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Abstract: Aluminium matrix composite’s overall quality is impacted by the friction stir process
parameters, which have a major impact on the microstructure, soundness, and particle dispersion
inside the stir zone. Although it requires a lot of experimentation, optimizing these factors is vital.
For the purpose of optimizing the ultimate tensile strength and microhardness of the
AA5083/Silicon carbide and AA5083/Coal composites fabricated by FSP, this work used the Taguchi
Lo design of experiments. Three process parameters were investigated at three levels each. For the
AA5083/Silicon carbide composite, the results of the ANOVA analysis showed rotational speed has
a larger impact on ultimate tensile strength while forA A5083/coal tilt angle has a larger impact on
ultimate tensile strength. On the other hand, rotating speed had a greater effect on microhardness
and percentage elongation of the AA5083/Coal and AA5083/Silicon carbide composite joints,
according to ANOVA analysis. The need for specific process optimization for each composite was
highlighted by the fact that different combinations of parameters were best for obtaining the
necessary attributes in the AA5083/Silicon carbide and AA5083/Coal composites.

Keywords: Aluminium alloy; Composite; Metal Matrix Composite; Mechanical Properties; Friction
Stir Welding; Friction Stir Processing; Taguchi; S/N Ratio; ANOVA

1. Introduction

One of the most important areas of interest in materials science and engineering has been the
development of new generation materials with unique and tailored properties. Metal matrix
composites (MMCs) represent the most innovative in the field of materials engineering, with the
potential to significantly improve aluminium alloy mechanical properties by the incorporation of
high-modulus, high-strength ceramic particles into the aluminium matrix [1,2]. When compared to
traditional structural materials, aluminium based MMCs have higher specific strength and stiffness,
which makes them perfect for several uses in the automotive, aerospace, marine, and recreational
sectors [3,4]. Exceptional properties that set them apart from the traditional materials include high
elastic modulus, outstanding resistance to corrosion, increased fatigue strength, better low coefficient
of thermal expansion and resistance to wear [5,6].

Friction stir processing/FSP is a new solid-state method that fabricates surface composites and
improves mechanical properties by using the concepts of friction stir welding/FSW [7,8]. FSP causes
microstructural change, densification, and homogeneity all at the same time by subjecting the
material in the stir zone/ nugget zone to plastic deformation, mixing, and heat exposure [9]. FSP also,
encourages shearing and even dispersion of particles inside the matrix [10]. Thus far, metal matrix
composites have been successfully fabricated using FSP.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Specific parameter combinations are used in FSP technique, and each one affects how the
processed surface behaves. Depending on the materials used, the desired composite properties, and
the equipment available, different process parameters, such as tool geometry, tool rotation speed,
traverse speed, preheating temperature, and applied pressure, will apply. Out of all the process
parameters that impact FSP, it has been noted that the tool rotation speed and traverse speed [11]
have an impact on the evenly distribution of the reinforcing particles, grain refinery, and heat
production during the composites’ fabrication, While the tool tilt angle has a major impact on the
dispersion of reinforcing particles.

In the stir zone, parameters such tool travel speed, plunge depth, tool rotation rate, and tool
angle determine temperatures and microstructure properties [12]. Material flow and temperature
distribution behaviour are greatly influenced by tool geometry and welding parameters, which can
alter microstructure [13]. Grain size can be refined with lower heat input, but plasticization or
softening of the material requires higher heat input. High traverse speeds and low rotating speeds
can result in smaller grain sizes, but vice versa because defect may increase [14]. Therefore, it is
essential to maximize both traverse and rotational speeds in order to produce a stir zone with fewer
defects and smaller grain size. A summary of some of the most important processing parameters is
given below.

Rotation speed (rpm): Another significant element that controls the flow and dispersion of the
workpiece material is the rotational speed. As the rotation speed of the tool increases a higher
dissolution of soluble particles is likely to occur while the insoluble particles are likely to fragment
further [15]. Increasing the speed at which the tool rotates can improve the size of the grain and
increase the stir zone’s temperature considerably. It is important to note that, the microstructural
evolution of the material can be affected by the direction in which the tool rotates [16].

