88.3 88.3 £0.5
224 +5 224 224+03 92.7 927 +£0.5
134 £5 12.2 122 £0.3 96.3 96.3 £ 0.5
242 £5 20.7 207+ 0.3 90.7 90.7 £ 0.5
161 £5 21.2 212+03 924 924+ 0.5
101 £5 7.60 7.60 £0.3 95.3 953 £0.5
181 £5 12.8 12.8 £ 0.3 93.1 93.1£0.5
141+ 5 9.38 9.38 £ 0.3 95.9 959 £0.5

3.1.1. Tensile Strength

The UTS of the base AA5083/coal composite was very comparable to the base AA5083
material; however, the particle reinforcement decreased the ductility of the material. The
results of this study align with the literature [38-41], wherein single-pass composites
recorded lower tensile strengths than the base material.

3.1.2. Hardness

Reinforcements enhance hardness, surpassing base material values. Variations due
to recrystallization, grain size, particle distribution, and intermetallic particle fragmen-
tation contribute to higher hardness [42,43]. This study’s findings align with previous
research [44].

3.1.3. Comparison Plots of Investigational and Regression-Predicted Values

The regression equation is adjusted with the help of taking the investigational out-
put responses to define the correlation between the input process parameters and re-
quired mechanical properties. Equations (1)-(3) represent the regression models developed
to predict the maximum tensile strength, percentage elongation, and hardness of the
AA5083/coal composites.

The following equations represent the developed regression models:

UTS (MPa): 135 — 0.0428 RS (rpm) + 1.38 TS (mm/min) + 2.1 TA (deg). (1)

The regression equation for tensile strength indicates a negative relationship with
rotational speed (RS) and positive relationships with traverse speed (TS) and tilt angle (TA).
This aligns with physical expectations, as excessive rotational speed can lead to overheating,
causing grain growth and reducing tensile strength. Conversely, higher traverse speeds
promote finer grain structures and improved bonding, enhancing tensile strength. The tilt
angle’s positive effect is consistent with its role in optimizing material flow and ensuring
adequate consolidation during FSP.

PE (%): 9.9 — 0.00647 RS (rpm) + 0.236 TS (mm/min) — 0.53 TA (deg). (2)

The equation for percentage elongation reveals a slight reduction in elongation with
increasing rotational speed and tilt angle. This is physically justifiable, as higher rotational
speeds and tilt angles can introduce excessive thermal gradients and reinforce particle
agglomeration, leading to reduced ductility. The positive influence of traverse speed
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suggests that moderate deformation rates support better distribution of reinforcements,
maintaining ductility to some extent.

MH (HV): 81.65 + 0.00667 RS (rpm) + 0.0183 TS (mm/min) + 2.00 TA (deg). (3)

The equation for microhardness reflects a positive relationship with all parameters,
with tilt angle having the most substantial influence. This supports the notion of high heat
generation, where rotational and traverse speeds are high to promote the development
of a fine-grained microstructure and well-distributed reinforcements that would increase
the hardness of the material. Additionally, the significant effect of tilt angle highlights its
critical role in achieving optimal surface contact and particle integration during FSP.

Below, we detail the alignment with physical expectations achieved by these equations.

The regression equations generally align with established theories of material behavior
under FSP. The dominant role of traverse speed and tilt angle in tensile strength and
microhardness is consistent with their impact on material flow and thermal dynamics. But
such variations regarding physical expectations, for instance, the incremented positive
slope of rotational speed on microhardness, may be due to local variation in heat input or
particle distribution that the regression model has failed to capture completely.

The findings determined using the regression equations to analyze the mechanical
properties of AA5083/coal composites are shown in Table 5. Figure 3 displays the relative
UTS, PE, and MH obtained from experiment and regression equations predictions.

Table 5. Regression-predicted values with % errors.

Experiment No.

UTS (MPa) Fits Error (%) PE (%) Fits Error (%) MH (HV) Fits Error (%)

[a=y

O XN T WD

167
109
224
134
242
161
101
181
141

153.2 8.270 11.9 12.6 6.030 93.6 88.2 5.77
175.4 60.92 7.00 15.7 125.2 88.3 89.9 1.89
196.6 12.25 224 19.2 14.38 92.7 90.7 2.11
141.9 5.900 12.2 10.3 15.74 96.3 91.7 478
163.8 32.60 20.7 13.7 33.85 90.7 92.5 1.95
181.7 12.87 21.2 17.8 16.22 92.4 90.8 1.79
129.6 28.30 7.60 8.21 7.970 95.3 942 1.16
148.2 18.12 12.8 12.8 4.100 93.1 92.5 0.67
170.4 20.87 9.38 15.4 64.47 95.9 94.2 1.73

Confidence intervals: CI for UTS (MPa) = 5 CI for PE (%) = +0.3 CI for MH (HV) = +0.5.

(a) : _
. Experimental vs. Regression data

| M Experimental UTS  ® Regression UTS |

N

o

o
!

Juy

w1

o
!

=

o

o
!

(%)
o
!

ULTIMATE TENSILE STRENGTH (MPA)

1 2 3 4 5 6 7 8 9
PROCESSING RUNS

Figure 3. Cont.
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b . .
- Experimental vs. Regression data

| M Experimental PE M Regression PE |

20 A

15 4

10 A

PERCENTAGE ELONGATION (%)

1 2 3 4 5 6 7 8 9
PROCESSING RUNS

" Experimental vs. Regression data

| M Experimental HV M Regression HV |

90 A
80 A
70 A
60 -
50 -
40 A
30 A
20 A
10 A

MICROHARDNESS (HV)

1 2 3 4 5 6 7 8 9
PROCESSING RUNS

Figure 3. Experimental and regression predicted values: (a) ultimate tensile strength; (b) percentage
elongation; and (c) microhardness.

3.1.4. Microstructural Analysis

Figure 4 displays the optical microstructures of the composites evaluated under vary-
ing friction stir processing (FSP) parameters. Figure 4a—c illustrate the microstructure
of the AA5083/coal composite at rotational speeds of 600 rpm and traverse speeds of
30 mm/min, 45 mm/min, and 60 mm/min, with corresponding tilt angles of 1°, 1.75°, and
2°, respectively. Similarly, Figure 4d—f present the microstructures at 900 rpm, with tilt
angles of 1.75°, 2°, and 1°, paired with traverse speeds of 30 mm/min, 45 mm/min, and
60 mm/min, respectively. Lastly, Figure 4g—i detail the microstructure at 1200 rpm, where
the tilt angles and traverse speeds are set at 2° and 30 mm/min, 1° and 45 mm/min, and
1.75° and 60 mm/min, respectively.
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Figure 4. Optical microstructures of AA5083/coal composites captured at 20x 100 um magnification,
showing the effects of varying FSP parameters. (a—c) Microstructures at 600 rpm with traverse speeds
of 30 mm/min, 45 mm/min, and 60 mm/min, and tilt angles of 1°, 1.75°, and 2°, respectively.
(d—f) Microstructures at 900 rpm with traverse speeds of 30 mm/min, 45 mm/min, and 60 mm/min,
and tilt angles of 1.75°, 2°, and 1°, respectively. (g—i) Microstructures at 1200 rpm with traverse
speeds of 30 mm/min, 45 mm/min, and 60 mm/min, and tilt angles of 2°, 1°, and 1.75°, respectively.

The microstructural analysis provides crucial insights into the dispersion of coal
reinforcement particles within the AA5083 matrix, highlighting the influence of varying
FSP parameters on particle distribution and bonding. The images indicate that while coal
particles are present within the stir zone, the percentage of bonded particles appears low,
potentially due to limited material flow during processing [45-49]. These findings align
with observations in [50-52], which noted that non-uniform particle dispersion significantly
impacts the failure behavior and plastic deformation of metal-based composites.

This uneven distribution and incomplete bonding between the coal reinforcement
and the matrix adversely affect mechanical properties, including tensile strength and
ductility [50,53]. These results underscore the critical role of processing conditions in
optimizing particle dispersion and improving the overall composite performance.

3.2. Signal-to-Noise Ratio Analysis

In order to compare the means of the responses obtained for varying levels of speed,
feed, and tilt angle and find out the significance of speed, feed, and tilt angle on hardness
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and tensile strength, the data were analyzed by using MINITAB18 software. For this, the
following steps were taken: The means and signal /noise ratio were calculated. The goal
was to maximize hardness and tensile strength, so “the-larger-the-better” criteria were used
for signal-to-noise ratio calculations. For optimization, S/N ratios are used instead of mean
values to evaluate response characteristics. The choice of S/N ratio depends on the desired
outcome. Since higher values of microhardness and ultimate tensile strength are desirable,
a “the-higher-the-better” quality characteristic is applicable. This corresponds to a higher
S/N ratio, indicating optimal process parameter levels.