Traverse speed (mm/min): Traverse speed is responsible for moving the material from the front
end of the workpiece to the end. The grain size in the FSPed zone of the material being processed
may increase when the tool traverse speed is decreased. As a result, it barely affects how much the
tool wears. Research also indicates that increasing the traversal speed can enhance the surface
composite microhardness of the FSPed zone by increasing the dispersion of the reinforcement
particles [17].

Tilt angle (deg): The tilt angle of the FSP tool ensures that the substance that has been stirred
stays in the tool shoulder and is propelled to the back of the tool shoulder. The processing
temperature may rise when the tool tilt angle is increased [18]. Higher tilt angles can result in larger
grain and particle sizes, while lower tilt angles may cause defects in the processed zone [19].

Optimizing AMMCs’ microstructure and properties to meet the demanding needs of many
sectors is crucial to achieving all their full potential. Approaches to optimization issues range from
traditional to unconventional [20]. Conventional optimization techniques can be widely divided into
two categories: mathematical search techniques (e.g., linear programming, nonlinear programming,
dynamic programming) and experimental techniques such as statistical design of experiments (e.g.,
Response surface design approach, or Taguchi method). Non-conventional metaheuristic search
methods, like genetic algorithms, tabu search, and simulated annealing, have become more and more
popular among scholars in recent years.

In experimental design, the Taguchi method —a well-liked strategy for resolving optimization
issues in production engineering—works very well. The Taguchi method, is a robust engineering
approach pioneered by Genichi Taguchi, aims to enhance product and process quality through
structured experimentation. By employing experimental design called orthogonal array design,
signal-to-noise ratio and analysis of variance, this method optimizes factor settings and minimizes
variability, resulting in improved product performance and manufacturing efficiency [21,22].
Researchers have used the different design of experiments and FSP in order to determine optimum
process parameters for aluminium metal matrix composites, utilizing different grades and
reinforcements [23-33].

This journal article presents a comparative study that uses the Taguchi Technique to optimize
ESP process parameters for AA5083/Silicon carbide and AA5083/Coal composites that are fabricated
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via FSP. The study’s goal is to investigate how different reinforcement materials affect the
optimization process. The comparative aspect of this study is of paramount importance to evaluate
the mechanical properties and determine unique process parameters for each composite. The findings
contribute to the broader field of advanced materials development, emphasizing the importance of
optimized parameters for achieving superior performance, resource efficiency, and cost-effectiveness
in manufacturing.

2. Material and Methods
2.1. Material and Composite Fabrication

Reinforcement and a base material are needed to create AMMCs. The AA5083 aluminium alloy
plates, 6 mm thick and nominally composed of magnesium 4.03, zinc 0.01, titanium 0.02, chromium
0.05, silicon 0.15, manganese 0.69, iron 0.16, and copper were used in this investigation [34]. The
dimensions of the AA5083 plates were 250 mm long and 55 mm wide. AMMCs composites were
made using silicon carbide and coal as reinforcements separately. In the composite fabrication
process, two AA5083 plates were friction stir welded together, and the weld joint was then repeatedly
drilled with tiny holes. Next, reinforcing particles were added to the holes, followed by closing the
holes using pin less FSP tool to prevent particle scattering during subsequent FSP. The final FSP pass
was conducted at room temperature. A high-speed steel (AISI 4140) tool with a 20 mm shoulder
diameter, a 5.8 mm triangular pin, and a 7 mm probe diameter was used in both the FSW and FSP
procedures. Figure 1 depicts the tool with pin and pin-less tool used in the composite’s fabrication
procedure.

Figure 1. Pin less tool and Pin with tool utilised during the fabrication process.

2.2. Experimental Design Using Taguchi Method

A Taguchi L factorial design was used to cut down on the number of experimental runs.
MINITAB was used to construct the design matrix. The three parameters taken into account for this
study are included in Table 1 together with the relevant levels for each. The design matrix, shown in
Table 2, consists of three components (processing parameters) at three distinct levels. As seen from
the design matrix in Table 2, nine tests are needed in total, which meant that nine joints for each kind
of composite (AA5083/Silicon carbide and AA5083/Coal) had to be fabricated. Using a complete
factorial experiment design would have needed 27 experiments; however, the Taguchi approach
avoided 18 FSP runs. As a result, expenses and time were greatly reduced.