“The-larger-the-better” signal-to-noise ratio can be calculated using the following
formula [54-57]:

S 1wz 1
N = _1010g<1’12i1 yz) (4)
where n = the number of experimental repetitions and y = the re-response factor at the i-th

level. The S/N ratio for parameter combinations for AA5083/coal composite based on the
experimental test result is also presented in Table 6 and Figure 5.

Table 6. S/N ratio on ultimate tensile strength, percentage elongation, and hardness.

Experiment uTs S/N Ratio PE S/N Ratio MH S/N Ratio
No. (MPa) For UTS (%) For PE (HV) For HV
1. 167 44.45 11.9 21.55 93.6 38.66
2. 109 40.745 7.00 16.90 88.3 38.92
3. 224 47.00 224 27.02 92.7 39.34
4. 134 42.54 12.2 21.71 96.3 39.67
5. 242 47.68 20.7 26.33 90.7 39.15
6. 161 44,14 21.2 26.52 92.4 39.34
7. 101 40.09 7.60 17.62 95.3 39.42
8. 181 45.15 12.8 2211 93.1 39.38
9. 141 4298 9.38 19.44 95.9 39.28
RS (rpm) TS (mm/min) TA (deg)

45.0

445 /

240

435

430

25

420

600 900 1200 30 45 60 1.00 175 2.00
(a)

Figure 5. Cont.
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RS (rpm) TS (mm/min) TA (deg)
25
24
23
22
21
20
19
600 900 1200 30 45 60 1.00 1.75 2.00
(b)
RS (rpm) TS (mm/min) TA (deg)
394
~—~——
393 B

39.2 \

39.1

39.0

600 900 1200 30 45 60 1.00 175 2.00

(9
Figure 5. AA5083/coal composite SN ratio and mean plot: (a) UTS; (b) PE; (c) HV.

For the AA5083/coal composite, the increases in ultimate tensile strength, percentage
elongation, and microhardness by tilt angle at level three, traverse speed at level three, and
rotary speed at level two are shown in Figure 5. In the experiment, it was found that the best
parameters were achieved at a tilt angle of 2 degrees, a traverse speed of 60 mm/min, and
a rotational speed of 900 rpm. Earlier works [56,57] have used a larger-is-better approach
to optimize the mechanical characteristics of metal matrix composites.

Ranking of Contributing Factors and Determining Optimum Conditions

The S/N ratios and mean responses of UTS, PE, and HV are depicted in Tables 7-9.
The results in Table 7 also illustrate that tilt angle has the highest impact on UTS at rank 1,
followed by traverse speed at rank 2 and rotational speed at rank 3. Rating analysis of the
extent of effects provided in Table 8 shows that percentage elongation is most influenced
by rotational speed at rank 1, followed by tilt angle at rank 2 and then traverse speed at
rank 3. Finally, the values ranking the input parameters with respect to microhardness are
presented in Table 9. Among those, rotational speed is most important, tilt angle is the
second most important, and traverse speed is the least important parameter. From the main
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effects response results, it is clear that the best values for process parameters that yield the
highest UTS, PE, and HV are rpm 900, feed rate 60mm/min, and angle 2°, as discussed in
Section 3.2.

Table 7. Main effect response table for ultimate tensile strength.

S/N Ratio Response Mean Response
Level . o Traverse Speed Rotational . o Traverse Speed Rotational
Tilt Angle () (mm/min) Speed (rpm) Tilt Angle () (mm/min) Speed (rpm)
1 44.58 42.36 44.07 169.7 134.0 166.7
2 42.09 4453 44.78 128.0 177.3 179.0
3 44.92 4471 42.74 189.0 175.3 141.0
Delta 2.83 2.35 2.04 61.0 43.3 38.0
Rank 1 2 3 1 2 3
Table 8. Main effect response table for S/N ratio of parameters on percentage elongation.
S/N ratio Response Mean Response
Level . o Traverse Speed Rotational . o Traverse Speed Rotational
Tilt Angle () (mm/min) Speed (rpm) Tilt Angle () (mm/min) Speed (rpm)
1 23.39 20.29 21.82 15.29 10.58 13.79
2 19.35 21.78 24.85 9.520 13.49 18.03
3 23.65 24.33 19.72 16.92 17.66 9.910
Delta 4.30 4.03 5.13 7.400 7.087 8.120
Rank 2 3 1 2 3 1
Table 9. Main effect response table for S/N ratio of parameters on microhardness.
S/N Ratio Response Mean Response
Level . o Traverse Speed Rotational . o Traverse Speed Rotational
Tilt Angle () (mm/min) Speed (rpm) Tilt Angle (*) (mm/min) Speed (rpm)
1 39.12 39.25 38.97 90.41 91.84 88.90
2 39.29 39.15 39.38 92.23 90.69 93.12
3 39.31 39.31 39.36 92.28 92.39 92.90
Delta 0.18 0.16 0.40 1.87 1.69 4.22
Rank 2 3 1 2 3 1