Table 1. Processing parameters with their levels.

Levels of parameters ——————»
1 2 3

Processing parameters

Tool traverse speed (TS) in mm/min 30 45 60
Tool rotational speed (RS) in rpm 600 900 1200
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Tool tilt angle (TA) in ° 1 1.75 2

Table 2. Taguchi Ly design matrix.

No of tests Traverse speed [mm/min] Rotational speed [rpm] Tilt angle [°]
1. 30 600 1
2. 45 600 1.75
3. 60 600 2
4. 30 900 1.75
5. 45 900 2
6. 60 900 1
7. 30 1200 2
8. 45 1200 1
9. 60 1200 1.75

2.3. Output Results Preparation

Waterjet technology was used to cut the produced AMMCs joints (AA5083/Coal and
AA5083/Silicon carbide) perpendicular to the processing direction in order to get specimens for the
hardness and tensile testing. Tensile specimens were cut for tensile strength testing and generated in
compliance with ASTM E8M-04 standards, while hardness specimens were cut for Vickers
microhardness testing in line with ASTM E384 standards. Figure 2 and Figure 3 shows the cut tensile
and hardness specimens.

Figure 3. Hardness specimen.

3. Results and Discussions

Since two different reinforcements (silicon carbide and coal) were used to optimize the AMMC
fabrication parameters, the data analysis for the fabricated AA5083/Silicon carbide composite will be
provided first, and then the analysis for the created AA5083/Coal composite.

3.1. Signal to Noise Ration Analysis

The ultimate tensile strength, % elongation, and microhardness of the fabricated AA5083/Silicon
carbide and AA5083/Coal composite joints were assessed using the Taguchi methods to find the
optimal parameters. Taguchi’s approach, a single-response optimization strategy, uses the signal-to-
noise ratio to evaluate each parameter’s effect on response factors. To optimize the response, the S/N
ratio in this investigation was determined using the ‘larger-the-better’ criteria. the impact of each
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control factor on the response, the means and S/N ratios were computed. The following formula can
be used to compute the “larger-the-better” criteria [35]:

N

S 101
= og n

1Z3:y_12>

i-1

where n is the number of experimental repeats and y is the response factor. The desirable output
value is represented by ‘Signal (S)’, while the undesired value is represented by ‘Noise (N)’.

The S/N ratio for parameter combinations of the AA5083/Silicon carbide composite is shown in
Table 3, while the S/N ratio for parameter combinations of the AA5083/Coal composite is shown in
Table 4. Figure 4 (a) and (b) displays their graphical representations.

Table 3. AA5083/Silicon carbide composite experimental results with relevant S/N ratio.

TS RS TA MH UTS PE S/N ratio S/Nratio S/N ratio

(mm/min)  (rpm) ) (HV) (MPa) (%) ForHV  For UTS For PE
30 600 1 94.78 715 9.88 38.89 37.09 19.89
45 600 1.75 89.57 114 11.75 39.04 41.14 21.40
60 600 2 89.57 88 11.23 39.04 38.89 21.01
30 900 1.75 89.39 210 29 39.03 46.44 29.25
45 900 2 94.80 145 18.45 39.37 43.23 25.32
60 900 1 92.95 141 19.9 39.37 42.98 25.98
30 1200 2 90.56 243 29.5 39.14 47.71 29.39
45 1200 1 93.65 132 18.7 39.22 42.41 25.44
60 1200 1.75 89.56 121 12.08 39.04 41.66 21.64
Table 4. AA5083/Coal composite experimental results with relevant S/N ratio.
TS RS TA MH UTS PE S/N ratio S/N ratio S/N ratio

(mm/min)  (rpm) ) (HV) (MPa) (%) ForHV  For UTS For PE
30 600 1 93.62 167 11.95 38.66 4445 21.55
45 600 1.75 88.34 109 7 38.92 40.75 16.90
60 600 2 92.65 224 22.43 39.34 47.01 27.02
30 900 1.75 96.27 134 12.18 39.67 42.54 21.71
45 900 2 90.65 242 20.73 39.15 47.68 26.33
60 900 1 92.43 161 21.18 39.32 4414 26.52
30 1200 2 95.33 101 7.6 39.42 40.09 17.62
45 1200 1 93.09 181 12.75 39.38 45.15 22.11
60 1200 1.75 95.85 141 9.38 39.28 4298 19.44
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Figure 4. (a) AA5083/Silicon carbide composite S/N ratio plot (ai1) Ultimate tensile strength; (a2)
Percentage elongation; (as) Microhardness: (b) AA5083/Coal composite S/N ratio plot (b1) Ultimate
tensile strength; (b2) Percentage elongation; (bs) Microhardness.

Figure 4 (ai1) shows that best FSP parameters for maximizing ultimate tensile strength in
AA5083/Silicon carbide composite joints are rotational speed at level 2, traversal speed at level 1, and
tilt angle at level 3. For the same set of parameters, maximal elongation is also obtained see Figure 4
(a2). The best parameters for optimum microhardness are tilt angle at level 3, traversal speed at level
2, and rotational speed at level 2 (see Figure 4 (as)). Figure 4 (b1) shows that best FSP parameters for
maximizing ultimate tensile strength in AA5083/Coal composite joints are rotational speed at level 2,
traversal speed at level 3, and tilt angle at level 3. For the same set of parameters, maximal elongation
and maximal hardness is also obtained see Figure 4 (bz) and Figure 4 (bs).

3.2. Analysis of Variance
3.2.1. Analysis of Variance Experimental Data for AA5083/Silicon Carbide Composite

1. Ranking of contributing factors

Analysing the factors that influence each response factor of the fabricated composite joints is
essential. Utilizing the delta ranking approach, MINITAB software displays the most significant
factors influencing the response factor of the fabricated AA5083/Silicon carbide composite joint. For
three levels and three process parameters, the mean S/N ratio was computed. Tables 5, 6, and 7 show
that the fabricated AA5083/Silicon carbide composite joint’s ultimate tensile strength, % elongation,
and microhardness are significantly impacted by rotational speed (rank 1), traverse speed (rank 2),
and tilt angle (rank 3).

Table 5. Table of Responses for the S/N ratio of ultimate tensile strength parameters.

Level Traverse speed (mm/min) Rotational speed(rpm) Tilt angle (°)

1 43.75 39.04 40.83
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2 42.26 44.22 43.08
3 41.18 43.93 43.28
Delta 2.57 5.18 2.45
Rank 2 1 3

Table 6. Table of Responses for the S/N ratio of percentage elongation parameters.

Level Traverse speed (mm/min) Rotational speed(rpm) Tilt angle (°)

1 26.18 20.77 23.77

2 24.05 26.85 24.10

3 22.88 25.49 25.24
Delta 3.30 6.08 1.47
Rank 2 1 3

Table 7. Table of Responses for the S/N ratio of microhardness parameters.

Level Traverse speed (mm/min) Rotational speed(rpm) Tilt angle (°)