3.3. Analysis of Variance

In the evaluation of process parameters, ANOVA was applied to identify the statistical
significance of the findings. A frequency test was used in statistics to analyze the parameter
effects that define the quality of properties [58]. From the analysis conducted below, the pa-
rameter contribution to the output response in terms of percentile and F-value (probability
distribution) was established. Tables 10 and 11 show the results of analysis of variance for
the signal-to-noise ratio and mean of ultimate tensile strength, percentage elongation, and
hardness. Based on the analysis of variance results, none of the factors (TA, TS, and RS)
were found to have a statistically significant impact on any of the response variables (UTS,
PE, and HV) at the 0.05 significance level. This indicates that the experimental design may
not have been effective in identifying significant factors or that the chosen factors do not
have a strong influence on the responses. Further analysis, such as examining interaction
effects or refining the experimental design, may be necessary to gain more insights.
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Table 10. Factor contribution to the variation in S/N ratio.

Degree of Freedom

Source (DF) Seq SS Adj SS Adj MS % Contribution F-Value p-Value
For UTS
TA (°) 2 14.33 14.33 7.165 27.05 0.65 0.605
TS (mm/min) 2 10.23 10.23 5.116 19.31 0.47 0.682
RS (rpm) 2 6.451 6.451 3.226 12.18 0.29 0.773
Error 2 21.97 21.97 10.98 41.47
Total 8 52.98
For PE
TA (°) 2 34.89 34.89 17.45 30.03 212 0.320
TS (mm/min) 2 24.97 24.97 12.49 21.89 1.52 0.397
RS (rpm) 2 39.93 39.93 19.96 34.36 2.43 0.292
Error 2 16.44 16.44 8.221 14.15
Total 8 116.2
For HV
TA (°) 2 0.064 0.064 0.032 9.169 0.23 0.815
TS (mm/min) 2 0.040 0.040 0.020 5.731 0.14 0.874
RS (rpm) 2 0.313 0.313 0.157 44.84 1.12 0.472
Error 2 0.280 0.280 0.140 40.11
Total 8 0.698
Table 11. Factor contribution to the variation in means.

Degree of Freedom . . o .
Source (DF) Seq SS Adj SS Adj MS % Contribution F-Value p-Value
For UTS
TA (°) 2 5831 5831 2915 31.71 0.87 0.535
TS (mm/min) 2 3590 3590 1795 19.53 0.54 0.651
RS (rpm) 2 2255 2255 1127 12.27 0.34 0.748
Error 2 6710 6710 3355 36.49
Total 8 18386
For PE
TA (°) 2 90.74 90.74 45.37 31.48 4.05 0.198
TS (mm/min) 2 76.12 76.12 38.06 26.41 3.40 0.227
RS (rpm) 2 98.96 98.96 49.48 34.33 4.42 0.185
Error 2 22.40 22.40 11.20 7.772
Total 8 288.2
For HV
TA (°) 2 6.799 6.799 3.400 8.948 0.22 0.820
TS (mm/min) 2 4.477 4477 2.239 5.892 0.14 0.873
RS (rpm) 2 33.83 33.83 16.91 44.52 1.10 0.477
Error 2 30.88 30.88 15.44 40.64
Total 8 75.98

Percentage of Contributions

Figure 6 displays the percentage contribution based on ANOVA. The ANOVA of
the S/N ratio for UTS, PE, and HV reveals that tilt angle significantly impacts the output
response for ultimate tensile strength, with a percentage of 27.05%. Elongation and hardness
also show strong dependency on tool rotational speed, at 34.37% and 44.84%, respectively.
The frequency value agrees with the contribution percentage and the ranking in the table.
The results support the importance of tool rotational speed in the output response. The
tilt angle’s impact on tensile strength is due to its control over material flow and tool
penetration, which are essential for defect prevention and bonding [59]. Rotational speed
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significantly influences microhardness, emphasizing the significance of heat generation in
grain refinement and particle distribution [60-62].