1 39.02 38.99 39.16

2 39.21 39.25 39.04

3 39.15 39.14 39.18
Delta 0.19 0.26 0.15
Rank 2 1 3

2. Percentage of contribution factors

Analysing the percentage contributions and F-values of the factors is crucial to gaining a clearer
understanding of of individual parameters on the output responses. The % contributions by S/N ratio
analysis of variance for microhardness, elongation percentage, and ultimate tensile strength are
displayed in Tables 8-10. Based on the results, the most significant factor influencing ultimate tensile
strength was determined to be rotational speed, which accounted for 57.55% of the output response.
Though less significant, rotational speed nonetheless made 12.58% of the total (see Table 8). It was
discovered that rotational speed and traverse speed, with percentage contributions of 60.36% and
16.62%, respectively, were significant parameters for percentage elongation (see Table 9). These
results are consistent with the ranks that were shown in Table 6. Research by Salehi et al. [11],
Chanakyan et al. [24], Syed et al. [33], and Puviyarasan et al. [36] also showed a similar pattern,
identifying tool rotational speed as the main factor influencing ultimate tensile strength.
Furthermore, it was shown that rotational speed and traverse speed were important factors in
microhardness with percentage contributions of 48.17% and 27.40%, respectively (see Table 10).
These results are consistent with the ranks that were shown in Table 7. Research by Chanakyan et al.
[24], Syed et al. [33], and Butola et al. [37] also showed a similar pattern, identifying tool rotational
speed as the main factor influencing microhardness. For percentage elongation and microhardness,
the percentage contributions and F-values match the ranks as well.

Table 8. Contribution of individual factor to the variation of ultimate tensile strength.

Source Degree of freedom (DF) Seq SS F-value P-value Perc?nta.ge
contribution
TS (mm/min) 2 9.9970 0.61 0.621 11.32
RS (rpm) 2 50.823 3.10 0.244 57.55
TA (°) 2 11.110 0.68 0.596 12.58
Error 2 16.379 18.55
Total 8 88.308

Table 9. Contribution of individual factor to the variation of percentage elongation.

Source Degree of freedom (DF) Seq SS F-value P-value Percentage
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contribution
TS (mm/min) 2 16.831 0.85 0.540 16.62
RS (rpm) 2 61.127 3.10 0.244 60.36
TA (°) 2 3.5830 0.18 0.846 3.538
Error 2 19.734 19.49
Total 8 101.275
Table 10. Contribution of individual factor to the variation of microhardness.
P
Source Degree of freedom (DF) Seq SS F-value P-value er(:f:nta.ge
contribution
TS (mm/min) 2 0.05777 4.25 0.191 27.40
RS (rpm) 2 0.10103 7.39 0.119 48.17
TA (°) 2 0.03729 2.73 0.268 17.78
Error 2 0.01367 6.452
Total 8 0.20975

3.2.2. Analysis of Variance Experimental Data for AA5083/Coal Composite

1. Ranking of contributing factors

An analysis of the factors affecting each response element of the fabricated AA5083/Coal
composite joint was also carried out. The results shows that the resulting tensile strength of the
fabricated AA5083/Coal composite joint is influenced by the tilt angle (rank 1), traverse speed (rank
2), and rotation speed (rank 3), as seen in Tables 11. The percentage elongation and microhardness of
the fabricated AA5083/Coal composite joint are influenced by the rotation speed (rank 1), tilt angle
(rank 2), and traverse speed (rank 3), as indicated by Tables 12—13.

Table 11. Table of Responses for the S/N ratio of ultimate tensile strength parameters.

Level Traverse speed (mm/min) Rotational speed (rpm) Tilt angle (°)

1 42.36 44.07 44.58

2 44.53 44.78 42.09

3 44.71 42.74 44.92
Delta 2.35 2.04 2.83
Rank 2 3 1

Table 12. Table of Responses for the S/N ratio of percentage elongation parameters.

Level Traverse speed (mm/min) Rotational speed (rpm) Tilt angle (°)

1 20.29 21.82 23.39

2 21.78 24.85 19.35

3 24.33 19.72 23.65
Delta 4.03 5.13 4.30
Rank 3 1 2

Table 13. Table of Responses for the S/N ratio of microhardness parameters.

Level Traverse speed (mm/min) Rotational speed (rpm) Tilt angle (°)
1 39.25 38.97 39.12
2 39.15 39.38 39.29
3 39.31 39.36 39.30
Delta 0.16 0.40 0.18

Rank 3 1 2
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2. Percentage of contribution factors