Percentage contribution of process
parameters
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Figure 6. Percentage contribution of process parameters for UTS, PE, and HV.

3.4. Confirmation Test

Additional experiments were conducted using the identified optimal settings to vali-
date the optimized process parameters. The tool rotational speed, traverse speed, and tilt
angle were set to 900 rpm, 60 mm/min, and 2 degrees [63]. Three confirmation tests were
conducted on AA5083/coal composites. The average UTS was found to be 244.7 MPa. The
average hardness was determined to be 91.42. These confirmation tests demonstrated the
effectiveness of the optimized parameters in enhancing the mechanical properties of the
composites, reinforcing the findings from the initial experimental phase.

4. Conclusions

This study successfully optimized the fabrication of AMMCs using friction stir pro-
cessing and the Taguchi L9 factorial method. This study effectively developed a surface
composite by employing AA5083 as the matrix material and coal as the reinforcement. The
Taguchi method was employed to identify the optimal process parameters for maximizing
both tensile strength and hardness in the AA5083/coal composite. The Taguchi technique
allowed us to draw the following conclusions:

e  The experimental tensile strength of the AA5083/coal composite reached a maximum
of 242 MPa, which is comparable to the 311 MPa ultimate tensile strength of the base
AA5083 material. Although the composite exhibited similar mechanical properties
to the base material, its ductility was reduced due to the presence of reinforcing
coal particles.

e  The experimental microhardness of the AA5083/coal composite reached a maximum
of 96.3 HV, which is higher than the 93.1 HV hardness of the base material AA5083. The
incorporation of reinforcements enhanced the hardness of the composite, surpassing
the base material values. These parameters include recrystallization, grain refinement,
particle distribution, and intermetallic particle fracture.
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e The extent to which tool rotation, traverse speed, and tool tilt influenced the tensile
strength, elongation, and hardness of the AA5083/coal composite joints was found
to be highest at 900 rpm, 60 mm/min, and 2 degrees, in that order. Specific values
for tilt angle, traverse speed, and rotational speed set at level 3 and level 2 resulted in
optimal mechanical properties for these features.

e The ANOVA results revealed that tilt angle was the most influential factor influenc-
ing ultimate tensile strength, contributing 27.047% to the overall variance. Traverse
speed and rotational speed followed, accounting for 19.307% and 12.176%, respec-
tively. For percentage elongation, rotational speed emerged as the most significant
factor, contributing 34.368% to the variance. Tilt angle and traverse speed had con-
tributions of 30.025% and 21.888%, respectively. Finally, rotational speed was again
identified as the most influential factor for microhardness, contributing 44.842% to the
variance. Tilt angle and traverse speed followed, with contributions of 9.1691% and
5.7306%, respectively.

e  Despite this, the regression models used give useful predictive estimates, and their va-
lidity is constrained by the design of the experiment and the ranges of the parameters
used. Further analysis incorporating interaction terms or advanced regression tech-
niques (e.g., response surface methodology) could offer a more nuanced understanding
of the complex interdependencies between FSP parameters and mechanical properties.

5. Limitations

Although this study did not directly assess corrosion resistance, AA5083 is well-known
for its exceptional corrosion performance in marine environments. Future research will
focus on evaluating the effect of coal reinforcement on the alloy’s corrosion resistance and
its durability under simulated marine conditions.

6. Scientific Contributions

The authors’ scientific contribution lies in the innovative use of coal particles as a
reinforcement material for AA5083 aluminum matrix composites produced through friction
stir processing (FSP). This study uniquely integrates the Taguchi method and regression
analysis to systematically optimize FSP parameters—rotational speed, traverse speed, and
tilt angle—and examine their impact on mechanical properties such as tensile strength,
hardness, and ductility.

In contrast to prior research, which primarily focuses on conventional reinforcements
like ceramics or carbon-based materials, this study explores the potential of coal as a plen-
tiful, cost-effective, and environmentally sustainable alternative. The findings provide
valuable insights into the viability of incorporating coal particles into aluminum alloys, par-
ticularly for marine applications, where corrosion resistance and mechanical performance
are crucial. Moreover, the inclusion of confirmation tests enhances the reliability of the opti-
mized parameters, establishing a robust framework for future research on unconventional
reinforcement materials.
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