The % contributions by S/N ratio analysis of variance for microhardness, elongation percentage,
and ultimate tensile strength are displayed in Tables 14-16. Based on the results, the most significant
factors influencing ultimate tensile strength are tilt angle and traverse speed, which accounted for
27.0% and 19.3% respectively of the output response (see Table 14). These results are consistent with
the ranks that were shown in Table 11. It was discovered that rotational speed and tilt angle, with
percentage contributions of 34.4% and 30.0%, respectively, were significant parameters for
percentage elongation (see Table 15). These results are consistent with the ranks that were shown in
Table 12. The most significant factor influencing microhardness was determined to be rotational
speed, which accounted for 44.89% of the output response. Though less significant, tilt angle
nonetheless made 9.131% of the total (see Table 16). These results are consistent with the ranks that
were shown in Table 13. Research by Chanakyan et al. [24], Syed et al. [33], and Butola et al. [37] also
showed a similar pattern, identifying tool rotational speed as the main factor influencing
microhardness. The percentage contributions for ultimate tensile strength and % elongation, and
microhardness match the rankings and the F-values.

Table 14. Contribution of individual factor to the variation of ultimate tensile strength.

Source Degree of freedom (DF) Seq SS F-value P-value Perc?ntafge
contribution
TS (mm/min) 2 10.233 0.47 0.682 19.3
RS (rpm) 2 6.4510 0.29 0.773 12.8
TA (°) 2 14.329 0.65 0.605
Error 2 21.969 415
Total 8 52.982

Table 15. Contribution of individual factor to the variation of percentage elongation.

P t
Source Degree of freedom (DF) Seq SS F-value P-value erc?n afge
contribution
TS (mm/min) 2 2497 1.52 0.397 21.5
RS (rpm) 2 39.93 243 0.292
TA (°) 2 34.89 2.12 0.320 30.0
Error 2 16.44 14.1
Total 8 116.23
Table 16. Contribution of individual factor to the variation of microhardness.
P
Source Degree of freedom (DF) Seq SS F-value P-value erc?nta.ge
contribution
TS (mm/min) 2 0.04040 0.14 0.874 5.792
RS (rpm) 2 0.31316 1.12 0.472
TA (°) 2 0.06369 0.23 0.815 9.131
Error 2 0.28026 40.18
Total 8 0.69751

4. Conclusions

To improve FSP parameters for AMMC joint fabrication, a Taguchi Lo factorial design was
employed. The process of optimizing the parameters involved fabricating AMMCs with two distinct
reinforcements, namely silicon and coal. The fabricated composites were AA5083/Silicon carbide
composite and AA5083/Coal composite. Mechanical properties such as hardness, tensile strength,
and percent elongation were evaluated after the composites were fabricated.

The Taguchi approach based on the S/N ratio demonstrated that:
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The highest UTS and the % elongation for the AA5083/Silicon carbide composites fabrication
process could be achieved if the rotation speed has been set to level 2 on the control panel, the
traverse speed at level 1, and the tilt angle was at level 3. The best parameters for optimum
microhardness are tilt angle at level 3, traversal speed at level 2, and rotational speed at level 2.
At the second level of rotational speed, the third level of traversal speed, and the third level of
tilt angle, the AA5083/Coal composite joints had the best FSP parameters to enhance the ultimate
tensile strength, percentage elongation, and micro hardness.

The Taguchi approach based on the ANOVA demonstrated that:

AA5083/Silicon carbide and AA5083/Coal composite joints, rotating speed has a larger impact
on percentage elongation and microhardness, according to an ANOVA study. The ultimate
tensile strength of AA5083/Silicon carbide is more affected by rotating speed, whereas the
ultimate tensile strength of AA5083/coal tilt angle is more affected by tilt angle.

Based on the results the conclusion was drawn that:

The best processing parameters, for fabricating AA5083/Coal composite, were a tilt angle of 2
degrees, a traverse speed of 60 mm/min, and a rotation speed of 900 rpm.

The best processing parameters used when fabricating AA5083/Silicon carbide composite that
yielded maximum microhardness was at a rotational speed of 900rpm, traversal speed of
45mm/min, and tilt angle of 2 degrees, while the best combination of parameters to attain the
maximum ultimate tensile strength and percentage elongation of the composite was achieved at
a rotational speed of 900 rpm, traverse speed of 30mm/min, and tilt angle of 2 degrees.
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